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Introduction 

Protactinium-230 (t1/2 17.4 d) is the parent isotope of 230U (t1/2 20.8 d), a radionuclide of interest for targeted alpha therapy (TAT). Uranium-230 is of interest both directly and as the parent of 226Th (t1/2 30.6 m) another radionuclide of interest for TAT applications. Protactinium-230 can be made via the particle induced reactions 232Th(p,3n)230Pa1,2 and 232Th(d,4n)230Pa3. These methods of production involve the separation of 230Pa from a variety of fission products and bulk thorium in addition to the subsequent separation from 230U. Herein we report the production of 230Pa from proton irradiated thorium targets and novel separation strategies employing sulfur-based extraction chromatographic resins.      
Material and Methods 
All reagents used were trace metal grade unless specified elsewhere. Aqueous solutions were prepared with 18 MΩ water (Millipore). Thorium metal targets were manufactured at Los Alamos National Laboratory (LANL). 
Thorium targets (0.1 mm thick) were irradiated for 5 µAh in the low energy slot at the Isotope Production Facility (IPF) at LANL. Nickel foils (25 µm, Alfa Aesar) were used for monitoring proton energy. Foils were transferred to the Hot Cell facilities at LANL for processing.

Thorium targets were dissolved in 20 mL 10 M HCl spiked with 100 µL 2 M HF. Aliquots of the targets were analyzed by High Purity Germanium (HPGe) detector analysis for quantification of 230Pa production yields. 

Equilibrium distribution coefficients were measured for Pa(V), U(VI), Th(IV), Nb(V), Ra(II), and Ac(III) using the batch mode. Each condition was run in triplicate. Briefly, approximately 50 mg of diglycolthioamide (DGTA) or CL resin (employing a R3P=S functional group, Triskem) were added to pre-weighed centrifuge tubes along with 1 mL of solution (0.1-10 M HCl) containing a 5 µL aliquot of 5-15 kBq 233Pa, 230U, 227Th, 95Nb, 223Ra, and/or 225Ac. Tubes were weighed and allowed to come to equilibrium with gentle shaking overnight. Solutions were then filtered into a second pre-weighed centrifuge tube and weighed. Activity remaining was measured via HPGe spectroscopy. Due to the low gamma lines of 230U/226Th they were performed separately. Both 230U and 225Ac were allowed to establish equilibrium before analyzing using the characteristic gamma-lines of their progeny for analysis. Distribution coefficients were calculated using Equation 1, where Ai is the initial activity, Aeq is the equilibrium activity in the aqueous phase, V is the volume of the equilibrium liquid phase (mL) and m is the mass of the resin (g).                                                                                            
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Equation 1
Separation of 230Pa from the target material was performed as follows. The dissolved target was contacted with 1 mL CL or DGTA resin. The flow through was collected and analyzed. The column was then washed with an additional 20 mL of 10 M HCl and the eluent collected and analyzed. Protactinium-230 was then eluted with 10 mL 4 M HCl/0.1 M HF. The eluent was collected and analyzed. The 230Pa fraction was then brought to soft dryness and converted to 10 M HNO3. This solution was then added to a column containing 1 mL DGA resin (Eichrom) and the eluent collected and analyzed. Niobium-95 contaminant was then eluted with 1 M HNO3. Protactinium-230 was then eluted with 4 M HCl/0.1 M HF and analyzed for chemical yield.
Results and Disscussion 
Production yields of 230Pa were measured and compared to theoretical yields based on measured cross-sections1,2 and are shown in Table 1.  
	tb (h)
	I (µA)
	Energy 
	AEOB (MBq)
	% Yield

	
	
	(MeV)
	
	

	0.5
	9.02
	19
	1.2
	88

	0.5
	8.99
	24
	1.7
	118

	0.5
	8.99
	27
	1.1
	110


Table 1. Production yields of 230Pa at EOB

The equilibrium distribution coefficients for Pa(V), U(VI), Th(IV), Nb(V), Ra(II) and Ac(III) in hydrochloric acid on CL and DGTA resin were measured and are shown in Figure 3.  At high (≥ 8 M) hydrochloric acid concentrations, Pa(V) is strongly adsorbed onto both CL and DGTA resin with Kd values of ~104 and ~103 respectively.  At low hydrochloric acid concentrations (≤ 4 M), Kd values for Pa(V) are significantly lower with DGTA having lower affinity (< 0.1) than CL resin (< 100).  Nb(V) has less affinity for both resins, however the Kd values are still significant at hydrochloric acid concentrations ≥ 8 M limiting the ability to separate Nb(V) from Pa(V) using these resins.  Interestingly, DGTA resin shows higher affinity for Nb(V), with Kd values approaching 103, under these conditions than with CL resin.  Additionally, U(VI) (most likely present in the form of uranyl UO22+) has a Kd value > 10 in 10 M HCl on DGTA resin and on CL resin its kd values remain less than 2.  Th(IV), Ra(II), and Ac(III) exhibited no affinity for either resin in any of the conditions tested.  These results establish the feasibility of these resins to separate 230Pa from 230U and bulk thorium.      
[image: image2.png]



Protactinium-230 was separated from bulk thorium and fission products with an average recovery of 93 ± 4 % and 88 ± 4 % for CL and DGTA resin respectively. Radionuclidic purity for protactinium was > 99.5 % with the only measureable impurity being 95Nb. 

Conclusions

Protactinium-230 was produced in the low energy slot at IPF in Los Alamos. Production yields were slightly higher than theoretical yields based on measured cross-sections. Two sulfur based resins were tested and proved effective at separating 230Pa from bulk thorium and fission products with recoveries of > 88% and radionuclidic purity of > 99.5 %. 
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Figure 1: Equilibrium Distribution coefficients for Pa(V), Nb(V), U(VI), Th(IV), Ra(II) and Ac(III) on CL (top) and DGTA  (bottom) resin.
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