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ABSTRACT
Characterization and Optimization of Extraction Chromatography Resins
for Rapid Separations for Safeguard and Nuclear Forensic Purposes
By
Audrey Roman
Dr. Ralf Sudowe, Examination Committee Chair
Professor of Health Physics and Radiochemistry
University of Nevada, Las Vegas

In this work, extraction chromatography resins, DGA and UTEVA, were
characterized under various conditions in order to identify novel rapid separations
for safeguards and nuclear forensic purposes. For safeguards purposes, mixed
matrices containing some of the largest components found in used fuel and
either Am, Pu, or U were characterized on DGA and UTEVA resins in order to
determine any effects from the addition of these constituents. Results indicated
that 5 M HNO3 would be an optimal loading condition due to the consistent
actinide adsorption in the presence of the additional used fuel components.
Investigations of varying the anion in the system were also performed. Trends
were seen based on charge density and hydration energies. The trends of
actinide adsorption in various reducing agents were studied. A novel separation
scheme was determined and applied to a vacuum box.
For nuclear forensic based separations, DGA and UTEVA were
characterized with some of the most common metals found in soil. Overall, the
resins were still selective with samples of complex matrices. A separation of a
glass/cement bead was performed and separation of some of the analytes was
achieved.
iii
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Chapter 1.

INTRODUCTION

Section 1.1 Motivation for Research
In the nuclear field, safety is very important not only during the day-to-day
activities, but often as a main driving force behind research. For this reason, our
nation has focused largely on safeguards and nuclear forensics in order to
improve and continue to guarantee our ability to ensure our nation’s safety.
Safeguards keep our special nuclear material (SNM) protected in order to hinder
the ability of people to gain access to make radiological devices for ill intent.
Nuclear forensic analysis gathers information from pre- and post-detonation
samples; as well as interdicted samples in order to identify the transgressors as
quickly as possible.
The composition of safeguard and nuclear forensic samples will both be
based on the original SNM utilized, the sampling location and method. Even
though the possible complexity of all the samples could vary widely, similar
analysis techniques could potentially be used on both types of samples. For
instance, the same chromatography methods have been used to separate
identical elements of interest in soil, vegetation, food, concrete and brick
samples.[1, 2, 3, 4]

Unfortunately many of these radioanalytical chemistry

techniques currently in use for both safeguard and nuclear forensic samples, are
cumbersome and labor as well as time intensive and therefore not able to deliver
the necessary amount of data in an acceptable timeframe.[5]

1

Since the analysis of both nuclear forensics and safeguard related
samples place very high demands on time, reliability, and accuracy, it is
advantageous to explore possible techniques that can be optimized to achieve
rapid and reliable assay of the material. As defined in Title I of the Atomic Energy
Act of 1954, SNM is defined as any substance with U-233 or U-235 or any of the
Pu isotopes.[6, 7] It would therefore be ideal to analyze these isotopes
individually for the best detection capabilities.[7] The application of rapid
radioanalytical techniques, especially separations, could also allow utilization of
instruments and detectors which were previously not an option due to the
complexity of the sample. e.g. by removing potentially interfering isotopes from
mass spectrometric analysis. Finding a very selective separation technique, such
as extraction chromatography, would be necessary in order to simplify the matrix
of samples prior to analysis. For this reason, this thesis covers the
characterization and optimization of extraction chromatography separations in
regards to safeguards and nuclear forensics applications with the intent to
shorten analysis time, improve reliability and increase detection capabilities.

Actinide Separations for Safeguards
Safeguards became important once congress enacted Title I of the Atomic
Energy Act of 1954.[6] In general, a common way to safeguard SNM is to
maintain material accountancy. The International Atomic Energy Agency (IAEA)
stated that a material accountancy system should sample near-real-time,
homogenously, and the data acquired would need to provide extensive details for
2

the SNM, such as concentration, isotopic ratios, and the relationship between Pu
produced and power generated.[8] Finding safeguards techniques that can be
implemented in a nuclear waste reprocessing facility will alleviate the proliferation
concerns and stimulate the closing of the US fuel cycle.[9] It would also be
beneficial to determine the Am/Pu isotopic ratios in order to gain more
information on the composition of the fuel.[10]
Industrially reprocessing facilities throughout the world are typically using
the PUREX (Plutonium Uranium Extraction) process in order to separate Pu and
U from the used fuel. Material accountancy is typically needed for transferring,
receiving, and adjustments to the special nuclear material.[11] In the used fuel
cycle there are multiple locations which could benefit from a sampling system but
for this thesis we will focus on a system for sampling the dissolver prior to
introduction into the PUREX process and after Pu/U separation, these positions
are denoted in the below figure.
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Figure 1. Material Accountancy in the Nuclear Fuel Cycle

Current verification techniques for used fuel receipt rely on neutron
detection, gamma ray, x-ray, and Cherenkov radiation detection. More
specifically for onsite measurements of U and Pu, hybrid K-edge densitometry
(HKED) is used for measuring the U and Pu concentrations in mixed solutions by
combining x-ray fluorescence (XRF) and k-absorption edge spectrometry (KED)
technologies.[10, 11] Even though this technique is very accurate, it only detects
concentration and not the isotopic ratios of U and Pu. The best technique to
determine isotope concentrations for long lived radioisotopes is mass
spectroscopy.[12, 13] Since there are numerous isobaric overlaps for the
actinides, due to beta-decay and neutron capture in used fuel, the detection of
fission products and actinide isotopes by mass spectrometry (ICP-MS) is not an
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option without prior chemical separation.[14] To avoid isobaric or polyatomic
interferences and reduce abundance sensitivity that may appear in the mass
range 230-245, extremely high decontamination factors are required to remove
the interferences. Therefore a separation technique that is very selective to Am,
Pu, and U will be necessary for coupling with an ICP-MS.
Since actinide separations have been of interest since the start of the civil
and military use of nuclear power, there have been many procedures developed
in order to achieve them. N. Vajda et al. have comprehensively compiled the
analytical techniques and procedures developed, as of 2011, for the separation
of Pu, Np, and Am from a wide variety of sample matrixes.[15] The use of
extraction chromatography resin separations accomplish good quality, high
recoveries, high decontamination factors for many nuclides, and online mass
spectrometric analysis.[15] Although there are many techniques for the
separation of actinides, none have been reported for the separation of Am, Pu,
and U from used fuel based only on the use of extraction chromatography (EXC)
resins. Due to the complexity of the used fuel it is necessary to also consider the
effects on Am, Pu, and U loading, eluting, and stripping characteristics in the
presence of the additional components, which are listed in
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Table 1.

The list and ranking of the components in Table 1 were determined

based on ORIGIN calculations for used fuel which had a 2.9 % initial U-235
enrichment with 30,000 MWd/MT after a 10 year cool down period.[16]
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Table 1. Used Fuel Components [16]

Ranked by Mass
Rank Element Percent
1

U

98.43

2

Pu

0.85

3

Nd

0.13

4

Cs

0.13

5

Ce

0.1

6

Tc

0.07

7

Zr

0.07

8

Am

0.06

9

Np

0.04

10

Sr

0.04

11

Rb

0.02

12

Sm

0.02

13

I

0.02

14

Cm

0.01

15

Sn

<0.00

There are multiple EXC resins that can obtain similar separations of Am,
U, and Pu, such as TRU, DGA, and UTEVA resin. Eikenberg et al. compared
three different procedures each using UTEVA, TRU, Dowex AG 1-X2 anion
exchange, and DGA resins for U, Th, Am, and Pu separations.[17] The
procedure using DGA and the Dowex AG 1-X2 resins were determined to have
7

the highest chemical recoveries due to the extraordinarily high Am adsorption
coefficients provided by DGA.[17] In a study to simplify the sample preparation
for TIMS analysis, by Grate et al., the separation of Pu-242 was compared on
TEVA and DGA where DGA was found to have better recovery.[18] Due to the
high Am and Pu affinity and the resins’ rapid kinetics it makes this extraction
chromatography separation technique a strong contender for rapid actinide
separations. The extraction chromatography resin DGA, is supplied either in bulk
form or in pre-packed column and cartridges by Eichrom Technologies Inc. and is
often used in pressurized, sequential or flow injection and vacuum box
applications.
There have been multiple studies in which used fuel pellets have been
analyzed for various actinides.[19, 20, 21] Most of these studies were performed
with complex separation and analytical techniques. K.A. Venkatesan, et al.
characterized high activity waste from reprocessed fast reactor fuel using a wide
variety of analytical techniques, such as but not limited to solvent extraction,
liquid chromatography, spectrophotometry, inductively coupled plasma-mass
spectrometer, and high performance liquid chromatography.[20] They employed
various individual techniques for Np, Pu, U, Am, and Cm analysis which made
the characterization time lengthy and the approach therefore not suitable for
rapid material accountancy application. S. Asai, et al. developed a single
separation scheme using an anion exchange resin which could precisely
separate the actinides and fission products while including the potential to be
coupled to an ICP-MS.[21] However the loading solution used was 10 M HCl –
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0.1 M HNO3. This means the reprocessing process streams would need to be
dried to completeness and reconstituted into the loading matrix which will slow
the analysis down considerably.[21] Therefore, a suitable separation scheme for
material accountancy in the fuel cycle should have the same loading matrix as
found in the PUREX process, ~5 M HNO3.
There is no single universal procedure developed thus far for rapid
actinide separation and characterization of used fuel in a reprocessing facility.
For this reason, this thesis was performed with the intent to create a single
accurate radioanalytical separation technique for a rapid material accountancy
system applicable to used fuel reprocessing material streams.

Optimization of Nuclear Forensic Separations
When considering a post-detonation scenario, there are three main
methods used to conduct nuclear forensic analysis. One way is to identify the
isotopic ratios of the actinides, which will provide information on the fuel and
neutron spectrum. Another way is to identify the concentrations of the activation
products, which can provide additional information about the neutron spectrum
and design of the weapon. Lastly, measuring fission product yields can also
provide information about the fuel and neutron spectrum.[22] Depending on the
event, either radiological dispersal or fission device, the nuclides of interest vary,
as seen in Tables 1 and 2. In this thesis, the actinides of interest for separation
and analysis are Am, Pu, and U. Their respective isotopic ratios can be used to
obtain information about the fuel and neutron spectrum. The activation products
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of interest are from the first row transition metals which are selectively produced
by the capture of fast neutrons emitted during a fission or fusion which reaction
provides information about the design of the weapon. For instance, a 14 MeV
neutron is only produced from a two stage thermonuclear device. These fast
neutrons can provide a range of n,xn or n,p reactions that yield definitive
signatures seen in the activation products.[7]

Table 2. Possible Radionuclides Resulting from a Radiological Dispersal Device [23]

Alpha Emitters
Am-241
Cm-242
Cm-243
Cm-244
Np-237
Po-210
Pu-238
Pu-239
Pu-240

Ra-226
Th-228
Th-230
Th-232
U-234
U-235
U-238
U-Nat

Beta/Gamma
Emitters
Ac-227
Ir-192
Bi-210
P-32
Bi-212
Pd-103
Bi-214
Pb-210
Co-57
Pb-212
Co-60
Pb-214
Cs-137
Pu-241
I-125
Ra-228
I-129
Se-75
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Table 3. Possible Radionuclides Resulting from a Fission Event [23]

Alpha Emitters
Am-241
U-234
U-235
U-238
Pu-238
Pu-239
Pu-240
Pu-241
Co-58
Np-239

Beta/Gamma Emitters
Ba-140/La-140 Nd-147/Pm-147 Ru-106/Rh-106
Ce-141
Eu-155
Sb-125
Ce-143/Pr-143
H-3
Sr-89
Ce-144/Pr-144
I-131/Xe-131
Sr-90/Y-90
Cs-134
I-133
Tc-99
Cs-137
Np-239
Te-132/I-132
Eu-154
Pm-151/Sm151
Zr-95/Nb-95
Mo-99/Tc-99m
Ru-103/Rh-103
Zr-97/Nb-97
Activation Products
Ag-110m
Cr-51
Mn-54
Co-60
Fe-59
Na-24

Many radioanalytical chemistry techniques currently in use are not able to
deliver sufficient results in a timeframe acceptable for the quick interpretation and
analysis needed in attribution and response to a radiological event.[99.

] To

achieve efficient detection of many isotopes and their ratios, individual
separations of the actinides and activation products from a sample are often
necessary. This necessity is typically due to the limits of the detectors’ resolution.
There have been extraction chromatography procedures developed to separate
actinides from a variety of samples[24]: food [1], sea water [25], soil [3, 26], and
plants [4] but few have been applied to melt glass and urban rubble.[2] Lately
there has been an increase in efforts to develop optimized rapid actinide
separation methods [27, 28] but none of the methods published have been
developed for the analysis of samples with complex matrices such as melt glass
and urban rubble.
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Extraction chromatography resins have been of interest for the separation
of actinides due to their affinity and high selectivity in various matrices. More
specifically, DGA and UTEVA resins show great potential for the separation of
actinides from melt glass and urban rubble samples based on previously
published trends and their selectivity for tri- and tetravalent metals.[29, 30, 31,
32, 33] There appears to be little to no affinity for the natural elements on these
resins, whereas, there is high affinity and selectivity for the actinides and
activation products of interest.[31, 32, 33] Due to the established need for rapid
actinide separations in regards to post detonation scenarios, separation
techniques which have previously shown potential were further investigated and
characterized in this thesis.

Section 1.2 Extraction Chromatography
Extraction

chromatography

is

a

form

of

liquid-liquid

column

chromatography.[34] This term is generally used when the stationary phase is an
organic liquid and the mobile phase is an aqueous solution. There are three main
components of an EXC system: the inert support, the stationary phase, and the
mobile phase, as depicted in Figure 2.[35] The inert support is usually porous
silica or an organic polymer which ranges in size from 50 to 150 μm. The
stationary phase consists of liquid extractants, which are adsorbed onto the inert
support and are either single compounds or mixtures. Often times the liquid
extractants adsorbed onto the stationary phase were chosen based on previous
studies of their selectivity in solvent extraction systems. The mobile phase is
12

typically a mineral acid, which may include complexants to enhance selectivity or
stripping of ions from the column. The selectivity of these resins is based on
exploiting the differences in the resin’s affinity for a metal and counter ion
complexes, in charge density and steric effects.[35] This technique combines the
selectivity of solvent extraction with the multi-stage character and the ease of
operation of ion exchange chromatography.[34]

Figure 2. Surface of Extraction Chromatography Bead [36]

The advantages of EXC in comparison to solvent extraction (SX) and ion
exchange (IEC) are:


Less reagents and chemicals are used



Less hazardous waste is produced



More economical than SX



Smaller footprint than SX



Faster exchange kinetics than IEC [37]
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Due to the EXC resin’s faster exchange kinetics, it allows for more rapidly moving
mobile phases while still maintaining sufficient separation efficiencies. For this
reason, it should be possible to apply a pressure difference to an EXC separation
system in order to decrease the elution time for a separation.
Many of the same system parameters are needed for a resin to be
considered for separations of samples from the fuel cycle for material
accountancy or for nuclear forensics samples. Since matrix conversions would
not be well suited for rapid separations, the possible matrices and sample
conditions are restrained for the Am, Pu, and U separation from a PUREX
stream. Due to the more restrained conditions necessary for the material
accountancy in-stream implementation for a reprocessing facility, this discussion
will be heavily geared towards addressing those concerns. Similar considerations
are however applicable to many issues in nuclear forensics. In order to develop a
reliably rapid material accountancy separation scheme a resin would need to:


At a minimum separate out the special nuclear material of interest



Provide a separation scheme which would have easy implementation
into the PUREX process



Deliver high efficiencies preferably independent of the used fuel
composition



Run at elevated flow rates in order to provide rapid separations



Be coupled to an instrument that allows detection of the separated
elements/isotopes
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In the following sections these requirements will be discussed in regards to two
commercially available extraction chromatographic resins, DGA and UTEVA.

DGA Resin
DGA resin’s extractant N,N,N’,N’-tetraoctyl diglycolamide (TODGA), in
Figure 3, was initially studied via solvent extraction and was found to have very
high selectivity for tri- and tetravalent metals with an ionic radius between ~80120 pm.[38] For these reasons, DGA resin is of interest to separate Am(III),
Pu(IV) and possibly U(VI). Even though solvent extraction studies can not
necessarily be directly translated to trends in extraction chromatography, they
still provide a general idea of extraction and chemical characteristics.

Figure 3. DGA Resin’s Extractant

A very comprehensive review of diglycolamide chemistry was compiled by
Ansari et al., in which most of the literature for the TODGA extractant published
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to date was summarized.[39] In solvent extraction techniques, TODGA was
found to be ampiphilic and form reverse micelles where its aggregation depends
on the aqueous acidity.[40] In these reverse micelles, it was determined that 3-4
ligands complexed with tri- and tetravalent metals in the inner and outer sphere
depending on acid matrices.[41, 42] In a TRLFS (Time-Resolved Laser-induced
Fluorescence Spectroscopy) study on the complexation of Eu3+ with TODGA in
n-dodecane, only TOGDA complexing europium in the inner coordination sphere
was observed. Once varying nitrate concentrations were added, the complex was
devoid of water molecules in the inner coordination sphere of the metal ion and
either occupied by TODGA and/or NO3-.[43, 44] Since the anion is in the inner
coordination sphere with TODGA, the variation of the anion and its concentration
in a sample could greatly affect the stability of the ligand/neutral-metal complex.
Overall, the micelle formation was found to be strongly influenced by the acidity
of the aqueous solution and the nature of the counter anion. Sasaki et al.
reported that the ion-pair extraction mechanism is strongly dependent on the
ionic strength.[41] For these reasons, it will be very important to investigate
various counter anions, various acid matrices and concentrations, and their
potential effects on actinide adsorption to DGA resin; since, the various matrix
components could enhance the selectivity or stripping of an ion.
Initially, TODGA was of interest due to its specific selectivity in solvent
extraction and its potential for partitioning out the actinides from the PUREX
process in order to reduce heat loading in the recycled waste. These interests
lead to the thorough investigation of this extractant in a variety of solvents and to
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an assessment of its stability in high radiation fields. TODGA was found to have
relatively high alpha radiation stability but is fairly sensitive to gamma radiation in
certain solvents which is thought to be due to the localization of the irradiation
products and their ability to recombine. It was determined that the concentration
of TODGA decreases exponentially with the γ-dose but with the addition of ndodecane less degradation was observed.[45, 46] Even though TODGA was
seen to have noticeable degradation from γ-radiation, it is still studied due to its
great potential for actinide removal from used fuel.[47] The stability of the resin is
essential for its implementation into the fuel cycle. It can be assumed that
TODGA would act similarly in resin form as found in solvent extraction, but a
detailed study of the effects of radiation on the resin was outside the scope of
this thesis.
These studies sparked further interest in the utilization of this extractant as
an extraction chromatography resin and its potential application to the fuel
cycle.[48, 49, 50, 51, 52, 53] Some of these techniques use several different
extractants in order to achieve the separation they desire. For instance, Zhang et
al. used two columns implementing TODGA and CMPO (octylphenyl-N,N-diisobutyl carbamoylphosphine oxide) extractants to separate Pd(III), Zr(IV), Sr(II),
Fe(III), and Mo(VI) from simulated high level liquid waste.[50] Zhang, A. et al.
used TODGA impregnated SiO2-P material to investigate the potential to extract
Sr(II) from a PUREX raffinate in the MAREC (Minor Actinides Recovery from
HLW by Extraction Chromatography) process which uses multiple columns with
varying extractants.[51] In this study no actinides or lanthanides were studied
17

and mainly mono- and divalent metals were studied. Modolo et al. performed a
separation of spent fuel using TODGA and TBP impregnated resins.[48] This
study does not separate Am, Pu and U from one another but does separate
actinides and the lanthanides from the rest of the used fuel constituents. Hoshi et
al. performed a study on two pressurized TODGA chromatographic columns for
the group separation of trivalent actinides and lanthanides. In this procedure Pd,
U, Np, and Pu were removed from the spent fuel prior to contact with the TODGA
columns. Even though this experiment addresses the use of TODGA resin in the
fuel cycle, it does not supply the information needed for material accountancy
since it does not take into account the presence of other fission products, or rapid
flow rates necessary for near real time measurements. Shaibu et al. investigated
TODGA impregnated magnetic particles for the uptake of lanthanides and
actinides from nuclear waste.[52] The distribution ratios of these magnetic
particles were determined and compared to TODGA on a silica-based support.
No column separation was performed. Although, these studies investigate the
separations of actinides from used fuel there is not one consistent study which
could be applied to the PUREX process conditions. Therefore, further work is
needed investigating the possibility for Am, Pu, and U separation in the presence
of other fission products under PUREX conditions and rapid flow rates to
determine its application for spent fuel material accountancy in a reprocessing
facility.
As stated above, the chemical trends seen for TODGA in solvent
extraction aren’t always a direct correlation to the performance of the extractant
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on a resin. Therefore it was necessary to investigate the resin’s characteristics in
detail to determine its affinities. DGA resin has shown a high selectivity for triand tetra- valent actinides.[29, 30, 31] DGA was previously characterized in nitric
and hydrochloric acids by Horwitz et al., as seen in Figure 4.[29] Looking at
Figure 4, the assumption can be made that with a k’ values ~103 or greater for
Am and Pu and k’ ~100 for U for 5 M HNO3, they would all sorb onto DGA. This
is of importance since the used fuel is dissolved in ~5 M HNO3 and would allow
for simple implementation because Am, Pu and U would sorb onto DGA at that
concentration. Therefore, the used fuel feed could be directly loaded onto the
column without further treatment.
In order to obtain efficient separations it is necessary to achieve clean
elutions of each metal of interest. The ratio of k’ values of two metals can be
used to estimate the potential for efficient separations of these two elements the
larger the number, the more likely the elements can be separated. Based on the
large ratios for k’ for Am/U and Pu/U 1 M HNO3, three orders of magnitude, the k’
values the separation of Am/Pu from U should be easily obtained. However, a
separation of Am/Pu from U on a simple column is unlikely due to the magnitude
of the k’ values. Such a high free column volume to peak maximum would require
a large amount of mobile phase in order to completely elute U from a column.
Therefore, another alternative was considered in this thesis using a sequential
extraction with UTEVA resin to separate U from Am and Pu prior to using a DGA
column. To obtain high accuracy and precision the separation procedure
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performance would need to be fairly independent of the sample matrix and flow
rates.

k’

Figure 4. Preliminary k' values for actinide adsorption on DGA resin in varying nitric and
o
hydrochloric acid concentrations, at 23-25 C [29]

Even though other studies use samples with a different matrix, useful
information can be gleaned from further literature review, such as separation

20

schemes or effects of common ions. DGA resin has been used for separating
actinides, especially Am, from many different sample matrices, such as soil, air
filters, animal tissue and water.[17, 30, 31, 54, 55, 56, 57] Thakur et al. used
Eichrom’s TEVA, TRU and DGA resin in tandem to separate Pu, Th, Am and U
from air filters and drinking water around the Waste Isolation Pilot Plant (WIPP)
site.[54] In this procedure DGA was used to separate Am from Fe which yielded
>90% recovery with high iron content. Horwitz et al. performed a study to
investigate the effects on trivalent actinides and lanthanides from the presence of
Fe, Ga, In, Tl, or Bi in hydrochloric media. In this study, synergistic effects were
found in hydrochloric matrices due to the presence of these trivalent metals;
where the increased of metal(III) chloride concentration increases the adsorption
of trivalent actinides and lanthanide chloride complex.[30] Since the synergistic
effect persisted even when the capacity for the resin was exceeded, these data
most likely suggest the formation of a co-complex. For example the mechanism
reported for iron(III) chloride was:
(

) (

)

(1-1)

These data suggest that DGA’s adsorption of certain metals may be easily
affected by the other components in a sample. Therefore, it is important to either
analyze a true sample or to investigate the possibility for interference or
synergistic effects from the components individually. Pourmand et al.
investigated 60 elements’ adsorption on DGA resin in varying concentrations of
hydrochloric, hydrofluoric, and nitric acid media.[31] These elements were
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combined into one multi-element sample and were then contacted with the resin
for equilibrium studies; the resulting solutions were analyzed by ICP-MS. Even
though the results generally correlate well with some of those already published
by Horwitz et al.[29] these results are not good representations of how the
elements may interact with DGA individually or in a differently composed sample
since only multi-element samples were analyzed.[31] Therefore, more equilibrium
studies will need to be carried out in order to determine the effects on separation
efficiency that will specifically come from components in a reprocessing facility
waste stream.
As previously discussed, there have been a considerable number of
studies of DGA for the separation of actinides from many different matrices very
few have been performed for its implementation into the fuel cycle. Resins
impregnated with TODGA were assessed by Van Hecke et al. for their ability to
separate minor actinides and lanthanides from low level liquid waste related to
PUREX raffinate.[58] Based on the weight distribution of actinides and
lanthanides in the raffinate solutions the partitioning of the actinides and
lanthanides from low-level liquid waste seem viable.[58] Since only weight
distributions were determined in various acid matrices, viable accelerate flow
rates and separation conditions would be needed to be determined in order to
assess the implementation of DGA resin as an achievable rapid separation
technique for the fuel cycle. One study by Esbelin, et al. separated Am, Cm, and
Nd from an ECRIX-H irradiated pellet, which consists of MgO-AmO1.62, in order to
evaluate the potential to transmutate Am in a Phenix sodium cooled fast
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reactor.[59, 60] An ion exchange resin, Biorad AG 1X8, was coupled with DGA
resin in order to separate U, Pu, and Am/Cm/Nd into separate streams and then
further AG 1X8 separations were performed in a glove box to further separate
Am, Cm, and Nd for Thermal Ionization Mass Spectrometry (TIMS)
measurements. In this experiment a peristaltic pump was used on DGA column
in a shielded hot cell. This separation provided good accuracy and the
concentrations recovered matched well with the estimates calculated by the
evolution code used.[59] Even though this study did look at the irradiated pellets
they were ECRIX-H specific pellets with an inert magnesia/Am matrix and are not
a good representation of the fuel recycled in the PUREX process.[60] Since this
experiment was able to use higher flow rates for a complex matrix and still
achieve relatively low standard deviations using DGA the same should be
possible for separation of Am from other fuel pellets, as would be found in the
PUREX process. Another study was performed using TODGA and CMPO
impregnated resins by Zhang et al. in their MAREC process (Minor Actinide
Recovery from HLLW by Extraction Chromatography) where some minor
actinides and rare earths, Sr, Pd, and Zr were separated from simulated
HLW.[61] In this study, the simulated high-level waste (HWL) was made to
represent waste from a nuclear reactor after PUREX reprocessing therefore Pu,
U was not investigated.[61] Even though this system was pressurized, basically
automated, and had the same composition as used fuel it did not cover all the
information needed, such as high flow rates and the effects on Am, Pu, and U
adsorption. Overall, the studies performed for DGA resin implementation confirm
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its potential since higher flow rates and similar samples matrices obtained
sufficient separations but these two parameters are not performed in the same
study. Therefore, it is important to determine how high the flow rate can increase
for a sample with a composition similar to PUREX process waste streams.
Since a rapid separation will be necessary to achieve near real time
material accountancy, separations using DGA must be able to function under
increased flow rates. DGA was used in an automated pressurized injections
system implementing flow rates up to 30 mL min -1. Using average flow rates of
24 ± 2 mL min-1, Th(IV), Pu(III) and Am(III) were adsorbed onto DGA and were
separated with relative yields of ~97%.[27] These fast flow rates and high yields
show DGA’s great potential for very rapid separation and analysis.
In order to evaluate the composition of the used fuel it is essential that the
separation can be directly coupled with an instrument which could identify the
isotope ratios of the elements of interest. Another rapid and automatic sequential
separation of actinides by using DGA, TEVA, and UTEVA was performed by
Lariviere et al. which was directly coupled with ICP-MS analysis.[28] The direct
coupling of the separation and instrument will not only allow complete automation
but quicker sample turnaround times. Li et al., using the same methodology as
Lariviere et al. to separate Am-241 from a urine sample, was able to obtain an
average turnaround time (including ICP-MS analysis) of about 15 minutes with
flow rates of 2.5 mL min-1.[62] Since the composition of a reprocessing waste
stream will tend to be more complex than a urine sample slower flow rates may
be needed to obtain the same separation efficiencies. Fast flow rates may still be
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achievable depending on the possible matrix effects on the adsorption and
elution of actinides. Since there are little to no results published on these
potential component effects on actinide adsorption to DGA from used fuel this
thesis explores the effects from the main components and assess the
employment of a DGA separation on a vacuum box.
In summary, although there has been a lot of research performed with
DGA in relation to actinide separations some significant gaps still need to be
filled. Some of these gaps include the effects of used fuel components on
actinide adsorption in PUREX like mobile phases; as well as, the possibility and
the effects of accelerating the flow rates of a used fuel sample through a DGA
column.

UTEVA Resin
Since ~96% of the used fuel is composed of U, finding a resin that has a
high affinity and capacity for U is highly desirable for a reprocessing facility
material accountancy system. In order to efficiently separate a less abundant
fission product such as Am, the capacity of the resin becomes very important. If
the capacity of a resin is exceeded, meaning the adsorption sites are all full, the
elution characteristics will change and often decrease the separation efficiency.
Therefore, finding a resin which has a high capacity for U is necessary in order to
allow unhindered separation of the less abundant fission products. UTEVA resin,
commercially available through Eichrom Technologies Inc., shows a high
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selectivity for tetra- and hexavalent actinides and has little to no selectivity for
trivalent actinides. Since UTEVA has little to no affinitiy for many of the fission
products, its application appears very advantageous. In addition a high capacity
for U (37 mg/mL UTEVA) has been reported for this resin.[32]

Figure 5. UTEVA resins' extractant, Dipentyl pentyl phosphonate

UTEVA resin uses diamyl amylphosphonate (DAAP), seen in Figure 5, as
its extractant in its stationary phase. Horwitz et al. had initially characterized this
resin for the acid dependency of the capacity factor, the elution behavior of three
dozen elements, and its column stability.[32] It was found that DAAP extracts
tetra- and hexavalent metals for U and thorium according to the following
equations.

(

)

(

)
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)
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)
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)

(

(

)

)

(

(

)

)

(1-2)

(1-3)

Where E represents DAAP and a neutrally extracted U or Th nitrate complex.[33]
It was found that as nitric acid concentration increased, the U capacity factor
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increased until 4 M nitric acid. At 4 M nitric acid, the capacity factor decreases,
as seen in Figure 3, which is thought to be due to the formation of nitrato
complexes in the aqueous phase and the free extractant concentration lowering
in the organic phase following nitric acid extraction.[63] The variances seen in the
U and Pu adsorption trends based on acid concentration suggest the possibility
to easily load and strip a UTEVA column selectively. Also, since UTEVA resin
does not have an affinity for trivalent metals, it would allow for separation of
Pu(IV) from Am(III).
Typically to effectively separate an element, it is retained on a resin while
the other components in a matrix flow through and then the element of interest is
eluted off individually. Considering this, Pu and U can be separated from one
another by UTEVA.[64] Therefore, UTEVA alone cannot be used for the
separation of Am, Pu, and U from used fuel but could be an advantageous
addition in tandem to DGA.
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Figure 6. Preliminary k' values for Actinide Adsorption on UTEVA resin in varying nitric and
o
hydrochloric acid concentrations, 23 - 25 C [65]

UTEVA resin has been used widely for the preconcentration and
separation of actinides from many different sample compositions such as soil,
sediment, vegetation, water, and food.[67, 68, 69, 70, 71, 72, 73] Lee et al. has
investigated the separation of Pu, U, Am and Sr isotopes from environmental
samples with UTEVA and compared extraction chromatography techniques to
the highest recovery anion exchange technique. It was found that extraction
chromatography has better recoveries for U and Pu on UTEVA resin than anion
exchange.[74] Kim et al. was able to separate Am, Pu, U, and Th with high and
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consistent recoveries (85%) from 10 g soil and sediment samples sequentially
using UTEVA and TRU resins in tandem.[75] Even though they were able to
obtain consistent and high recoveries near what would be needed this study did
not take into account the effects seen from the composition of the nuclear fuel
cycle and did not try to decrease the process time.
Although extraction chromatography itself is not an instrument for
concentration or isotope identification it can aid in improving detection limits and
the capabilities of those instruments and detectors which are already well
characterized but may not be currently in use due to complexity of the matrix.
Krachler et al. separated Am-241 from Pu-239 in order to improve the limit of
detection (by two orders of magnitude) on their inductively coupled plasma
optical emission spectroscopy (ICP-OES).[76] Perna et al. coupled a UTEVA
column online to an ICP-MS detector for the determination of actinides. They
demonstrated that UTEVA can lower the detection limit to a few pg/g.[77]
Coleman et al. used UTEVA resin in order to purify the solution being
electrodeposited for alpha spectroscopy analysis for U-232.[78] These improved
samples made it possible to take advantage of the low detection limit possible on
an alpha spectroscopy detector.[79] These studies show how this technique
could be applied to already known and developed instruments to improve the
limit of detection and therefore increase the instrument’s potential application in
monitoring the reprocessing waste streams in the fuel cycle. A few procedures
using UTEVA have advantageously directly injected the eluent from an extraction
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chromatography column to an ICP-MS which helps to keep the analysis time as
short as possible as well as keeping it automated.[77, 79, 80, 81]
Taguchi et al. looked at the difference between Pu(VI) and Pu(IV)
adsorption and elution characteristics on UTEVA resin for low level liquid
wastes.[82] It was found that the elution profile curve for Pu(VI) with 0.01mol L -1
HNO3 gave the sharper and more symmetrical peak than Pu(VI) in 0.1 mol L-1
HNO3 and Pu(IV) with 0.1 mol L-1 HNO3. In particular, Pu(IV) had considerably
broader elution peaks and tailing than in other matrices studied.[82] This means
that Pu(VI) in low nitric acid concentration may be the optimal elution conditions
for UTEVA resin. Goodall and Lythgoe separated U and Pu using UTEVA from
solutions of spent fuel for analysis on thermal ionization mass spectrometry
where they investigated the potential to use oxalic acid and ascorbic acid as a
stripping agent.[83] In this study it was determined that the most useful
separation employed the ascorbic acid to reduce Pu(IV) to Pu(III) since it gave a
sharper elution curve. This gives another possible elution matrix for the U and Pu
separation. This study was also performed using a vacuum box in order to
expedite the analysis of samples. At least 50% reduction in time per separation
of U and Pu was achieved while precision was maintained.[84] This trait is very
important to its implementation into the fuel cycle as near real time analysis is
necessary.
High flow rates will be essential to achieving rapid separations necessary
for fuel material accountancy. There have been many studies with UTEVA used
on a vacuum box with flow rates up to 3-4 mL/min.[85, 86] One study performed
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by Maxell used TEVA, UTEVA and TRU resin to separate Am, Cm, Pu, U, and
Np with higher flow rates of 2-3 mL/min (where gravity typically has 0.5 mL/min
flow rates) in order to minimize sample turnaround time.[87] The UTEVA was
investigated for its potential to separate U from nuclear wastes and
environmental samples and even though it was at a higher flow rate still achieved
>98% recovery.[87] The ability to still achieve high recovery under rapid flow
rates is essential to maintaining a near real time material accountancy. Osvath et
al. have looked at the application of UTEVA in nuclear power plant wastes but
only in the recovery of Zr and Np.[88] Thakkar performed a rapid separation of U,
Pu, and Am from soil using UTEVA and TRU in tandem on a vacuum box
system.[84] Consistent, reliable and fast separations were able to be maintained;
therefore, UTEVA separation characteristics should stay consistent unless
unforeseen complications arise from the matrix of the sample.
There are many extraction chromatography techniques using UTEVA in
order to separate actinides from various matrices but few techniques were used
for solutions from the nuclear fuel cycle.[87, 88, 89, 90] Osvath et al. developed a
method for the separation of U, Np, Pu, Am and Cm. One of the key parameters
in this method is controlling the oxidation states of the actinides with (NH4)2S2O8
before contact with UTEVA.[88] After analyzing 10 evaporation concentrates of a
nuclear power plant chemical yields of 65% U, 82% Pu, between 66-93% Np,
and 55% Am/Cm were obtained.[88] Even though this method fundamentally
separated Am, Pu, and U from nuclear reactor samples, it has room for
improvement as it was not rapid and had highly variable results for some of the
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actinides.

Solatie et al. developed a procedure using TOPO in cyclohexane

loaded on silica gel, Dowex anion exchanger and UTEVA resin for determining
U-232 and Pu-236 in spent nuclear fuel by alpha spectrometry.[89] The recovery
for U was 70% and for Pu was 80-90%. This procedure determined
concentrations of U and Pu fairly close to those calculated by ORIGIN for each
fuel pellets specific burn-up.[89] Even though this procedure was fairly simple
and proved to be efficient in separation for alpha spectrometry applications it was
not a rapid analysis and recovery efficiency could be improved.
It would be ideal to separate out Am, Pu, and U individually from used
fuel. Morgenstern et al. separated U, Pu, Np and Am from one another from a
gravity fed UTEVA column.[90] Even though recoveries were high, >87%, no
other metals were included in the sample. Also, in the separation scheme they
have developed, Am would elute off with all of the other fission products found in
used fuel.[90] This could cause difficulties when it comes to detection of Am. In
order to achieve the Am separation needed, UTEVA and a column with high Am
affinity and recoveries would be needed, such a DGA resin. The combination of
these two resins provide a sufficient separation scheme of Am, Pu, and U. To
truly verify the ability of this scheme to separate these actinides in mixed sample
matrices, all the possible components in a sample must been analyzed for the
effects on the analytes’ adsorption.
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Section 1.3 Goals
The purpose of this work was to develop new radioanalytical methods for
the separation of actinide elements and first row transition metals to assist rapid
material accountancy and nuclear forensic analysis. This work thoroughly
characterizes two extraction chromatography resins, DGA and UTEVA, by batch
contact studies in order to identify any effects on actinide adsorption due to the
presence of some of the components of used fuel, as listed in Table 1. Initially
these resins were studied with the intent to use them individually and/or in
combination. Once the effects of the additional components were identified, a
separation scheme for actinides and/or transition metals from used fuel, melt
glass, and urban rubble was applied to a gravity fed column(s) in order to
optimize

the

separation.

The

characterized

extraction

chromatography

separations were then transitioned to a vacuum box to be further optimized and
to characterize the reliability and accuracy of the separations. The main goal of
this thesis was to supply new rapid and reliable separation procedures that show
a potential for automation.
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Section 1.4 Thesis Organization
In this thesis, initially, resins were characterized for separations, and rapid
actinide separations were then developed, characterized, and optimized for
safeguard and nuclear forensic purposes. A general background regarding the
primary methods used is provided in Chapter 2. There are two main parts to this
thesis, the first is Chapters 3, 4, 5, 7, and 8 which are focused on separations for
safeguards in the fuel cycle and the second is Chapter 6, which is focused on
separations for nuclear forensic purposes related to glass and urban rubble.
Each data chapter is in a manuscript format and includes a detailed materials
and methods section.
Preliminary investigations of DGA and UTEVA’s adsorption for Am, Cm,
Pu, and U were performed. DGA resin characterization for Am, Cm, Pu in the
presence of used fuel components and UTEVA resin characterization for Am, Pu,
and U in the presence of used fuel components were performed and discussed in
Chapters 3 and 4. The potential for these resins application to Am, Pu, and U
separation from other fission products in a material accountancy system for used
nuclear fuel are discussed as well. These studies were performed with the
assumption that UTEVA and DGA columns would most likely need to be stacked
in order to achieve the separation needed. These studies allowed the ideal
conditions to be identified in which to set up the column separation of the used
fuel. After the separation of Am, Pu, and U was proven to be possible for used
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nuclear fuel, optimization of the separation for a rapid sequentially stacked
prepacked cartridges of UTEVA and DGA was performed.
More specifically, Chapter 3 summarizes the effects seen from some of
the larger constituents in the dissolved used fuel on Am and Pu adsorption to
DGA. In Chapter 4, Am, Pu, and U adsorption to UTEVA resin in the presence of
used fuel components in nitric and hydrochloric acid matrices are presented and
discussed. In order to see the effects of the components in used fuel, it was
necessary to perform these studies at an acid concentration which did not get
near the analyte’s limit of detection. The synergistic, antagonistic, and
competitive effects on Am and Pu are presented and discussed in these
chapters. To find the ideal conditions of a stripping phase for UTEVA and DGA,
the matrix of the mobile phase was varied; these results are discussed in
Chapter 4.
Since DGA and UTEVA were well characterized in Chapters 3 and 4,
Chapter 5 investigated the effects from varying the anion in the matrix. Various
acids, reducing agents, and complexing agents were studied. Comparison of all
studies is performed and discussed in order identify optimal loading, eluting, and
stripping matrices.
The sixth chapter of this thesis is directed at rapid separations for nuclear
forensic purposes, more specifically glass and urban rubble samples in a postdetonation situation. Preliminary batch contact studies of various metal
adsorptions on DGA and UTEVA resins pertaining to soil, glass, and urban
rubble were performed and are found in Chapter 6. Some interference effects
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were studied, as well, but were not a main focus of this study. Also, a flowsheet
was developed for the separation of activated transition metals out of a manmade hybrid glass/cement button based off of preliminary data and previously
reported trends. This flowsheet also hypothesized the elution of Am and Pu even
though there was none in the glass button. Dissolution of the glass button was
achieved and separated on a gravity fed DGA column.
In chapters 7 and 8, the individual actinide elution profiles were analyzed
on DGA and UTEVA columns to ensure the possibility of separation. The ideal
loading, eluting, and stripping phases and necessary volumes were identified for
a gravity fed column. Once the transition to a vacuum box was performed, where
the same conditions were applied, the changes of the performance due to
application to a vacuum box were identified. A mock used fuel was separated in
order to substantiate the viability of applying this separation technique for a used
fuel material accountancy system.
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Chapter 2. BACKGROUND
Section 2.1 Introduction
In this chapter, a more detailed background and literature review of the
methods performed and instruments used in this thesis is provided. There are
detailed descriptions of the methods’ specifics as they apply to each experiment
performed in this work present in the introduction of each experimental chapter,
Chapters 3 through 7.

Section 2.2 Extraction Chromatography
Extraction chromatography combines the selectivity of solvent extraction
and the ease of use of column chromatography.[91] The chemical and physical
characteristics of the metal analyte, counter ion of the analyte, and the matrix
components can all affect the efficiency of extraction.[92] Therefore, an
extraction chromatography system can be selectively tuned to extract a specific
analyte to a certain degree based off of the composition of the mobile phase.
This ability makes extraction chromatography very useful for selectively
separating a specific analyte but also means full characterization of the
component’s cations and anions in a sample’s matrix must be determined.
In this thesis, the effects seen from additional components in the matrix
are called synergistic, antagonistic, and competitive effects. Synergistic effects
are seen when an addition of another metal to the system increases the
adsorption of the analyte either by creating a co-complex or combined species,
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such as Mx+My3+A4-, which is extracted by the resin. A synergistic effect can also
be possible by creating a salting out effect.

This salting out effect is a

phenomena were the solubility of a non-electrolyte in water is decreased by the
addition of an electrolyte.[93] The decreased solubility would therefore an
increase in an electrolyte concentration can drive the extraction of another
species. Antagonistic effects are possible when the addition of another metal
creates a co-complex or combined species which is not favorable and has a
lower affinity than the individual analyte. Competition effects may be present in a
system where the additional component competes for the binding sites on the
resin; therefore, lowering the available sites for the analyte. For these reasons, it
is essential to fully investigate the effects of the components in a sample prior to
column separation and automation. In this thesis batch contact studies are used
in order to quantify these effects, the method is described later in this section.
The oxidation states of the actinides can be very useful in the separation
and have been employed in the work of this thesis. The differences between
various oxidation states of a single actinide are larger than those of different
actinides in the same oxidation states.[93] The ability of the various species to
form complexes is dependent on the charge density. For example, the
complexation strength tendency of Pu decreases in the order:[93]
(

)

(

)

(

)

( )

And the stability series of the inorganic complexes of tri-, tetra- and hexavalent
actinides are generally the same:[93]
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except for Am(III) where nitrates and chlorides are more similar in stability. These
characteristics of Am, Pu, and U can be exploited in order to achieve a more
efficient separation.
For a column separation, there are additional effects which can change a
separation’s efficiency. The efficiency of a chromatography column depends on
the number of plates in a column.[94] These theoretical plates are defined as a
surface within the column where the ratio between the average concentrations of
the solute in the stationary phase and in the solution flowing out of the region
corresponds to the ratio attained in true equilibrium.[94] A plate, therefore, can be
thought to represent one stage of a solvent extraction multi-stage process. Since
there are a number of plates in one column it allows for a more simplified and
compact setup in order to achieve the same separation efficiency. The number of
plates in a column depends on the height equivalent to one theoretical plate
(HETP). The HETP is calculated by dividing the height of the column by N, the
number of plates. The number of plates for a column is calculated by:[94]

(

)

( 2-1 )

where, VR is the elution volume at which the maximum concentration of analyte is
achieved, and w is the peak width at 1/e of the peak height. There are many
different parameters in a column separation which could affect the HETP.
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Particle size of the supporting material, loading of the extractant,
temperature, column cross section area, bed length, and rate of elution have
been studied for their effects on a column separation by Horwitz and
Bloomquist.[95] To reduce HETP, it was shown that the best packing method
was by a slurry method, using small resin particle size with lower extraction
loading, and slower flow rates at elevated temperatures. The reduction in HETP,
giving more plates, will give a longer retention time and a larger elution volume.
Some other factors affecting the width of peak and tailing of elution curve for an
extraction system, include but are not limited to, diffusion effects, the amount of
eluted elements, the capacity of the column, rate of formation of the extractable
species, and rate at which equilibrium is reached.[95] It is therefore important to
be aware and minimize as many of the potential negative effects during a
separation as possible.

Increasing Flow Rate
Figure 7. Band Broadening Due to Increased Flow Rate
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One of the most important factors on band broadening for an extraction
chromatography column is the mobile phase flow pattern.[94] This includes the
mobile phase flow rate (

⁄

) which with its increase there is a

reduction in the number of theoretical plates; therefore, giving a broadened band,
as seen in Figure 7. This is a parameter that will need to be optimized to achieve
a more rapid separation but still achieve a sufficient separation of the analytes.
Many extraction chromatography columns are performed with an excess of
theoretical plates.[96]
Separation of a mixture can be obtained by a variety of techniques but
generally, it is achieved by taking advantage of the degrees of retention for
different components in a sample.[94] The degrees of retention are caused by
differences in partition equilibrium and/or mass transfer kinetics. Ideally, as the
sample is traveling down the column each component will separate enough into
its own band which eventually elutes off individually.[94] The use of additional
components whether they be reducing/oxidizing agents or complexing agents,
can affect the degree of retention for a specific component. Therefore, these
agents are also investigated for their potential in optimizing the separation.
In this thesis, due to the complexity of the sample composition, the sample
was loaded onto the column where the components of interest were retained and
those of no interest were eluted off. The retained components, with the variation
of mobile phase matrices, were eluted off into separate fractions. The changes
in the mobile phase were studied for an increase or decrease in the acid
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concentration, as well as, the addition of salting out, redox, and complexing
reagents. These reagents change partition ratios changing mobile phase bulk
properties. Some of the reagents high affinity for the resin and are extracted into
the stationary phase; therefore, lowering the number of available extraction sites,
giving a competition reaction. Redox and complexing reagents directly reacts
with the species either in the mobile or stationary phase to form a new species
with a different distribution ratio which allows further separation. Introduction of
various mobile phases to a chromatography separation can be performed with a
stepwise or gradient elution. When a large number of steps are used in an elution
results are similar between stepwise and gradient elution.

Batch Contact Studies Method
The purpose of this method was to determine the magnitude of adsorption
for individual metals and mixed metal matrices to varying extraction
chromatography resins. This research is necessary in order to develop optimized
separation schemes prior to column studies. Even though batch contact studies
do not include the columnar effects seen in a column separation, the free column
volume to peak maximum, k’ (or the resin capacity factor), for a slurry packed
column can be determined by applying a k’ conversion factor. The k’ values, as
determined in equation 2-5 and 2-6, quantifies the affinity and selectivity a resin
has for a specific metal under varying conditions.
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(

(

)

( 2-2 )[29]

)

( 2-3 )[32]

Determining the free column volume to peak maximum, k’, in this manner allows
for simple procedures, such as batch contact studies, to be conducted in order to
determine a metal’s adsorption to the resin under various conditions in a column
separation. The specifics to each batch study experiment performed will be
presented within the introduction for each chapter.
The experimental method was based on a previously developed
procedure by Gharibyan.[97] A known amount of dry free EXC resin was placed
in a polypropylene microcentrifuge tube. This resin was preconditioned using a
certain concentration of a desired acid and mixed by placing the microcentrifuge
tube on a Labquake Rotisserie shaking table for an hour. After the resin was wet,
equal parts of an acid solution containing a component’s metal salt and of the
same acid solution containing Am-241, Cm-244, or Pu-239 were added. These
samples were mixed again on the shaking table for one hour. Separation of the
liquid and resin beads were achieved by transferring and expelling the liquid from
a 0.45 μm PTFE filtered polypropylene syringe. Volume, radioisotope and nitric
acid concentrations were kept constant while the metal analyte concentrations
were varied in order to determine the effects from the added metal salt. All batch
studies were performed in five replicates. All samples with a stable metal and a
radioisotope were analyzed by taking an aliquot for analysis by ICP-AES
(inductively coupled plasma – atomic emission spectroscopy) or ICP-MS, for the
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stable metal concentration, and LSC (liquid scintillation counting), for the
radioisotope activity. The procedures for these instruments are presented in
section 2.3, 2.4 and 2.5 respectively.

Volume Correction
In the past to determine the volume correction factor for the amount of
volume retained on the resin, scientists have used the weight of the acid retained
on the resin and the density of the original acid in contact with the resin. This
method does not take into account the fact that the resin may have an affinity for
the acid which can then change the density of the acid after contact. Therefore,
the volume corrections applied by this method may have substantial error
depending on the resin’s adsorption of the acid.
To determine the volume correction for the batch contact studies in this
thesis, 1.5 mL of an acid of a desired concentration was mixed with 50 mg of
resin, same conditions were maintained as in batch contact studies. The 1 mL
adjustable pipet used was calibrated by mass to deliver 0.75 mL and 0.3 mL,
based on the density of water at the room temperature (0.9982 g/mL), with the
least amount of deviation. This was achieved by changing the set pipet volume
until 0.7513 g or 0.3005 g of water was delivered.
The error for the pipet was determined by taking 6 - 7 replicates of 0.75
mL of water and pipetting into a tared vial on a mass balance. Based on waters
density at room temperature the volume was determined and error was then
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calculated. Then the acid was filtered off the resin into a preweighed vial and
reweighed to determine the mass of the entire volume eluted. Then a 0.3 mL
aliquot of the eluted acid was placed into another previously weighed vial which
was reweighed and titrated. Titration was performed by using of 0.1 M NaOH,
and 0.1% phenolphthalein and a 25 mL buret. The error of the buret was
determined by eluting and weighing 1mL fractions in seven replicates and based
on this weight the volume and error was calculated. The solutions were added
slowly and continually mixed with 0.1 M NaOH until a pink end point was reached
and the volume used was recorded. For each sample, three titrations were
performed. Then using the molarity of the acid, and its density, the amount of
volume which was not eluted off the resin was determined and a correction factor
was used on all batch contact studies k’ values. All concentrations of nitric and
hydrochloric acid used in characterization studies were analyzed for the volume
lost.

Column Chromatography
In this procedure, 2 mL Biospin columns were used to determine elution
profiles for Am, Pu, and U individually on DGA and UTEVA resins. A slurry pack
technique was used to prepare the columns. A known amount of resin was
preconditioned in DI water and resin was allowed to settle by gravity. Great care
was taken to ensure no bubbles or channels were formed in packing. After filling
the columns, the free column volume (FCV) was determined by litmus paper and
elution of loading phase acid matrix. Once this was determined, additional acid, 5
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FCVs (free column volumes), were passed through the column in order to rinse
and condition the resin. A solution of ~100 Bq/mL Am-241, Pu-239 or U-233 was
loaded onto the columns. Aliquots of 1mL were sampled from the load, elution,
and strip phases. In order to analyze these aliquots by LSC, a fraction was
combined with 15 mL of cocktail in 20 mL LSC vials. Further detail of the LSC
analysis procedure is in section 2.5.

Vacuum Box Separations
In order to decrease the processing time to analyze a sample increased
flow rates are necessary. The vacuum box system used, shown in Figure 8, was
an in-house design which was thoroughly characterized by Gostic.[98] The
vacuum box held cartridges in a 3 x 5 configuration. The internal pressure of the
vacuum box was controlled by a vacuum pump (Edwards) coupled to a digital
vacuum regulator (J-Kem Scientific).

Figure 8. In-house Designed Vacuum Box System

Prepacked 2 mL EXC resin cartridges, available through Eichrom
Technologies, were placed on the vacuum extraction unit. These prepacked
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cartridges can be stacked providing a method which would simplify the
separation process, reduce possible sample loss, and minimize creation of
waste. Increased flow rates achieved by this system can affect the efficiency of a
separation but there are other parameters which can be used to influence a
separation as well, such as the matrix constituents, the extractant loading, the
column length, and the operating temperature. To control the flow rate as well as
possible, a digital vacuum regulator controlled the internal pressure of the box.
DGA resin was previously characterized on this vacuum box system, by
Gostic, for Am-241’s flow rate reproducibility, and its efficiency for a sequential
extraction.[98] It was determined that the kinetics of the resin was sufficiently high
to achieve efficient separations over a wide range of flow rates, up to 10 ml min-1.
Since it was determined that fine control was not necessary for consistent
recoveries, the separations performed in this thesis were performed with flow
rates between 1-5 mL min-1. The rinse and loading phases were performed at ~1
mL min-1 and the elution and stripping phases were set to ~4 mL min-1.
Initially the separation schemes were characterized for Am, Pu, and U
recoveries on DGA and UTEVA resins, individually, for various loading, elution,
and stripping phases. Each phase volume was collected in whole and
characterized on the LSC by mixing an aliquot with LSC cocktail in a 20 mL vial.
Once the optimal separation conditions were determined, the cartridges were
stacked, UTEVA on top of DGA, and characterized for a mixed actinide sample
separation and recovery. For this separation, 5 mL fractions were collected and a
1 mL aliquot was taken for LSC analysis in order to determine the amount of
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activity in each fraction. For the mixed actinide samples, an aliquot was taken
based on the activity of each fraction, where the aliquot did not exceed 10 Bq for
electrodeposition. The electrodeposition parameters are described in more detail
later. These aliquots were electrodeposited using a sulfate based system and
analyzed on the alpha spectrometer, further description of these procedures are
described in Section 2.8 and 2.7, respectively.

Section 2.3 Inductively Coupled Plasma – Atomic Emission
Spectrometry
Inductively Coupled Plasma – Atomic Emission Spectrometry is an
analytical technique which uses an inductively coupled plasma to excite an
element’s or ion’s electrons to an excited state and in its de-excitation it emits a
characteristic photon spectrum. The sensitivity of the ICP-AES is typically in the
1-100 ppm range for most elements. Analysis is typically performed on aqueous
samples which are pumped through a nebulizer chamber where it is aerosolized
with argon gas. This aerosolized sample is then carried into the argon plasma
torch where it is atomized and excited by the extreme heat (6000-10,000K). As
the atoms travel through the torch chamber they return to ground state and emit
a photon which is detected by an array of charge-injection devices which are
solid state silicon detectors. A signal is produced by the photon being absorbed
in the detector and being converted to a charge that is proportional to the
intensity of the photon at that wavelength. Therefore a given a calibration plot for
a specific analyte(s), the quantity could be identified. A more in-depth explanation
of ICP-AES can be found in literature.[99]
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In this thesis, for most stable element analysis an iCAP 6500 series
(Thermo Scientific, Inc., Cambridge, UK) ICP-AES was coupled with an ASX520
Autosampler was used, Figure 9. This spectrometer has a higher performance
detector, CID86, which covers the wavelengths 166-847 nm. The iCAP 6500
series software, iTEVA, was used for all data acquisition and analysis. More
information is available from Thermo Scientific.[100]

Figure 9. iCAP 6500 and ASX520 Autosampler

For sample analysis the instrument settings, described in Table 4, which
were optimized by the manufacturer, were used for the experiment. All samples
had three measurements per sample.
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Table 4. Operating Parameters for iCAP 6500

Parameter
Radio Frequency Power
Analysis Pump Rate
Purge Pump Rate
Flush Time
Auxiliary Gas Flow
Nebulizer Gas Flow
Coolant Gas Flow

Setting
1150 W
50 rpm
50 rpm
30 sec
0.5 L/min
0.5 L/min
12 L/min

The wavelengths used for analysis of analytes, Table 5, were chosen carefully to
ensure as little interference as possible. Prior to sample analysis, 1-100 ppm M+
standards were created in each matrices used order to make a calibration curve
with R2 ≥ .98 where R2 is a statistical measure of how close the data are to the
fitted line. All samples were viewed using the auto mode which switches between
radial and axial positions depending on the intensity of the emission.

Table 5. Wavelength and Relative Intensities used on iCAP 6500 for analysis

Element
Wavelength
Calcium
184
Erbium
350
Molybdenum
202
Strontium
216.5
Zirconium
3391
Neodymium
4061
Aluminum
3092

Intensity
180000
600,000
500000
300000
3500000
60000
600000

Wavelength Intensity
317.9
300000
367.6
15000
281.6
400000
228.2
12000

Samples were analyzed of the solution pre- and post- batch contact
studies. The calibration curve was used to determine the concentration of the
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samples. The amount of the analyte sorbed onto the EXC resin was determined
using the following equation:

[

]

(

)(

)

( 2-4 )

Where PPMpre and PPMpost are reported concentrations of metal determined by
ICP-AES analysis, Vpre is the total volume of the aliquot prior to chemistry and
Vpost is the volume taken from aliquot contacted with the resin for analysis.

Section 2.4 Inductively Coupled Plasma – Mass Spectrometry
Inductively coupled plasma – mass spectrometer is an analytical
technique which is often used to determine elemental isotopic composition in a
sample by taking advantage of the differences in the mass-to-charge ratios, m/z,
of each isotope of an element. The mass-to-charge ratio of each isotope is based
on the fact that the isotopes of a given element will have the same number of
protons, therefore the same ionic charge, but have a different number of
neutrons changing the atomic mass. The ICP-MS has low detection limits, of low
ppb (μg/L) to ppt(ng/L) levels, compared to the ICP-AES. In this thesis, the ICPMS was used for elemental quantification where detection was not possible on
the ICP-AES.
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Beam of ions

Figure 10. Quadrouple Mass Filter

There are two parts to the ICP-MS: the ICP and the mass spectrometer.
The sample introduction for the ICP-MS is the same as in the ICP-AES where an
aqueous sample is pumped into a nebulizer chamber and aerosolized. The
aerosolized sample is then carried by argon into an argon torch held around
10,000K. This torch atomizes the samples into charged particles which passes
through two cones in order to sample just the inner portion of the ion beam. This
beam is focused by electrostatic lenses into the entrance of the mass
spectrometer, which is a quadrupole mass filter, where they are separated by
their mass-to-charge ratio. In the quadrupole mass filter there are four rods
where quickly alternating AC and DC voltages are applied along with an RF
(radio frequency) field where the ions travel in the spaces between the electric
fields as seen in Figure 10. The applied voltage to the rods will selectively allow
only an ion with a specific mass-to-charge ratio reach the detector. Therefore,
you can either scan for a range of m/z values or select detection at a specific
m/z.
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Figure 11. ELAN DRC II ICP-MS coupled with S-10 Autosampler

An ELAN DRC II ICP-MS (Perkin Elmer, Inc., Shelton, CT, USA) coupled
with a CETAC autosampler (CETAC Technologies, Omaha, NE, USA), Figure
11, was used in this thesis for Cs adsorption in batch contact studies
summarized in Chapters 3 and 4. The manufacture provided software was used
for data acquisition and analysis. The operating parameters used, in Table 6,
were optimized by the manufacturer upon installation. A daily performance
system check was performed with a multi-elemental solution which ensured that
instrument sensitivity, precision, doubly charged, and oxide ratios were at
acceptable levels. More detailed description and information for an ICP-MS is
available in the literature.[101]
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Table 6. Operating Parameters for ELAN DRC II

Parameter
RF Power
Nebulizer Gas Flow
Auxiliary Gas Flow
Plasma Gas Flow
Vacuum Pressure

Setting
1100 W
0.90 L/min
1.20 L/min
15 L/min
< 7x10-6 torr

Samples were diluted in 5% nitric acid to compatible metal concentrations.
Prior to sample analysis, 1-50 ppb M+ standards were created in order to make a
calibration curve with R2 ≥ .98. Samples were analyzed for mobile phases preand post- batch contact studies. The calibration curve was used to determine the
concentration of the samples. Equation 6 was used to determine amount of metal
adsorbed onto the resin.

Section 2.5 Liquid Scintillation Counter
Liquid Scintillation Counter is a commonly used radioanalytical technique
for determining the activity in a sample. In this thesis, all samples containing
radioactive material were characterized using this technique to determine either
radionuclide concentrations or gross activity. This technique cannot be used to
identify an unknown radionuclide but only determine the amount of activity.
Detection by scintillation depends on the radioactive material being
located close to a molecule which can scintillate. Therefore, the radioactive
materially is typically dissolved in LSC cocktail which is composed of three
components: a solvent, a wavelength shifter and an aromatic hydrocarbon.
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While the solvent used in the LSC cocktail must dissolve the wavelength shifter
and the aromatic hydrocarbon it must also be compatible with the matrix of
sample to be dissolved. The scintillating component is the aromatic hydrocarbon
containing π-bonds in which an electron is excited upon interaction with radiation
of sufficient energy. As these scintillators de-excite, photons are emitted. These
photons are at energies which are not efficiently detected by the photomultiplier
tubes (PMTs). Therefore another organic molecule, the wavelength shifter, are
used to absorb the initial photons emitted by the scintillator and re-emits another
photon at more efficiently detected wavelength.[102]
Since the radioactive material needs to be in close proximity to the
scintillators in order to maximize the energy transferred, the sample is directly
dissolved in the LSC cocktail and placed in a LSC vial. Mixing the sample in the
LSC cocktail gives 4π geometry which creates 100% detection efficiency for
alphas. As the photons are emitted from these vials, they reach the two PMTs
on opposite sides of the vial where the PMTs multiply the current produced by
the light. There are two PMTs in such an arrangement in order to reduce the
environmental background by using a coincidence technique. The signal intensity
is proportional to the energy of the radiation and the number of pulses is
recorded for that specific energy. The energy is not defined enough to use for
radionuclide identification. Since there are differences in alpha and beta pulse
decays they can be discriminated from one another in the same sample giving
gross alpha and gross beta activity.
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Limitations of the LSCs stem from the poor resolution and quenching
effects. Quenching effects reduce the number of photons which make it to the
detector. This can occur due to the chemical quenching which is when other
molecules present within the cocktail provide alternate paths for de-excitation
and no light is emitted. Thus, it can decrease not only the number of pulses but
the intensity as well. This often happens with colored solutions and peak shifting
is typically seen. More information is available on scintillators and detectors in
literature.[102]
Two LSCs in Figure 12 were used for activity measurements. The Tri-Carb
3100TR (Perkin Elmer, Boston, MA, USA) was used for general measurements
and the Tri-Carb 2900TR (Perkin Elmer, Boston, MA) was used for alpha/beta
discrimination. The QuantaSmart software was used for data acquisition and
analysis. Regions of interest were set to define areas of background versus
analyte counts. More detailed product description is provided by Perkin
Elmer.[103, 104]
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Figure 12. Tri-Carb 3100TR (top) and Tri-Carb 2900TR (bottom) Liquid Scintillation Counters

For analysis of samples, a 0.1 to 1.0 mL aliquot was taken and mixed with
15 mL of Ultima Gold AB cocktail (Perkin Elmer, Waltham, MA, USA) in a 20 mL
high-density polyethylene (HDPE) vial. These HDPE vials provide lower
background and high counting efficiency than glass vials and reduce the
possibility of breaking. Ultima Gold AB was selected due to its durability with
mineral acids ranging from 0 to concentrated molarity.[105] Although this cocktail
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is more durable than most, above 2 M there are chemical quenching effects.
These effects were taken into account during data analysis. Blanks were
prepared by adding in equal volume of the same acid concentration as the
samples but without any radioactive material. Multiple blanks were used in each
batch of samples analyzed. Each sample was counted for an hour or until 10,000
total counts (1% error) was reached. Once the count rates for blanks, standards
and unknown samples were determined the blank count rates were subtracted
from the standards and unknowns; these background corrected count rates were
used for k’ value determination.

Section 2.6 Gamma Spectroscopy
Gamma spectroscopy is a technique which detects the gamma rays
emitted from a decaying nucleus and is often used for radionuclide identification
and activity determination in a wide variety of samples.[102] The detection of
gamma rays occur when the photon emitted interacts with the active volume of
the scintillation detector. These detectors are crystals that emit light when
gamma rays interact with the atoms similarly to the scintillators in the LSC. These
scintillation crystals are joined to a photomultiplier tube.

A characteristic

spectrum of a radionuclide’s gamma rays is produced making identification
possible.[102]
Not all gamma rays that pass through the detector will be detected. The
detector efficiency is the probability that an emitted gamma ray will interact with

58

the detector and produce a count. The efficiency for gamma spectrometers can
vary widely depending on the size of the detector and its geometry.

2

Figure 13. PerkinElmer 2840 Wizard Automatic Gamma Counter

A PerkinElmer 2480 WIZARD2 automatic gamma counter, Figure 13, was
used for Am/Pu mixed samples. This detector incorporates end-well NaI(Tl)
detectors into the design of a high throughput automatic gamma counter. This
detector has almost 4π geometry which gives high counting efficiency. More
detailed information on this detector is available through the manufacturer.[106]
Another NaI well detector was used for single component analysis after batch
contact studies. This was set up as seen in Figure 10.
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Figure 14. NaI well detector setup

For column separations of Am and Pu, mixed Am-241/Pu-239 fractions
were analyzed on the automatic gamma detector. All samples were counted for
an hour or up to 1% error. A portion of these aqueous samples were first
analyzed on the LSC for total activity and then analyzed on the gamma
spectrometer for the Am-241 samples. After taking into account the detector
efficiency and branching ratio, the Am-241 activity was subtracted from the gross
alpha activity determined on the LSC to calculate the Pu-239 activity.

Section 2.7 Alpha Spectrometry
Alpha Spectroscopy is a method which can identify and distinguish
between various alpha emitting radionuclides.[102] Alpha spectrometers are
comprised of a series of vacuum chambers that have solid-state semiconductor
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detectors in each one. A vacuum is necessary to have the emitted alpha travel
from the sample to the detector. Once the alpha reaches the active region of the
detector, the energy deposited is converted to a charge creating free electronhole pairs.[102] As higher energy is deposited there are proportionally more free
electrons and holes created. Under an electric field, the electrons and holes
move to the electrodes where a pulse is generated. Since the number of electron
hole pairs is proportional to the alpha energy, the intensity of the deposited alpha
radiation can be determined.
In order to avoid contamination of the detectors all samples to be analyzed
on the alpha spectrometer were first analyzed for overall activity on the LSC.
Once the overall, activity was known an appropriate aliquot was taken in order to
achieve an activity of ~1 Bq in the alpha samples. Typically the samples are
either electrodeposited or microprecipitated on a planchet or filter prior to
analysis on the alpha spectrometer. Since alphas are easily attenuated, thin
samples are necessary so that the alphas will not be attenuated in the sample.
All alpha samples were electrodeposited and this process is described in the next
section.
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Figure 15. Alpha Analyst System

In this thesis, a 12 chamber Alpha Analyst system (Canberra Industries,
Inc, Meriden, CT, USA), seen in Figure 10, was used for all alpha spectrometer
analyses. The solid state detectors in this system were passivated implanted
planar silicon (PIPS) detectors and had an active area of 450 mm 2. The
electrodeposited disks were placed in planchets which were then placed in the
manufacture’s sample trays in the fourth position from the detector.
All samples analyzed on the alpha spectrometer were counted for 12 hour
time periods. The background for each chamber was counted for 12 hours
weekly as well and subtracted from the spectra. The manufacture’s software,
Genie 2000 (Canberra Industries, Inc) was used to view and analyze the
spectrum.
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Section 2.8 Electrodeposition
Electrodeposition is a technique that uses electric current to deposit metal
cations on an electrode, or planchet. This technique is often used to make alpha
spectroscopy samples because it makes a very fine, even source which helps to
decrease self-attenuation and improve the resolution of the peaks. Actinides are
more difficult to deposit because the decomposition of water will create
interfering reactions at the electrode.[107] Glover et al.’s electrodeposition
procedure was used since it provides sources with excellent spectral resolution
and high recoveries for Am, Pu, and U.[108]

Platinum Electrode
Splatter shield

HDPE LSC Vial

Stainless Steel Planchet

Planchet Cap

Figure 16. Electrodeposition Cell

The electrodeposition was performed in a cell as seen above in Figure 16. The
HDPE LSC vial has the bottom cut off which in the above arrangement is the top
63

of the electrodeposition cell. The splatter shield is the bottom of a 50 mL plastic
centrifuge tube with a hole cut in the center to allow the electrode to go through
it. The electrodeposition was performed on an in-house developed
electrodeposition apparatus, Figure 17.

Figure 17. Electrodeposition System

Prior to electrodepostion, the planchet, planchet cap, and LSC vial are
assembled and tested for leaks with DI water. Mixed actinide samples were
electrodeposited for the vacuum box separations. Since the activities in the
samples are unknown, an aliquot of each fraction was analyzed on the LSC for
total activity. The size of the aliquot was based on the activity determined which
ranges from 0.1 μL to 2 mL. This aliquot and 1 mL of 20% NaHSO4 was added
into a glass LSC vial and brought to complete dryness. Before removing the vial
from the hotplate to cool, 0.3 mL of concentrated H 2SO4 was added in order to
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speed up the dissolution of the sample. Once the samples are completely
dissolved, 4 mL of DI water was added, 4 mL of 1% H 2SO4 and 2 drops of 0.1%
thymol blue indicator were added. The pH was adjusted to 2.0-2.3 by adding
concentrated NH4. Then the solution was poured into the electrodeposition cell
and the glass LSC vial was rinsed three times using a solution with a pH of 2.02.3. This solution is then electrolyzed for 1 hour at 0.8 A. One minute before it is
finished, ~1mL of concentrated NH4 is added into the cell to ensure the deposit
doesn’t dissolve when the electrodeposition is ended. After this, the solution is
disposed and the planchet is rinsed with weak NH4 solution and finally with
acetone. Prior to analysis, the planchets are baked on a hotplate at 500 oC for 2-3
minutes.
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Chapter 3. EFFECTS OF USED FUEL COMPONENTS ON
ACTINIDE ADSORPTION TO DGA RESIN

Section 3.1 Abstract
Material accountancy for used fuel is an important and essential part of
developing strong safeguards for a reprocessing facility. For this purpose, the
properties of extraction chromatography resins are being characterized in order
to develop rapid separations of Am, Cm, and Pu from used fuel in reprocessing
waste streams. In this chapter, first the methodology used to ensure reliable and
reproducible adsorption studies for Am, Cm, and Pu is reviewed. Then the
adsorption characteristics of Tc-99 on DGA resin were investigated in varying
concentrations of nitric and hydrochloric acid since there is no published data
available. All of these studies are discussed in the following sections.
Due to the complexity of the matrices found in reprocessing waste
streams, the adsorption characteristics of the elements may not stay the same as
those previously determined in pure acid matrices. Thus, the main part of this
chapter describes the effects that result from the addition of the most abundant
spent fuel constituents, seen in, on Am, Cm, and Pu adsorption to an extraction
chromatography resin, DGA, in nitric and hydrochloric acid. Interference and
synergistic effects are seen in in the presence of mg/L quantities of various
metals in 1 M HNO3 and HCl. The effects of Cs, Sr, Nd, Er, Tc, and Zr on Am,
Cm and Pu adsorption and separation will be discussed in detail.
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Section 3.2 Materials and Methods
Batch Contact Method
Batch contact studies were performed in separate M+-Am, M+-Cm, and
M+-Pu batches with five replicates to individually analyze the spent fuel
components’ interference on Am, Cm, and Pu uptake. To wet the resin, 50 mg of
DGA resin was contacted with 0.5 mL of 1.45 M HNO3 or HCl and placed on a
shaking table for 1 hour and allowed to sit overnight. After the resin was wetted,
0.5 mL of 1.45 M HNO3 solution containing either 3, 15, 30, 45 or 60 mM Metal
(Cs, Sr, Nd, Er, and Zr), and 0.5 mL of a standard consisting of 0.1 M HNO3 or
HCl with 75-100 Bq/mL of Am-241, Cm-244, or Pu-239 were added. For Tc-99
interference studies, the resin was pretreated in the same manner but then 0.5
mL of 1.45 M HNO3 or HCl solution with 70, 80, 90, 100 or 130 Bq/mL of
NH4TcO4 were added to the same standards. The samples were agitated for 1
hour to ensure equilibrium was reached. Separation of the liquid from the resin
beads was achieved by transferring the liquid and pushing it through a PTFE
filtered 3 mL syringe. Volume, radioisotope and acid concentrations were kept
constant for each set of data points and only the metal analyte (M+)
concentrations were varied.

Reagents
The extraction chromatography resin DGA was obtained from Eichrom
Technologies, Inc. Nitric and hydrochloric acid stock solutions, listed in Table 7,
were prepared from ACS reagent grade acid (Sigma-Aldrich) using deionized
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water with a resistivity of 18.2 Megaohms from a Cascada system manufactured
by Pall Corporation. These stock solution concentrations were chosen based off
of the desired final concentrations, seen in Table 7, after the addition of the 0.5
mL of 0.1 M acid radionuclide standard.

Table 7. Stock and Final Acid Concentrations

Stock Solution
Nitric
Hydrochloric
Acid (M)
Acid (M)
0.0025
0.0025
0.025
0.025
0.7
0.1
1.45
0.7
7.45
14.95
15.805

1.45
2.95
7.45
11.95

Final Concentrations
Nitric
Hydrochloric
Acid (M)
Acid (M)
0.035
0.05
0.5
1

0.035
0.05
0.1
0.5

5
10
10.57

1
2
5
8.1

The Am-241, Cm-244, and Pu-239 stock solutions of activities between 75
– 100 Bq/mL in 0.1 M nitric or hydrochloric acid were obtained from Isotope
Products Laboratories. Metal solutions of 3 – 60 mM and 1 – 100 ppm ICPAES
standards were prepared from Sr(NO3)2 (Alfa Aesar, ACS, 99%), CsNO3 (SigmaAldrich,

99%),

Nd(NO3)3

(Sigma-Aldrich,

Er(NO3)3∙6H2O (Sigma-Aldrich, 99.9%),

trace

metal

basis,

99.9%),

Zr(NO3)4 was prepared by dissolving

ZrCl4 (Alpha Aesar, 98%) in concentrated nitric and reconstituting it in
concentrated HNO3 three times. The 130 Bq/mL Tc stock solution was prepared
from an ammonium pertechnetate standard.
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Measurements
Samples of Am-241, Cm-244, and Pu-239 were measured either on a TriCarb 2800TR or a Tri-Carb 3100TR scintillation counter in polypropylene vials by
taking a 0.9 mL aliquot of the filtrate and added 15 mL of Ultima Gold AB
cocktail. The radiotracers were measured for up to an hour or until the one sigma
counting error (10,000 counts) was reached. For alpha-beta discrimination,
standards with varying concentrations of Am and Tc were measured to determine
the amount of cross-talk as a function of amount of activity and the pulse shape
analysis value was selected based on the point of most minimal overlap. Nonradioactive metal concentrations were determined on an iCAP 6500 ICP-AES
Spectrometer (Thermo Scientific). The Elan DRC II Inductively Coupled PlasmaMass Spectroscopy was used to analyze for Cs and any metals or replicates with
concentrations were below the ICP-AES detectable limit or where its detection
was not compatible.

Section 3.3 Methodology
In order to ensure that the batch contact study method is offering an
accurate representation of the k’ values, the amount of liquid adsorbed by the
resin needs to be taken into account to give the proper volume correction factor.
Certain resins have a specific affinity for acid which can result in a preferential
adsorption of the acid in comparison to the water. Therefore, it was essential to
investigate the amount of nitric and hydrochloric acid adsorbing to DGA in
varying acid concentrations. Once the amount adsorbed is determined, the
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correct density for volume correction factors can be identified. Initially, to
determine the amount of acid adsorbed by the resin, 50 mg of DGA resin was
contacted with 1.5 mL of various acid concentrations. The eluted acid, after
contact, was then titrated and the wet resin was rinsed with DI water and titrated
again to confirm the amount of acid adsorbed.
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Figure 18. Nitric Acid Stock vs Eluent Concentrations

In Figure 14, the concentration of the titrated acid stock solution is
graphed in comparison with the sample’s acid concentration after contact with
DGA resin. Above 2 M HNO3, there is a decrease in the eluted acid
concentration, after mixing with DGA resin, which means nitric acid is adsorbing
to the resin disproportionately compared to water which therefore decreases the
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changes the nitric acid concentration. In order to confirm this decrease in
concentration the following graph, Figure 19, illustrates the change in the nitric
concentration in the rinses of DGA.

1.2

Rinse Concentration (M)

1

0.8

0.6
Rinse Concentration (M)
0.4

0.2

0
0

2

4

6

8

10

Stock Solution(M)

Figure 19. Nitric Acid Concentrations in DGA Rinses

Even though there was no detection of preferential nitric acid adsorption below 2
M HNO3, there was nitric acid detected in all rinses independent of nitric acid
stock solution concentrations. The amount of acid determined in the rinse is
below the error for nitric acid concentrations of the samples from 0.01 M to 1 M,
seen in Figure 18; so, it is possible that a small amount of acid is adsorbing at
those concentrations as well. For this reason, the batch studies’ eluent volume
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was determined using the densities at room temperature of the acid
concentrations, shown in Figure 18, and the weights of the eluent.
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Figure 20. Hydrochloric Acid Stock Solution vs Eluent Concentration

In Figure 20, the hydrochloric stock and sample concentrations are
graphed in relation to the expected hydrochloric acid concentration. There is little
to no change between the stock and sample concentrations for hydrochloric acid
mixing with DGA resin, except for 4 M HCl. The rinses were tested as well and
no acid was found to be present. The discrepancy at 4 M HCl could point to the
possibility that the actual error of the measurement is larger than the error
graphed. Since there was no change in the hydrochloric acid concentration, the
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density of the stock acid solution at room temperature was used to determine the
volume eluted from the batch studies.
The adsorption of Am, Cm, and Pu in varying concentrations of nitric and
hydrochloric acid was determined using the batch contact study methodology.
Over the entire range of nitric acid studied, Figure 21, as the nitric concentration
increases, the k’ values of Am and Cm increase three orders of magnitude (20 to
60,000). The Pu k’ values gradually increase until 5 M HNO3, and then as the
nitric acid concentration increases the k’Pu increases ~1.5 orders of magnitude
(900 to 20,000). The high affinity of Am, Cm, and Pu in > 5 M HNO3 will allow an
aliquot of dissolved spent fuel to be directly loaded onto the column without
needing to reconstitute the spent fuel into a different mobile phase. This will
decrease the separation time in comparison to other separations previously
investigated for used fuel separations and may allow in-stream implementation.
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Figure 21. Adsorption of Americium, Curium, and Plutonium to DGA
in Varying Concentrations of Nitric Acid

As the concentration of HCl increased, the k’ values of Am and Cm
increased up to four orders of magnitude, Figure 22. The k’ values appear to
plateau above 5 M HCl. At low concentrations of HCl (below 1 M), the Am and
Cm adsorption drops near or below 0.1. This trend shows the importance of Cl concentrations on trivalent metal adsorption. For Pu, as the concentration of HCl
was increased, the k’ values increased as well, but only up to two orders of
magnitude. The adsorption for Pu does not drop below a k’ value of 10. Since
this is considerably high, elution from DGA may prove difficult. In later chapters,
additional reagents were therefore investigated to determine the optimal mobile
phase for stripping of Pu.
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The adsorption of Cm to DGA resin in varying concentrations of nitric or
hydrochloric acid has been reported previously by Gharibyan.[97] The results
found in Figure 22, have similar Am and Cm trends to those previously reported.
Due to its similarity in charge and size to Am it shows, as expected, a similar
adsorption trend. In the following sections discussing the interference effects, Cm
was studied under the same conditions as Am and Pu. The data is however not
presented in the graphs to avoid crowding, since Am represents Cm chemistry
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Figure 22. Adsorption of Americium, Curium, and Plutonium to DGA resin
in Varying Concentrations of Hydrochloric Acid

The mass transfer kinetics of DGA and the effect of varying DGA mass
were also probed using the batch contact study methodology. The results match
well with the data reported by Horwitz et al., reaching equilibrium in 30 minutes. It
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can therefore be assumed that the batch contact study’s methodology is reliable
and reproducible.[29]

Section 3.4 Adsorption Characteristics of Tc-99
No adsorption characterization for Tc on DGA has been previously
reported in the literature. The uptake of Tc by the resin was therefore analyzed
for varying concentrations of nitric acid or hydrochloric acid for its affinity to DGA
resin. Results for both systems are presented in this section. As seen in Figure
23, in low concentrations of nitric acid the Tc adsorption shows high k’ values
and in high nitric acid concentrations Tc has low k’ values. DGA is known to
complex a cation in a tridentate fashion in the inner sphere and then loosely
complexes with the anions in the inner or outer sphere, depending on polarity of
the diluent, resulting in the formation of a neutral species.[43] Therefore, as nitric
acid concentrations increase and as HTcO4 starts to form, an order of magnitude
decline in the k’ values occurs. This is expected since the diglycolamide active
site tends to prefer cations with an ionic radius between ~72-120 pm.[38]
Since Arisaka, et al. determined how DGA typically complexes cations, at
low nitric acid concentrations it is likely that the ammonium is the complexed
cation in the inner sphere and the TcO4- is the complexed anion in the outer
sphere.[43] Due to the wide range of adsorption values for Tc-99 in nitric acid,
there may be potential to separate Tc from other metal analytes’, where Tc would
be adsorbed at low nitric acid concentrations and eluted at high concentrations.
The lowest k’Tc value in nitric acid is however ~60, which is not low enough to
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ensure complete elution from the column within a practical elution volume.
Reducing agents may be able to lower this to an acceptable level by taking
advantage of Tc’s lower oxidations states but further studies are needed to fully
assess DGA’s potential for Tc(VII) separation.

10000

k' Tc (avg)

1000

100

10
0.01

0.1

1

10

100

[HNO ] (M)
3

Figure 23. Technetium Adsorption to DGA resin in 1 M HNO3

Technetium adsorption was also studied in varying concentrations of
hydrochloric acid and the results can be seen in Figure 24. Over all the
concentrations examined the adsorption is high. The lowest k’ value is ~1000,
which is not low enough to ensure complete elution from the column within a
reasonable elution volume. Since the k’ values are so high across all hydrochloric
acid concentrations studied, separations of Tc in hydrochloric matrices would not
be practical. Depending on the affinity of Tc’s other oxidation states to DGA
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resin, reducing agents may be able to lower this to an acceptable level or provide
a useful separation scheme. The speciation of Tc in hydrochloric acid has been
previously studied and found to form varying technetium chloride complexes
based off of the hydrochloric acid concentrations. As the hydrochloric acid
concentrations increases, the Tc(VII) changes to Tc(IV).[109] Above ~1 M HCl,
TcCl5- and TcCl62- are formed.[109] Since Tc tends to complex which oxygens,
Tc may be directly complexing with the oxygens in the diglycolamide. At higher
hydrochloric concentrations, there appears to be indication of a further increase
in k’, but due to the large error bars for the data in consideration it is inconclusive
if the chlorides have an effect on the Tc affinity. Further studies would need to be
performed to identify and confirm the complex in hydrochloric and nitric acid.
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Figure 24. Technetium adsorption to DGA resin in varying concentrations of HCl
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Section 3.5 Nitric Acid Results and Discussion
The effects of additional components in solution were studied and at an
acid concentration of 1 M HNO3. This condition was chosen since the k’ values,
although high, are not too close to the detection limits of the LSC to see changes
in the adsorption. This allows for synergistic, interference, or competitive effects
to be identified. In 1 M HNO3, the k’ value for Am is near 104 and for Pu near 200.
In the following graphs (Figure 25 and 26) the Am and Pu sorption in 1 M HNO3
without addition of impurities is represented by the solid line. The dotted lines
represent the adsorption of Am and Pu in the presence of the metal analyte
listed. The concentration ranges for metal analytes vary from 1-20 mM M+x for Zr,
Er, Nd, Cs, and Sr to ensure that the capacity of the metal analytes on the resin
is not exceeded over the entire range. Tc will be reported separately since it was
analyzed under different concentrations. In all the following graphs, the analyte
being graphed is represented by an asterisk (*) next to its abbreviation. In the
case of Am*-Zr, the k’ values would be only for Am, but Zr was present in the
solution. Error bars are reported on all of the graphs and represent the standard
deviation between the five replicates performed.
In Figure 25, the greatest effects on Am adsorption are seen in the
presence of Zr, Nd, and Er at high concentrations of each of these metals. This is
expected as DGA has been found to have a high affinity for those metals with a
+3 or +4 charge. The details of these effects will be described later following their
individual interference graphs. Based on these results it is safe to assume that all
+3 and +4 charged metals are going to interfere with Am adsorption, especially
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when column capacity is exceeded. To maintain an efficient separation, it will be
essential to mediate this interference or divert the interfering metals prior to
reaching DGA. Another interesting characteristic of this graph is the plateau
reached for Am adsorption above 10 mM M+x, where it would be expected to see
a continued decrease with the increase of the metal concentrations.
At low concentrations of Zr there is an increase in Am adsorption which
may be due to a synergistic effect which could be caused by a Zr-Am cocomplex. This possibility will be further discussed after the Zr interference graph,
Figure 29, where more detail in the behavior of Zr’s adsorption on DGA is
supplied. Cs and Sr show the least effect on the adsorption of Am. This is also
expected as DGA has been found to have a low affinity for those metals with a
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Figure 25. Used Fuel Component Effects on Am Adsorption to DGA resin in 1 M HNO3
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The individual component graphs and detailed discussion will be provided
in the following section. Due to the similarities between Am and Cm
characteristics on DGA resin, only Am adsorption values are reported and can be
assumed to be the same as Cm; any differences will be reported. At about 1 mM
Metal, there seems to be little to no effects on Am. Since the largest effects on
Am adsorption is after the capacity of the resin is exceeded, which is slightly
above 5 mM, the concentration of the metals will need to be taken into account
either when deciding on the size of the column or the volume/concentration of the
aliquot that can be added to the column. Since Am will not be eluted off in 1 M
HNO3, due to its high affinity, the synergistic effect seen in the presence of Zr will

k' Pu (avg)

not be of great concern.
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Figure 26. Used Fuel Component Effects on Pu Adsorption to DGA resin in 1 M HNO3
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Most of the used fuel components had little to no effect on the Pu
adsorption across all metal concentrations, as seen in Figure 26. The only
component which shows some interference effects is Zr, showing an order of
magnitude decrease across all concentrations of Zr(NO 3)4. Since there is no
decrease in k’ values with the increased amount of interference, it is necessary to
see how Zr sorbs to fully understand the role it plays in this scenario, as seen in
Figure 29. From the data seen in Figure 26, we can ascertain that Pu(NO3)4 has
a very large affinity for DGA in comparison to most of the components in fuel,
even when they are considerably in excess. This is good for loading conditions,
as the adsorption of Pu will not be affected, but may lead to difficulties in elution if
Pu is too strongly adsorbed. This is another reason investigation of possible
reducing/oxidizing and complexing agents will be useful.
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Figure 27. Used Fuel Component Adsorption in presence of Am to DGA resin in 1 M HNO3

In the above graph, Figure 23, the k’ values of the components mixed with
Am are graphed versus the metal concentration in solution. The k’ Am represents
the adsorption of Am individually. This graph allows us to compare the various
component affinities to one another. As expected, tri- and tetravalent metals have
similar adsorption trends. In contrast, the mono- and divalent metals have
different trends with increasing metal concentration. It seems there are multiple
factors which influence the affinity trends seen. For instance, DGA’s affinity for
metals with an ionic radii between 80-120 pm is apparent since Cs has an ionic
radii larger than 120 pm and has little to no affinity for the resin. Although, this is
seen the ionic radii do not describe the rest of the affinity trends. If DGA preferred
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a metals with smaller ionic radii the trend expected would be: Cs(I) (167 pm) <
Sr(II) (118 pm) < Nd(III) (98.3 pm) < Am(III) (97.5 pm) < Er(III) (89 pm) < Pu(IV)
(86 pm) < U(VI) (73 pm) < Zr(IV) (72 pm) < Mo(VI) (59 pm).[110,111]
Adsorption trends may also depend on charge density of the metals. If
DGA preferred a metal with a larger charge density the trend expected would be:
Mo(VI) > U(VI) > Zr(IV) > Pu(IV) > Er(III) > Am(III) > Nd(III) > Sr(II) > Cs(I).This
order is also not seen; therefore, it is possible that the trend is due to a
combination of the two factors.
Similar trends are seen in Figure 28 for the used fuel components in the
presence of Pu as in the presence of Am. The only exception is that Zr affinity
rises above the Pu affinity at 5 mM metal concentrations which would agree with
the trend based on the charge density of the metal. Overall, due to the high k’
values for tri- and tetravalent metals it is expected that out of the components
studied they may have an effect on the actinide adsorption trends.
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Figure 28. Used Fuel Component Adsorption in presence of Pu to DGA resin in 1 M HNO3

Zirconium Effects
Even though in the fuel cycle the fuel is decladded prior to dissolution,
which will decrease the amount of Zr found in the sample matrix, it is still
necessary to consider Zr’s effects on the adsorption, since it is a fairly abundant
fission product. In Figure 29, the maximum capacity is reached around 5 mM Zr,
k’ = 103, after which there is a gradual decline of Zr adsorption. This decline is
due to the amount of Zr increasing in the solution but the maximum capacity of
the resin staying constant, giving a lower k’ value. Therefore, it can be assumed
that Zr has filled all the adsorption sites on the resin which explains the sharp
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decrease in Am k’ values. Zr seems to be adsorbing to the resin with similar
trends independent of the various actinides present in solution. This is most likely
due to the fact that the concentration of the actinides are below the detectable
limit of the ICP-AES, which means that if the actinides do have an effect on Zr
adsorption, it would not be detected. Therefore, Pu(NO3)4 most likely is having a
stronger affinity for DGA than Zr(NO3)4 and is slightly decreasing Zr’s k’ values,
but this is not detected due to the ICP-AES detection limit. The detection limit for
Zr on the ICP-AES is typically ~1 ppm and the concentration of Pu(IV) less than 1
ppm therefore and changes on Zr adsorption due to Pu(IV) would not be
detected.
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Figure 29. Zirconium Effects in 1 M HNO3
The solid line represents Am or Pu k’ values with no additional analyte in solution,
the dotted line represents Am or Pu k’ values with Zr(NO3)4 in solution, and
the dashed line represents Zr k’ values with Am or Pu nitrate in solution.
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There appears to be a slight synergistic effect on Am for 1 mM Zr(IV)
concentrations. It is still unclear why this may occur. It could be due to a salting
out effect, where once capacity is exceeded, a Zr chemistry trend, such as
formation of polyatomic species, that dominates the affinity trends but masks the
typical salting out trends at higher Zr concentrations. In order to identify the
increased Am adsorption more detailed studies below the resin capacity are
needed.
For solutions with [Zr]tot = 1 mM, Zr hydrolysis occurs at molar acidity
generating a Zr complex that is primarily the tetramer Zr4(OH)88+.[112, 113, 114,
115, 116, 117] It is also possible that these tetramers are complexing with Am at
the 1 mM Zr(IV) concentration which either being retained on the resin or is
caught in the filter. This seems unlikely since the tetramers are typically cations
themselves and instead would typically complex with anions in order to
neutralize. It is possible that the polymerized Zr is creating a salting out effect.
The reason the effects of Zr changes with the changed Zr concentrations may
due to the extent of aggregation which increases with the Zr concentrations.[117]
These larger molecules may be causing different interactions
The sorption of these polymers would not be a typical complex of 1:3
M+x(NO3)x:DGA since polymerized Zr usually forms complex polynuclear
polymers.[112] Therefore, if Zr is polymerizing it would not be to the complexing
with the adsorption sites. To fully explain the effects seen from Zr further
investigation is still needed.
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Even though the exact speciation in solution is unknown, it can be seen
from these results that Am and Pu with Zr(IV) in 1 M HNO3 should still efficiently
load onto a column. It is also unclear where Zr(IV) will elute off the column in the
presence of actinides.

Neodymium Effects
The lanthanides can be used as chemical analogs for the trivalent
actinides due to the similar characteristics between them.[110] Therefore it is
generally expected for the trivalent actinides and lanthanides to have similar
adsorption trends. Lanthanide adsorption trends have been previously reported
by Horwitz and Pourmand where the k’ values exceed 103 for the entire nitric
acid range.[29, 31] Therefore, it was expected that lanthanides would cause a
large competition effect on Am due to their similar affinity for active sites on DGA
resin. Even though the most abundant lanthanides in spent fuel are the lighter
lanthanides, it can be assumed that they will have very similar chemistry with one
another; whereas, the difference between light and heavy lanthanides may give
rise to a different effect on actinide adsorption. For instance, a light lanthanide
may have a higher affinity for DGA than Am but a heavy lanthanide may not. This
difference would change the effect where a light lanthanide would cause a
decrease in Am adsorption reaching near the capacity of the resin, whereas,
there would be no seen effect on Am from the heavy lanthanide. For this reason,
Nd was selected to represent the light lanthanides, Figure 30, and Er for the
heavy lanthanides, Figure 31.
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Figure 30. Neodymium Interference in 1 M HNO3
The solid line represents Am or Pu k’ values with no additional analyte in solution,
the dotted line represents Am or Pu k’ values with Nd(NO3)3 in solution, and
the dashed line represents Nd k’ values with Am or Pu nitrate in solution.

As seen in Figure 30, the capacity of the resin for Nd was determined to
be close to 5 mM Nd; which is denoted by the sharp decrease in k’ values after 5
mM. Since the actinides effects would be below the detectable limits of the ICPAES, this Nd lines only represents the Nd characteristics. In the above graph, the
four order of magnitude decrease in Am uptake is due to the competition for
adsorption sites with Nd. It is clear that there is a competition occurring between
Nd and Am/Cm because k’ values for Nd are also suppressed from the
previously reported value of 103. This also implies the affinity for Nd and Am/Cm
is close to one another in 1 M HNO3. Before the maximum capacity of the resin is
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reached, it appears that Am has a higher affinity for DGA than Nd, with Am and
Cm having a k’ value 1.5 times larger than Nd.
As seen in Figure 30, across all the ranges of Nd there is no effect on Pu
adsorption which is probably due to the higher affinity for Pu nitrate complex
compared to the Nd nitrate complex. The loading characteristics of Am and Pu
on DGA will not be affected as long as the sum of the lighter lanthanides and
actinides is below the capacity of the column. Since the actinides and lighter
lanthanides have similar characteristics on DGA, they will most likely elute off the
column at similar times.

Erbium Effects
Similar interference trends are seen with the addition of Er, in Figure 31,
but it does not have such a large effect on Am and Pu adsorption at lower Er
concentrations. This was surprising due to the previously reported k’ >104 in 1 M
HNO3 which is an order of magnitude greater than Nd.[29] Therefore, since it has
higher affinity, it was expected to have a greater competition effect on the
actinides. These results show a competition reaction between Er and Am, where
the Am k’ values decrease as the Er k’ values increase proportionally to each
other.
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Figure 31. Erbium Interference in 1 M HNO3
The solid line represents Am or Pu k’ values with no additional analyte in solution,
the dotted line represents Am or Pu k’ values with Er(NO3)3 in solution, and
the dashed line represents Er k’ values with Am or Pu nitrate in solution.

The maximum capacity of DGA for Er is also apparent in this graph it is
close to 5 mM Er. Once the maximum capacity of DGA is reached, the neutral Er
nitrate complex is exceeding the capacity, and therefore it’s k’ values are
decreasing due to the excess complex in solution. In comparing the trends for Er
and Nd, it is apparent that they are very similar, implying that the same effects
are occurring in both cases.
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Strontium Effects
Sr adsorption in the presence of actinides and its effects on actinide
adsorption in presented in Figure 32. The k’Am-Sr* and k’Pu-Sr* start out very high
and reach a maximum capacity at 5 mM Sr. After the capacity is exceeded, the k’
values for Sr gradually decrease. The high k’ values for Sr were not unexpected,
since Horwitz et al. reported Sr had shown high adsorption (k’~100) for nitric acid
concentrations above 0.2 M.[29] The adsorption of Am and Pu does not seem to
be affected, because the k’Am*-Sr and k’Pu*-Sr do not change in comparison to the
k’Am and k’Pu. Since the actinide k’ values are unaffected, it is probable that
Am(NO3)3 and Pu(NO3)4 form a more favorable neutral complex with DGA than
Sr(NO3)2.
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Figure 32. Strontium Effects on Am and Pu Adsorption on DGA resin in 1 M HNO3
The solid line represents Am or Pu k’ values with no additional analyte in solution,
the dotted line represents Am or Pu k’ values with Sr(NO3)2 in solution, and
the dashed line represents Sr k’ values with Am or Pu nitrate in solution.

Cesium Effects
Cesium nitrate was not expected to adsorb to the resin due to its
monovalent state since Pourmand et al. reported no adsorption of Cs to DGA
resin in nitric acid.[31] Since this study analyzed all metals in one study it is not a
good representation for a more simple sample matrix, as studied here. Although
in Figure 33, Cs unexpectedly has a k’ value ~10 for all concentrations of Cs it
does not show an effect on Am and Pu k’ values. This means that Cs will not
have any effect on Am or Pu adsorption, elution or stripping characteristics.
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Figure 33. Cesium Effects on Am and Pu Adsorption on DGA resin in 1 M HNO3
The solid line represents Am or Pu k’ values with no additional analyte in solution,
the dotted line represents Am or Pu k’ values with CsNO3 in solution, and
the dashed line represents Cs k’ values with Am or Pu nitrate in solution.

Technetium Effects
To study Tc interference on Am and Pu adsorption, it was essential to
perform an alpha/beta discrimination on the LSC. This interference study was
performed in 1 M HNO3, where Tc has a k’ value ~400. This provided plenty of
room to detect a change in Tc adsorption. The adsorption of Tc in these systems,
k’Am-Tc* and k’Pu-Tc*, shows a lower k’ value than found for pure Tc, see Figure 23,
where the k’ value was ~400. In Figure 34 the k’ values ~150 for Am-Tc* and ~80
for Am-Pu*. The Am and Pu adsorption trends seem to be independent of Tc
concentration, since they all stay constant across all activities of Tc. There
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seems to be a slight increase of Am adsorption across all Tc activities. This may
be due to the loss of alpha counts, based on the discrimination set point, from the
alpha/beta discrimination which may exhibit a false synergism and further studies
will be needed to identify the cause of these trends.
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Figure 34. Technetium Effects on Am and Pu Adsorption to DGA in 1 M HNO3
The solid line represents Am or Pu k’ values with no additional analyte in solution,
the dotted line represents Am or Pu k’ values with NH4TcO4 in solution, and
the dashed line represents Tc k’ values with Am or Pu nitrate in solution.

Section 3.6 Hydrochloric Acid Results and Discussion
For the following studies on the possible effects of used fuel components
the adsorption of Am and Pu was studied at 1 M HCl, because any synergistic,
interference, or competition effects can still be easily distinguished since their k’
values are not too close to detection limits The formatting of the graphs follows
the same as previously described in Section 3.5.
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In Figure 35, the largest effects on Am adsorption are seen in the
presence of Zr, Nd, and Er in 1 M HCl. This was expected since DGA has been
found to have a high affinity for those metals with a +3 or +4 charge and metals
with an ionic radius between 80~120 pm in chloride matrixes.[31] Therefore, it
was expected that Zr(IV), Nd(III), Er(III) would have some type of effect on the
actinide adsorption. The lanthanides show similar trends in hydrochloric acid as
was seen in nitric acid matrices, where the Am adsorption is suppressed with an
increased concentration of lanthanide. Above 10 mM Er, the k’ values for Am
were below detectable limits and therefore not reported in Figure 35. The
reasoning behind these results is further discussed in the following sections.
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Figure 35. Spent Fuel Component Effects on Am Adsorption in 1 M HCl
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In Figure 35, Cs, Sr, and Mo show the least effect on the adsorption of
Am. The minimal affects from the addition of Cs and Sr was expected since DGA
has been found to have a low affinity for those metals with a +1 or +2 charge.[29]
At about 1 mM metal, there seems to be little to no interference effects seen on
both Am and Cm. So, as long as the capacity of the resin is not exceeded for
metals of similar oxidation states the loading characteristics of DGA should not
be affected.
In Figure 36, the majority of the components show little to no effect on Pu
adsorption. This is especially the case for metals with the oxidations states +1,
+2, +3 in 1 M HCl, since there was no change on Pu k’ values observed in
comparison with the k’ values of pure Pu solution’s. There is an effect from the
presence of the Mo(VI) metal ion which evenly decreases the Pu adsorption over
all concentrations of Mo but this effect does not change with the increased
concentrations of Mo, as would be expected. These effects seen will be
explained in further detail later after the graphs for the component effects on Am
and Pu, Figure 39-45.
The results seen in the below Figure 36 imply that in the presence of Mo
there will be a change in the loading characteristics for Pu in 1 M HCl. Therefore,
it will be important to understand how to adapt the matrix to reduce these effects,
if a hydrochloric loading matrix is desired. The effects on implementation into a
reprocessing stream are discussed following the individual Mo component graph.
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Figure 36. Used Fuel Component Effects on Pu Adsorption to DGA resin in 1 M HCl

The adsorption of used fuel components in the presence of Am or Pu are
graphed against the concentration of the metal concentration. The solid line in
the following two graphs, Figure 37 and 34, represents the k’ value for Am or Pu
individually in 1 M HNO3 or HCl. Zr has the highest affinity for DGA below
capacity. Above capacity, especially in great excess, all k’ values start to
converge. Cs has no detectable adsorption to DGA in 1 M HCl.
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Figure 37. Used Fuel Component Adsorption in presence of Am to DGA resin in 1 M HCl

There does not seem to be any discernable relation between the used fuel
components adsorptions and their various factors, such as ionic radii, charge
density, ionic strength, and activity of the ions. There may be a combination of
these factors influencing the effects seen in hydrochloric matrices. Similar
adsorption trends, with the exception of k’Pu-Sr*, are seen between the
components in presence of Am and Pu. Therefore, it is expected that Am and Pu
have little to no effect on the components’ adsorption.
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Figure 38. Used Fuel Component Adsorption in presence of Am to DGA resin in 1 M HCl

Zirconium Effects
In Figure 39, the k’ values of Am and Pu with Zr in their presence and Zr in
the presence of Am and Pu are graphed in respect to the concentration of Zr in
solution. The adsorption of a pure Am and Pu solution is graphed in order to
have an easy comparison and identification of the effects of Zr.

As Zr

concentration increases, the k’Zr decreases sharply for Am until 10 mM and then
it levels off. For the analysis of Pu and Zr, the maximum capacity of Zr is noted
by the k’Pu-Zr* peak at 5 mM Zr. Above 5 mM Zr, as the Zr concentration increases
in the presence of Pu, the k’Pu-Zr* gradually decreases as well which is most likely
due to exceeding the capacity of the resin. The difference in kAm-Zr* and k’Pu-Zr*
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may be due to the different interactions based on the oxidation states, this
difference was also seen for k’Am-Zr* verus k’Pu-Zr* in 1 M HNO3. Therefore, this
supports the possibility of Am and Zr interacting in a manner which changes the
Zr adsorption to DGA. The adsorption of Am and Pu will most likely not be
effected by the presence of Zr in 1 M HCl unless the capacity of the resin is

k' (avg)

exceeded.
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Figure 39. Zirconium Effects on Am and Pu Adsorption to DGA resin in 1 M HCl
The solid line represents Am or Pu k’ values with no additional analyte in solution,
the dotted line represents Am or Pu k’ values with Zr(Cl)4 in solution,
and the dashed line represents Zr k’ values with Am or Pu chloride in solution.

For Am adsorption in presence of 1 and 5 mM Zr, the k’Am*-Zr are very
close to k’Am values but above 5 mM Zr there is a decrease in Am adsorption,
which nears the limit of detection. The decrease seems to correlate to Zr
concentrations since the suppression of Am sorption occurs once Zr’s maximum
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capacity for the resin is exceeded. The effect is not seen for 1 and 5 mM Zr and it
is therefore not proportional to the amount of ZrCl4 added, this means it is
unlikely due to salting out or a more advantageous Am-Zr co-complex. The
change in k’Am*-Zr values may be due to a competition reaction between Am and
Zr where ZrCl4 has a higher affinity for DGA than AmCl3. Further evidence of this
occurring is that the Am decrease only occurs after Zr’s maximum capacity is
reached; hence, limiting the sites for Am to adsorb to and lowering its k’ Am*-Zr
values. In 1 M HCl, the presence of Zr will affect the adsorption of Am if the
maximum capacity of the column is exceeded, but its effect on the elution
characteristics is still unclear. Since k’Am-Zr* is much higher than k’Am*-Zr, Zr should
elute off after Am in 1 M HCl.

Neodymium Effects
The following graph, Figure 40, shows that Nd has high adsorption at low
concentrations, but as the concentrations of Nd increases, the k’ values for Nd
decrease. The decrease of k’ values at higher concentrations of Nd are most
likely due to the fact that the capacity of the resin has been exceeded. No effect
is seen on Nd from the adsorption of Pu or Am due to the fact that the amounts
of Pu and Am that could impact Nd concentrations in the eluent was below the
ICP-AES detection limit.
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Figure 40. Neodymium Effects on Am and Pu Adsorption to DGA resin in 1 M HCl
The solid line represents Am or Pu k’ values with no additional analyte in solution,
the dotted line represents Am or Pu k’ values with Nd(NO3)3 in solution,
and the dashed line represents Nd k’ values with Am or Pu chloride in solution.

Nd has little to no effect on Pu adsorption, but the adsorption of Am is
suppressed to the point of being either close to the detection limit for most k’Am*Nd

values or below the detection limit for 20 mM Nd and therefore not reported.

The suppression of Am was expected due to Nd’s and Am’s similar charge
density. Unexpectedly, there is a fair difference, above an order of magnitude, in
the k’ values for Nd compared to Am, this shows the preference towards Nd over
Am exhibited by the resin in 1 M HCl. A higher adsorption of heavy lanthanides
over Am adsorption has been previously reported for heavy lanthanides in
hydrochloric matrices by Pourmand et al., but not for lighter lanthanides such as
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Nd.[31]

This difference may lead to the ability to separately elute off the

lanthanides from Am and Cm.

Erbium Effects
The Er interference curves are very similar to those seen above for Nd.
This was expected, since their chemical characteristics are very similar. The
main difference between these two graphs is in the magnitude of the k’ values for
Er in comparison to Nd. Neodymium has a k’ value range from ~8 to 20, while Er
has a range of ~1 to 1000. Since there is a difference in affinity for light
lanthanides in comparison to heavy lanthanides they may elute off in different
fractions. As stated in the Nd discussion, a higher adsorption of heavy
lanthanides was expected since Pourmand et al. studied them in hydrochloric
matrices.[31] This difference may be due to the difference in charge density and
being in a chloride matrix.
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Figure 41. Erbium Effects on Am and Pu Adsorption to DGA resin in 1 M HCl
The solid line represents Am or Pu k’ values with no additional analyte in solution,
the dotted line represents Am or Pu k’ values with Er(NO3)3 in solution,
and the dashed line represents Er k’ values with Am or Pu chloride in solution.

The Pu uptake is once again unaffected by the presence of Er, but the Am
uptake declines up to an order of magnitude with the increased concentrations of
Er, as seen in Figure 41. At 1 mM Nd and Er, the k’Am-Er* and k’Pu-Er* is about two
orders of magnitude larger than k’Am-Nd* and k’Pu-Nd*. This supports Horwitz et al.’s
results showing Er having a higher affinity for DGA than Nd.[29]
There may be a salting out effect which counteracts DGA’s attraction with
the addition of ErCl3 salt which keeps it in the mobile phase rather than extracting
with the ligand and therefore decreases the adsorption with its increased
concentration. Another interesting feature of Figure 41 is that Er seems to reach
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maximum capacity prior to 5 mM which was not expected. This may be simply
due to an error in the weight of the resin used.

Molybdenum Effects
In Figure 42, the adsorption of Mo with actinide and adsorption of actinide
with Mo(VI) is graphed to see the relationship between them. As expected, the
Mo adsorption doesn’t show any change with respect to the actinides. The
adsorption of Mo is not high enough to typically cause much competition effects.
Therefore, the depressed Pu k’ values by an order of magnitude across all Mo
concentrations and the seemingly slight increase in the Am k’ values were
unexpected. The k’ values for Am and Pu are very similar in trend and
magnitude.
Recently Lee et al. studied the adsorption of Mo(VI) complexes formed in
hydrochloric acid to ion exchange columns.[118] In these studies, concentrations
of 1 to 9 M HCl solutions were loaded onto AG 1-X8 and Diphonix resin the
amount of Mo complexes loaded on these columns gave information on the
charge of the species formed. At 1 M HCl, which pertains to the studies in Figure
42, near 100% of the Mo species loaded onto Diphonix, supporting the formation
of cationic Mo species

(

(

) ) and

and anionic

species were not formed until 3 M HCl.[119] The changes with the addition of
AmCl3 and PuCl4 may be causing the change in Mo species or due to Mo being
in large excess in comparison to Am and Pu the smallest amount of anion
species forming may be creating a co-complex. Although it seems unlikely, it is
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possible that Am and Pu may be forming a co-complex with Mo. Since the k’Am*Mo

and k’Pu*-Mo are very close to the k’Am-Mo* and k’Pu-Mo*, including the error bars, it

is possible that this commonality is showing the co-complex. If the formation of
the co-complex is preferred over complexation with DGA, it would be expected
that both the actinide and Mo k’ values would be close to one another which is
seen. Further studies will be necessary to fully identify the complexes occurring
in these systems.
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Figure 42. Molybenum Effects on Am and Pu Adsorption to DGA resin in 1 M HCl
The solid line represents Am or Pu k’ values with no additional analyte in solution,
the dotted line represents Am or Pu k’ values with MoCl6 in solution,
and the dashed line represents Mo k’ values with Am or Pu chloride in solution.

There is some variance in the Mo k’ values which may be due to variations
in the complexes formed. Overall, it is expected that Mo will have an effect on
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actinide adsorption and elution in 1 M HCl, but since Mo has a much lower
atomic mass than the actinides, it should not interfere with an ICP-MS analysis.

Strontium Effects
The adsorption of Sr has been previously studied to have k’Sr ~1 in 1 M
HCl.[29, 30] As can be seen in Figure 43, the Am-Sr* and Pu-Sr* adsorption
reaches its highest k’ value of ~100 at 1 mM Sr. This variance may be due to the
presence of Am and Pu. As the Sr concentration increases, the k’ values for AmSr* and Pu-Sr* both decrease. The Am adsorption is affected by the amount of
Sr present in solution. With the increased concentration of Sr there is a gradual
decrease of Am adsorption. The effect of Sr is not great enough to affect the Am
loading when Sr is in excess, but may cause broader elution bands for Am. As
long as Sr is below the capacity of the resin, little to no changes on Am’s and
Pu’s adsorption, elution, and stripping characterization should be seen.
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Figure 43. Strontium Effects on Am and Pu Adsorption to DGA resin in 1 M HCl
The solid line represents Am or Pu k’ values with no additional analyte in solution,
the dotted line represents Am or Pu k’ values with SrCl2 in solution,
and the dashed line represents Sr k’ values with Am or Pu chloride in solution.

Cesium Effects
Cesium was previously studied by Pourmand et al. and was determined to
have no adsorption to DGA resin in any hydrochloric matrices.[31] There was no
Cs adsorption detected in 1 M HCl and therefore, the k’Am-Cs* and k’Pu-Cs* was not
reported in Figure 44 below. With the error bars in consideration between k’Am, k’
Pu

and k’Am*-Cs, k’Pu*-Cs there is no change to the adsorption of Am and Pu with the

increased concentration of CsNO3; therefore, Cs will not affect actinide
adsorption characteristics to DGA in chloride matrices.

109

2

10

1

k' Am
k' Am*-Cs
k' Am-Cs*
k' Pu
k' Pu*-Cs
k' Pu-Cs*

k' (avg)

10

10

10

0

-1

1

10
[Sr] (mM)

Figure 44 Cesium Effect on Am and Pu Adsorption to DGA resin in 1 M HCl
The solid line represents Am or Pu k’ values with no additional analyte in solution,
the dotted line represents Am or Pu k’ values with CsCl in solution,
and the dashed line represents Cs k’ values with Am or Pu chloride in solution.

Technetium Effects
Technetium shows synergistic effects for Am, where the k’ values have
increased by an order of magnitude (~1 to ~10). This was expected due to the
fact that Iron(III) Chloride formed a co-complex with Am, as reported by Horwitz
et al., and has a higher affinity than Am alone on DGA.[29] Since Tc
pertechnetate (TcO4-) tends to complex with a variety of cations, it was suspected
to act similarly to FeCl4- . If there is a co-complex between Am and TcO4-, their k’
values should show similar trends but not necessarily the same magnitude, since
the ratio of Am and TcO4- may not be consistent for all Tc activities because the
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amounts of Tc and actinides are very close to one another, it is possible that the
ratio of Am and TcO4- is 1:1 in these Tc concentrations. Also, with the increased
amount of TcO4- there was an increase in the actinide adsorption, which supports
the idea that the presence of TcO4- gives a synergistic effect and that the ratio
may be 1:1. To thoroughly investigate this possibility, a study varying the amount
of Am and keeping Tc the same would be useful in further identifying the ratio.
Also, if there truly is a co-complex, the interaction between Am and TcO4- would
slow down the kinetics of the reaction in comparison to AmCl3; therefore a kinetic

k' (avg)

study would be able to clarify how TcO4- is causing this effect.
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Figure 45. Technetium Effects on Am and Pu Adsorption to DGA resin in 1 M HCl
The solid line represents Am or Pu k’ values with no additional analyte in solution,
the dotted line represents Am or Pu k’ values with NH4TcO4 in solution,
and the dashed line represents Er k’ values with Am or Pu chloride in solution.
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The Pu adsorption is unaffected by the presence of Tc and is still found to
have a k’~10. Since the synergistic effects seem to be exclusive to only trivalent
actinides, this may represent the effects of steric hindrance imposed by DGA
making a Pu and TcO4- co-complex unfavorable.

Section 3.7 Concluding Remarks
The largest effects seen on Am adsorption to DGA resin in nitric media are
due to the presence of excess Zr, Nd, and Er. There is little to no effect on Pu
adsorption across all concentrations of the metal components in nitric acid, with
an exception of Zr which decreases the Pu adsorption by less than an order of
magnitude. The Zr effects are possibly due to polymerization; whereas, the
lanthanides have a competition reaction with Am and Cm for the adsorption sites
on DGA. The same trends were seen for Am in hydrochloric acid, but for Pu the
only metal component which effected the adsorption was Mo(VI). This may be
due to the complex oxyanion clusters forming.
Tc has a synergistic effect on the adsorption of trivalent actinides in
hydrochloric matrixes. Since an Am/Tc co-complex will have different kinetics
and is most likely slower, elution band broadening may occur. This band
broadening may cause the elution or stripping phase to increase in volume and
hence increase separation time. Further studies, are needed to identify the
Am/Tc ratio and kinetics.
Although there are effects seen on Am and Pu adsorption to DGA, they
are typically only seen after the capacity of the resin has been exceeded.
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Therefore, as long as separations are run under capacity, there should be little to
no effects from the components studied, with the exception of Zr in nitric and Mo
and Tc in hydrochloric acid. The loading characteristics of Am and Pu on DGA
resin in nitric acid are not expected to change, but the elution characteristics may
vary in either nitric or hydrochloric acid.

113

Chapter 4. EFFECTS OF USED FUEL COMPONENTS ON
ACTINIDE ADSORPTION TO UTEVA RESIN

Section 4.1 Abstract
As seen in Table 1, in a dissolved used fuel the U concentration is going
to largely exceed the concentrations of Am, Pu, and U. Therefore, it could be
beneficial to implement an extraction chromatography column prior to DGA resin
which is selective specifically towards U. This UTEVA column would allow
smaller DGA column size and possibly lower total volumes needed for sufficient
separations to be achieved. For these reasons, UTEVA resin is characterized in
this thesis in order to develop rapid separations of Am, Pu, and U from used fuel
from reprocessing waste streams. In this chapter, first the methodology utilized to
ensure reliable and reproducible adsorption studies for Am, Pu, and U. All these
studies are discussed in the following sections.
Due to the complexity of the matrices found in reprocessing waste
streams the adsorption characteristics of the elements may not stay the same as
previously determined. Thus, the main part of this chapter describes the effects
that result from the addition of some of the more abundant used fuel consitutents,
on Am, Pu, and U adsorption to UTEVA resin, in nitric and hydrochloric acid.
Interference and synergistic effects are seen in in the presence of mg/L
quantities of various metals in 1 M HNO3 and HCl. The effects of Cs, Sr, Nd, Er,

114

Zr, and Mo on Am, Pu, and U adsorption and separation will be discussed in
detail.

Section 4.2 Materials and Methods
Batch Contact Method
Batch contact studies were performed in separate M+-Am, M+-Pu, and M+U batches with five replicates to individually analyze the spent fuel components’
interference on Am, Pu, and U uptake. To wet the resin, 50 mg of UTEVA resin
was contacted with 0.5 mL of 1.45 M HNO3 or HCl and placed on a shaking table
for 1 hour, and allowed to sit. After the resin was wetted, 0.5 mL of 1.45 M HNO3
solution containing either 3, 15, 30, 45, or 60 mM metal (Cs, Sr, Nd, Er, and Zr),
and 0.5 mL of a standard consisting of 0.1 M HNO3 or HCl with 75-100 Bq/mL of
Am-241, Cm-244, Pu-239, or U-233 were added. These samples were agitated
for 1 hour to ensure equilibrium was reached. Separation of the liquid from the
resin beads was achieved by transferring the liquid to a PTFE filtered 3 mL
syringe. Volume, radioisotope and acid concentrations were kept constant and
only the metal analyte concentrations were varied.

Reagents
The extraction chromatography resin UTEVA was obtained from Eichrom
Technologies, Inc. Nitric and hydrochloric acid stock solutions, listed in the
previous chapter in Table 7, were prepared from ACS reagent grade acid
(Sigma-Aldrich) using deionized water with a resistivity of 18.2 Megaohms from a
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Cascada system manufactured by Pall Corporation. These stock solution
concentrations were chosen based off of the desired final concentrations, seen in
Table 7, after the addition of the 0.5 mL of 0.1 M acid radionuclide standard.
The Am-241, Cm-244, and Pu-239 stock solutions of activities between 75
– 100 Bq/mL in 0.1 M nitric or hydrochloric acid were obtained from Isotope
Products Laboratories. Metal solutions of 3 – 60 mM and 1 – 100 ppm ICPAES
standards were prepared from Sr(NO3)2 (Alfa Aesar, ACS, 99%), CsNO3 (SigmaAldrich,

99%),

Nd(NO3)3

(Sigma-Aldrich,

trace

metal

basis,

99.9%),

Er(NO3)3∙6H2O (Sigma-Aldrich, 99.9%), and Zr(NO3)4. For the nitric acid matrices,
the nitrate salts were dissolved directly in 1.45 M HNO3. For the hydrochloric acid
matrices, these metals salts were converted to the chloride system by dissolving
the salts in concentrated hydrochloric acid, brought to dryness, which was
repeated three times and finally reconstituted in 1.45 M HCl.

Measurements
Samples of Am-241, Cm-244, and Pu-239 were measured either on a TriCarb 2800TR or a Tri-Carb 3100TR scintillation counter in polypropylene vials by
taking a 0.9 mL aliquot of the filtrate and added 15 mL of Ultima Gold AB
cocktail. The radiotracers were measured for up to an hour or until the one sigma
counting

error

(10,000

counts)

was

reached.

Non-radioactive

metal

concentrations were determined on an iCAP 6500 ICP-AES Spectrometer
(Thermo Scientific). The Elan DRC II Inductively Coupled Plasma-Mass
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Spectroscopy was used to analyze for Cs and any metals or replicates with
concentrations below the ICP-AES detection limit.

Section 4.3 Methodology
In order to ensure the batch contact study method is offering an accurate
representation of the analyte’s adsorption, the amount of liquid adsorbed by the
resin needs to be taken into account to give the proper volume correction factor.
Certain resins have a specific affinity for acid which can result in a preferential
adsorption of the acid in comparison to the water, just as DGA adsorbed nitric
acid found in the previous chapter. Therefore it was essential to investigate the
amount of nitric and hydrochloric adsorbing to UTEVA in varying concentrations
in order to determine the proper density to use. In the studies below, each data
point represents the average of three replicates and the error bars is the
deviation between those replicates.
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Figure 46. Nitric Acid Concentrations in Stock vs Eluent Solutions

Based on Figure 46 (above) and 47 (below), there does not appear to be
any change in the nitric or hydrochloric acid concentrations after contact with
UTEVA resin. The rinses were titrated as well and showed no signs of acid.
Therefore, it can be assumed that UTEVA does not adsorb nitric or hydrochloric
acid and the stock solution density can be used to determine the volume
correction factor.
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Figure 47. Hydrochloric Acid Concentrations in Stock vs Eluent Solutions

Since it is possible that with varying concentrations of acid the amount of liquid
being retained by the resin could change, the mass percentages of retained acid
solutions retained were calculated and are presented in Figure 48. Considering
the error present, there seems to be no change in the amount of acid retained
with the change of acid concentration. Therefore, the same mass percent of acid
is retained for all acids and concentrations and the average of all the values was
used to determine the volume eluted.
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Figure 48. Percentage of the Mass of Acid Retained on UTEVA

The adsorption of Am, Cm, Pu, and U from varying concentrations of nitric
and hydrochloric acid were analyzed using the batch contact methodology. In
Figure 49, Am and Cm adsorption are very similar over all nitric acid
concentrations with k’ values around 1. Even though, the trends found for
actinides are the same as those published by Horwitz et al., the magnitude of the
Am k’ values was found to be an order of magnitude higher, ~3, where a range
between 0.1 and 0.4 was previously published.[32] In contrast with Horwitz et al.,
it was also found, as seen in Figure 49, that Pu(IV) has a higher k’ values with
UTEVA than U(VI) except for concentrations ≥1 M.[32] Horwitz et al. found a
larger difference between Pu(IV) and U(VI) k’ values across all concentrations
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than those shown in Figure 49 but also reported Pu having a higher affinity than
U.[32] Even though the absolute magnitude of the k’ values are varying, reported
in Figure 49, the trends are the same. Therefore we can assume that
methodology described here, but the slightly lower values may be due to
differences in analyte concentrations or amount of resin utilized between this
research and Horwitz’s research.

10

3

10

2

k' (avg)

k' Am
k' Cm
k' Pu
k' U

10

1

10

0

0.01

0.1

1

10

100

[HNO ] (M)
3

Figure 49. Actinide Adsorption to UTEVA in Varying Nitric Acid Concentrations

The k’ values for Pu and U do not drop below 20 for all nitric acid
concentrations, so if a solution containing Am, Cm, Pu and U is loaded on to a
column in a nitric matrix, Pu and U will be adsorbed while Am and Cm will be
eluted from the column. This separation is desirable for a sequential separation
scheme with UTEVA preceding DGA, where Pu and U would adsorb onto
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UTEVA and Am and Cm would adsorb onto DGA. Since the k’Am values are so
low, the Am elution volume needed should be fairly low which is highly desirable
as it will help keep the overall mobile phase volume low.
The actinide adsorption to UTEVA in hydrochloric acid, Figure 50, is
similar to the adsorption in nitric acid matrices, where the k’ values for Pu and U
are retained much stronger than Am. Surprisingly the k’Am values were below
k’Cm, but there is not enough of a difference in k’ values to achieve an individual
elution. The Pu k’ values range from ~2 to ~100 and the U k’ values are from ~3
to ~300; both increase as the concentration of HCl increases. Since there is such
a wide variety of k’ values for Pu and U in HCl matrices, elution and separation
may be possible without a change in matrix. The increase below 0.1 M HCl is
possibly due to polymerization or formation of colloids since it is known that Pu
can polymerize in low chloride concentrations.[120] The increased k’ values may
also be due to the Pu adhering to the plastic tubes used in the methodology.
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Figure 50. Actinide Adsorption to UTEVA in Varying Hydrochloric Concentrations

The kinetics for the actinide adsorption to UTEVA and varying UTEVA
mass were also analyzed using the batch contact study methodology. Since
these results match well with Horwitz et al.’s, reaching equilibrium in under an
hour, it can be assumed that the batch contact study’s methodology is reliable
and reproducible.[29]

Section 4.4 Nitric Acid Results and Discussion
The possible effects of used fuel components on Am, Pu, and U
adsorption were studied in 1 M HNO3. Use of this acid concentration allows an
increase or decrease in the k’ values to be detected for all the actinides since the
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original values are not near detection limits. In the following graphs, the solid
lines represent the actinide adsorption without any additional components. The
dotted lines represent the adsorption of an actinide in the presence of the metal
analyte labelled on the x-axis. The ranges of metal analytes vary from 1-20 mM
M+x for Zr, Er, Nd, Cs, Mo, and Sr. In all the following graphs, the analyte being
graphed is represented by an asterisk(*) next to its abbreviation such as Am*-Zr,
where the k’ values graphed would only be for Am, but Zr was present in the
solution. Error bars only take into account the deviation of the five replicates and
are reported on all of the graphs. Any unreported data was due to the values
being below detectable limits.
The Am adsorption to UTEVA in 1 M HNO3 in the presence of varying
concentrations of Cs, Sr, Er, Nd, and Zr is graphed in Figure 51. Since UTEVA is
highly selective towards tetra-, penta-, and hexavalent metals most of the used
fuel components were not expected to cause any interference. The main
component to give rise to potential interference was Zr(IV), which did not have an
effect as can be seen in the figure below. Also, since Am shows little to no
adsorption to UTEVA, it was probable that other trivalent metals would have
similar adsorption characteristics. Due to the similarity in oxidation states
between the lanthanides and Am, a competition effect may be seen but since Am
has such low k’ values and lanthanides are expected to be the same little effect
is expected from the addition of lanthanides, as seen. Therefore, it is expected
that the adsorption of Am in nitric acid should not be affected by these additional
components.
124

2

10

1

k' Am
k' Am*-Cs
k' Am*-Sr
k' Am*-Er
k' Am*-Nd
k' Am*-Zr

k' (avg)

10

10

10

0

-1

1

10
[Metal] (mM)

Figure 51. Used Fuel Component Effects on Am Adsorption to UTEVA resin in 1 M HNO3

The Pu was studied in combination with some of the used fuel
components and the results are presented in Figure 52. There are no effects of
the used fuel components on Pu adsorption, even when they are in excess. Also,
because the metals added were in the form of a nitrate salt, the nitrate
concentration increases as the metal concentration increases. This means that
UTEVA has a higher affinity for Pu(NO3)4 than the components studied.
Therefore the Pu loading and eluting characteristics on UTEVA resin will not
change based on the components studied in Figure 52.
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Figure 52. Used Fuel Component Effects on Pu Adsorption to UTEVA resin in 1 M HNO3

When studying U adsorption characteristics with used fuel components,
little to no changes were detected, as seen in Figure 53. Since UTEVA has such
a selective extraction of U, not many effects were expected from the
components. Further discussion of the adsorption of the individual used fuel
component will be in the following sections. No changes in the loading or eluting
characteristics would be expected from the presence of any of the components
studied.
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Figure 53. Used Fuel Component Effects on U Adsorption to UTEVA resin in 1 M HNO3

In Figure 54, 51 and 52, the adsorption of the used fuel components in the
presence of an individual actinide is graphed with respect to the metal’s
concentration in 1 M HNO3. Sr has the highest affinity for UTEVA in 1 M HNO3
across all concentrations of Sr nitrate. Nd has no detectable adsorption and
therefore is not graphed. In this matrix, only Sr and Er have high enough
adsorption to have potential effects on Am adsorption. The rest of the
components have such a low adsorption that no effects should be due to their
presence.
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Figure 54. Used Fuel Component Adsorption in presence of Am to UTEVA resin in 1 M HNO3

Upon comparing the adsorption trends of the used fuel components in the
presence of Am versus Pu, in Figure 55, there are very similar magnitudes and
trends. Therefore, it seems unlikely that the adsorption of these elements are
affected by the presence of Am or Pu. Since all the components have lower
affinity than Pu, then any effect from the components would most likely not be
due to their adsorption but their chemical effects on the Pu complex.
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Figure 55. Used Fuel Component Adsorption in presence of Pu to UTEVA resin in 1 M HNO3

In Figure 52, the majority of the used fuel components have little to no
detectable adsorption on UTEVA from 1 M HNO3 in the presence of uranium.
Strontium and zirconium do have some measureable adsorption, but it is so low
for both elements that no effect from their presence on U adsorption would be
expected. In comparing the Sr and Zr trends in the presence of all the actinides,
they seem to be similar and independent of the actinides. Whereas Er, Nd, and
Cs showed no detectable adsorption in the presence of U. Due to the difference
in concentration of U and the additional components this effect was not expected.
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Overall, no effect is expected on Pu and U adsorption or elution, but there may
be an effect on Am adsorption using UTEVA in 1 M HNO3.
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Figure 56. Used Fuel Component Adsorption in presence of U to UTEVA resin in 1 M HNO3

Zirconium Effects
Horwitz et al. studied the elution behavior or Zr in 2 M HNO 3 where it took
roughly 10 free column volumes to elute the majority of Zr from the column which
would suggest that Zr would have a k’ value ~5.[32, 33] Therefore, Zr was
expected to have an effect on U adsorption since they are both tetravalent but
that was not seen in Figure 57. Overall, the adsorption of actinides to UTEVA
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characteristics seems unaffected by the presence of Zr(NO3)4. Also, Zr was
found to have little to no adsorption, where the k’ ≤ 0.01, to UTEVA resin for all Zr

k' (avg)

concentrations in 1 M HNO3.
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Figure 57. Zirconium Effects on Am, Pu, and U Adsorption to UTEVA resin in 1 M HNO3
The solid line represents Am, Pu, or U k’ values with no additional analyte in solution,
the dotted line represents Am, Pu or U k’ values with Zr(NO3)4 in solution,
and the dashed line represents Zr k’ values with Am, Pu or U nitrate in solution.

Neodymium Effects
Since Nd is trivalent and has a similar radius as Am, it was expected that it
would have similar adsorption characteristics. However, it can be seen in Figure
58, that there was no Nd adsorption to UTEVA detected across any of the Nd
concentrations studied which means that UTEVA has a lower affinity for Nd than
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Am. Horwitz et al. has also studied the elution profile of Nd in 2 M HNO 3 from
UTEVA with k’ values below 5.[32, 33] Overall, all adsorption data seem
independent of one another. There is little to no change to Am, Pu or U
adsorption in the presence of Nd. No effects on Am, Pu or U loading, eluting, or
stripping characteristics will be due to the presence of Nd.
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Figure 58. Neodymium Effects on Am, Pu, and U Adsorption to UTEVA in 1 M HNO3
The solid line represents Am, Pu, or U k’ values with no additional analyte in solution,
the dotted line represents Am, Pu or U k’ values with Nd(NO3)3 in solution,
and the dashed line represents Nd k’ values with Am, Pu or U nitrate in solution.

Erbium Effects
The lanthanides are generally expected to have the same adsorption
characteristics as one another, since they are so similar in chemical and physical
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characteristics. Therefore, it was expected that Nd and Er would have similar k’
values but Er in Figure 59 seems to have a high enough affinity to UTEVA that
the adsorption is above the detection limit. Surprisingly, k’U-Er* is very different
from k’Am-Er* and k’Pu-Er* where k’U-Er* are below detectable limits and therefore not

k' (avg)

graphed. Er has no effect on Am, Pu, and U adsorption characteristics.
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Figure 59. Erbium Effects on Am, Pu, and U Adsorption to UTEVA in 1 M HNO3
The solid line represents Am, Pu or U k’ values with no additional analyte in solution,
the dotted line represents Am, Pu or U k’ values with Er(NO3)3 in solution,
and the dashed line represents Er k’ values with Am, Pu or U nitrate in solution.

Strontium Effects
In Figure 60, Sr effects on Am, Pu, and U adsorption on UTEVA resin are
graphed with respect to the Sr concentration. The elution behavior of Sr was
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studied by Horwitz et al. in 2 M HNO3 where the k’ value was found to be below
5.[32, 33] As stated earlier, the actinides are unaffected by all concentrations of
Sr. However, the k’ values for Sr are affected by the presence of those actinides
which is shown in the inverse proportional trends where [U] > [Pu] > [Am] and
k’Am-Sr* > k’Pu-Sr* > k’U-Sr*. It was expected that if the presence of the actinides
affected Sr it would be in equal amounts and most likely in a competition
reaction, where one neutral Sr complex would compete with one neutral actinide
complex. At the actinide concentrations studied, which around 0.1-100 nM, they
are below the ICP-AES detectable limit and would therefore not detect any
changes in the Sr adsorption due to the actinides. Since Sr adsorption does
seem to change with the presence of the actinides, it appears that Sr adsorption
is affected at a larger ratio than 1:1 (mol Sr: mol Actinide).
Overall, the Am, Pu and U adsorption and elution characteristics are not
affected by the addition of Sr(NO3)2, but the Sr adsorption on UTEVA did change
in the presence of the actinides. Therefore, if Sr is of interest in a separation,
then negative effects may be seen even when a column separation is performed
under capacity for samples containing actinides. Since Sr is not of interest in this
work, this should not affect the separation scheme envisioned here.
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Figure 60. Strontium Effects on Am, Pu, and U Adsorption to UTEVA in 1 M HNO3
The solid line represents Am, Pu or U k’ values with no additional analyte in solution,
the dotted line represents Am, Pu or U k’ values with Sr(NO3)2 in solution,
and the dashed line represents Sr k’ values with Am, Pu or U nitrate in solution.

Cesium Effects
It was expected that Cs would not show any effects on actinide adsorption
due to the low k’ value reported by Horwitz et al. in 2 M HNO 3.[32] The Cs
adsportion shows low k’ values in Figure 61, as expected. Cesium shows no
effects on the actinide adsorption in 1 M HNO3 on UTEVA resin. The actinides do
not seem to affect the Cs adsorption since all the Cs-Actinide k’ values are
consistent with one another.
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Figure 61. Cesium Effects on Am, Pu, and U Adsorption to UTEVA resin in 1 M HNO3
The solid line represents Am, Pu or U k’ values with no additional analyte in solution,
the dotted line represents Am, Pu or U k’ values with CsNO3 in solution,
and the dashed line represents Cs k’ values with Am, Pu or U nitrate in solution.

Section 4.5 Hydrochloric Results and Discussion
The possible effects of used fuel components on Am, Pu, and U
adsorption were also studied from 1 M HCl. Use of this acid concentration allows
an increase or decrease in the k’ values to be detected for all the actinides, since
the original values are not too close to the detection limits. In the following
graphs, the solid lines represent the actinide adsorption without any additional
components present. The dotted lines represent the adsorption of an actinide in
the presence of the metal analyte labelled on the x-axis. The ranges of metal
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analytes vary from 1-20mM M+x for Zr, Er, Nd, Cs, Mo, and Sr. In all the following
graphs, the analyte being graphed is represented by an asterisk (*) next to its
abbreviation such as Am*-Zr, where the k’ values graphed would only be for Am,
but Zr was present in the solution. Error bars only take into account the deviation
of the five replicates and are reported on all of the graphs and any unreported
data was due to the values being below detectable limits.
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Figure 62. Effects of Used Fuel Components on Am Adsorption to UTEVA in 1 M HCl

Since Am will not be loaded onto the UTEVA column, it would be
necessary to identify any component that may increase the adsorption of Am
onto UTEVA resin. Therefore, Am adsorption in combination with the most
common used fuel components was studied and is graphed in Figure 62. Most of
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the components have no effect on Am adsorption except for Mo(VI), which
decreases from k’Am ~1 to k’Am*-Mo ~ 0.001. A more detailed discussion of the
effects on Am adsorption in the presence of Mo will precede Figure 73.
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Figure 63. Used Fuel Component Effects on Pu Adsorption to UTEVA in 1 M HCl

The Pu adsorption in combination with the used fuel components, in
Figure 63, are similar to those seen for Am, where the majority of the
components do not have an effect with the exception of Mo(VI). The addition of
Mo(VI) results in a very large and constant suppression of the Pu(IV) adsorption
by three orders of magnitude.
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Figure 64. Used Fuel Component Effects on U Adsorption to UTEVA in 1 M HCl

The adsorption of U, in Figure 64, is affected by the presence of Er and
Mo. They result in a constant effect that does not increase with the increased
concentrations of each metal. The effect of Er was unexpected, since it is
trivalent and therefore not expected to show much affinity for UTEVA, or cause a
competition reaction. Since Mo is hexavalent an effect was thought to be
possible. However the degree to which it lowers U adsorption is unexpected. The
large suppression caused by Mo is seen for all the actinides studied. These
effects will be discussed in more detail later in this section.
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Figure 65. Used Fuel Components Adsorption in presence of Am to UTEVA in 1 M HCl

In Figures 61 through 63, the used fuel components’ k’ values in the
presence of Am, Pu, and U are graphed with respect to the metal concentration.
In all three graphs, the majority of the components had no detectable adsorption
and the rest had such low adsorption that no effects should occur due to their
adsorption to UTEVA in 1 M HCl. There are similar trends and magnitudes
detected for these Cs, Zr, and Mo, which most likely means these trends are
independent of the actinide adsorption.
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Figure 66. Used Fuel Component Adsorption in presence of Pu to UTEVA resin in 1 M HCl

Overall, the adsorption and elution of Am, Pu and U should be unaffected by any
of the used components studied on UTEVA resin in 1 M HCl. Therefore, this
would be a good mobile phase since UTEVA exhibits a very selective affinity for
Pu and U.
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Figure 67. Used Fuel Component Adsorption in presence of U to UTEVA resin in 1 M HCl

Zirconium Effects
A mixture of Zr and the actinides was studied and the results are
presented in Figure 68. Since the k’Am-Zr*, k’Pu-Zr*, and k’U-Zr* are ~0.003 and
similar to one another, Zr will not adsorb to UTEVA in 1 M HCl. After taking into
consideration the error bars, there seems to be no effect on the Am, Pu, and U
adsorption to UTEVA across all Zr concentrations. Since there is such a large
difference between the actinide k’ values and Zr k’ values, they are expected to
elute off separately where Zr would elute off first and the actinides second.
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Figure 68. Zirconium Effects on Am, Pu, and U Adsorption to UTEVA in 1 M HCl
The solid line represents Am, Pu, or U k’ values with no additional analyte in solution,
the dotted line represents Am, Pu or U k’ values with Zr(Cl)4 in solution,
and the dashed line represents Zr k’ values with Am, Pu or U chloride in solution.

Neodymium Effects
As seen in Figure 69, there is no Nd adsorption detected for any of the Nd
concentrations studied in 1 M HCl. This was expected since other trivalent
metals, such as Am and Cm studied earlier in this chapter, typically have little to
no adsorption to UTEVA. There is no literature found on Nd adsorption in 1 M
HCl for UTEVA resin. Even though Nd has exceeded the UTEVA capacity, there
is no effect on Am, Pu, and U adsorption across all Nd concentrations.
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Figure 69. Neodymium Effects on Am, Pu, and U Adsorption to UTEVA in 1 M HCl
The solid line represents Am, Pu, or U k’ values with no additional analyte in solution,
the dotted line represents Am, Pu or U k’ values with Nd(Cl)3 in solution,
and the dashed line represents Nd k’ values with Am, Pu or U chloride in solution.

Erbium Effects
Erbium and neodymium were found to have similar characteristics with
UTEVA, since no Er adsorption was detected in 1 M HCl, as seen in Figure 70.
As expected for a metal which has little to no affinity for UTEVA, it does not affect
the Am, Pu, and U adsorption. No studies of Er adsorption to UTEVA resin in 1 M
HCl are reported in literature.
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Figure 70. Erbium Effects on Am, Pu, and U Adsorption to UTEVA in 1 M HCl
The solid line represents Am, Pu, or U k’ values with no additional analyte in solution,
the dotted line represents Am, Pu or U k’ values with Er(Cl)3 in solution,
and the dashed line represents Er k’ values with Am, Pu or U chloride in solution.

Strontium Effects
Strontium adsorption in 1 M HCl has not been previously reported in
literature. The effect of Sr on Am, Pu, and U adsorption to UTEVA resin in 1 M
HCl was investigated and the results are presented in Figure 71. Sr adsorption to
UTEVA above the below detectable limits of the ICP-AES used was not detected.
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Figure 71. Strontium Effects on Am, Pu, and U Adsorption to UTEVA in 1 M HCl
The solid line represents Am, Pu, or U k’ values with no additional analyte in solution,
the dotted line represents Am, Pu or U k’ values with Sr(Cl)2 in solution,
and the dashed line represents Sr k’ values with Am, Pu or U chloride in solution.

Cesium Effects
There is no published data on Cs or monovalent metals adsorption to
UTEVA’s in hydrochloric matrices. The adsorption of Cs, as seen in Figure 72, is
fairly low. The k’Am-Cs*, k’Pu-Cs*, and k’U-Cs* have k’ values ~0.1 to 0.3 which would
result in elution off the UTEVA column prior to the actinides since there is such a
large separation factor (SF) for k’Am*-Cs, k’Pu*-Cs, and k’U-Cs*.
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Figure 72. Cs Effects on Am, Pu, and U Adsorption to UTEVA in 1 M HCl
The solid line represents Am, Pu, or U k’ values with no additional analyte in solution,
the dotted line represents Am, Pu or U k’ values with CsCl in solution,
and the dashed line represents Cs k’ values with Am, Pu or U chloride in solution.

Molybdenum Effects
The adsorption of Mo in 1 M HCl to UTEVA resin has yet to be reported in
literature to date. The adsorption of Mo with actinide elements present and
adsorption of actinide with Mo are presented in Figure 73. The Mo adsorption is
consistently low, with k’ values ranging from 0.009 to 0.01, and shows no
difference between those solutions with Am, Pu, or U in them. This implies that
the actinides do not affect Mo adsorption.
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Figure 73. Mo Effects on Am, Pu, and U Adsorption to UTEVA in 1 M HCl
The solid line represents Am, Pu, or U k’ values with no additional analyte in solution,
the dotted line represents Am, Pu or U k’ values with Mo(Cl)6 in solution,
and the dashed line represents Mo k’ values with Am, Pu or U chloride in solution.

As mentioned in the previous chapter, Lee et al. studied the adsorption of
Mo(VI) complexes formed in hydrochloric acid to ion exchange columns.[118]
The

(

(

) ) and

were the dominate species in 1 M

HCl and anionic Mo species were not formed until 3 M HCl.[118] The changes
with the addition of AmCl3 and PuCl4 may be causing the change in Mo species
or due to Mo being in large excess in comparison to Am and Pu the smallest
amount of anion species forming may be creating a co-complex. Although it
seems unlikely, it is possible that Am and Pu may be forming a co-complex with
Mo. Since the k’Am*-Mo and k’Pu*-Mo are very close to the k’Am-Mo* and k’Pu-Mo*,
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including the error bars, it is possible that this commonality is showing the cocomplex. If the formation of the co-complex is preferred over complexation with
DGA, it would be expected that both the actinide and Mo k’ values would be
close to one another which is seen. Further studies will be necessary to fully
identify the complexes occurring in these systems.
Although the k’Am*-Mo, k’Pu*-Mo, and k’U*-Mo have significant variance between
one another this may be due to the amount of activity in each sample where the
larger activity is able to obtain a lower k’ value when the minimum detection of
the LSC is reached. Therefore, the difference between the actinide adsorption in
presence of Mo and the Mo adsorption in the presence of actinides may not be
masked and no conclusions can be formed.

Section 4.6 Concluding Remarks
Upon studying the effects of used fuel components on Am, Pu, and U
adsorption to UTEVA from 1 M HNO3, no effects were seen on the actinide’s
adsorption characteristics. Since no significant effects were detected it is safe to
assume that Am, Pu, and U will load and elute from the column as dictated by
their own affinities. Out of the used fuel components analyzed Sr had the highest
k’ values for UTEVA, which was unexpected and could potentially cause effects
on other elements in a separation scheme but should not greatly affect
separation or detection in a material accountancy system. It is possible that other
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divalent metals will have the similar trends but further investigation would be
necessary to determine which ones and the extent of their affinity.
For 1 M HCl, Mo(VI) showed large interference effects on Am, Pu, and U
k’ values for all Mo concentrations. A co-complex is thought to be forming since
the k’actinides and k’Mo are close to one another. So if Mo is in large excess in
solution with the actinides, loading and eluting characteristics will not be
maintained in 1 M HCl. The effect may be able to be manipulated by use of redox
and oxidation reagents. Further studies are necessary to identify the complexes
occurring between Mo and the actinides. Since Mo does not dissolve in nitric
acid, Mo is not expected to be in the loading of Am, Pu, and U in nitric acid. The
separation scheme should operate as expected for used fuel samples for the
PUREX process.
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Chapter 5. EFFECTS OF VARIOUS MATRICES ON ACTINIDE
ADSORPTION CHARACTERISTICS

Section 5.1 Abstract
In order to understand the effects a matrix and in particular the counter ion
can have on actinide adsorption, the adsorption of actinides in various acid
matrixes and in the presence of additional anions were investigated. The results
are discussed in this chapter. The Am, Cm, Pu, and U adsorption characteristics
on DGA and UTEVA resin were studied in various concentrations of nitric,
hydrochloric, sulfuric, hydrobromic, and hydroiodic acid. The comparison of these
acids may allow for trends to be identified based on characteristics of the
matrices such as: ionic radii, charge density, and/or ionic strength of the solution.
Also, investigations of these acids’ effect on Am, Cm, Pu, and U adsorption may
provide novel separation schemes. Since the nitric and hydrochloric results were
already presented in Chapter 3. they will not be presented individually in this
chapter, but comparisons between all acids and matrices studied in this thesis
will be made and discussed.
Also in this chapter, sodium sulfate, sodium bromide, acetic acid, oxalic
acid, and sodium nitrite to HNO3 and HCl matrices was investigated. Sodium
sulfate and sodium bromide were investigated in nitric and hydrochloric matrices
in order to identify the effect of purely the sulfate and bromide anion on the

151

system. Acetic acid, oxalic acid and sodium nitrite were studied in order to
assess the potential for reducing agents in a separation scheme.
The potential application of the various matrices in a separation of the
actinides and the advantages and disadvantages for each matrix for an efficient
separation scheme will be discussed. Since the matrices with high separation
factors between Am and Pu are necessary for material accountancy application,
a comparison is made and discussed to identify the optimal matrix for a rapid
separation.

Section 5.2 Materials and Methods
Batch Contact Method
Batch contact studies were performed using the same methodology that
was presented earlier in Chapter 2, and applied in Chapters 3 and 4. The
adsorption of

Am-241,

Cm-244,

and Pu-239

was

studied in

various

concentrations of sulfuric, hydroiodic, hydrobromic, hydrochloric, and nitric acid
matrices. In all of these cases, the resin was preconditioned with 0.5 mL of the
desired acid concentration and then 0.5 mL of the same concentration of acid
and 0.5 mL of the respective radionuclide in 0.1 M of acid was added. The
concentrations of the stock acid solutions used were selected based on the fact
that the 0.1 M acid radionuclide spike would either dilute or concentrate the acid
with its addition.

For the studies of mixed matrices, sodium nitrite, sodium

sulfate, sodium bromide, acetic, and ascorbic acid were added to either 1 M
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HNO3 or HCl. In these studies, the resin was preconditioned with 0.5 mL of the
mixed matrix solution, and during the spiking step another 0.5 mL of the same
matrix and 0.5 mL of radioisotope stock solution 0.1 M HNO3 or HCl was added.
The matrices consisted only of either pure nitrates or chlorides; there were no
mixtures of nitrate and chlorides were studied. All studies were performed with
five replicates.

Reagents
The DGA and UTEVA extraction chromatography resin was obtained from
Eichrom Technologies, Inc. All acid solutions were prepared from using
deionized water from a water purification Cascada from Pall Corporation.
239

Pu, and

241

Am,

233

U were obtained from Isotope Products Laboratories. Hydrobromic

acid (48%, Sigma-Aldrich) and hydroiodic acid (57%, stabilized, Sigma-Aldrich)
were used. Sulfuric, nitric, and hydrochloric acid solutions were prepared from
ACS grade acid (Sigma-Aldrich). To prepare the mixed solutions, sodium sulfate
decahydrate (ACS reagent, ≥99.0%, Sigma-Aldrich), sodium bromide (BioEtra,
≥99.0%, Sigma-Aldrich), sodium nitrite (Baker Analyzed ACS Reagent,
Mallinckrodt Baker), acetic acid (>99%, Columbus Chemical Industries, Inc.), and
oxalic acid (>99%, Mallinckrodt Baker) were used.
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Measurements
All acids were titrated before use using a Thermo Electron Corporation
Orion 940/960 connected to an Orion AutoTitration-500 in order to assure that
the actual concentrations were known. Am-241, Cm-244 , Pu-239 , and U-233
were measured on a Tri-Carb 2800TR or Tri-Carb 3100TR liquid scintillation
counter in polypropylene vials and taking 0.9 mL aliquot of the filtrate and adding
15 mL of Ultima Gold AB cocktail. The radiotracers were measured for up to an
hour or until the one sigma counting error (10,000 counts) was reached. In order
to account for any affects due to the matrix, the blanks and standards prepared
included an aliquot of the acid/solution matrix.

Section 5.3 Effects of Various Acid on Actinide Adsorption
In order to better characterize DGA and its ability to efficiently separate
the actinides, the actinide k’ values were determined in various concentrations of
sulfuric, hydroiodic, and hydrobromic acid. The comparison of nitric, hydrochloric,
sulfuric, hydroiodic, and hydrobromic acid k’ values for actinides allows selection
of the most optimal loading and eluting matrix for an Am and Pu separation. The
best separation would be defined by the largest separation factor.

The

separation factor is determined by taking the ratio of two metal’s k’ values such
as:[94]

(5-1)
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The further from unity a separation factor is the further the elution peaks will be
from one another in an elution profile curve. This is of great importance for
achieving clean elution peaks of an individual analyte.

Sulfuric Acid
There is no published data on the uptake of Am, Cm, and Pu with respect
to the concentration of sulfuric acid for DGA resin. Therefore, investigating the
adsorption of actinides from sulfuric acid could lead to new separation schemes
for the tri- and tetravalent metals. As seen in Figure 74, the Pu uptake is fairly
high at k’ ~ 70 and increases to k’ ~110 near 4 M. Since Pu’s concentration
equilibrium constant for disproportionation of Pu(IV) in H2SO4 is so low,
appreciable amounts of Pu(III), Pu(IV) and Pu(VI) should not exist together in
solution.[120] Therefore, Pu oxidation state is not expected to change with
increased sulfuric acid concentrations. The constant k’Pu values show that Pu
adsorption is independent of the changing [SO4-] and [H+] concentrations.
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Figure 74. Actinide Adsorption in Varying Concentrations of Sulfuric Acid on DGA resin

The Am and Cm uptake trends and magnitudes match well with one
another. As the concentration of sulfuric acid increases above 1 M, the Am and
Cm k’ values increase as well. The adsorption of Am and Cm are therefore
dependent on the concentration of sulfates in the system and the increased
concentration drives the formation of the desired adsorption complex. Their
highest k’ value matches well with Pu’s k’ value near 4 M. Due to the large
separation factor between Pu and Am (SFPu:Am), ~100 at 0.7 M H2SO4, a
sufficient separation of Am and Pu would be achievable where Pu would stay
retained on a column while Am is eluted.
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Hydrobromic Acid
The adsorption of Am and Cm to DGA has been previously studied in HBr
acid but Pu adsorption on DGA resin in HBr has not been previously
reported.[97] Due to HBr’s corrosive and fuming nature its use is not practical at
higher acid concentrations for full scale application and were therefore not
studied beyond 0.3 M HBr.[121] An investigation of the trends in HBr matrices
was of interest for Pu on DGA resin. The Am k’ value trends and magnitudes
seen from 0.01 to 0.1 M, in Figure 75, match well the previous study by
Gharibyan.[97] It appears that at higher HBr concentrations, the Pu adsorption is
dropping. This may be due to the reduction in Pu’s oxidation state.
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Figure 75. Actinide Adsorption to DGA in Varying Concentrations of Hydrobromic Acid

157

The separation factor for Pu:Am, range from 10-60. The highest SFPu:Am
could achieve a sufficient separation between Pu and Am. However, since the k’
value for Am is still >1, the volume needed for this separation would not be
desirable. Therefore in these conditions, hydrobromic acid would not be an
advantageous eluent phase.

Hydroiodic Acid
Hydroiodic acid may have more of an effect on actinide adsorption to DGA
since it most prone to dissociation in comparison with the other hydrogen halides
and is composed one of the largest halides.[119] No data has been published on
actinide adsorption in varying concentrations of HI solutions. The concentration
ranges studied for HI is much more limited than other acids due to the limited
amount available at the time of the study. The adsorption trends of the actinides
in HI to DGA resin are graphed in Figure 76. The largest uptake is for Am and
Cm, where the limit of detection is reached for both.
There appears to be a variance between k’Am and k’Cm which would be
highly desirable since Am and Cm have such a similar chemical characteristics
and are thus very hard to separate. However, since the k’Am values reached the
upper limit of detection in all concentrations, it is not possible to see the trends of
Am would follow those of Cm. The reason the limit of detection is reached for all
Am k’ values but not for all Cm k’ values is due to the difference in the activity of
the stock solution used. Due to the differences in the activities in the Am and Cm
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stock solutions, the detection limits vary. The Am detection limit is reach at 0.001
M HI, and the Cm detection limit is not reached until 0.1M HI. Therefore no
definitive conclusions can be made from this study. In order to fully investigate
the effects of HI on Am adsorption trends, higher activity of Am would be needed
to reach higher k’ value limits or a column elution profile would also provide
details on the potential separation of k’Am and k’Cm.
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Figure 76. Actinide Adsorption to DGA in Varying Concentrations of Hydroiodic Acid

Even though the k’Pu is below k’Am and k’Cm, the magnitude of Pu
adsorption is high, k’ ~ 100, between 0.001 and 0.015 M HI, at 0.1 M HI and
above the k’Pu values increase about 1.5 orders of magnitude. This increase
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brings k’Pu close to k’Am, and is likely caused by reduction of Pu(IV) to Pu(III) by
the HI. This would cause Pu to have similar adsorption values to Am(III). Further
investigation of the higher HI concentrations could be of value. The SF Pu:Am is
significantly high, ~160, but since the k’ values are so large for all the actinides,
this would not produce a viable separation scheme due to the volumes of mobile
phase that would be needed.

Section 5.4 Addition of Complexants and Reducing Agents
The addition of reducing agents can play an important role in tailoring the
selectivity of a specific resin. To determine the optimal loading and elution
matrices for a column separation, varying concentrations of sodium nitrite,
sodium sulfate, sodium bromide, oxalic and ascorbic acid were added to 1 M
HNO3 or HCl and then mixed with solutions contain the radionuclides Am, Cm,
and Pu. The sodium sulfate and sodium bromide salts were used to investigate
the combination of nitrates and chlorides with sulfates and bromides without
changing the acidity. By adding additional anions in this manner the preferred
actinide complex is thought to adsorb to DGA in 1 M HNO3 or HCl. Sodium salts
were used since sodium was previously found to have no affinity for DGA resin
and therefore should not affect any of the adsorption.[29]
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Bromide Effects
The effect of bromide on Am and Pu adsorption to DGA resin is graphed
in comparison to Am and Pu adsorption in nitric and hydrochloric acid matrices in
Figures 77 and 78. The HBr k’ values are plotted as a reference to determine the
change due to the mixed matrices. The bromide/chloride mixed matrix has the
lowest k’ values for Am and Pu at all bromide concentrations. In Figure 77, the
Am k’ values are close together for HBr, NaBr + 1 M HNO 3, and for 1 M HNO3.
Therefore, the addition of bromides into the nitrate system do not supply any
benefits. For Am adsorption in the NaBr + 1 M HCl matrices, it appears that Am
adsorption is being controlled by the presence of bromide since the k’Am (NaBr + 1 M
HCl)

is closer to k’Am (HBr) than k’Am (1 M HCl) for all concentrations. The addition of Br

may be useful if the increased k’ value is selective to only Am since it may allow
for the retention of Am in hydrochloric acid concentrations where it would usually
elute off a column.
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Figure 77. Americium Adsorption Trends with respect to Matrices Concentration

In Figure, the effect of bromides on Pu adsorption is graphed in
comparison to the Pu adsorption in nitric and hydrochloric matrices. The largest
change is seen on Pu adsorption at low concentrations of NaBr in 1 M HCl, but
as the bromide concentration increases, the k’ values start to approach the other
k’ values for Pu. This increase is thought to be due to the fact that at low bromide
concentrations, the chlorides are in excess; therefore driving the trends. Since
the Pu adsorption in the mixed matrices is close to the Pu adsorption in 1 M
HNO3 and HCl, the largest separation factor is still achieved in pure HBr
matrices. Therefore these mixed matrices do not supply any benefit.
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Figure 78. Plutonium Adsorption Trends with respect to Matrices Concentration

Sulfate Effects
The effects of sulfate on the adsorption of Am and Pu were studied in
various concentrations and matrices. In order to do this, various amounts of
sodium sulfate were added to either 1 M HNO3 or HCl solutions containing a
constant amount of Am or Pu, in Figure 79 and 80.
In Figure 79, the Am adsorptions in sulfate matrices are graphed in
comparison to Am adsorption in nitric and hydrochloric acid matrices. Even
though the magnitudes for k’Am in sulfate/hydrochloride matrices matches fairly
well with the k’Am sulfate matrices, the trends do not match those seen in sulfate
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matrices. The k’Am in 1 M HCl is approximately one, which matches closely with
k’Am in the sulfate/chloride matrices. Since the hydrochloric acid concentration
stays constant in the mixed matrices, the k’Am (Na2SO4 + 1 M HCl) is most likely driven
by the hydrochloric acid concentration and not the sodium sulfate concentration.
For the mixed sulfuric/nitric matrices, the k’ Am values are fairly constant and
correlate well with k’Am

at 1 M in comparison to the k’Am

(HNO3)

(H2SO4)

concentrations. Therefore, it is suspected that the nitric acid concentrations drive

k' Am (avg)

the Am adsorption trends in the mixed matrices.
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Figure 79. Americium Adsorption Trends with respect to Sulfate Concentration

164

3

In the case of Pu adsorption, the k’Pu in sulfate/chloride matrix also
matches most closely with the k’Pu in 1 M HCl which is ~10. There is a slight
decrease in k’Pu as the sulfate concentration increases in the matrix. This trend is
most likely not due to the formation of a Pu sulfate complex, since the k’Pu would
be expected to increase to reach near k’Pu in H2SO4. Although unlikely, this trend
could be due to the presence of sodium or due to a combined complex between
Pu, sulfates, and chlorides. The k’Pu (Na2SO4 + 1 M HNO3) stays fairly constant with the
change in sodium sulfate and are similar to the k’Pu in 1 M HNO3. Therefore, it is

k' Pu (avg)

expected that the nitric acid concentrations are driving the Pu adsorption to DGA.
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Figure 80. Plutonium Adsorption Trends with respect to Sulfate Concentration
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3

Since there are no changes in the Am or Pu adsorption with the addition of
sulfates, there is no advantage to using mixed matrices in the proposed
separation. Overall, the nitric and hydrochloric systems prove the most useful
separation schemes for separating Am and Pu on DGA resin.

Ascorbic Acid with DGA resin
The addition of various amounts of ascorbic acid to nitric and hydrochloric
matrices were studied and the results for Am and Pu adsorption to DGA resin are
presented in Figure 81 and 82. The k’Am (Ascorbic Acid + 1 M HNO3), ~104, is unaffected
by the addition of ascorbic and oxalic acid in nitric matrices since they are at the
same magnitude of k’Am, ~104, in 1 M HNO3. The same trends are seen for the
hydrochloride matrices where the k’Am (Ascorbic Acid + 1 M HCl) values are ~0.4 and the
k’Am is ~1 in 1 M HCl. This is most likely due to the fact that ascorbic is a reducing
agent and there is no lower oxidation state of Am achievable in this system and
therefore does not change the adsorption characteristics on DGA.

166

k' Am (avg)

10

6

10

5

10

4

10

3

10

k' Am (Ascorbic Acid + 1 M HNO )
3

k' Am (Ascorbic Acid + 1 M HCl)
k' Am (HNO )

2

3

k' Am (HCl)
k' Am (Ascorbic Acid) MDA
10

1

10

0

10

-1

0.001

0.01

0.1

1

[Matrices] (M)

Figure 81. Americium Adsorption on DGA with Ascorbic Acid

For Pu adsorption, as ascorbic concentrations increase in the nitric matrix
the k’Pu (Ascorbic Acid + 1 M HNO3) decreases which may be due to an ascorbic reducing
Pu(IV) to Pu(III) but an increased k’Pu value would be expected for a Pu(III) since
it would be expected to be similar to k’Am which is higher. Since ascorbic acid is a
reducing agent and nitric acid is an oxidizing agent, it is very likely that we are
seeing the effects of the oxidation and reduction of ascorbic and nitric acid on Pu
adsorption. For instance, after the HNO3 is reduced, NO, NO2 and H+ are
produced and the oxidized ascorbic acid is produced.[122] These products and
their concentrations would increase with the increased concentration of ascorbic
acid added. For k’Pu mixed matrices with hydrochloric acid and ascorbic acid, at
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any concentration, the k’ values are ~8 which is near k’Pu in only 1 M HCl
matrices which is ~10. Therefore, we can assume that ascorbic acid will not
affect the adsorption or elution of Pu in hydrochloric matrices.
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Figure 82. Plutonium Adsorption on DGA with Ascorbic Acid

Overall, the addition of ascorbic acid to 1 M HNO3 and HCl matrices do
not change the adsorption of Am greatly but do change the Pu adsorption with
increased ascorbic acid concentrations. The SFAm:Pu is near 500 in 0.3 M
ascorbic acid, 1.0 M HNO3 mobile phases. Although, this matrix would give a
very efficient separation due to the magnitude of the SF, the k’Pu in this matrix is
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unfortunately not low enough to achieve such a separation in a low elution
volume.

Oxalic Acid with DGA resin
The addition of various amounts of oxalic acid to nitric and hydrochloric
matrices were studied and the results for Am and Pu adsorption to DGA resin are
presented in Figure 83. The k’Am, ~104, is unaffected by the addition of oxalic acid
in nitric matrices since they are at the same magnitude of k’Am, ~104, in 1 M
HNO3. At the concentrations studied the nitrate complex is most likely the
dominant adsorbing species and therefore driving the trend. For k’ Am in oxalic
acid/hydrochloric acid matrix, the k’ values are close to k’Am in 1 M HCl, ~1 with
the exception to 0.3 M ascorbic acid where k’Am (Ascorbic Acid + 1 M HCl) increases to
10. Therefore, oxalic acid will not be a useful addition to 1 M nitric or hydrochloric
matrices to enhance the Am adsorption or elution for DGA.
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Figure 83. Americium Adsorption on DGA with Oxalic Acid

The k’Pu in mixed oxalic acid/nitric acid matrices is consistently ~300 and
correlates to the k’Pu in 1 M HNO3. At the concentrations studied the nitrate
complex is most likely dominant and therefore driving the trend. For k’Pu mixed
matrices with hydrochloric acid, for both oxalic acid at any concentration, the k’
values are ~8 which is near k’Pu in 1 M HCl matrices. Therefore, we can assume
that oxalic acid will not affect the adsorption or elution of Pu in 1 M hydrochloric
or nitric acid matrices for DGA resin.
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Figure 84. Plutonium Adsorption on DGA with Oxalic Acid

Overall, oxalic acid was not found to enhance the separation of Am from
Pu for DGA resin in comparison to that provided by ascorbic acid. Therefore, it
would not be an advantageous reagent.

Ascorbic Acid with UTEVA resin
The same ascorbic acid conditions used for DGA were investigated on
UTEVA for Pu and U adsorption. As ascorbic acid is added into the nitric acid
matrices, there appears to be a change in the Pu and U oxidation states. This is
exemplified by the fact that trivalent metals tend to have little to no adsorption; k’
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≤ 0.1, and tetravalent metals tend to have k’ values ~100 in 1 M HNO3. The
reduction of Pu(IV) to Pu(III) is noticeable by its k’Pu
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in all
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concentrations of ascorbic acid.
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Figure 85. Plutonium Adsorption on UTEVA with respect to Ascorbic Acid

In Figure 86, the reduction of U(VI) to U(IV) is seen in its increased k’
values up to ~100. For ascorbic acid in hydrochloric matrices, there seems to be
a reduction in U’s oxidation state, due to its increased k’ values, but Pu seems
unaffected, since its k’ values stay the same. This selective reduction of U may
be due to their difference in their reduction/oxidation potentials in acid, seen
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below. Since U has a larger redox potential than Pu, the reduction of U is
accomplished more easily than the reduction of Pu.[120, 123]
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Figure 86. Uranium Adsorption on UTEVA with respect to Ascorbic Acid

In Figure 87, the hydrochloric/oxalic acid and nitric/oxalic mixed matrices
the k’U values are increased up to ~100. It is known that uranyl reacts with
oxalate forming complexes such as [UO2(C2O4)n]2-2n (n = 1 – 3) in aqueous
solutions.[124] Since UTEVA tends to form nitrato complexes with the actinides it
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is possible that the uranyl oxalate complex is charged as well.[32] The Pu uptake
is so low in the hydrochloric/oxalic acid and nitric/oxalic acid matrices that no
adsorption was detected and therefore not reported. It is known that Pu(IV)
oxalate is insoluble in aqueous solutions 1 M H+ and therefore was expected to
have little to no adsorption to UTEVA.[125] This large decrease in Pu adsorption
is probably dictated by the formation of the insoluble plutonium oxalate complex.
This large decrease in Pu adsorption will greatly increase the ability to separate
Pu from U on UTEVA resin since Pu has no adsorption and U has an increased
adsorption the elution of Pu should be achievable in low elution volumes and in
high purity. Therefore, the use of oxalic acids could prove very beneficial for U
and Pu separations from UTEVA.
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Figure 87. Uranium Adsorption on UTEVA with respect to Oxalic Acid
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Sodium Nitrite with DGA resin
Sodium nitrite is often used to manipulate the oxidation states of Pu in
order to keep it in its tetravalent state.[125] In Figure 88 and 89, the adsorption of
Am and Pu in varying concentrations of sodium nitrate in 1 M HNO3 or HCl is
graphed with respect to the sodium nitrite concentrations for DGA resin. The
adsorption of Am and Pu in varying concentrations of nitric and hydrochloric acid
is also included in the graph for comparison purposes.
For the sodium nitrite/nitric acid matrices, Am and Pu have similar
adsorption which was unexpected since Pu is expected to be in it tetravalent
state and therefore would typically have different adsorption than the trivalent
Am. For k’Am in sodium nitrite/nitric acid, the k’Am (NaNO2 + 1 M HNO3) values are close
to k’Am

(HCl),

but the k’ values gradually increase with the increase in sodium

nitrite. The same increase is seen for k’Pu

(NaNO2 + 1 M HNO3),

but below 0.05 M

NaNO2 no adsorption was detected. Even though NaNO2 was a successful in
changing the Pu adsorption, it did not result in a large enough separation factor,
but could potentially be used as a Pu stripping agent.
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Figure 88. Actinide Adsorption on DGA with varying Sodium Nitrite Concentrations and 1 M HNO3

In Figure 89, for k’Am

(NaNO2 + 1 M HCl),

the k’ values are consistently ~1000

and k’Pu (NaNO2 + 1 M HCl) varies between 100 and 500. These values greatly differ for
those in only nitric and hydrochloric acid and therefore are possibly driven by the
sodium nitrite rather than the hydrochloric acid. These mixed matrices do not
have a large Am and Pu separation factor on DGA resin and therefore are not
advantageous to use for that purpose.
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Figure 89. Actinide Adsorption on DGA with varying Sodium Nitrite Concentrations and 1 M HCl

Sodium Nitrite with UTEVA resin
Since it could be very beneficial to separate Pu and U on UTEVA resin,
the effects of NaNO2 were also investigated with UTEVA, as seen in Figure 90
and 91. In sodium nitrite/nitric acid matrices, the adsorption for U is higher than
k’U (HNO3) in 1 M HNO3. At lower nitrite concentrations, it appears that Pu and U
are both in the tetravalent state since they have similar adsorption. As the
concentration of sodium nitrite increases the Pu appears to be reduced to its
trivalent state, causing its decrease in k’Pu while U stays in the tetravalent state
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and maintains generally the same k values. This large decrease in k’Pu (NaNO2 + 1 M
HCl)

would provide an advantageous separation scheme for Pu and U on UTEVA

resin.
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Figure 90. Actinide Adsorption on UTEVA with varying
Sodium Nitrite Concentrations in 1 M HNO3

In Figure 91 sodium nitrite/hydrochloric acid matrices, the k’Pu (NaNO2
HCl)

+ 1 M

matches well with k’Am in 1 M HCl. Therefore, it may be possible that Pu was

reduced to its trivalent state in these matrices. Since k’U

(NaNO2 + 1 M HCl)

is

unchanged with the addition of NaNO2, it’s unclear if it has been reduced since
tetra and hexavalent metals generally absorb about the same amount as seen
previously in Figure 49 and 50. Overall, sodium nitrite could be used to separate
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Pu from U on UTEVA resin since Pu has little to no adsorption in HCl while U still
has considerable adsorption.
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Figure 91. Actinide Adsorption on UTEVA with varying
Sodium Nitrite Concentrations in 1 M HCl

Comparison of Complexants and Redox Reagents
In comparing the complexants, it is apparent that many of them achieve
the same results even though they are fairly different compounds. As seen in
Figure 92, oxalic acid, ascorbic acid, sodium sulfate, and sodium bromide
achieve similar k’Am values in 1 M HNO3. Bromide and sulfate would not be
expected to cause any chemical difference, but would be expected to cause a
change in adsorption due to differing complex affinities for DGA resin. The
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largest effect on k’Am is seen from the addition of sodium nitrite in 1 M HNO3,
where k’Am values drop below those for only nitric acid. The lower sodium nitrite
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matrices could be beneficial for eluting Am off DGA in a more efficient manner.
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Figure 92. Effects of Added Reagents on Am Adsorption to DGA in 1 M HNO3

The k’Am values in 1 M HCl are more widely affected than in 1 M HNO 3, as
seen in Figure 93, where the k’ values for the complexants are more widely
separated. It appears that the sodium sulfate is most likely dominated by the Am
chloride complex forming with DGA, since the k’ values match well with k’Am for
pure 1 M HCl. Sodium nitrite gives the highest Am adsorption in 1 M HCl, which
is comparable to the highest k’Am value achieved in ~10 M HCl. Sodium bromide
also give high k’Am values, but they are below the highest values for NaNO2 and
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HCl matrices. For loading and eluting matrices, there does not seem to be any
advantage to adding any of the complexants studied as they do not exceed or
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drop below the values determined for Am adsorption in 1 M HCl.

10

5

10

4

10

3

10

2

10

k' Am (HCl)
k' Am (Na SO + 1 M HCl)
2

4

k' Am (NaBr + 1 M HCl)
k' Am (Oxalic Acid + 1 M HCl)
k' Am (Ascorbic Acid + 1 M HCl)
k' Am (NaNO + 1 M HCl)

1

2

10

10

0

-1

0.001

0.01

0.1

1

10

100

[Matrix] (M)

Figure 93. Effects of Added Complexants on Am Adsorption to DGA in 1 M HCl

Manipulating the multiple oxidation states of Pu can be a useful factor to
provide additional separation schemes. Therefore, the reducing agents which
can take most advantage of that factor can be very beneficial. In Figure 94, the
complexants in 1 M HNO3 are graphed with their effect on Pu adsorption to DGA
resin. The only matrix which seems to have much of any effect on Pu adsorption
in 1 M HNO3 is sodium nitrite. In comparing Pu to Am adsorption in the same
matrices, they have similar k’ value magnitudes and trends, which most likely is
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due to Pu being in its trivalent oxidation state. Another matrix which may be of
interest for future studies is ascorbic acid because of the decrease at >0.1 M
ascorbic acid, but higher concentrations would have to be explored to fully
understand the influence of ascorbic acid. Overall for loading purposes, none of
the matrices studied show any advantage but sodium nitrite could be a beneficial

k' Pu (avg)

addition to an elution matrix to elute Pu in 1 M HNO3.
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Figure 94. Effects of Added Complexants on Pu Adsorption to DGA in 1 M HNO3

For Pu adsorption in 1 M HCl with the addition of complexants, in Figure
95, there is a little more variance in the k’ values across the concentrations, but
the majority of the complexants do not greatly change k’Pu in 1 M HCl, with the
exception of NaNO2 and NaBr. The k’Pu value for NaNO2 varies between 100 and
182

400. Therefore, if the mobile phase is 1 M HCl, the Pu adsorption can be
increased by the addition of NaNO2. For NaBr, the increased Pu adsorption is
only seen at 1 M NaBr and above. With the addition of sodium sulfate, the k’ Pu
values decrease and may provide a better elution phase than for HCl matrices
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Figure 95. Effects of Added Complexants on Pu Adsorption to DGA in 1 M HCl

Comparison of all Matrices Studied
Since the purpose of this chapter was to identify the optimal separation
scheme for potentially separating Am and Pu on a DGA column, the separation
of the k’ values are of great importance. Therefore the separation factor for Am
and Pu in all the matrices studied in this chapter is graphed in Figure 96. The
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highest Am and Pu separation factor was achieved on DGA resin in 0.3 M
ascorbic acid and 1.0 M HNO3. This matrix would be the best separation phase in
order to elute Pu from DGA while Am is still retained. Due to Am’s adsorption
properties with DGA, other mobile phases will be needed for stripping Am off the
column, such as a mixed hydrochloric matrix with small concentrations of HF.
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Figure 96. Highest Am and Pu Separation Factor for the Matrices Studied
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Section 5.5 Concluding Remarks
For DGA’s potential application to the nuclear fuel cycle material
accountancy there are multiple separation schemes which could be used. Under
the assumption that DGA will be sequentially added to UTEVA resin, it is ideal to
separate Pu and Am individually from the DGA column. In this case, it would be
important to have a separation scheme which does not take too much volume to
separate one from another. Ideally, the Pu and Am would have totally separate,
sharp elution peaks which would minimize the elution volume needed.
In the studies performed and discussed in this chapter, the best Pu and
Am separation factor was provided by 0.3 M ascorbic acid and 1.0 M HNO3
matrices, since it enhanced the separation of the k’ values better than any other
matrix. In this case, it will not be beneficial to elute Am and Pu off DGA since
Am’s k’ values are so high that large elution volumes would be needed.
Therefore, instead of focusing only on separation factors, the combination of a
reasonable separation factor and the lowering of both the k’Pu and k’Am may
prove useful to elute Am and Pu in the same mobile phase. In this scenario, the
closest matrixes to meet these requirements are the lower concentrations of HCl.
UTEVA resin was investigated for separating Pu and U using various
concentrations of sodium nitrite, ascorbic, and oxalic acid in 1 M HNO 3 and HCl.
In these studies, the hydrochloric/sodium nitrite matrices gave the optimal
separation scheme where k’Pu was so low it was not detected and k’U was ~1-8.
This makes the separation of Pu and U possible on the same mobile phase
without too large of elution volumes necessary.
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Chapter 6. CHARACTERIZATION OF RESINS FOR NUCLEAR
FORENSIC PURPOSES

Section 6.1 Abstract
Federal and international agencies rely on quickly obtained and highly
accurate technical data for nuclear forensic investigations. This requires rapid
and accurate analysis of a variety of samples and matrices. To advance the
analytical timeline of samples, the more rapid and efficient a separation can be
made, the shorter the total time from sample acquisition to data analysis.
Therefore, in this chapter various studies of DGA and UTEVA resin geared
towards their application for separation schemes for post detonation samples are
described. In order to ascertain the potential application of separations using
DGA and UTEVA for these scenarios, these resins have been characterized for
constituents found in soil and urban samples.
Actinide adsorption has been studied widely for UTEVA and DGA
resins.[29, 30, 32, 33] Most of the studies in this chapter do not directly involve
actinide adsorption, but rather focus on defining the general trends of mono-, di-,
and tri- valent metals, which are commonly found in these samples, to identify
potential effects, such as competition, synergistic, and antagonistic effects which
are explained in Chapter 2. There have been extensive studies performed
previously on both DGA and UTEVA resins, as described in Chapter 1 and 2.
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The trends and implications of the various metals analyzed in this chapter will be
discussed.
Also, a separation scheme was developed and investigated for the
separation of stable and activated first row transition metals and actinides of
interest from a glass bead, prepared as a simulate for post detonation melt glass.
These metals are of interest due to the prompt fast neutron activation occurring
after a detonation which can provide information about the device. This
separation’s efficiency and recoveries will be discussed in this chapter.

Section 6.2 Materials and Methods

Batch Contact Method
Batch contact studies were generally performed as presented earlier but
instead of 50 mg of resin, 100 mg samples were used and any variance will be
denoted below the figure. For the combined analyte studies, the batch contact
study method was previously described in Chapter 2. The resin was
preconditioned with 0.5 mL of a desired acid concentration in a 2mL Biospin
column which was drained prior to sample addition. Then 1.0 mL of the same
concentration of acid and 0.5 mL of radionuclide or metal analyte in 0.1 M of acid
was added. The concentrations of the stock acid solutions used were decided
based of the fact that the 0.1 M acid metal spike could dilute or concentrate the
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acid with its addition, as discussed in Chapter 2. All error bars represent the
deviation between replicates. Three replicates were performed for all studies
discussed in this chapter.

Column Separation
The columns used for the separation described in this chapter were
packed using the slurry packing technique as described in Chapter 2. The 20 mL
Evergreen column contained 10 mL of DGA resin preconditioned with 11 M HCl
and topped with glass wool and was gravity fed. The total mass of the dissolved
glass bead solution was determined and a 5 mL aliquot, was determined by
weighing, was analyzed by gamma spectrometry. The total volume of the
dissolved glass bead was loaded onto the column. All fractions, 25 mL per
fraction, were dried to completeness and reconstituted in 5 mL of acid to retain
common geometry for gamma analysis. All samples were placed in LSC vials for
gamma analysis. The column was gravity fed.
Due to the high concentrations of calcium relative to the rest of the matrix
components, the assumed Ca concentration and the DGA column’s working
capacity, 7.23 mg Sr/mL resin, was used to determine the volume of the resin
needed.[29] It was assumed that Sr and Ca would have the same working
capacity. The glass/cement bead was created with equal parts soda lime and
Quikrete cement, 1 g each. Quickrete cement consists of an unspecified mixture
of hydrate lime, cement and white sands. Since the exact composition of the
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cement was proprietary, it was assumed to be composed of 50% Portland
cement, the most common cement which also has the highest amount of
Ca.[127] Since the Portland cement is known to contain up to 67% CaO and the
soda lime is 11.2% CaCO3, it was assumed that roughly 14.2% of the 2 g bead
was Ca.[127] Based on the working capacity of DGA, this would necessitate a
~40 mL volume column. Since Horwitz has previously successfully run a column
with Sr exceeding the capacity of the column by a factor of 30, 10 mL volume of
resin was used.[29]

Reagents
The DGA and UTEVA extraction chromatography resins were obtained
from Eichrom Technologies, Inc. All solutions were prepared using deionized
water with a resistivity of 18.1 MegaOhm and all reagents used were of reagent
grade or better.

Measurements
All radionuclides studied in the batch contact studies in this chapter were
analyzed on the assembled gamma spectrometer described in Chapter 2. All
samples were counted until 10,000 counts above background were achieved. All
stable elements studied using the batch contact method were analyzed by ICPAES. The column separation fractions were analyzed on HPGe detectors where
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peak area analysis and nuclide identification were performed using the in-house
program SPECANL. These samples were counted for 2,000 minutes each.

Section 6.3 Batch Contact Studies for Nuclear Forensic
Characterization of DGA and UTEVA resin
Nuclear forensic analysis is based around obtaining information from
samples which can consist of a wide array of isotopes and matrices in order to
provide technical data for attribution. These samples can also originate from a
wide variety of sources, such as: smoke detectors, medical isotopes, or post
detonation samples. This chapter primarily focuses on separations for post
detonation samples. For nuclear forensic analysis, most of the sampling,
especially in relation to post-detonation, will be taken near the point of detonation
and will potentially consist of soil, vegetation, or urban rubble.
Soil is commonly used nuclear forensic sample due to its simple and easy
sampling. As a result it would be highly desirable to create novel separations
which could achieve higher recoveries and better purities for a wide variety of
nuclear forensic signatures from soil samples. Therefore, the main focus is
surrounding soil samples and more specifically the adsorption of some of the
elements found in higher abundance. Fully characterizing resins for a variety of
metals in the sample will ensure the separation’s trends being unaffected for true
samples and may lead to novel partitioning methods.
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For post detonation samples, the analytes of interest are signatures which
are often used to determine information regarding the initial design and material
used in the device. Depending on the desired results, some selective activation
and fission products are the preferred analytes for attribution in a post detonation
scenario. In this chapter, the column separation performed was focused on
activiation products possibly found due to the prompt neutron activation of
material used in the initial device. This is elaborated further later in this chapter.

Sodium Adsorption
Sodium is of interest since it is commonly found in many environmental
samples and will most likely be a large component of soil samples. The US
Geological Survey found on average 12,000 ppm Na in soil for the conterminous
US.[128] The adsorption of Na has been previously investigated on DGA and
UTEVA. Pourmand reported no adsorption of Na to DGA in nitric and
hydrochloric acids.[31] The elution behavior of Na was studied in 2 M HNO3 for
UTEVA resin by Horwitz which showed some retention, but not a highly
significant amount.[29]
Initially, Na adsorption was studied on DGA resin by contacting cold 5mM
NaNO3 with DGA resin in varying nitric acid concentrations. These samples were
analyzed on the ICP-AES. Approximately 1.5 ppm was found in the method
blanks that were contacted with the resin, which complicated the data analysis.
Since the resin was used as received and not rinsed prior to the batch study, it is
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possible that the sodium was adsorbed onto the resin from its synthesis. The
extraction phase of TODGA ligand used during the synthesis of DGA resin
consisted of NaHCO3 and NaCl solutions, which were directly added into a
rotovap together with the inert support.[29] In this evaporation step, the Na may
have adsorbed and is therefore contributing to the Na being removed from the
resin upon contact with the acid.
In order to investigate the possibility of Na being sorbed to DGA from its
synthesis, 100 mg of DGA resin was contacted with 1.5 mL of various
concentrations of nitric and hydrochloric acid. The eluted acid was then analyzed
on the ICP-AES to determine the Na concentration. The results from this study
are presented in Figure 97. The eluted acid had >1 ppm Na.
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Figure 97. Sodium Detected in Rinses of DGA Resin from Nitric and Hydrochloric Acid
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More sodium was detected in the nitric acid rinses than the hydrochloric
rinses, with the exception of 8 M concentrations. The amount of sodium eluting
from the resin seems independent of the acid concentration, since it is consistent
across all concentrations, which may be due to the fact that the Na is present in
such a low concentration on the resin. The volume of rinses and replicates
needed to fully remove Na was studied; it was found that 3 rinses of 1.5 mL in

k' Na-22 (avg)

each rinse were necessary.
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Figure 98. Na-22 Adsorption to DGA Resin in Various Nitric
and Hydrochloric Acid Concentrations
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Since DGA has sodium adsorbed to the resin, as discussed in the
previous paragraph, complicating the ICP-AES analysis, the determination of k’Na
was performed using Na-22. In order to remove the sodium found in the DGA
resin, the resin was preconditioned with 1.5 mL of the desired acid three times.
The acid was filtered off after each rinse and prior to the addition of Na-22. The
data is represented in Figure 98 and shows K’Na-22 ~3 for both nitric and
hydrochloric matrices. This k’ value represents some adsorption of sodium to
DGA. It is surprising that these results do not show any difference in adsorption
between nitric and hydrochloric acid, even though a difference was previously
seen in the rinses. This discrepancy may be due to the error not representing the
total error of the procedure. This variance may also be due to the detection limits
of the instruments utilized. The rinses were analyzed by ICP-AES and the Na-22
batch contact studies were analyzed on a NaI detector. This k’ Na is higher than
any sodium adsorption values for DGA previously published. The difference of
Na adsorption is most likely due to the extensive rinses prior to the studies and
the use of Na-22. The use of a radionuclide allows for lower detection limits.
Also, even though Pourmand et al. preconditioned the DGA, they may not have
used enough volume in order to fully rinse off the Na and therefore giving no
adsorption.[31] Even though these values are higher than previously published,
they are most likely not high enough to cause considerable effects on other
analytes’ adsorptions.
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Figure 99. Adsorption of Na-22 to UTEVA in Various Nitric and Hydrochloric Acid Concentrations

The adsorption of sodium using Na-22 was also studied on UTEVA resin
from nitric and hydrochloric acids. There is no data available in the literature for
the adsorption of sodium to UTEVA resin. The k’Na-22 values are ~4-8 which may
cause some interference if it is present in excess and/or is competing with other
metals of the same affinity. This result is not completely unexpected, since in
Horwitz’ study of Na on UTEVA in 2 M HNO3, the elution trends did show some
retention with k’ ~4, which matches well with the results in Figure 99.[29] For
those metals with higher affinities band broadening could occur if Na is largely in
excess, but no large interference effects are expected for columns operated
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under its working capacity. Therefore, separations of samples with high sodium
concentrations should not greatly veer from expected trends.

Aluminum Adsorption and Effects
The adsorption of aluminum is of interest since aluminum is often found in
soils and aluminum clays in fairly high concentrations. An average concentration
of 72,000 ppm Al(III) has been reported by the U.S. Geological Survey.[116].
Even though Al is found in a variety of forms in soil, after digestion and
dissolution the aluminum will be converted to its trivalent state, which is more
readily dissolved. Therefore, the amount of aluminum dissolved could greatly
exceed the quantity of any analyte of interest for nuclear forensic analysis.
Even though ionic aluminum is trivalent, like Am, the ion is below the
preferred ionic radii for DGA adsorption, discussed earlier, which therefore
decreases its adsorption to DGA. Horwitz found aluminum to have k’ <2 for all
concentrations of nitric and hydrochloric acids on DGA resin.[29] The same
trends are seen in Figure 100, where k’Am-Al* or k’Pu-Al* in 1M HNO3 does not
exceed 4. At 1mM Al3+, the k’Am-Al* and k’Pu-Al* was below detectable limits and
consequently not reported. There was no affect seen on Am or Pu adsorption
across all aluminum concentrations, which was expected due to the low k’Al
values. No effects on a separation performed in nitric acid would be expected
due to the presence of Al(III).
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Figure 100. Effects of Al on Actinide Adsorption to DGA in 1 M HNO3

In Figure 101, the adsorption of trivalent Al has similar magnitudes as Am.
It appears that at 5 mM Al3+, the maximum capacity is reached and therefore the
k’ for Al decreases with increasing aluminum concentration. No aluminum
adsorption is reported for 1 mM Al3+ since there was no detectable adsorption.
The k’Am is generally unaffected by the addition of AlCl3. The k’Pu*-Al seems to be
increased above 5 mM Al3+ concentrations, this may be due to a salting out effect
caused by the AlCl3 salt, but no direct correlation was found. An additional study
at higher concentrations of AlCl3 salt would be beneficial to elucidate the effects.
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Figure 101. Effects of Aluminum on Actinide Adsorption to DGA in 1 M HCl

Calcium Adsorption and Effects
Calcium is one of the largest components of soil, with average
concentrations ~24,000 ppm, and could therefore cause large changes in
adsorption characteristics for various analytes.[128] Adsorption characteristics of
Sr on Sr extraction chromatography resin is suppressed in the presence of 0.5 M
Ca concentrations or higher.[129] This was surprising, since Ca was determined
to have a lower affinity for the resin than Sr. Even though calcium is divalent and
its adsorption to DGA is expected to be fairly low, there could still be effects
caused by the excess Ca present in the samples.
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In Figure 102, the maximum k’Am-Ca* and k’Pu-Ca* values in 1 M HNO3 were
an order of magnitude lower than those previously reported for Ca alone by
Horwitz et al. where k’Ca ~100.[29] The observed difference may be due to the
presence of the actinides, but that due to the low relative concentration. It is also
possible that the difference between the amount of Calcium used in comparison
to the amount of DGA in these studies versus Horwitz et al.’s may be responsible
for the difference of the k’Ca values. The maximum capacity for Ca is reached at 5

k' (avg)

mM Ca2+ followed by a decrease in k’Ca values at higher concentrations.
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Figure 102. Calcium Effects on Actinide Adsorption to DGA in 1 M HNO3
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The Pu adsorption characteristics are unchanged in the presence of
calcium, which most likely means that the Pu nitrate complex offers the more
energetically stable complex than calcium nitrate. In contrast, the k’Am values are
effected by the addition of Ca(NO3)2. As the calcium nitrate concentration
increases, the k’Am values decrease. Even at the 1 mM Ca2+ concentration, the
k’Am*-Ca, ~2,000, is noticeably lower than k’Am in only 1 M HNO3, ~10,000; so,
even smaller amounts of Ca2+ seem to affect trivalent actinide adsorption. There
is possibly a competition reaction between Ca and Am where Ca(NO3)2 has the
more favorable complex with DGA. It is more likely is due to the large amount of
Ca2+ in relation to the amount of Am3+ where DGA’s preference is overwhelmed
by the amount of Ca present. Therefore, it would be expected that Am adsorption
to DGA resin in nitric acid would be considerably affected if Ca exceeded the
capacity of the column, but only moderately if the capacity is maintained.
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Figure 103. Calcium Effects on Actinide Adsorption to DGA in 1 M HCl

The calcium adsorption, k’ ~0.3, in hydrochloric acid determined by
Horwitz et al., matches well with the k’Actinide-Ca* values of 0.2-0.4. It appears that
the maximum capacity is not well defined for Ca in hydrochloric matrices, since
k’Pu-Ca* does not decrease with increasing Ca2+ concentrations. It seems unlikely
that there is additional calcium chloride complexed in the inner sphere but it may
be loosely in the outer sphere. To define the calcium maximum capacity for DGA
in hydrochloric matrices, elution profiles could provide more detailed information.
The adsorption of the actinides are unaffected by the addition of calcium.

201

Scandium Adsorption
Although Sc is not commonly found in soils, it may be found in post
detonation samples due to prompt fast neutron activation of metals found in a
nuclear bomb. There has been no published data on scandium adsorption to
DGA or UTEVA resins. It is expected that scandium may act similarly to the
lanthanides and trivalent actinides. Since scandium has much smaller ionic radii
than the lanthanides and actinides, it may not have a different affinity to DGA or
UTEVA.[110, 111]
In Figure 104, the adsorption of scandium to DGA resin in varying
concentrations of nitric and hydrochloric acid is illustrated. The scandium
adsorption is highly dependent on nitric and hydrochloric acid concentrations. For
nitric acid matrices, scandium has k’ > 2,000 and reaches the minimum
detectable limit at 106. Scandium would readily adsorb to DGA resin in nitric acid
matrices, but it would prove difficult with such high adsorption to desorb
scandium in nitric acid. In hydrochloric acid, the lowest k’ value is ~30 and
reaches the maximum k’ value, based on the MDL of the IPC-AES, ~10,000.
Since Sc tends to hydrolyze in low pH solutions, the raised adsorption at 0.01
and 0.1 M HCl may be due to partial hydrolysis of Sc.[130, 131] For Sc3+ in 1 M
NaClO4 solutions the pKa is 5.15 for the formation of ScOH2+.[132] Further
studies are needed to confirm the reason for such a trend.
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Figure 104. Scandium Adsorption to DGA in Nitric and Hydrochloric Acid
max k’ is the highest k’ value achievable due to the detection limit of the ICP-AES

Even with the lower k’ values, in comparison with the nitric matrix, it may
not be possible to remove Sc from the resin using hydrochloric acid. Therefore,
other complexants or acids would most likely need to be employed to create low
enough k’Sc values to achieve an efficient elution of Sc. In a separation,
scandium would most likely elute off with the lanthanides and/or possibly the
actinides due to their adsorption similarities in nitric and hydrochloric acid
concentrations, seen in the below figure.
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Figure 105. Comparison of Scandium to Americium and Plutonium Adsorption to DGA resin

Scandium adsorption to UTEVA resin was studied in various nitric and
hydrochloric acid concentrations and the results are shown in Figure 106. Due to
the similarity in charge density, yttrium and scandium are expected to have the
same adsorption characteristics. Horwitz et al. studied the elution characteristics
of yttrium on UTEVA in 2 M HNO3, which showed little to no retention on a
column.[30] This yttrium adsorption data matches well with those seen for 1 M
HNO3, where k’Sc ~2; although, the scandium adsorption does increase with the
increased nitric acid concentration > 5 M HNO3. There is large a variability of the
k’Sc in hydrochloric acid, ~0.8 to 200. Even though these k’ values have different
magnitudes, they have similar trends to those seen for Sc in hydrochloric acid on
DGA. This may mean that this trend is more due to the chemical form of Sc in
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HCl than the chemistry between the scandium complex and the resin. The range
of the k’ values would allow for scandium adsorption in high acid concentrations,
> 5 M, and elution at lower concentrations, < 5 M HNO 3 and between 0.1 M and
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Figure 106. Scandium Adsorption to UTEVA in Nitric and Hydrochloric Acid

Cobalt Adsorption
Cobalt adsorption is also of interest due to prompt fast neutron. Also, there
has been no published literature on cobalt’s adsorption to UTEVA resin. As a
result, the radiotracer Co-60 was used to study cobalt’s adsorption to UTEVA in
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nitric and hydrochloric acid. DGA was not investigated since data has been
previously published by Horwitz et al.[29]
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Figure 107. Co-60 Adsorption to UTEVA in Nitric and Hydrochloric Acid
k’ min is the lowest k’ value achievable based on the instrument detection limits

As seen in Figure 107, cobalt has very little affinity for UTEVA resin in
nitric acid matrices where k’Co-60 ~1. These low k’ values were not a surprise,
since other divalent metals have similar k’ values in nitric acid.[29] The
adsorption of k’Co-60 is slightly higher in hydrochloric acid where a peak is
reached at 5 M, with k’ ~ 10. Based on these results it may be possible to adsorb
cobalt onto UTEVA in 5 M HCl and elute the cobalt off at lower concentrations of
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HCl. Due to the lower cobalt k’ values it unlikely that Co has an effect on the
adsorption of other metal’s with high k’ values in nitric acid, but possibly in
hydrochloric acid.

Lutetium Adsorption
Lanthanides are of interest since they are a part of the spectrum of fission
products from a nuclear device, which could be seen in a post detonation
scenario. Even though Horwitz studied lanthanide elution behavior from UTEVA,
in 2 M HNO3, there is no detailed information for the total trends across varying
concentrations of nitric and hydrochloric acid.[33] Although other lanthanides
have been characterized for their effects on actinide adsorption to UTEVA in
Chapter 4, the trends based on the acid concentrations were not investigated.
Therefore, Lu-173 was used to identify the adsorption characteristics, as seen in
Figure 108.
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Figure 108. Adsorption of Lu-173 to UTEVA in Nitric and Hydrochloric Acid

Since lanthanides have similar chemistry to Am, Lu was expected to have
similar adsorption to UTEVA.[110] As shown in the below figure, the k’Am in 1 M
nitric acid was ~ 0.1 and in 1 M hydrochloric acids was ~1. Up to 5 M HNO3, k’Lu173

was determined to be ~ 8 and increased up to 50 above 5 M HNO 3. This Lu

affinity is higher than Am’s. This result was not completely unexpected since the
same trends are seen on DGA. This higher preference for Lu is most likely due to
the larger charge density of Lu compared to Am which forms more stable
complexes with UTEVA. No other lanthanides have been studied for their
adsorption in varying nitric and hydrochloric acid concentrations therefore a
comparison across the lanthanide series is not possible. For all hydrochloric
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concentrations, the k’Lu-173 stays fairly constant and is independent, up to 8M HCl,
of the increased hydrochloric acid concentration. It is possible and likely that
higher concentrations of HCl would lead to higher adsorption as the increased Clconcentrations will drive the formation of LuCl3. Overall at these concentrations
and matrices studied, UTEVA would not be a useful resin for separation of
lutetium from a complex samples since the affinity of Lu will match many other
metals and a pure separation would prove difficult.
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Figure 109. Comparison of Lutetium and Americium Adsorption to UTEVA resin
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Bismuth Adsorption
Bismuth is of interest for post detonation scenarios because information
regarding a nuclear device’s original material can be deduced from its isotopic
ratios.[6] These isotopic ratios are often determined by analysis on ICP-MS. In
order to identify these ratios with high certainty, due to the isobaric overlaps the
sample matrix introduced into the ICP-MS will need to be simple, or bismuth be
separated from the rest of the sample prior to instrument introduction. Bi is
trivalent and has a fairly large ionic radius in comparison to the lanthanides and
actinides. [110, 112] Since UTEVA has not shown any significant preference for
trivalent metals, such as previously discussed Lu and Am, Bi is not expected to
have strong adsorption characteristics to UTEVA resin in nitric and hydrochloric
acids.
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Figure 110. Adsorption of Bi-207 to UTEVA in Nitric and Hydrochloric Acid
k’ min is the lowest k’ value achievable based on the instrument detection limits

In Figure 110, the trends for bismuth adsorption in nitric acid correlate well
with the magnitude seen for lutetium adsorption. The k’ Bi varies between 3 and
100 where the highest adsorption is seen at the lowest acid concentration and
gradually decreases with the increasing acid concentration. This may be due to
polymerization of bismuth found in low acid concentrations.[132] The H+
concentrations

changes

the

degrees

of

aggregation

where

the

lower

concentrations have higher polynuclear species.[132] Hydrolysis occurs more
readily in strong acids or in higher pH solutions.[132] Therefore, hydrolysis would
most likely occur in nitric acid over hydrochloric acid due to the difference in
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strength where hydrochloric acid, pKa ~1.3•106, and nitric acid pKa ~24.[133]
Bismuth hydrolysis was studied in perchloric acid, which is stronger than both
nitric and hydrochloric acid, and below 1 M 50% of the 0.5 M Bi was found to be
hydrolyzed.[134] Therefore, it can be assumed that in nitric acid the majority of
the Bi would be hydrolyzed, and the decreased adsorption of Bi at increased HCl
concentrations may be due to the suppression of hydrolysis. The decrease in Bi
k’ values as the acid HCl concentrations increases, which may be due to
suppression of bismuth hydrolysis and the production of ionic Bi. A less favorable
neutral complex may be formed with the ionic Bi than the hydrolyzed form with
UTEVA which then results in lower k’Bi values. Further research is needed to
confirm the formation of hydrolysis.

Section 6.4 Column Separations for Nuclear Forensic Purposes
The separation described in this section is directed towards glass/cement
hybrid beads which were made to model melt glass beads possibly found in post
detonation scenarios in an urban environment. Since these beads have very
complex matrices, the most abundant components were taken into consideration
for the separation and are listed in Table 8.

Table 8. Materials Added into the Glass Beads and their Main Compounds [127]

Material

Main Compounds

Glass

SiO2, Na2O, CaO, MgO, Al2O3

Cement

CaO, SiO2, Al2O3, Fe2O3, CaSO4 • H2O
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The activation products incorporated in the glass beads were created by
irradiating four metal foil targets, titanium, iron, nickel, and gold. These foils were
irradiated by various collaborators from LLNL and LANL using fast neutrons and
the (n,p) nuclear reaction created various isotopes of scandium, manganese,
cobalt, and platinum isotopes, respectively. The isotopes expected to form were
based off of the natural abundance of the stable isotopes of the original metal
targets, listed in Table 9. Not all starting isotopes, such as
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Co, 197Au, 198Au, had

(n,p) reactions as their dominant reaction, but instead underwent (n,2n)
reactions, an example is listed below.
(

→

)

(

)

→

(

)

→

In this case, the change in isotopes of gold and not platinum will be the telling
sign of neutron flux. Since platinum is not a potential activation product, it will not
be of importance for the separation. Due to the half-lives, and time that passed
prior to separation and analysis, Sc-46, Mn-54, Co-58, and Co-60 are the
isotopes of interest in the separation. It is important to note that the
concentrations of Ti(IV), Sc(III), Fe(III), Ni(II), Co(II), and Gold(III) were not
selected to represent true concentrations found in field samples. Therefore, this
separation will only give a general idea of the possible separations schemes.
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Table 9. Foil Composition and 14.1 MeV (n,p) Reaction Products

Element

Natural
Neutron
Isotope Abundance Cross Section
(%)[135]
(barns)[136]*
48

Titanium

48

Sc

43.67 h

Sc

83.79 d

8.25

0.2893

47

7.44

0.14503

47

Sc

3.349 d

0.0512

49

Sc

57.18 m

50

Sc

102.50 m

5.41

50

5.18

0.0113

56

91.75

0.11436

56

Mn

2.58 h

0.33447

54

Mn

312.12 d

0.05705

57

Mn

85.40 s

0.36358

58

Co

70.86 d

Co

1925.28 d

54
58

5.8
2.12
68.07

60

26.22

0.1456

60

62

3.63

0.03117

62

Co

1.50 m

0.09473

61

Co

1.65 h

197

61
Gold**

0.05927

46

57

Nickel

Product T1/2
(unless noted
otherwise)

46

49

Iron

73.72

(n,p)
Product

1.14

197

100

0.00188

196

n/a

0.0056

195

196

Pt

Pt(stable)

195
n/a
0.003083
Pt(stable)
*14.1 MeV neutron energy, for n,p reactions

19.89 h
196
195

Au, 6.17 d

Au, 186.09 d

**197Au, elastic scattering σ=2.6354b and n,2n σ=2.1323b
196
Au, inl=0.193b and n,2n=1.975578b
195
Au, n-2n=0.8849b or n,p=0.003083b

The foils were dissolved after irradiation and small aliquots were
transferred into a glass/cement matrix and formed in a furnace by Maryline
Ferrier at UNLV. Once the glass/cement bead was received at LANL, it was then
dissolved in nitric, hydrochloric, sulfuric, and hydrofluoric acid just below the
acid’s boiling point to avoid splattering and sample loss. To start, nitric and
hydrochloric acids were used for digestion but very little of the sample dissolved.
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Then mixtures of nitric and hydrochloric acids were added to no avail. Then the
addition of HF and sulfuric acid followed, which increased the dissolution of the
sample but was very time consuming. The entire dissolution procedure took
approximately 3-4 weeks. Once the bead was dissolved completely, it was taken
to complete dryness and reconstituted in aqua regia. All of the precipitate could
not be redissolved in a moderate volume. Therefore, some of the glass bead
residue was filtered off and analyzed by gamma spectroscopy. No radioisotopes
were found on the filter.
The matrix of this sample was so complicated that it was essential to
consider multiple ways to separate the sample. This matrix has never been
studied previously; the separation scheme therefore had to be devised using
published k’ values for UTEVA and DGA resins. A separation based on DGA
resin was chosen because of its potential to separate activated products from
one another. In this separation scheme, illustrated in Figure 102, the elution of
Am and Pu was considered, even though they were not present in the glass
bead, they likely would be present in a post detonation sample.
Studies performed by Horwitz et al. and Pourmand et al. analyzed the
adsorption of a large variety of metals to DGA resin in nitric and hydrochloric
matrices.[29, 31] Hydrochloric acid had the largest range of adsorption for
multiple analytes of interest and was therefore used as the matrix used for
separation. A summary of literature adsorption values to DGA resin at 8 M, 2 M,
and 0.1 M HCl are presented in Table 10.
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Table 10. Summary of published adsorption values to DGA resin in 8 M, 2 M, and 0.1 M HCl[29, 30]

Analyte
Na(I)
Al(III)
Ni(I)
Mg(II)
Mn(II)
Ca(II)
Co(II)
Ti(IV)
Fe(III)
Au(III)

8M HCl
Horwitz
Pourmand
k'
Kd
none
<2
0.1
<2
0.1
<1
none
0.1
2
0.1
<2
~30
<2
~80
2,500
>10,000
1000

2M HCl
Horwitz
Pourmand
k'
Kd
none
<2
none
<2
none
<1
none
<0.1
0.6
10
<2
1
<2
1
300
1000
1000

0.1M HCl
Horwitz
Pourmand
k'
Kd
none
<2
none
<2
none
<1
none
<0.1
0.3
0.1
<2
0.1
<2
0.1
0.3
10
1000

The loading solution consisted of 11 M HCl in order to increase the
chances of Co(II), Ti(IV), Fe(III), and Au(III) adsorbing to the resin. The next
mobile phase was 2 M HCl, in order to elute off Co(II) and Ti(IV), since the k’
values dropped near 1, but Fe(III) and Gold(III) adsorption is still high enough to
stay retained. In the next step 2.0 M HCl and 0.3 M ascorbic acid was used to
reduce Fe(III) to Fe(II), since divalent metals do not have any particular affinity
for DGA. In this phase, it is expected that Pu(IV) would be reduced to Pu(III), but
since DGA still has a large preference for trivalent actinides, Pu(III) would not be
expected to be eluted in this phase. At the time of planning this separation, the
Sc batch studies had not been analyzed yet. Therefore, the elution was based off
of a presentation provided by TrisKem, concerning their DGA resin and its Sc
adsorption where the k’ values were found to drop around 1 below 1 M HCl
concentrations, which would allow for Sc elution within a small volume.[137] Due
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to gold’s overall large adsorption to DGA, it was not expected to elute off in any
hydrochloric matrices. Therefore, gold was thought to elute off in either 0.1 M HCl
+ 0.01 M HF or 0.01 M HNO3. Hydrofluoric acid is often used to strip metals off a
column due to the strong complexes F- makes with metals are not typically
compatible with resin.

DGA

10 M HCl

0.01 M HNO3

Au(III)
Al(III), Ni(II), Si(IV),
Na(I), Mg(II),
Mn(II), Ca(II)

2 M HCl

0.01 M HCl

2 M HCl + 0.3M
Ascorbic Acid

0.1 M HCl +
0.01M HF

Co(II), Ti(IV)
Am(III), Pu(III)
Sc(III)
Fe(II)

Figure 111. Proposed Separation Scheme of the Glass/Cement Bead

There are no reported separations of the first row of transition metals with
glass matrices utilizing DGA resin. Horwitz et al. performed a separation of Mg,
Ba, Sr, and Ca in nitric matrices with the intent of separating Sr and Ca from the
mixture. Mg, and Ba were eluted off in 4 M HNO3, Sr in 0.25 M HNO3 and Ca in
0.1 M HCl.[30] There have been separations of soil, cement, and brick samples,
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which would have similar compositions but only with the intent of separating the
actinides. Therefore, this separation of a glass cement bead with the intent to
separate some of the first row transition metals using DGA is unique.
By the time the separation was started only Co-58, Co-58, Co-60, Mn-54,
and Sc-46 were detectable in the dissolved glass bead solution by gamma
spectroscopy. The reason limited radioisotopes present in the sample were
mainly due to shipping, onsite approval for the material, and the lengthy
dissolution procedure. This resulted in the majority of the activated products
already decaying by ~7-8 half-lives. Also, since there was so much material, it
could not be completely dissolved in 5 mL. This volume is necessary since the
gamma spectrometers used did not allow for an efficient counting geometry for
larger volumes. As a result, only a fraction of the total activity was analyzed.
Therefore, even those radionuclides present but in low activities may not have
been detected. The cold constituents could be analyzed by ICP-AES or ICP-MS,
but such analysis could not be performed due to the time constraint at LANL. The
elution of cobalt, manganese and scandium from the DGA column are presented
in Figure 112. The elution profile of Mn bleeds into the theorized Co and Fe
elution fractions. This may be due to the large amount of material from a
glass/cement bead which needs larger rinse volumes with the load mobile phase,
10 M HCl. The larger mobile phase should provide then the possibility for pure
Co and Fe elution fractions. It appears that the majority of Co is eluted from the
column within the first 2 M HCl fraction. Some of Sc started to elute off in the
expected Sc elution phase, 0.01 M HCl, but it did not elute off in the amount
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expected based on the TrisKem values and bled into the Pu elution fraction. This
elution profile does match with the Sc batch studies performed on DGA, provided
by Eichrom, which were discussed earlier in this chapter. Therefore based off of
those Sc batch contact studies, a slightly higher hydrochloric concentration,
maybe around 0.5 M, may provide a sharper elution.
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B

C
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E

F

G
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Percent Eluted

70
60
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40

% Mn Eluted

30
% Sc Eluted
20
10
Fraction 13 - Au

Fraction 12 - Au

Fraction 11 - Pu

Fraction 10 - Pu

Fraction 9 - Sc

Fraction 8 - Sc

Fraction 7 - Fe

Fraction 6 - Fe

Fraction 5 - Co

Fraction 4 - Co

Fraction 3 - Mn

Fraction 2 - Mn

Fraction 1- Load

0

Figure 112. Glass/Cement Bead Separation Co, Mn, and Sc Elute Profiles
All fractions are in 25 mL volumes. Mobile phases are as follows: A: 11 M HCl, B: 10 M HCl, C: 2 M HCl,
D: 2 M HCl + 0.3 M Ascorbic Acid, E: 0.1 M HCl, F: 0.1 M HCl + 0.01 M HF, G: 0.01 M HNO3
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The total percent recoveries are listed in Table 11 and are fairly small.
These recoveries are possibly due to the radionuclides sticking to the column,
but this seems unlikely since the column should have been well stripped after the
0.1 M HCl + 0.01 M HF mobile phase. Instead, the lower recoveries are most
likely due to counting errors and efficiency. About a month passed from the time
the separation started until the last vial underwent analysis. Therefore, isotopes
in the vials which already had low activities to begin with would most likely have
decayed to a point that no activity was detectable; hence, the unaccounted for
Sc, Co, and Mn.

Table 11. Glass/Cement Bead Percent Recoveries

Radionuclide % Recovery
Co-57
78.05
Mn-54
68.70
Sc-46
82.25

This separation still needs further investigation to fully characterize its
potential. First of all, characterization with only cold material could prove very
valuable. The load solution could be tailored closer to the concentrations that
would be expected in real world post detonation samples where majority of the
transition metals would be in tracer levels. Working with smaller concentrations of
analytes would then give potentially smaller elution volumes for each mobile
phase. This would simplify sample analysis, lower the separation time, and
reduce waste produced. It also would be beneficial to separate each metal
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individually on the sample column to determine where each metal would elute off
and then perform a separation of the mixture to determine the effects of the
additional components on one another. Understanding these relationships may
provide extra details and information to allow for further adaption and
optimization.

Section 6.5 Concluding Remarks
In this chapter, Na was found to have a higher adsorption to DGA in nitric
acid than previously found. Even though the affinity is higher, it is still not high
enough to cause a large effect on other metal adsorption. Aluminum was found
to have k’ values ~1 but when in excess has no effect on actinide adsorption in
both 1 M nitric and hydrochloric acid. Calcium has little to no affinity for DGA
resin in 1 M HCl and also has no effect on Am adsorption, but in 1 M HNO3
calcium has higher k’ values and decreases k’Am as Ca concentrations increase.
Therefore, of these possible sample components calcium may cause decrease
Am adsorption in nitric loading matrices but will still work well in hydrochloric.
Also a few metals potentially found in nuclear forensic soil samples were
studied for their adsorption to DGA and UTEVA. The adsorption of Sc, Co, Lu,
and Bi were studied at varying concentrations and of those metals the highest k’
values were found for Sc and Lu at high acid concentrations and Bi at low
hydrochloric acid concentrations. Overall, the maximum k’ value found was ~200
for Sc in high hydrochloric acid concentrations. The metals which may cause the
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largest effects on a column separation are Sc at high HCl concentrations and Bi
at low HCl concentrations.
The chromatography separation of the glass/cement bead solution was
performed and moderate recoveries of Sc, Co, and Mn were achieved. This
separation needs further research is needed to fully characterize its separation
potential. At this time, this separation may not be suitable for vacuum box
application since the Mn and Sc elution peaks were so broad. Further
optimization of mobile phase composition and volumes are needed to reduce the
separation time frame.
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Chapter 7. INVESTIGATION OF EXTRACTION
CHROMATOGRAPHY COLUMN SEPARATIONS FOR ACTINIDES

Section 7.1 Abstract
The work described in this chapter focuses on actinide separations and
the determination of elution profiles on DGA and UTEVA columns. The capacity
of DGA resin for uranium was initially studied by batch experiments, and
completed by obtaining column elution profiles with varying U loading
concentrations. Actinide separations and elution profiles on columns operated by
gravity are useful precursors to vacuum box separations, since the fine details of
separation schemes and elution profiles can be used to optimize the mobile
phase volume needed. The lower the mobile phase volume, the faster the
separation and the less waste will be generated. A comparison of the k’ values
determined by batch contact studies and those determined by the free column
volume to peak maximum in the elution profiles are discussed. Application and
discussion of various elution conditions for DGA and UTEVA resin is discussed.
An optimal separation scheme is investigated, identified, and discussed in this
chapter for Am, Pu, and U separation using both DGA and UTEVA resin.

Section 7.2 Materials and Methods
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Elution and Batch Studies Method
The DGA and UTEVA columns were packed by slurry technique, as
previously described in Chapter 2. The loading solution volumes were
consistently kept at 1 mL, but concentrations may have varied depending on the
purpose and the column bed volume, 1 to 2 mL. All separations were gravity fed
and 1 mL fractions of all mobile phases were collected and analyzed on the LSC.
The batch experiments were performed as described earlier. All separations and
batch studies were run at room temperature, 20-23 oC. For column elution
profiles consisting of Am, Pu, and U together, each radionuclide was passed
through the same column individually. After each radionuclide was run, the
columns were thoroughly flushed until no further activity was detectable.
Therefore, it was assumed the columns had been thoroughly stripped. Each
column was reconditioned with 20 mL of the loading matrix.

Reagents
The DGA and UTEVA extraction chromatography resins were obtained
from Eichrom Technologies, Inc. All solutions were prepared from using
deionized water with a resistivity of 18.2 Megaohm from a Cascada water
purification system manufactured by Pall Corporation. For the majority of the
separations, the loading phase was 5 M HNO3, the elution mobile phases studied
consisted of hydrochloric acid, and the stripping mobile phase were mixed
matrices of hydrochloric/hydrofluoric acids. These acids were acquired from
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Sigma-Aldrich and are ACS grade. Sodium Nitrite (Baker Analyzed ACS
Reagent, Mallinckrodt Baker) was used for the Pu and U separation on UTEVA.

Measurements
All fractions potentially consisting of Am-241 were detected on the
automatic gamma spectrometer described in Chapter 2 where counting was
terminated once a predetermined one sigma error was reached or up to 1 hour
counting time. All fractions from all mobile phases were analyzed by LSC, using
the same method described in Chapter 2. To account for quenching due to matrix
composition, blanks and standards were added with a similar matrix as fractions
collected. For combined radioisotopic samples, equal aliquots of a single fraction
were taken to be analyzed on the LSC and the automated gamma counter.

Section 7.3 Column Elutions and Separations utilizing DGA and
UTEVA Resin

Uranium Capacity on DGA Resin
Knowledge of the capacity of DGA resin for uranium would be of great
importance for samples with high U concentrations, such as nuclear fuel. Initially
U capacity studies were carried out using the batch contact method since this is
a quicker and easier technique to employ. The capacity is indicated by a drop in
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k’ values once capacity is exceeded, as determined for most other metals’
capacity in Chapters 3 and 4.

1000

k' (avg)

100

10

1
1

10
U(VI) (mg)

Figure 113. Uranium Capacity Determination on DGA resin by Batch Studies in 1 M HCl

Horwitz et al. theorized the europium capacity to be 0.52 mmol Eu(III)/g
DGA resin and, using this value, the U(VI) capacity should be exceeded around
6.298 mg U(VI) per 50 mg DGA resin.[29] Therefore, it was expected to see a
decrease in k’ values once 6.6 mg U(VI) was contacted with the resin, in Figure
113 and Figure 114. A drop in k’U values was only seen in 1 M HCl, but in 1 M
HNO3 a constant increase in k’ values occurred even after the theoretical
capacity was exceeded.
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Figure 114. U Capacity Determination on DGA resin by Batch Studies in 1 M HNO3

The seemingly higher U(VI) capacity in nitric acid may be due to additional
U nitrate complexes loosely retained with DGA in the outer coordination sphere.
Due to the flow dynamics, in the case of a U(VI) column separation, there would
still be a change in the elution characteristics. If those additional U nitrate
complexes are loosely retained on the resin, they will have different transfer
kinetics than those tightly complexed; meaning that the elution profile curve, on a
column, would not hold its symmetrical properties and would most likely become
asymmetrical. For this reason, DGA’s U(VI) capacity was then investigated for a
slurry packed column.
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Figure 115. U Capacity on DGA in 0.1 M HNO3

To determine the U capacity on DGA resin in the nitric matrices, column
elution profiles of U(VI) were analyzed in varying U loading concentrations to
identify the point of breakthrough. The loading solutions used were 1 mL of 4.44,
22.2, 44.4 and 55.5 mg U(VI)/mL in 0.1 M HNO3. As seen in Figure 115, there is
no breakthrough in the elution curves up to 44.4 mg U(VI)/mL since the
symmetry is retained. There is breakthrough in the 55.5 mg U(VI)/mL elution
profile. The theoretical capacity for the DGA column studied is at a loading
solution of 51.15 mg U(VI)/mL, so these results help to support the theoretical
capacity of DGA U(VI) in nitric acid matrices.
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Optimization of Mobile Phase Conditions for Actinide Separations
Considering all the batch studies’ results for DGA and UTEVA, a two
column separation scheme would provide the most worthwhile and efficient
separation for material accountancy of the used fuel. To identify the optimal
conditions for separation, Am, Pu, and U loading, eluting, and separation
characteristics need to be investigated. The separation schemes in Figure 116,
are the most advantageous loading scenarios for a sequential separation. The
separation of Pu and U separation from UTEVA, Scheme A, is compared to the
Am, and Pu from DGA, Scheme B. The separation which gives the most efficient
separation is identified and applied to a vacuum box separation, which is
discussed in the following chapter.

UTEVA

UTEVA

Pu(IV),
U(VI)

U(VI)

DGA

DGA

Am(III)

Am(III),
Pu(IV)

Figure 116. Loading Scheme A (left) and Scheme B (right)

In Scheme B, an efficient separation of Am and Pu on DGA resin is
necessary. This separation was performed, and the elution profiles related to it
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are in Figure 117. In order to distinguish the counts from Am-241 against those
from Pu, all samples were counted on both the LSC and the automatic gamma
counter. The differences of these counts were assumed to be due to Pu.

5 M HNO3

0.01 M HCl

0.1 M HCl + 0.01 M HF

16000

k’Am ~ 3.25 (k’batch ~ 1.23)
14000

Counts per Minute

12000
10000
Am + Pu
8000

Am

6000
4000
2000
0
1

5

9

13 17 21 25 29 33 37 41 45 49 53 57 61 65 69 73
Fraction Volume (1 mL)

Figure 117. Am and Pu Elution Profiles from DGA resin
Load/Rinse: 5 M HNO3, 14 mL

As seen in the above elution profile, some of Pu eluted off along with Am.
This may be due to the disproportionation of Pu, where some of the Pu may be in
its trivalent state. In this case the Pu(III) would be expected to have the same
elution characteristics as Am. Plutonium’s trivalent oxidation state is not totally
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unexpected in lower concentrations of acid, such as the 0.01 M HCl used for the
elution mobile phase, therefore an oxidation state adjustment would be needed
prior to elution in 0.01 M HCl, which is not ideal. Further support of Pu following
Am, is the percent recovery for each mobile phase. Upon looking at only the LSC
counts, in which the Am and Pu counts are indiscernible, and upon comparing to
total Am activity added onto the column 166% recovery is found. Therefore, more
than just Am is eluted in this mobile phase. Since a portion of the elution fractions
were analyzed on the autogamma detector it allowed for the subtraction of Am
and Pu activity from one another. This allowed for us to determine that the
partitioning of Am and Pu from one another was not achieved in this separation
scheme. Since the combined elution of Am and Pu is due to their common
oxidation state, control of Pu’s oxidation state by an oxidizing agent could
increase the purities of the elution fractions. The overall recoveries for Am and
Pu were fairly high, as seen in Table 12.

Table 12. Percent Recoveries of Americium and Plutonium Separation on DGA

Mobile Phase
Load
Elution
Strip
Total
Recovery

Am %
0.56
97.2
0.09

Pu %
0.47
61.7
46.5

97.9

109

Even though the Am recovery is high, the elution peak is considerably
broad and would not be an optimal elution. A sharper Am elution peak would
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enable a more efficient separation. Since it is possible that the broad elution is
due to the combination of Am and Pu together, the Am elution individually would
be of importance. Therefore, other elution schemes or mobile phases would be
important to improve Am elution from DGA. For this reason, a comparison of 0.1
and 0.01 M HCl mobile phases is presented in Figure 118. The most notable
change between the mobile phases is the shape of the elution peak. In 0.1 M
HCl, the elution peak is very sharp, where 90% of the Am elutes off in 10 mL. For
this reason, 0.1 M HCl elution phase is a more advantageous matrix for Am
elution from DGA and will be applied in the vacuum box separation.

35000

k’ ~ 0.375 (k’batch ~ 0.2)
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0.1 M HCl (CPM)
0.01 M HCl (CPM)

Am (CPM)

25000
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0
0
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Figure 118. Comparison of Am Elution in 0.1 and 0.01 M HCl
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Upon comparison, the batch studies’ free column volume to peak
maximum, k’ value, with those obtained by the elution profiles show fairly close
correlation. Smaller elution fractions may have helped to narrow down the
variance between the two k’ values for each matrix studied, since the finer the
fractions, the closer to the elution peak’s true volume to reach the maximum.
In separation Scheme A, it is important to know at what volume Am will
completely elute from UTEVA, and which mobile phase conditions give the
optimal Pu and U separation. Since the k’ values determined by batch studies
matched well with those determined by column elution profiles, it allows for those
values to be used to estimate the metals’ behavior on a column. Based on Am k’
values in 5 M HNO3 for UTEVA, it was expected that Am would elute off of the
column with very little volume. For the initial separation, Pu and U separation was
attempted in 2.0 M HCl because their k’ values at this concentration have about
an order of magnitude variance between them. These elution profiles are
illustrated in Figure 119.
Americium eluted cleanly off UTEVA resin within 10 mL of 5 M HNO3 with
97.9% recovery. This low elution volume is important for the use of UTEVA in
combination with DGA, since the lower the volume, the less waste generated and
less time will be needed. The 5 M HNO3 loading phase is advantageous since it
will give simple implementation into the fuel cycle because the current process
uses similar nitric acid concentrations.
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For the Pu and U separation on UTEVA in 2 M HCl, the separation was
not ideal. Even though the Pu-239 eluted off quickly, the Pu-239 elution peak
overlapped with the U-233 peak which does not give a clean sample for
instrumental analysis. The U-233 elution peak is very broad and takes over 30
mL to complete elution in 2 M HCl. This elution volume is not desirable for a rapid
separation. Also, the recoveries of Pu-239 and U-233 were both low, 80% and
82%. Overall, the separation of Pu and U in 2 M HCl is not optimal for a vacuum
box separation.

Load/Rinse: 5 M HNO3

Elution: 2.0 M HCl
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Figure 119. Am, Pu, and U Individual Isotope Elution Profiles from UTEVA resin
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Further research was needed to find a more strategic separation for Pu
and U. Therefore, sodium nitrite was investigated due to the k’ values determined
in Chapter 5, which would result in a low elution volume and sharp peaks for
Pu(III) and U(IV). This separation is presented in Figure 120, where Pu(III) elutes
off with 98.7% recovery, and U(IV) elutes off with 95.5% recovery. This scenario
gives sufficient recoveries and elution volumes to be advantageously applied to a
vacuum box.

0.1M HCl + 0.3 M NaNO2

0.1M HCl + 0.01 M HF
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Figure 120. Pu(III) and U(IV) Elution from UTEVA using NaNO2
Load/Rinse: 5 M HNO3, 20 mL
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Section 7.4 Concluding Remarks
Two elution scenarios were investigated for the potential separation of
Am, Pu, and U on a vacuum box. Scenario A, described in Figure 116, was found
to be the more effective and efficient separation. Based off the elution profiles for
this scenario, the optimal mobile phase volume could be identified to ensure that
majority of the actinides are recovered. With this knowledge, the proposed
separation in Figure 121 is expected to provide a novel and beneficial separation
which will need to be applied to a vacuum box to determine its true potential.

1&2
1) Load used fuel onto joined columns using 5 M HNO3.
2) Rinse columns with 5 M HNO3, Pu and U are retained
on UTEVA and Am elutes through to DGA
UTEVA
Pu(IV),
U(VI)

3&4

5&6

3) Pu(III) Elution:
0.1 M HCl + 0.3 M NaNO2
4) U(IV) Elution:
0.1 M HCl + 0.01 M HF

DGA

UTEVA

DGA

Am(III)

Pu(IV),
U(VI)

Am(III)

5) Am(III) Elution:
1.0 M HCl.
6) Strip:
0.1 M HCl + 0.01 M HF

Figure 121. Proposed Used Fuel Separation utilizing UTEVA and DGA resin
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Chapter 8. INVESTIGATION OF A RAPID SEQUENTIAL
SEPARATION OF ACTINIDES UTILIZING A VACUUM BOX

Section 8.1 Abstract
To decrease the time a separation procedure takes the application of
pressure or a vacuum is often used. Doing so can change the efficiency of a
previously characterized gravity fed separation by broadening elution bands. The
effects of such changes on extraction chromatography resins have previously
been studied.[98] It was found that resins which have high transfer kinetics, like
DGA and UTEVA, are not considerably affected by the change in flow rate and
therefore, are well suited for application of increased flow rates.[98]
In this chapter, the separation of Am, Pu, and U is investigated by
sequentially stacking prepacked UTEVA and DGA resin cartridges on a vacuum
box. Acid concentrations, and flow rates were varied in order to achieve optimal
separation. Once this separation was proven to be efficient at higher flow rates
for just Am, Pu, and U alone, then a mock used fuel was added. This mock used
fuel included the non-radioactive components studied in Chapters 3 and 4 at
concentrations matching those presented in Table 1. The efficiency and percent
recoveries for this separation are discussed. The effects of the additional
components on the elution and separation of Am, Pu, and U are discussed as
well.
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Section 8.2 Materials and Methods

Vacuum Box Separation Method
The 2 mL DGA and UTEVA prepacked cartridges were used on the inhouse designed vacuum box system described in Chapter 2. In this chapter all
vacuum box separations were run in triplicate, side by side, and the graphs are
the representation of their average. The flow rate for mobile phase elution used
was based off of previous characterization by J. Gostic on the same system,
where little to no effects on actinide elution properties were seen with flow rates
varying between 1 and 9 mL/min.[98] For these studies the vacuum was set at
575 torr, corresponding to a flow rate of ~2 mL/min for preconditioning and
loading steps and at 500 torr, corresponding to a flow rate of ~5 mL/min for
rinsing, eluting and stripping phases.
All separations were carried out at room temperature, 20-23oC. For all
vacuum box separations, 5 mL fractions of all mobile phases were collected and
1 mL aliquots analyzed on the LSC. Another aliquot of varying size, depending
on activity, was taken for electrodeposition and analysis by alpha spectrometry.
The method used is as described in Chapter 2.

Reagents
The 2 mL DGA and UTEVA extraction chromatography prepacked
cartridges were obtained from Eichrom Technologies, Inc. All solutions were
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prepared from ACS reagent grade acid (Sigma-Aldrich) using deionized water
with a resistivity of 18.2 Megaohms from a Cascada system manufactured by
Pall Corporation. For the majority of the separations, the loading phase was 5 M
HNO3, the elution mobile phases studied consisted of hydrochloric acid, and the
stripping mobile phase were mixed matrices of hydrochloric/hydrofluoric acids.
These acids were acquired from Sigma-Aldrich and are ACS grade. Sodium
nitrite (Baker Analyzed ACS Reagent, Mallinckrodt Baker) was used for the Pu
and U separation on UTEVA.

Measurements
Aliquots of 1 mL were taken from all fractions from all mobile phases and
were analyzed by LSC, using the same method described in Chapter 2. To
account for quenching due to matrix composition, blanks and standards were
prepared with a similar matrix as the fractions collected. All mobile phases were
also electrodeposited and counted for 12 hours on the Alpha Analyst system
described in Chapter 2. All of these samples were counted for 12 hours.

Section 8.3 Rapid Separations for Material Accountancy Purposes
Prior to investigating Am, Pu, and U adsorption and elution from UTEVA
and DGA following the scheme presented in Figure 121, the vacuum box system
needed to be tested to confirm that the last characterization still applied since it
had not been used for several years. The vacuum pressure setting versus flow
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rate, and variability at a certain setting were investigated and found to match
those results previously obtained.
Upon applying a gravity fed separation onto a vacuum box, the separation
is generally expected to keep the same overall trends but will often have a
decrease in its separation efficiency and percent recoveries. Therefore, initially,
only Am, Pu, and U were added to the stacked UTEVA and DGA prepacked
cartridges for separation. Once the effects of the vacuum box were determined,
then separation of a mock used fuel occurred. Since each sample had the
potential to have all three radionuclides in one fraction, each fraction was
electrodeposited and analyzed on the alpha spectrometer. The results are
graphed in Figure 122.
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Figure 122. Am, Pu, and U Separation utilizing UTEVA and DGA Prepacked Cartridges on a Vacuum
Box System
5 mL fractions were collected, Composition of labelled mobile phases are A – 5 M HNO3,
B – 0.1 M HCl + 0.3 M NaNO2, C – 0.1 M HCl + 0.01 M HF, D – 5 M HNO3, E – 0.1 M HCl

The separation of Pu and U on UTEVA resin matches well with the gravity
fed separations described in the previous chapter. The elution peaks are sharp
and elute >90% of the radionuclide in the first 5 mL fraction. This means that the
mobile phase volume may be lowered, resulting in a decrease in the time the
separation would take. The elution of Am from DGA is broader than determined
for a gravity fed column. Even though the elution peak is broader, recovery is still
high. The standard deviation for Am-241 elution is fairly high and would not be
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sufficient for a reliable material accountancy system and therefore other elution
matrices should be studied. All the recoveries for this separation are listed in
Table 13.

Table 13. Percent Recoveries for Actinide Separation on Vacuum Box

Am-241
Pu-239
U-233

%
Recovery
95.0
95.5
97.3

STD
14.04
0.06
0.68

For more complicated samples, such as used fuel, further band
broadening can occur due to various complexes forming which have slower
transfer kinetics on the resins and recoveries can lower as well. Therefore, a
mock used fuel was made based on the components previously studied at
concentrations ratios similar to those calculated by origin, which was presented
earlier. The relative concentrations of Am-241, Pu-239, and U-233 to one another
were also made to match the mass percentages listed in Table 1. In order to
identify the effects on elution from only the additional components, the same
conditions were held for this separation as the one presented above, in Figure
122, and the mobile phase volumes were not decreased. Since no large
interferences were detected below the capacity of the resin, in Chapters 3 and 4,
and this separation is run below capacity no large changes are expected on the
separation characteristics.
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Figure 123. Rapid Mock Used Fuel Separation using UTEVA and DGA resins
Mobile phase compositions are A: 5 M HNO3, B: 0.1 M HCl + 0.3 M NaNO2,
C: 0.1 M HCl + 0.01 M HF, D: 5 M HNO3, E: 0.1 M HCl, F: 0.1 M HCl + 0.01 M HF

Overall, the same elution trends were obtained for the mock used fuel
separation as for the pure Am, Pu, and U separation. Even though the percent
recoveries are high, the standard deviations have increased with the addition of
the other components. This may be due to being too close to the maximum
capacity of the resin cartridges. Therefore, investigation of larger resin volumes
would be beneficial. To determine the potential of this system, it would be ideal to
manipulate other parameters, such as flow rates, in order to try to decrease the
deviation.
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Table 14. Mock Used Fuel Separation Percent Recoveries

Am-241
Pu-239
U-233

% Recovery
92.68
99.18
103.29

STD
39.60
1.65
5.27

Section 8.4 Concluding Remarks
Overall, the rapid separation shows potential for application in the fuel
cycle for material accountancy purposes, but it still needs more work to lower the
deviation of the separation. Although the recoveries are high, the deviation
between each replicate was also very high which will not ensure the
reproducibility necessary for material accountancy purposes. The UTEVA resin
proved to be a very viable resin for vacuum box separation of Pu and U from
used fuel. It may be necessary to replace DGA resin with another extraction
chromatography resin or a new eluent which has lower deviations in Am elution.
Investigations into the flow rate, resin volume, additional rinsing phases, and
column dimensions could be useful to help in lowering the deviation. It would also
be essential to investigate the separation of true used fuel, since there are most
likely additional effects on the separation from high dose rates.
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Chapter 9. CONCLUSIONS AND REFLECTIONS ON FUTURE
RESEARCH

Section 9.1 Actinide Separations for Reprocessing Material
Accountancy
Characterization of DGA and UTEVA resins were performed for some of
the largest components found in used fuel at various metal ion concentrations in
nitric and hydrochloric media. For the most part, little to no effect was seen on
the actinide adsorption below the resin capacity with the exception of Zr and Tc.
These effects have yet to be reported and may have significance for other
samples separated on DGA or UTEVA. Although some of the driving forces
behind the changes in actinide adsorption in the presence of Zr and Tc are still
unclear and need further analysis, it can be assumed that the adsorption
characteristics of Am, Pu, and U in the loading phase of 5 M HNO3 would stay
consistent with those determined in previous individual batch contact studies.
This is of great importance for the application of DGA and UTEVA into the
nuclear fuel cycle, since PUREX is performed in ~5 M nitric acid conditions and
could allow for in-stream implementation. In-stream implementation is a crucial
parameter to achieve rapid separations and measurements necessary for nearreal time material accountancy.
The adsorption of metals to DGA was found to be highly dependent on the
counter ion in the system, where their charge densities and hydration energies
can define the trend. There may be multiple factors dictating the trends in other
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conditions making it difficult to identify the driving factor. The effects of reducing
agents and additional complexants were studied on DGA and UTEVA.
Manipulation of the actinide oxidation states proved to give the largest separation
factors for DGA and UTEVA resins. The analysis of actinides in these various
matrices may aid in further development of novel separation schemes.
Based on the trends seen in the various matrices a novel separation
scheme was investigated for potential use for rapid analysis of Am, Pu, and U
from used fuel. The elution profiles were determined for Am, Pu, and U
separately for the various resins and recoveries >96% of each actinide were
achieved. Overall, there was good correlation between the k’ values determined
by batch contact studies and the elution profiles. Therefore, the k’ values alone
can be used to determine the appropriate mobile phase volumes necessary for
an ideal separation scheme. Once the optimal mobile phase and volumes were
determined for Am, Pu, and U. The separation was applied to a vacuum box.
Initially the separation was performed only with the actinides present, giving
similar recoveries >95% with fairly low standard deviation. A low standard
deviation is of great importance for reproducibility of the material accountancy
system. Upon separation of a mock used fuel, the recoveries were >92% but the
standard deviation increased greatly. This was most likely due to the additional
components affecting the elution characteristic, in particular Tc’s effects on Am’s
adsorption to DGA. Due to this high deviation, it may be advantageous to
investigate other extraction chromatography resins to replace DGA, such as
TRU, for their potential to separate Am from used fuel.
246

Further optimization of this separation is possible, such as vacuum box
operation conditions, varying mobile conditions to improve recoveries, and
column parameters. Overall, due to the high recoveries, simple separation
scheme, and vacuum box application, this separation shows great potential for its
application into a reprocessing facility for material accountancy purposes.

Section 9.2 Separations for Nuclear Forensic Purposes
Characterization of UTEVA and DGA for nuclear forensic samples found
that both resins keep great selectivity even in the presence of large amounts of
other metals typically found in soil. For UTEVA, metals with +1, +2, or +3
oxidation states had consistently very little adsorption in nitric and hydrochloric
matrices. For DGA, it is not as generally selective but still provides enough
selectivity for advantageous use for soil and urban material based samples.
Since DGA had more variability in its selectivity, it allows for more novel
separations or a variety of analytes.
A novel separation of a glass/cement bead was performed on a DGA
gravity fed column. Due to the time table available for this separation, it was only
performed once and full characterization was not possible. Since the majority of
the analytes had decayed prior to separation, the full potential of this separation
was not identified. The separation recoveries were only >68.7%, and the
separations were not pure. Further investigations into use of other reagents may
be useful for obtaining pure separations. Since this separation could possibly
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isolate the analytes of interest easily in one column, further characterization
would be valuable. Ideally, analysis of all elution fractions would be necessary for
full characterization. Also, obtaining elution profile curve would help optimize
mobile phase volumes which could potentially decrease waste generated and the
time the column separation would require. Overall, the studies performed for
nuclear forensic samples supports the fact that extraction chromatography resin,
especially UTEVA and DGA, are well suited for samples with complex matrices,
and for separation of multiple analytes in one column.
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