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Abstract 23 

The behavior of 88Y, 152Eu, 228Ac, 241Am, and 244Cm was studied with 2-24 

thenoyltrifluoroacetone resin with batch uptake, kinetics and column studies.  Studies were 25 

performed in acetate buffer solutions (pH ~2 to ~6) and there was high uptake of all 26 

isotopes, except 228Ac, at pH >4.5.  The kinetics of uptake were reasonable, although slower 27 

for the actinides, and sufficient for column studies.  The retention of 88Y, 152Eu, and 241Am 28 

on the resin in column studies was demonstrated as well as a reasonable separation of these 29 

isotopes from 228Ac. 30 

Keywords 31 

Extraction chromatography, rare earth elements, americium, actinium, curium 32 

Introduction 33 

Extractions of metal ions with 2-thenoyltrifluoroacetone (TTA) have been used for 34 

numerous applications [1] [2].  While TTA is a neutral molecule, it undergoes keto-enol 35 

tautomerization and the enol-form binds metals as an anion with the pH of extraction highly 36 

dependent on the metal ion of interest, enabling the development of a wide range of 37 

separations based on this molecule [1] [2].  One area of interest for extractions with TTA 38 

is separations involving the rare earth elements (REE) and trivalent actinides.  Separation 39 

among these elements are critical for nuclear fuel cycle technologies [3] [4] [5], but they 40 
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are extremely challenging to separate from each other due to similarities in size and 41 

chemical properties [3] [5]. There have been some promising results reported in the 42 

literature for separations among the REE and trivalent actinides with TTA in liquid-liquid 43 

extraction systems.  High separation factors have been calculated for the separation of 44 

lanthanum and lutetium [6] as well as successful sequential separations of americium and 45 

lanthanum [7].   46 

Studies on the uptake of the trivalent actinides or lanthanides with TTA are frequently 47 

augmented by the addition of synergistic extraction agents, typically a neutral extractant 48 

molecule like tributyl phosphate (TBP) [8] [9], trioctytphosphine oxide (TOPO) [10], 49 

crown ethers [3] [4] [11], and aza-crown ethers [12].  While the use of synergistic 50 

extractants can increase the uptake of metal ions [8], this can also lead to steric issues as 51 

both TTA and the other extractant must interact with the metal ion [13].  This can be 52 

undesirable, especially for the smaller REE such as yttrium [13], as TTA itself selects for 53 

smaller ions that are more prone to steric issues.   54 

Despite the interest in TTA for liquid-liquid extraction studies with the trivalent actinides 55 

and REE, there is little to no data for column separations based on TTA.  One challenge in 56 

this area is the reliance on synergistic extractants, as it can be difficult to translate 57 

synergistic studies into column studies.  Such studies require a resin loaded with multiple 58 

extractants, in which case it can be difficult to determine if and how both extractants are 59 

interacting with the metal ion, especially for carrier-free radioisotopes.   Alternatively, one 60 

of the extractant species can be absorbed on a resin and the other dissolve in a mixed 61 

organic-aqueous mobile phase, but this requires the organic species to have extremely 62 

different solubilities to ensure the molecule loaded onto the resin does not elute in the 63 

mobile phase (see Ref. [14]).  64 

Based on liquid-liquid extraction studies in the literature with the trivalent actinides and 65 

REE, a TTA-based resin was fabricated to assess the potential for column separations of 66 

these elements based on extraction via TTA.  To ensure the behavior of these elements 67 

with TTA could be established from resin studies, no synergistic extractants were used.  68 

The uptake of several trivalent metal ions on TTA resin was studied (88Y, 152Eu, 228Ac, 69 
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241Am, and 244Cm) in acetate buffer solutions to control the pH (~2 to ~6) as this is the 70 

range where TTA is most prone to extract the REE, actinium and americium based on past 71 

literature studies [6] [15] [16] [17]. In this pH range (<6.5), none of these isotopes are prone 72 

to hydrolysis (see Refs. [18] [19] [20]).  Acetate was chosen as a buffer solution over 73 

perchlorate for safety and simplicity as perchlorate solutions are far more reactive and 74 

difficult to dispose of; both buffer agents are commonly used in literature studies with TTA 75 

(see Refs. [4], [6], [11]).  76 

The individual uptake behavior of americium as well as europium with TTA in liquid-77 

liquid extraction systems has been well characterized [6] [15] [16] [21], therefore these 78 

elements were a focus for the studies in this work to enable comparison in behavior and 79 

extraction trends between the resin results in this work and past results (in liquid-liquid 80 

systems) the literature.  In addition, yttrium, actinium and curium were studied.  Curium 81 

was selected due to its chemical similarities to americium.  Yttrium and actinium were 82 

chosen to highlight the size selectively of TTA as yttrium is a very small “pseudo-83 

lanthanide” and actinium is the largest of the trivalent f-block cations.  84 

Experimental 85 

All reagents were of ACS reagent grade or higher; solutions were prepared with Millipore 86 

Milli-Q deionized water (18.2 MΩ cm).   Glacial acetic acid (99.7%), lithium acetate 87 

dihydrate (≥99.0%), methanol (≥99.9%) and 2-thenoyltrifluoroacetone (99%) were 88 

obtained from Millipore-Sigma.  A solution of 1 M HCl was prepared from ULTREX II 89 

ultra-pure hydrochloric acid (J.T. Baker) diluted with Aristar ultra-pure water (VWR 90 

International). 91 

The resin was made by impregnating a bare resin backbone (XAD-2, 20-60 µm, Sigma) 92 

with 2-thenoyltrifluoroacetone in methanol (MeOH).  The backbone was first cleaned with 93 

successive washes (~30 mL each time) of H2O, H2O-MeOH (50:50) and MeOH before 94 

drying at 40 °C overnight.  The cleaned bare resin (7.75 g) was slurried with 20 mL MeOH 95 

in round bottomed flask then 1.60 g of 2-thenoyltrifluoroacetone dissolved in 20 mL 96 

MeOH was added.  The resin and TTA solution were mixed in a rotovap (120 rpm) for 24 97 
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hours.  After this mixing period, the rotovap was used to apply heat (40 °C) and a slight 98 

vacuum until the resin was dry. 99 

The radionuclides studied in this work are listed in Table 1.  Several of the isotopes were 100 

available as legacy materials from Lawrence Livermore National Laboratory (LLNL), 101 

including 241Am and 244Cm as well as 228Ra (from the 232Th decay chain), which was milked 102 

as needed to obtain 228Ac (see Ref. [22]).  Other isotopes were obtained commercially; 88Y 103 

was separated from 88Zr, purchased from the National Isotope Development Center 104 

(NIDC), and separated via anion exchange resin (AG 1x8, 100-200 mesh) in concentrated 105 

HCl.  There was no detectable 88Zr in the 88Y used in this work.  Europium-152 was 106 

obtained from Eckert & Ziegler and used directly.  Individual stock solutions of the 107 

isotopes of interest were prepared in 1 M acetic acid for experiments. 108 

Table 1 Radioisotopes used in this work with relevant nuclear data, including half-lives, 109 

decay mode, gamma-ray energies, and intensities [23]. 110 

Isotope Decay Mode Half-Life Photopeak (keV) and 

Intensity  

88Y β+ 106.65 d 898.042 (93.7%) 

152Eu β- 13.537 y 121.7817 (28.58%) 

228Ac β- 6.15 h 911.20 (25.8%) 

241Am  432.2 y 59.5412 (35.9%) 

244Cm 
 18.11 y negligible 

Activity measurements were performed with both gamma spectrometry and liquid 111 

scintillation counting (LSC).  For batch and kinetics studies with 241Am and 244Cm, which 112 

were studied individually, measurements were performed with a Quantulus GCT Liquid 113 

Scintillation Counter; spectra were analyzed with QuantaSmart Software (Revvity).  All 114 

LSC samples were prepared in glass 20 mL scintillation vials with Hionic-Fluor cocktail 115 

(Revvity), and measurements were made relative to a standard of the same isotope.  For all 116 

other experiments, activity measurements were performed with an HPGe gamma-ray 117 

detector with Ortec NIM electronics and ASPEC multi-channel analyzer; spectra were 118 

analyzed with Maestro software (Ortec).  All counts were relative; samples were counted 119 
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in the same geometry and measurements were conducted immediately after completion of 120 

the batch, kinetics, and column studies.  Decay corrections were only necessary for 228Ac, 121 

due to its short half-life (Table 1).  For all other isotopes, the experimental time and count 122 

times were negligible compared to the half-life.  For each isotope, the highest intensity 123 

gamma-ray line was used to determine the activity.  Column studies were not performed 124 

with 244Cm as it lacks a strong gamma-ray emission and, if mixed with other -emitting 125 

isotopes, could not be readily differentiated using an LSC. 126 

Solutions and pH Measurements 127 

Solutions were prepared with an acetate buffer based on acetic acid (HAc) and lithium 128 

acetate (LiAc) as described in Table 2.  The pH of each solution (ranging from ~2 to ~6) 129 

was checked daily with a Mettler Toledo SevenExcellence Multiparameter system with a 130 

Mettler Toledo InLab Expert Pro-ISM Sensor with an uncertainty of ±0.01.  In 131 

experiments, the solutions were spiked with 20 µL 1 M HAc (containing the activity), 132 

therefore the pH of each solution under these conditions was measured each day as well 133 

and this value is the pH reported with the results as well as in Table 2. 134 

Table 2 Acetate buffer solutions.  The total concentration of acetate anions was 1 M for all 135 

solutions.  The pH value shown accounts for the spike of 1 M HAc, and the values given 136 

for the studies with 152Eu.  However, the pH varied slightly (±0.05) between experiments 137 

with different isotopes.  The results (see Results and discussion section) are plotted with 138 

the pH as measured at the time of the experiments. 139 

Solution # Representative 

pH 

[HAc] (M) [LiAc] 

(M) 

1 2.47 1.000 -- 

2 3.27 0.970 0.030 

3 4.22 0.750 0.250 

4 5.12 0.250 0.750 

5 5.97 0.030 0.970 

6 6.32 0.003 0.997 

 140 
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Batch Uptake Studies 141 

For batch uptake studies 10 to 15 mg of TTA resin was added to a 15 mL centrifuge tube 142 

along with 1 mL of one of the acetate buffer solutions (see Table 2).  The samples were 143 

mixed for 30 minutes on an orbital shaker to pre-equilibrate the resin.  Then a 20 µL spike 144 

of 1 M HAc was added, containing an individual isotope of interest, and the samples were 145 

mixed for 60 minutes.  For batch studies with 88Y, 152Eu, and 228Ac, the initial spike 146 

contained ~50 to 100 cps and each sample was counted during the mixing period on an 147 

HPGe detector for 30 s (until >1000 counts were obtained in the photopeak of interest).  148 

The batch studies with 241Am and 244Cm were analyzed by LSC rather than gamma 149 

spectroscopy, therefore the samples were not counted during the mixing period, and three 150 

counting standards were made alongside the samples to serve as a reference.  After mixing, 151 

samples were filtered with a 0.45 µm polytetrafluoroethylene (PTFE) syringe filter to 152 

remove the resin.  A 720 μL aliquot of each filtered solution was removed.  For LSC 153 

analysis, this aliquot was added directly to the LSC cocktail and counted (all samples 154 

contained >10 cpm).  For gamma spectroscopy measurements, the aliquot was diluted to 155 

1020 μL with Milli-Q deionized water (to maintain a consistent geometry with the initial 156 

sample) and counted on the same HPGe detector and in the same configuration as the 157 

original sample for 30 s to 1 hour, depending on activity, until there were >500 counts in 158 

the photopeak of interest.  All batch studies were performed in triplicate.  A blank study 159 

with untreated XAD-2 was performed identically to the batch studies with TTA to 160 

determine if there was any extraction on the backbone material itself. 161 

The weight distribution ratio (Dw, mL g-1) was calculated based on the initial activity of 162 

the sample (A0), the final activity of the sample (As), the acid volume (V, mL) and the 163 

weight of the resin (W, g) as shown in Eq. 1 [24] [25].  For the studies with 241Am and 164 

244Cm, which were performed using an LSC, A0 was determined from the average of the 165 

three counting standards rather than the initial activity of each sample as the activity could 166 

not be measured during the mixing time as with an HPGe.  Through the process of 167 

removing a standard aliquot and diluting it to the initial sample volume, the loss of liquid 168 

during the filtration process, which can vary between samples, is corrected for while still 169 

maintaining a consistent geometry for gamma-ray spectrometry. 170 
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𝐷𝑤 =
𝐴0 − 𝐴𝑠
𝐴𝑠

×
𝑉

𝑊
 171 

Kinetics Studies 172 

The kinetics of uptake were measured at pH 5.97 for all isotopes.  The kinetics samples 173 

were prepared similarly to the batch study experiments: 10 to 15 mg of resin was pre-174 

equilibrated for 30 minutes with 1 mL of the acetate buffer solution.  A 20 µL spike of 1 175 

M HAc with the isotope of interest was added and each sample was mixed set time interval 176 

(40 s to 3 hours) before quickly filtering to separate the solution from the resin.  As before, 177 

a 720 µL aliquot was taken and either added to LSC cocktail or diluted to 1020 µL, to 178 

maintain the same counting geometry as the standards, and each sample was counted until 179 

there were >500 counts in the photopeak of interest for samples counted with the HPGe 180 

detector.  As before, all LSC samples contained >10 cpm.  For each kinetics study, three 181 

counting standards were prepared with a 20 µL spike of 1 M HAc with the isotope of 182 

interest.  These were mixed for 2 minutes before filtering and aliquoting as for the kinetics 183 

samples.  184 

Column Studies 185 

Column studies were carried out with 2 mL BioRad columns under gravity flow.  The 186 

columns were packed with 2 mL TTA resin slurried in water.  Each column was 187 

preconditioned with 8 mL of an acetate solution (of the same pH as the load solution).  All 188 

load volumes were 2 mL and fractions were eluted in 2 mL increments.  After elution, all 189 

fractions were counted with an HPGe detector in the same geometry as the load fraction.  190 

The load solution and eluants for each column are given in Table 3.  As the counting for 191 

these samples was performed with an HPGe to differentiate between the various isotopes, 192 

curium was not included in these studies as it has no gamma-ray emissions.  Furthermore, 193 

as it cannot be differentiated from americium with an LSC, this was not a viable alternative 194 

for analysis of the column results with this element.  For the other isotopes studied, there 195 

are no interferences for the gamma-ray emissions used for measurements (see Table 1). 196 

(1) 
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Table 3 Details of the column studies performed as part of this work.  Acetate solutions 197 

are described in Table 2. 198 

Column Isotopes Load Solution Eluant 

1 88Y, 152Eu, 

241Am 

Acetate solution #5 

(pH 5.97) 

8 mL Acetate solution #5 (pH 5.97) 

12 mL Acetate solution #2 (pH 2.50) 

2 88Y, 152Eu, 

241Am, 228Ac 

Acetate solution #4 

(pH 5.14) 

6 mL Acetate solution #4 (pH 5.14) 

10 mL 1 M HCl 

Results and Discussion 199 

The results from the batch studies are shown in Fig. 1.  As mentioned previously, the Dw 200 

values were calculated from the average of three measurements, the error bars are from the 201 

standard deviation of the three measurements.  Due to inherent errors associated with the 202 

weight of the resin per sample and counting statistics, which cause large variations at values 203 

near zero, the lower limit for the measurement of Dw was 0.1.  The blank study with bare 204 

XAD-2 resin determined there was no uptake of any of the studied isotopes, therefore this 205 

data is not plotted.    206 

 207 

 208 

 209 

 210 

 211 

 212 

 213 

 214 
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Fig. 1 Batch uptake of 88Y, 152Eu, 228Ac, 241Am, and 244Cm on TTA resin from acetate 215 

buffer solutions (contact time was 1 hour).  All studies were repeated in triplicate; error is 216 

from the standard deviation.  The lower limit of the measurements was 0.1; some error 217 

bars are smaller than the data points. 218 
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The results for the kinetics studies are shown in Fig. 2.  As there was no significant 219 

extraction of 228Ac, the kinetics of uptake were not studied for this isotope.  220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 

Fig. 2 Uptake kinetics of 88Y, 152Eu, 241Am, and 244Cm on TTA resin from acetate buffer 229 

solution #5 (pH 5.97).  Error is the statistical counting error; some error bars are smaller 230 

than the data points. 231 

The size selectivity of TTA with trivalent metal ions is well-known [6], the uptake 232 

increases as the size of the metal ion decreases, and, among the REE, yttrium behaves 233 

similar to the heavier lanthanides as expected based on its small size (Table 4) [6].  The 234 

trend for increasing extraction as the pH increases is also well-established for the REE [6] 235 

as well as americium [15] [21] and actinium [17] [26].  Direct comparisons among the 236 

trivalent actinides with TTA as a function of pH are not as readily available, especially 237 

since many studies with americium have focused on the difference in extraction of Am3+ 238 

versus Am5+ [15] [21]. 239 

As mentioned previously, the extraction behavior of americium as well as europium with 240 

TTA has been characterized in liquid-liquid extraction systems and both elements extract 241 

well with a variety of solvents [6] [15] [16] [21].  Furthermore, europium and americium 242 
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behavior fairly similarly at pH 5 to 6 [26], which was replicated in this work for in both 243 

the batch and kinetics studies, although americium has slower kinetics, which is expected 244 

due to its larger size as well as weaker interactions with the 5f versus 4f electrons.  The 245 

species of europium extracted with TTA has been previously identified in the literature as 246 

Eu(TTA)3 (see Ref. [16] for detailed speciation studies).  Similarly, the extracted species 247 

of americium is likely Am(TTA)3.   248 

Yttrium extracts better than the actinides and lanthanides at high pH values (>4.5) and has 249 

much faster kinetics, likely due to its smaller size.  The extracted species is Y(TTA)3 [6].  250 

Unlike europium, americium and curium, yttrium does not extract significantly at lower 251 

pH values (<4.5).  There are many factors that could influence this, yttrium is a “harder” 252 

metal ion (less polarizable) and has a stronger tendency toward ionic interactions, rather 253 

than covalent, as compared to the lanthanides [20].  Yttrium is also the second most basic 254 

of the metal ions studied, as it is more basic than europium [20] and likely more basic than 255 

the americium and curium [19], however direct comparisons of hydrolysis studies can be 256 

difficult due to varying conditions and methods of study. Actinium, the most basic element 257 

studied [18], also shows a delay in extraction and this may be playing a role in the point in 258 

which the elements begin to extract.  Further studies would be needed to elucidate the 259 

reasons for this behavior as previous studies in the literature have not noted this behavior 260 

but also did not study higher pH values (>4) [6] [27].   261 

Of all the elements studied, the least literature data is available for curium.  Curium(III) is 262 

generally expected to behave like Am3+, as these two cations have a similar size (Table 4) 263 

and chemical properties.  For most of the pH range studied, americium and curium do act 264 

very similarly, however, at higher pH values (>5.5), curium extracts measurably less than 265 

americium and this is replicated in the kinetics studies.  While this is surprising based on 266 

the similarities in the chemistry of curium and americium, similar results have been 267 

reported in the literature.  Reference [28] reported consistently lower extraction of curium 268 

compared to americium, berkelium and californium with TTA, as well as with TTA and 269 

TOPO, from chloroacetic acid solutions.  While only one data point is given in Ref. [10] 270 

for Am3+, this work also indicates that americium extracts better than curium in systems 271 

with TTA and TOPO.  In TTA and TBP systems, americium also tends to extract better 272 
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than curium [8].  In lanthanide separations with TTA, as well as other extractants, a “tetrad” 273 

effect has been hypothesized in which the extraction of the lanthanides is affected by the 274 

filling of the 4f orbitals, with lower than expected extraction at particularly stable electronic 275 

configurations, such as the quarter, half, and three-quarter filling of the 4f orbitals [6] [29].  276 

While this has not been generally applied to the actinides, and in the lanthanide series this 277 

effect is not extreme enough to affect the order of extraction, curium, with a relatively 278 

stable half-filled 5f orbital, would be particularly susceptible to such an effect [29].  279 

Furthermore, Ref. [8] explains the tendency for lower extraction of curium based on the 280 

lower availability of its 5f orbitals for ligand interactions, which agrees with the idea that 281 

the filling of the 5f orbitals is playing a role in reducing the extraction of curium relative to 282 

americium.  However, the chemistry of curium and the higher trivalent actinides are under-283 

researched as compared to americium and the REE, likely due to difficulties in obtaining 284 

curium, berkelium and californium, and more research is needed to fully understand this 285 

behavior. 286 

Actinium is the largest of the metal ions studied and, as TTA is selective for smaller metal 287 

ions, would be expected to have a lower uptake than the other trivalent metals studied.  This 288 

was observed and is demonstrated in Fig. 1 with lower Dw values for Ac3+ at all pH values.  289 

Actinium uptake is also negligible for the lower pH values, only becoming significant as 290 

the pH increases above 5.  Similar to the other trivalent ions, the extracted species is 291 

expected to be Ac(TTA)3 based on liquid-liquid extraction studies in the literature [17] [26]. 292 

Actinium(III) is an extremely large cation compared to the other cations studied in this 293 

work (Table 4).  Due to its size, actinium generally forms low stability chelation complexes 294 

and kinetically labile complexes [30]. Both of these factors can contribute to its lower 295 

extraction relative to the other actinide and the lanthanides.  Furthermore, actinium is the 296 

most basic of the metal ions studied [18] [30], which can lead to differences in its behavior 297 

relative to the other more acidic metals as the pH changes.  Both the lower extraction and 298 

pH-dependence of actinium extraction with TTA have been documented in literature 299 

studies with liquid-liquid extractions with TTA and actinium: Ref. [17] showed the 300 

tendency for actinium to begin to extract at higher pH values and Ref. [26] described the 301 

lower extraction of actinium relative to americium and europium at pH 5-6 (no other pH 302 

values were studied).  Actinium chemistry in general is less well-understood than the other 303 
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elements studied in this work and further work would be required to fully describe the 304 

reasons for the differences between actinium and the other actinides. 305 

Table 4 The atomic radii of the trivalent metals studied in this work [5] [31].  If the two 306 

references are in agreement, no citation is listed in the table.  Reference [31] does not list 307 

a value for yttrium. 308 

Isotope M3+ Atomic Radii (nm) 

88Y 0.0900 [5] 

152Eu 0.0947 

228Ac 0.112 

241Am 0.098  

244Cm 0.096 [5], 0.097 [31] 

Two column studies were conducted to demonstrate the uptake and elution behavior of 88Y, 309 

152Eu, 228Ac, and 241Am on TTA resin.  As mentioned previously, 244Cm was not used for 310 

column studies due to challenges in accurately assessing its activity when mixed with other 311 

isotopes.  The first column study is shown in Fig. 3.  In acetate buffer solutions, 88Y, 152Eu, 312 

and 241Am are quantitatively retained at pH 5.97, followed by elution at pH 2.50 with high 313 

yields (>80%).   The yield for each isotope for all column studies is given in Table 5.  The 314 

main challenge with using this resin for separations is that few impurities are stable against 315 

hydrolysis in the relatively high pH values where the trivalent actinides and lanthanides are 316 

retained.  However, there are examples of using TTA for separations of the REE from 317 

Group II cations that are not prone to hydrolysis, such as strontium [32] and radium [17], 318 

in sequential liquid-liquid extraction systems and this resin would likely be practical for 319 

such separations.  320 
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Fig. 3 Column study with 88Y, 152Eu, and 241Am on TTA resin in acetate buffer solutions 321 

([Ac-] = 1 M).  Error is the statistical counting error; some error bars are smaller than the 322 

data points.  Lines are to guide the eye. 323 

 324 

Another column separation was performed to show the difference in behavior of actinium 325 

as compared to yttrium, europium and americium (Fig. 4).  Actinium is largely eluted 326 

(>70%) in pH 5.14, while yttrium, europium and americium require lower pH values to 327 

elute fully.  There is some bleeding of yttrium, europium and americium in the actinium 328 

fractions which is likely due to the short column and large size of the resin beads, which 329 

allows for some mixing on the column and inhibits an ideal chromatographic separation.  330 

However, with a longer column and smaller resin size, these issues could likely be 331 

resolved allowing for separations of actinium from the other trivalent actinides and REE.  332 

As the separation of lanthanum from americium with sequential liquid-liquid separations 333 

has also been demonstrated with TTA [7], there is significant potential for separations of 334 

the early lanthanides and actinium from the heavier lanthanides and actinides.   335 
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Fig. 4 Column study with 88Y, 152Eu, 228Ac and 241Am on TTA resin in acetate buffer 336 

solutions ([Ac-] = 1 M).  Error is the statistical counting error; some error bars are smaller 337 

than the data points.  Lines are to guide the eye. 338 

Table 5 Column yields.  Yields over 100% are due to counting statistics, which can cause 339 

large uncertainties when activity levels are low as was the case for the actinide isotopes. 340 

Column Isotope Yield (%) 

1 88Y 96 ± 4 

152Eu 81 ± 4 

241Am 102 ± 12 

2 88Y 96 ± 6 

152Eu 82 ± 5 

241Am 96 ± 16 

228Ac 119 ± 23 

Due to the large resin size, isocratic separations with this resin are not feasible, however, 341 

the difference in Dw values for americium and curium are significant enough that a 342 
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chemically bound, fine mesh TTA resin may be suitable for the separation of these 343 

elements, which is notable as americium-curium separations are extremely challenging.  344 

Chemically binding TTA to the resin would allow for better performance with large 345 

elution volumes as well as increase the radiation-stability of the resin, which would be 346 

desirable for isocratic separations with significant amounts of alpha activity. 347 

Conclusions 348 

While there have been numerous studies on the extraction of the REE and trivalent 349 

actinides in liquid-liquid extraction systems with TTA, there are no studies to characterize 350 

the behavior of these elements in column systems with TTA.  Studies were undertaken to 351 

assess the behavior of a selection of these elements (88Y, 152Eu, 228Ac, 241Am, and 244Cm) 352 

on TTA resin, made in-house, with batch uptake studies as a function of pH.  The highest 353 

extraction for all isotopes was at the maximum pH (~6.3) with high Dw values (>1000) for 354 

88Y, 152Eu, and 241Am and slightly lower for 244Cm.  The extraction of 228Ac was negligible 355 

at most pH values and minimal (Dw <50) even at its peak extraction.  Experiments to 356 

determine the uptake kinetics were also performed with reasonable Dw (>100) after 1 357 

minute for 88Y, 152Eu, 241Am, and 244Cm and equilibrium values were reached at 1 hour for 358 

the REE.  However, no clear equilibrium values were reached for the actinides even after 359 

3 hours. 360 

As separations among the lanthanide and actinide series are challenging, exploring new 361 

resins for these separations is helpful in developing a broader range of possible separations.  362 

Column studies with TTA resin showed that the isotopes studied in this work can be 363 

retained on the resin and a partial separation of 228Ac from 88Y, 152Eu, and 241Am was 364 

demonstrated.  By optimizing the resin conditions, in particular a finer mesh size, isocratic 365 

separations of the light trivalent lanthanides and actinides from the heavier members of 366 

these series is likely feasible. As discussed previously, many studies in the literature 367 

involving the extraction of trivalent actinides and REE with TTA are conducted with 368 

synergistic agents to optimize the extraction.  By establishing the behavior of these 369 

elements in column studies with solely TTA, the effects of adding a synergistic extractant 370 
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in future studies can be easily elucidated.  As separations with TTA are conducted in acetate 371 

buffers in mild pH conditions, they may be useful in applications where harsh acidic 372 

conditions are not desirable warranting future work in this area. 373 

There were differences observed in the behavior of americium and curium at high pH 374 

values.  While a full characterization of these differences and their underlying reasons was 375 

not conducted in this work, future work could be conducted to assess if this system could 376 

be useful for separations of these elements.  Separations of americium and curium are 377 

critical for a number of fields, such as nuclear waste reprocessing [33] and nuclear forensics 378 

[34], but these separations are extremely challenging.  Minor differences in chelation 379 

behavior, such as seen in this work, can be important for devising new separations of these 380 

elements [33] [34].  Studies with varying concentrations of TTA loaded onto the resin, as 381 

well as varying flow rates and resin mesh sizes, would be required to determine if the 382 

differences in americium and curium behavior observed in this work could be exploited for 383 

separations in the future. 384 
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