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Abstract 13 
 14 
Radioisotopes of actinium are valuable because of their potential use in the medical 15 

industry. Actinium-225 shows promise for treating disease—like cancer—via targeted 16 

alpha therapy (TAT), and the longer-lived actinium-227 is the parent of two radionuclides 17 

with potential application in TAT radiopharmaceuticals, thorium-227 and radium-223. 18 

Continuing progress in the development of these medical applications requires robust and 19 

diverse methods for extracting and purifying actinium from a wide range of matrices. To 20 

define the strengths and limitations of separation methods commonly employed in 21 

actinium processing, we characterized the performance of ion exchange and extraction 22 

chromatographic steps for removing contaminants found in stainless steel (chromium, 23 

iron, nickel, and silicon) and aluminum from actinium-227. While AG-MP1 anion exchange 24 

resin with HCl(aq) successfully removed iron, cation exchanger AG 50W-X8 removed most 25 

other contaminants. The most persistent contaminant was aluminum, which was removed 26 

using a DGA Normal extraction resin. These results are presented within the context of 27 

applying that methodology toward actinium purification strategies. 28 

Introduction 29 

mailto:kaldrich@lanl.gov
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Radioisotopes of actinium are important because of their potential medical use. Actinium-225 1 

(225Ac; t½ = 9.92 d [1]) is a promising candidate for targeted alpha therapy [2] and is currently in 2 

Phase 1 – 3 clinical trials for treating various cancers. The longer-lived actinium-227 (227Ac; t½ = 3 

21.772 y [1]) is sought after primarily for two purposes. Firstly, its progeny radioisotopes are 4 

thorium-227 (227Th) and radium-223 (223Ra), the former being another potentially effective alpha 5 

therapeutic and the latter the active ingredient in the first FDA-approved alpha therapeutic branded 6 

Xofigo [4–6]. Hence, 227Ac generator systems have been developed that provide long-term access 7 

to 227Th (t½ = 18.697 d [1])  and 223Ra (t½ = 11.43 d [1]). Secondly, 227Ac [7, 8], alongside 228Ac 8 

[9], has been used as a surrogate for 225Ac in chelation and coordination chemistry studies. 9 

To support the growing demand for 225Ac and 227Ac, substantial advances in actinium 10 

separations science and processing technologies have been developed [9]. These technologies 11 

make use of a wide range of separation strategies, including liquid extraction [10, 11], ion 12 

exchange chromatography [12–16], extraction chromatography [17–20], precipitation [7], and 13 

more. Increasing fundamental understanding of actinide separation science would further diversify 14 

these methodologies and ensure that 225Ac and 227Ac can be effectively extracted from a wide range 15 

of target materials and matrices, or even mined from legacy waste. 16 

Herein, we demonstrate that a series of three chromatography columns was effective at 17 

removing stable element impurities from 227Ac to levels below the limit of quantification (LOQ) 18 

associated with standard inductively coupled plasma optical emission spectroscopy (ICP-OES) 19 

techniques. We utilized well-established radiochemical separation processes for purifying the 20 
227Ac3+(aq) solution from contaminants commonly associated with stainless-steel alloys (Cr, Fe, Ni, 21 

Si), and co-dissolved Al. The resulting Ac3+(aq) solution was suitable for use as a generator for 22 
227Th(aq) or 223Ra(aq), and other radiochemical applications. This purification method will be readily 23 

transferable to the shorter-lived 225Ac(aq) radionuclide and directly addresses the need to advance 24 

understanding of actinium separations science. 25 

 26 

Experimental 27 

General Considerations. All manipulations were conducted without exclusion of air and 28 

moisture in an open front fume hood. All water used was deionized and purified in a two-step 29 

process. First, it was passed through a Thermo Fisher Scientific Barnstead MicroPure UV system 30 

to a resistivity of 18.2 MΩ•cm–1. Second, the 18.2 MΩ•cm–1 water was distilled in a Savillex 31 
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Teflon distillation apparatus (DST-1000). Hydrochloric acid (HCl(aq), 10.5 M, Optima Grade, 1 

Fisher Scientific), nitric acid (HNO3(aq), 15 M, Optima Grade, Fisher Scientific), and sodium 2 

bromate (NaBrO3(s), > 99.5%, Sigma-Aldrich) were obtained commercially and used as received. 3 

In the case of sodium bromate, care was taken to minimize exposure to air and light between uses 4 

to avoid its degradation. Anion exchange AG MP-1 resin (50-100 mesh, Cl1– form, Biorad), cation 5 

exchange AG 50W-X8 resin (100-200 mesh, H1+ form, Biorad), extraction DGA Normal resin 6 

(N,N,N’,N’-tetra-n-octyldiglycolamide, 50 µm–100 µm particle size, Eichrom Technologies), and 7 

Pre-filter resin (100 µm–150 µm particle size, Eichrom Technologies) were obtained 8 

commercially and conditioned as described below. Aqua regia was prepared by adding one volume 9 

equivalent of concentrated nitric acid (15.5 M) to three volume equivalents of concentrated 10 

hydrochloric acid (10.5 M) and used immediately. Dose rates were measured with an ion chamber 11 

survey meter (ThermoScientific, RO-20) at a distance of approximately 30 cm.  12 

The 227Ac radioisotope was obtained from Oak Ridge National Laboratory through the United 13 

States Department of Energy Isotope Program. Caution! 227Ac (t½ = 21.772 years) and its progeny 14 

products constitute serious health hazards because of their radioactive properties (α-, β-, and γ-15 

emissions). Another safety concern associated with 227Ac is related to its weak β-emission. Hence, 16 

after removal of the progeny products, pure 227Ac can be difficult to detect using conventional 17 

radiological survey techniques. In addition, activity on a surface contaminated with pure 227Ac 18 

will substantially increase over the course of weeks, owing to ingrowth of 227Th (t½ = 18.697 d) 19 

and 223Ra (t½ = 11.437 d) progeny products. 20 

Hence, all studies that involved manipulation of these radioisotopes were conducted in a 21 

radiation laboratory equipped with high-efficiency particulate air (HEPA) filtered hoods, 22 

continuous air monitors, negative pressure gloveboxes, and monitoring equipment appropriate for 23 

α-, β-, and γ-particle detection. Entrance to the laboratory space was controlled with a hand and 24 

foot monitoring instrument for α-, β-, and γ-emitting isotopes and a full body personnel 25 

contamination monitoring station. All the work had been performed with direct support of 26 

radiological control technicians. 27 

 28 

Stable Element Analyses. Stable element concentrations were determined by ICP-OES using 29 

a PerkinElmer Optima 8000 spectrometer. Prior to data collection, a linear four-point 30 

concentration-dependent calibration curve was established (ranging from 0.05 ppm to 5 ppm) for 31 
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each tested element in dilute HNO3(aq) (0.1 M) using elemental concentration standards. These 1 

standards were gravimetrically prepared from a Spex CertiPrep Claritas PPT multi-element 2 

standard. The multi-element standard was verified for element concentration against several 3 

quality control standards (Inorganic Ventures). Quantitative analyses included the following 4 

analytes: Al, Ba, Ca, Co, Cr, Cu, Fe, Mg, Mn, Na, Ni, Si, and Zn. The LOQ for stable elements 5 

was determined using Eq. 1.  6 

 LOQ = 10 × (sb / m) (1) 7 

Here, sb was the standard deviation (1σ) in the y-intercept for the respective linear regression line 8 

constructed using four calibration points and m was the slope of this line [21]. Typically, the LOQs 9 

for the stable elements were on the order of tens of ppb and the standard deviation for each 10 

measurement performed in a triplicate was below 3%. 11 

 12 

Gamma-Ray Spectrometry. Gamma-ray spectrometric measurements were performed using a 13 

p-type ORTEC GEM30P4-70 High Purity Germanium (HPGe) detector: 50.0 mm diameter; 14 

53.5 mm length; 0.5 mm Be window (0.3 µm outer dead layer); resolution (FWHM) of ca. 2.2 keV 15 

at 1333 keV. The HPGe detector was housed in lead shielding, cooled with liquid nitrogen (ORTEC 16 

MÖBIUS cryostat system 805709), and coupled to a digital spectrum analyzer (ORTEC DSPEC50). 17 

The efficiency of the detector was calibrated in the energy interval of 59.5 keV to 1836.1 keV for 18 

a uniform geometry (5 mL aqueous solution in a 20 mL plastic liquid scintillation vial) using a 19 

mixed radionuclide reference solution (which comprised 241Am, 109Cd, 57Co, 139Ce, 203Hg, 113Sn, 20 
137Cs, 88Y, and 60Co) traceable to the National Institute of Standards and Technology purchased 21 

from Eckert and Ziegler. Daily calibration checks were performed with a 152Eu source (Eckert and 22 

Ziegler). Samples were placed in a calibrated geometry 5 mm to 8 cm from the detector end cap. 23 

Counting dead time was maintained below 10%. The obtained spectra were analyzed using the 24 

Gamma Vision software package (Model A66-B32, version 6.07). Actinium-227 was quantified 25 

by determining the amount of its progeny 227Th (t1/2 = 18.68 d, gamma-ray line at 235.96 keV, 26 

12.9% [1]). The samples had been aged for ≥92 days post actinium/thorium separation, and the 27 
227Ac activity was calculated using the Bateman equation.  Additionally, 223Ra (t1/2 = 11.43 d) was 28 

identified in selected samples using the 154.21 keV (6.0%) and 269.46 keV (13.3%) gamma-ray 29 

lines [1]. In our laboratory, the rule-of-thumb standard deviation (2s) for gamma-ray spectrometric 30 
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analyses is considered to be 10% [22], and the uncertainties are reported as such throughout the 1 

manuscript. When reporting uncertainties for 227Ac recovery as a ratio of the ingoing and post-2 

separation activities in percent, the uncertainties for the two values were propagated using standard 3 

methods [23]. Qualitatively, radionuclides were considered absent when no peaks were 4 

discernible. 5 

Decontamination Factor. Decontamination factor (DF) for respective metal contaminants was 6 

calculated using Eq. 2. 7 

 DF = ccontaminant before / ccontaminant after (2) 8 

Here, ccontaminant is a concentration of a given contaminant. “Before” and “after” contaminant 9 

concentrations were determined in solutions before and after a purification step. 10 

 11 

Purification of Ac3+(aq) From Stainless Steel  12 

Step 1: Removal of Iron from Ac3+(aq) Using Anion Exchange Chromatography in HCl(aq). A 13 

solution containing Ac3+(aq) was transferred to a Teflon beaker (100 mL). This solution had been 14 

previously stored in glacial acetic acid in a Teflon holder equipped with stainless-steel (No. 498 15 

low carbon precision ground flat stock, 0.17% carbon, 0.9% manganese, max sulfur 0.05%, 16 

Starrett Athol, MA, USA) and aluminum brackets and hardware for ca. two years. In addition to 17 

the Ac3+(aq)-containing solution, a non-radioactive surrogate solution was prepared by leaching an 18 

identical holder with aqua regia (4 h). This surrogate solution was treated in the same way as the 19 

Ac3+(aq)-containing solution to follow any non-radioactive contaminants without losing the 20 

valuable 227Ac in numerous destructive assays. The solution was evaporated to near-dryness under 21 

a gentle stream of filtered air. We warn the reader against overheating the 227Ac containing 22 

container, which can make it difficult to redissolve the product. Upon reaching near-dryness, the 23 

residue was cooled to room temperature and dissolved in HCl(aq) (ca. 10 mL, 10.5 M, added 24 

slowly). The slow evaporation and dissolution steps were repeated until HCl(aq) had been added a 25 

total of three times. Ultimately, a solution of the Ac3+(aq) in HCl(aq) (13 mL, 10 M) was prepared 26 

and loaded onto the anion exchange column as described below. 27 

A polypropylene Biorad column (20 mL) was filled with anion exchange AG MP-1 resin 28 

(12 mL, Cl1− form) suspended in water. The resin bed was capped with a frit and conditioned by 29 

passing HNO3(aq) (3 ´ 12 mL, 6 M), H2O (3 ´ 12 mL), HCl(aq) (3 ´ 12 mL, 6 M), and HCl(aq) 30 
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(3 ´ 12 mL, 10 M) through the column. Next, the Ac3+(aq) in HCl(aq) (13 mL, 10 M) was loaded 1 

onto the column. The source Teflon beaker was washed with HCl(aq) (3 ´ 1 mL, 10 M) and these 2 

washes were also loaded onto the column. The column eluate was collected into a single Falcon 3 

cone (50 mL) labeled LOAD. The column was then washed with more HCl(aq) (3 ´ 10 mL, 10 M) 4 

and each fraction collected in separate Falcon cones (50 mL) labeled WASH 1 – 3. During this 5 

time, a tight orange band formed on the top of the column, likely because of an iron impurity that 6 

was retained on the anion exchange resin. To characterize column performance, the retained 7 

contaminants were stripped from the resin by washing with HCl(aq) (3 ´ 10 mL, 6 M, WASH 4 – 6), 8 

followed by H2O (13 mL, WASH 7), and finally HNO3(aq) (3 ´ 10 mL, 6 M, WASH 8 – 10). 9 

Assaying the collected fractions by gamma-ray spectrometry showed that the LOAD and 10 

WASH 1 – 3 (HCl(aq), 10 M) fractions contained 227Ac3+(aq) (412 ± 41 µCi/15.2 ± 1.5 MBq/5.7 ± 11 

0.6 µg) and its progenies, 227Th4+(aq) and 223Ra2+(aq). LOAD and WASH 1 – 3 fractions were combined 12 

and carried forward to Step 2.  13 

 14 

Step 2: Attempted Purification of Ac3+(aq) from Chromium Using Anion Exchange 15 

Chromatography. The Ac3+(aq) solution from Step 1 was transferred into a Teflon beaker (100 mL). 16 

The solution was evaporated to near-dryness by heating on a hotplate under a gentle stream of 17 

filtered air. Upon reaching near-dryness, the residue was cooled to room temperature and dissolved 18 

in concentrated HNO3(aq) (ca. 10 mL, 15 M, added slowly). The slow evaporation and dissolution 19 

steps were repeated until HNO3(aq) had been added a total of three times. Meanwhile, a solution of 20 

NaBrO3(aq) (0.3 M) in HNO3(aq) (6 M) was prepared. The intention was to use NaBrO3(aq) to hold 21 

chromium in a high oxidation state, facilitating separation from Ac3+(aq) via anion exchange 22 

chromatography. This NaBrO3(aq) solution was made by dissolving solid NaBrO3(s) (4.53 g) in 23 

HNO3(aq) (100 mL, 6 M) immediately prior to use. Storing this solution for a prolonged period is 24 

inadvisable, owing to a slow reaction between HNO3(aq) and NaBrO3(aq), which evolves orange 25 

fumes and ultimately turns the solution orange. The Ac3+ residue was dissolved in this NaBrO3(aq) 26 

(0.3 M) and HNO3(aq) (6 M) solution (6 mL) prior to loading onto an anion exchange column. 27 

A polypropylene Biorad column (20 mL) was filled with anion exchange AG MP-1 resin 28 

(9 mL, Cl1– form) suspended in water. The resin bed was capped with a frit and conditioned by 29 

passing HNO3(aq) (3 ´ 10 mL, 6 M), HNO3(aq) (3 ´ 10 mL, 0.05 M), H2O (2 ´ 10 mL), HNO3(aq) 30 

(2 ´ 10 mL, 6 M), and a solution (3 ´ 10 mL) that contained NaBrO3(aq) (0.3 M) in HNO3(aq) (6 M) 31 
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through the column. Then, the solution of Ac3+(aq) (6 mL) in NaBrO3(aq) (0.3 M) and HNO3(aq) 1 

(6 M) described in the previous paragraph, which by this time had turned orange, was loaded onto 2 

the column. The Teflon source beaker was washed (3 ´ 1 mL) with a solution of NaBrO3(aq) 3 

(0.3 M) in HNO3(aq) (6 M), and these washes were also loaded onto the column. The column eluate 4 

was collected in a single Falcon cone (50 mL) labeled LOAD. The column was then washed with 5 

solutions that contained decreasing concentration of NaBrO3(aq) (high concentration 0.3 M, 6 

medium concentration 0.1 M, and low concentration 0.05 M) in a constant concentration of 7 

HNO3(aq) (6 M). At each of these NaBrO3(aq) concentration levels, a series of washes was performed 8 

(3 ´ 9 mL) and the eluted fractions collected in separate Falcon cones (50 mL) labeled WASH 1 9 

– 3 for the high concentration NaBrO3(aq) (0.3 M) washes, WASH 4 – 6 for medium concentration 10 

NaBrO3(aq) washes (0.1 M), and WASH 7 – 9 for the low concentration NaBrO3(aq) (0.05 M) washes. 11 

Note, all of these NaBrO3(aq) solutions were in HNO3(aq) (6 M). Next, a series of column washes 12 

was carried out that contained no NaBrO3(aq) and whose HNO3(aq) concentration decreased 13 

stepwise. The column was washed with high concentration HNO3(aq) (2 ´ 9 mL, 6 M), followed 14 

by dilute HNO3(aq) (2 ´ 9 mL, 0.05 M), and finally H2O (9 mL). These HNO3(aq) and H2O fractions 15 

were collected in five Falcon cones (50 mL) labeled WASH 10 – 14.  16 

Assaying the collected fractions by gamma-ray spectrometry immediately following elution 17 

showed that the LOAD and WASH 1 – 3 (NaBrO3(aq), 0.3 M in HNO3(aq), 6 M) contained small 18 

amounts of 227Th4+(aq) (ca. 7 µCi/240 kBq) and 223Ra2+(aq). WASH 11 (HNO3(aq), 6 M), WASH 12 – 19 

13 (HNO3(aq), 0.05 M), and WASH 14 (H2O) also contained 227Th (128 µCi/4.7 MBq). After aging 20 

the LOAD and WASH 1 – 3 fractions for 92 days, we approximated the activity of 227Ac3+(aq) (363 ± 21 

36 µCi/13.4 ± 1.3 MBq/5.0 ± 0.5 µg, 88 ± 12% yield) from quantification of 227Th(aq). The amount 22 

of 227Th4+(aq) in WASH 11 – 14 decreased upon aging, implying the elution of 227Th4+(aq) in these 23 

fractions.  24 

 25 

Step 3a: Removal of Aluminum, Chromium, Nickel, and Sodium from 227Ac3+(aq) Using Cation 26 

Exchange Chromatography. The Ac3+(aq) solution from Step 2 was transferred into a Teflon beaker 27 

(100 mL). The solution was evaporated to near- dryness by heating on a hotplate under a gentle 28 

stream of filtered air. Caution! The large amount of Na1+ containing salts increases the probability 29 

of splatter and popping when the solution volume gets low. This hazard was mitigated by swirling 30 

the solution often when the evaporation volumes were small. Upon reaching near-dryness, the 31 
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residue was cooled to room temperature and dissolved in concentrated HCl(aq) (ca. 20 mL, 10.5 M). 1 

The slow evaporation and dissolution steps were repeated until HCl(aq) (10.5 M) had been added a 2 

total of three times. Next, HCl(aq) (1 M) was added to the resulting solid to generate a solution of 3 

the Ac3+(aq) in HCl(aq) (17.5 mL, 1 M), which would be loaded onto the cation exchange column 4 

described subsequently. 5 

A polypropylene Biorad column (20 mL) was filled with cation exchange AG 50W-X8 resin 6 

(13 mL, H1+ form) suspended in water. The resin bed was capped with a frit and conditioned by 7 

passing HNO3(aq) (3 ´ 12 mL, 6 M), HNO3(aq) (3 ´ 12 mL, 3 M), H2O (12 mL), HCl(aq) (3 ´ 12 mL, 8 

2 M), and HCl(aq) (3 ´ 12 mL, 1 M) through the column. Then, the Ac3+(aq) in HCl(aq) (17.5 mL, 9 

1 M) was loaded onto the column. The Teflon source beaker was washed with HCl(aq) (3 ´ 3 mL, 10 

1 M), and these washes were also loaded onto the column. The column eluate was collected in a 11 

single Falcon cone (50 mL) labeled LOAD. The column was then washed twice with HCl(aq) 12 

(1 ´ 22.5 mL, 1 M and 1 ´ 40 mL, 2 M), and the fractions were collected in separate Falcon cones 13 

(50 mL) labeled WASH 1 – 2. This was followed by an H2O (1 ´ 10 mL) wash collected in a single 14 

Falcon cone (50 mL) labeled WASH 3. Washes with increasing concentration of HNO3(aq) were 15 

performed, HNO3(aq) (1 ´ 30 mL, 3 M), HNO3(aq) (1 ´ 32.5 mL, 1 ´15 mL, 6 M), and HNO3(aq) 16 

(3 ´ 30 mL, 8 M), and the fractions were collected in separate Falcon cones (50 mL) labeled WASH 17 

4 – 9. These HNO3(aq) fractions were identified as having radioactive constituents by measuring 18 

their dose rates. Finally, the column was washed with H2O (20 mL) and HCl(aq) (40 mL, 10 M). 19 

These fractions were collected in separate Falcon cones (50 mL) and labeled WASH 9 and 10, 20 

respectively.  21 

Gamma-ray spectrometry assays on aliquots of the collected fractions were conducted 22 

immediately following elution from the column and showed that the WASH 4 (HNO3(aq), 3 M) 23 

fraction contained a mixture of short-lived 227Ac3+(aq) decay products (223Ra2+(aq) and 211Bi2+(aq)). 24 

The WASH 5 – 9 (HNO3(aq), 6 M and 8 M) fractions contained a very small amount of 227Th4+(aq) 25 

(ca. 2 µCi) as well as 223Ra2+(aq) and 211Bi2+(aq). We also noted that even after large volume washes 26 

of the column with water and HCl(aq) in WASH 9 and 10, qualitative gamma-ray spectrum of the 27 

column showed large amounts of 227Th retained on the resin. After aging the WASH 5 – 9 samples 28 

for 137 days post-elution, we confirmed the presence of 227Ac3+(aq) in these fractions by the in-29 

growth of 227Th4+(aq), from which we quantified 227Ac3+(aq) (347 ± 35 µCi/12.8 ± 1.3 MBq/4.8 ± 30 
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0.5 µg, 96 ± 14% yield). With this information in hand, the WASH 5 – 9 fractions were combined 1 

and carried forward to Step 3b. 2 

 3 

Step 3b: Purification of Ac3+(aq) from Aluminum Using DGA Normal Extraction and Pre-filter 4 

Resins. The Ac3+(aq) solution from Step 3a was transferred to a Teflon beaker (100 mL). The 5 

solution was evaporated to near-dryness by heating on a hotplate under a gentle stream of filtered 6 

air. Upon reaching dryness, the residue was cooled to room temperature and dissolved in HNO3(aq) 7 

(5 mL, 4 M). This solution served as the load solution for the DGA column purification. 8 

A polypropylene Biorad column (10 mL) was filled with DGA Normal resin (1 mL) suspended 9 

in water. The resin bed was conditioned by passing HCl(aq) (3 ´ 2 mL, 0.1 M), H2O (3 ´ 2 mL), 10 

HNO3(aq) (3 ´ 2 mL, 0.05 M), and HNO3(aq) (3 ´ 2 mL, 4 M) through the column. During the 11 

HCl(aq) washes, the resin material had settled, which facilitated capping the resin bed with a frit. 12 

Next, the Ac3+(aq) in HNO3(aq) (5 mL, 4 M) was loaded onto the column. The Teflon source beaker 13 

was washed with HNO3(aq) (4 ´ 1 mL, 4 M), and these washes were also loaded onto the column. 14 

The column eluate was collected in a single Falcon cone (50 mL) labeled LOAD. The column was 15 

then washed with HNO3(aq) (3 ´ 2 mL, 4 M), and the fractions were collected in separate Falcon 16 

cones (50 mL) labeled WASH 1 – 3. Then, HCl(aq) (1 ´ 1 mL, 1 ´ 6 mL, 1 ´ 4 mL, 0.1 M) washes 17 

were performed, and the fractions were collected in separate Falcon cones (50 mL) labeled WASH 18 

4 – 6. Conducting gamma-ray spectrometry assays revealed that the WASH 4 (HCl(aq), 0.1 M) 19 

fraction contained the Ac3+(aq) product. Owing to the weak gamma-ray emissions from 227Ac (the 20 

maximum reported intensity is 0.05% [1]), these assays focused on observing both the initial 21 

absence of 227Th and the rapid ingrowth of 223Fr (t½ = 22.0 min, 50.1 keV, 34% [1]), a short-lived 22 

decay product of 227Ac. Aging this solution over 24 h showed ingrowth of additional progenies 23 

with longer half-lives (i.e., 227Th, 223Ra). Note, the initial 227Th activity present in the 227Ac3+(aq) 24 

load solution was strongly retained on the DGA column and could not be eluted with additional 25 

aqua regia (6 mL) and HCl(aq) (6 mL, 6 M) washes. 26 

The Ac3+(aq) containing HCl(aq) (6 mL, 0.1 M) solution recovered from the DGA column was 27 

purified further to remove organic contaminants using Pre-filter Resin. A polypropylene Biorad 28 

column (5 mL) was filled with Pre-filter Resin (2 mL) suspended in water. The resin was 29 

conditioned with HCl(aq) (1 ´ 6 mL, 6 M). The Ac3+(aq) solution in HCl(aq) (6 mL, 0.1 M) from the 30 

DGA column was loaded onto the Pre-filter column. The source Falcon cone was washed with 31 
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HCl(aq) (2 ´ 1 mL, 6 M), and these washes were also loaded onto the column. The column was 1 

then washed with HCl(aq) (1 ´ 6 mL, 6 M). These load and wash fractions were collected into a 2 

single Falcon cone (50 mL). This final solution was concentrated to near-dryness on a hotplate 3 

(temperature < 65 °C) and under a gentle stream of filtered air. The resulting residue was dissolved 4 

in HNO3(aq) (5.00 mL, 8 M) and assayed by ICP-OES and gamma-ray spectrometry. Aging the 5 

solution for 1230 days enabled 227Ac3+(aq) to be quantified based on a secular equilibrium with the 6 
227Th4+(aq) progeny product and showed that the 227Ac3+(aq) recovery was quantitative (ca. 111 ± 7 

16%) at 385 ± 39 µCi/14.2 ± 1.4 MBq/5.3 ± 0.5 µg for this Step 3b. 8 

 9 

Results and Discussion 10 

Overview of the Developed Procedure. We developed a process for recovering Ac3+(aq) from 11 

stainless-steel contaminants, namely Al, Cr, Fe, Ni, and Si. In our sample, these contaminants were 12 

introduced by contacting an 227Ac3+(aq) acetic acid solution with a stainless-steel sample holder 13 

with Al-containing screws for approximately two years. Metal contaminants were removed in four 14 

steps, while the ultimate Steps 3a and 3b can be considered alternative approaches. Step 1 15 

employed anion exchange chromatography in HCl(aq), Step 2 used anion exchange chromatography 16 

in a sodium bromate and HNO3(aq) mixture, Step 3a involved cation exchange chromatography in 17 

HCl(aq) and HNO3(aq), and Step 3b deployed DGA extraction chromatography. Finally, an attempt 18 

to remove residual organic species that followed Ac3+(aq) through these four steps was made by 19 

passing the purified Ac3+(aq) solution through a column packed with Pre-filter Resin. It is apparent 20 

from Table 1 that aluminum was the most persistent contaminant and was eliminated using the 21 

DGA purification step. Moreover, it is evident that while Step 2 successfully decreased the 22 

aluminum and 227Th content, it should be considered redundant. Other concerns with this step are 23 

that it introduced sodium as a contaminant, did not appreciably decrease chromium contamination, 24 

and led to potential loss of 227Ac (88 ± 12% yield for Step 2). Detailed analysis of the outcome for 25 

each purification steps is available below. 26 

 27 

Preparation of an Actinium-Free Surrogate Solution. A “cold” actinium-free surrogate sample 28 

was prepared that enabled us to identify the contaminants introduced by the storage of an acidic 29 

solution in a stainless-steel container as well as characterize the process performance without 30 
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losing the valuable and rare 227Ac radionuclide to destructive ICP assays. The sample was used to 1 

test each ion exchange separation step (See Table 1). The surrogate sample was prepared by 2 

leaching an identical stainless-steel sample holder in aqua regia. We note that the initial content 3 

and ratio of the stainless-steel contaminants varied between the 227Ac and surrogate samples, which 4 

we attributed to the difference in leaching procedure (acetic acid for 2 years vs. aqua regia for 4 5 

h). The Ac3+(aq) and surrogate solutions were similar in that they both contained two main 6 

contaminants, namely aluminum and iron. The two samples differed in relative quantities of these 7 

two main contaminants. The Ac3+(aq) sample contained Al (203 mg), and Fe (90.6 mg), while the 8 

surrogate sample contained Al (94.6 mg) and Fe (478 mg). Another difference between the Ac3+(aq) 9 

and surrogate sample was that the surrogate contained additional contaminants: Cr (16.8 mg), Ni 10 

(11.9 mg), and Si (2.0 mg). All the data interpretation hereafter operated under the reasonable 11 

assumption that the surrogate solution allowed for meaningful estimation of decontamination 12 

factors for each separation step in the Ac3+(aq) purification process.   13 

 14 

Step 1: Removal of Iron from Ac3+(aq) Using Anion Exchange Chromatography in HCl. We first 15 

characterized the removal of stainless-steel contaminants using anion exchange chromatography. 16 

Upon reviewing reported distribution ratios, it seemed likely that the anion exchange resin would 17 

remove iron [24]. In a previous study, we observed that Ac3+(aq) was present predominantly as a 18 

neutral species in solutions that contained high HCl(aq) concentrations (11 M) [8] and therefore 19 

should not be retained on an anion exchange resin under these conditions. Thus, the Ac3+(aq)-20 

containing solution used here, in 10 M HCl(aq), was loaded on an AG MP-1 anion exchange column 21 

(LOAD) and subsequently washed with HCl(aq) (10 M), H2O, and HNO3(aq) (6 M).  22 

It is well-established that the Ac3+(aq) and Th4+(aq) recovery from anion columns in HCl(aq) 23 

matrices is near quantitative [8]. Hence, we did not quantitatively characterize the in-going Ac3+(aq) 24 

activity for Step 1. Assaying the collected fractions from Step 1 by gamma-ray spectrometry 25 

immediately post-elution showed that the LOAD and WASH 1–3 (HCl(aq), 10 M) fractions contained 26 
227Ac3+(aq) and its progeny products: 227Th4+(aq),211Bi3+(aq), and 223Ra2+(aq). The former was utilized 27 

to quantify the 227Ac3+(aq) (412 µCi/15.2 MBq/5.7 µg) based on the secular parent-progeny 28 

equilibrium. The iron quantity was below the ICP-OES LOQ (<60 mg) in the LOAD and WASH 1–29 

3 (HCl(aq), 10 M) fractions. Small aliquots of the Ac3+(aq)-containing fractions were used at this 30 

point to avoid excessive loss of 227Ac via destructive analyses. These assays also showed that 31 
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substantial amounts of aluminum (280 mM, 167 mg) followed Ac3+(aq) through the anion exchange 1 

column, as expected. 2 

The actinium-free surrogate was subjected to identical chromatographic treatment, and the 3 

resulting chromatogram is shown in Fig. 1. The surrogate data were consistent with the 4 

observations made on the Ac3+(aq) sample and enabled a measurement with a lower iron LOQ than 5 

the Ac-containing sample. Iron did not follow Ac3+(aq) through the anion exchange column, as the 6 

quantity of iron in the LOAD and WASH 1–3 (HCl(aq), 10 M) fractions was below the LOQ of the 7 

measurement (<3.4 mg). This indicates an iron decontamination factor >140. Iron only began to 8 

elute in WASH 4 after decreasing the HCl(aq) concentration from 10 M to 6 M. The iron contaminant 9 

finished eluting in WASH 8, which contained HNO3(aq) (6 M). In the Ac-containing sample, the 10 

final wash fractions, WASH 9 – 10 (6 M HNO3(aq)) also did not contain any detectable contaminants 11 

nor the Ac3+(aq) product. This observation supports our assumption that the surrogate sample can 12 

be directly compared with the Ac-sample and highlighted how aluminum, chromium, and nickel 13 

followed Ac3+(aq) through the LOAD and WASH 1–3 fractions. 14 

 15 

Step 2: Attempted Purification of Ac3+(aq) from Chromium Using Anion Exchange 16 

Chromatography. In Step 2, we characterized the impact of using a chemical oxidant in 17 

conjunction with anion exchange chromatography to remove stainless-steel contaminants from 18 

Ac3+(aq). Considering the half reaction potential difference of 190 mV [25], we hypothesized that 19 

we could leverage an approach utilized previously by our team in other isotope purification 20 

processes [26] and introduce the strongly oxidizing BrO31– to transform Cr3+ to Cr6+ (as Cr2O72–), 21 

which could then be eliminated by anion exchange chromatography. Hence, Ac3+(aq) was dissolved 22 

in a solution that contained HNO3(aq) (6 M) and the NaBrO3(aq) (0.3 M) oxidant. The mixture was 23 

loaded onto a column filled with AG MP-1 resin. The column was subsequently washed with (1st) 24 

HNO3(aq) (6 M) solutions that contained decreasing amounts of NaBrO3(aq) (0.3 M, 0.1 M, and 25 

0.05 M), (2nd) solutions that contained decreasing amounts of HNO3(aq) (6 M and 0.05 M), and 26 

ultimately (3rd) pure H2O.  27 

Assaying the collected fractions by gamma-ray spectrometry immediately post-elution showed 28 

that the LOAD and WASH 1 – 3 (NaBrO3(aq), 0.3 M in HNO3(aq), 6 M) contained small quantities of 29 
227Th4+(aq) (ca. 7 µCi/240 kBq) and 223Ra2+(aq). Fractions WASH 11 (HNO3(aq), 6 M), WASH 12 – 13 30 

(HNO3(aq), 0.05 M), and WASH 14 (H2O) contained more appreciable amounts of 227Th4+(aq) (128 31 
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± 13 µCi/4.7 ± 0.5 MBq), which indicated that Th4+(aq) could be eluted from the anion exchange 1 

when washed with HNO3(aq) (≤ 6 M) and water. After aging the LOAD and WASH 1 – 3 fractions 2 

for 92 days, we observed the in-growth of 227Th4+(aq), confirming the presence of 227Ac3+(aq) and 3 

allowing for its quantification (363 ± 36 µCi/13.4 ± 1.3 MBq/5.0 ± 0.5 µg, 88 ± 12% yield). The 4 

amount of 227Th4+(aq) in WASH 11 – 14 decreased upon aging, which was consistent with the 5 

absence of 227Ac3+(aq). Additionally, ICP-OES on the 227Ac3+(aq)-containing fractions revealed 6 

decreased Al3+(aq) contamination (32 mM/15.4 mg, DF = 11) compared to that present in the Step 7 

1 Ac3+(aq) product. Also present in these fractions was Na1+(aq) (27 mM, 22.4 mg) that was newly 8 

introduced from the oxidant, NaBrO3(aq).  9 

The actinium-free surrogate sample (LOAD and WASH 1 – 3 from Step 1) was treated the same 10 

way and showed the presence of Al3+(aq), Crn+(aq) (the oxidation state was not clear), Ni2+(aq) 11 

(Table 1) in the LOAD and WASH 1 – 3 fractions (Fig. 2). We note that the amounts of Al3+(aq) 12 

eliminated during Step 2 differed significantly between the surrogate and 227Ac samples. We 13 

hypothesize that the 227Ac sample contained larger amounts of organic material because of 14 

previous manipulations, which may be the reason for this discrepancy. No contaminants were 15 

detected in the subsequent washes. These data suggest that that Cr3+ oxidation did not occur, and 16 

therefore the approach failed at removing chromium. It also led to a significant Ac3+(aq) loss (12%), 17 

and a large amount of Na1+(aq) (22.4 mg) was newly introduced into the sample. While 18 

disappointing that this step did not accomplish its desired goal of removing Crn+(aq), we include the 19 

results here both as a warning and to add an example of the differences in the retention of thorium 20 

and actinium on anion exchange resins in HNO3(aq) versus HCl(aq) matrices. 21 

 22 

Step 3a: Removal of Aluminum, Chromium, Nickel, and Sodium from Ac3+(aq) Using Cation 23 

Exchange Chromatography. In Step 3a, we characterized the use of cation exchange 24 

chromatography to remove stainless-steel contaminants from Ac3+(aq). We anticipated that this 25 

separation step would prove effective at removing Al3+(aq) and Na1+(aq) cations. The Ac3+(aq)-26 

containing solution from Step 3a (HCl(aq), 1 M) was loaded on an AG 50W-X8 cation exchange 27 

column (LOAD) and subsequently washed with HCl(aq) (1 M; WASH 1), HCl(aq) (2 M; WASH 2), 28 

H2O (WASH 3), HNO3(aq) (3 M; WASH 4), HNO3(aq)  (6 M; WASH 5 – 6), and HNO3(aq) (8 M; WASH 29 

7 – 9). An assay employing gamma-ray spectrometry immediately following elution from the 30 

cation exchange resin showed the presence of 211Bi3+(aq) and 223Ra2+(aq) and the absence of 31 
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227Th4+(aq) in the LOAD and WASH 1 – 4 fractions. Aging these fractions for 4 days showed a 1 

decrease in the peaks for 223Ra (at 154.2 and 269.4 keV) and no in-growth of the peak associated 2 

with 227Th4+(aq) (235.96 keV), indicating that 227Ac3+(aq) was retained on the cation exchange resin 3 

with HCl(aq) (1 and 2 M), H2O, and HNO3 (3 M). These assays additionally revealed that WASH 4 

5 – 9 (HNO3(aq), 6 M and 8 M) contained not only 211Bi3+(aq) and 223Ra2+(aq) but also small quantities 5 

of 227Th4+(aq) immediately post-elution. Aging the WASH 5 – 9 fractions for 137 days showed an 6 

increase in 227Th, indicating that virtually all of the 227Ac3+(aq) resided in WASH 5 – 9 (347 ± 7 

35 µCi/12.8 ± 1.3 MBq/4.8 ± 0.5 µg, 96 ± 14% yield, Fig. 3). The discrepancy in Step 2 and 8 

Step 3a product 227Ac activities (4%) is within the standard deviation expected from gamma 9 

spectrometry, the 2s for which is typically 10% for our gamma-ray spectrometer. Assaying the 10 

column by gamma-ray spectrometry showed that the activity remaining on the column originated 11 

from the 227Th4+ progeny product. 12 

Assay of the WASH 5 – 9 (HNO3(aq), 6 M and 8 M) fractions by ICP-OES indicated 13 

contaminants were present in these Ac3+(aq) containing fractions, namely Al3+(aq) (0.4 mg) and Si 14 

(ca. 0.1 mg). This Al3+(aq) content was significantly reduced in comparison to that present in the 15 

in-going Ac3+(aq) fraction, giving a decontamination factor for Al3+(aq) of 36 for Step 3a. Most of 16 

the aluminum eluted in the LOAD and WASH 1 – 2 (HCl(aq), 1 M and 2 M) fractions alongside 17 

Cr3+(aq) (the trivalent oxidation state is assumed based on its cation-exchange chromatographic 18 

behavior as well as the available literature [27, 28]), Ni2+(aq), and Na1+(aq). Notably, Si—which was 19 

removed previously during Step 1 in the actinium-free surrogate experiment—was reintroduced as 20 

a contaminant in Step 3a. We hypothesized that this impurity arose from the resin itself, as it was 21 

present in the nitric acid fractions from both the Ac3+(aq) sample and the cold surrogate. No attempt 22 

was made to quantify Cr3+(aq), Ni2+(aq), and Na1+(aq) contamination present in the Ac3+(aq) product 23 

fractions. Instead, we inferred Cr3+(aq), Ni2+(aq), and Na1+(aq) removal based the surrogate study, 24 

which demonstrated quantitative removal (below the LOQ of the ICP-OES measurement, which 25 

corresponded to decontamination factors of >180, >280, and >340, respectively) of these 26 

contaminants.  27 

 28 

Step 3b: Purification of Ac3+(aq) from Aluminum Using DGA Normal Extraction and Pre-filter 29 

Resins. In Step 3b, we characterized removal of Al3+(aq) via extraction chromatography, 30 

specifically a DGA Normal resin [17, 29, 30]. To achieve this, the 227Ac3+(aq)-containing solution 31 
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from Step 3a (HNO3(aq), 4 M) was loaded onto a DGA column (LOAD) and subsequently washed 1 

with HNO3(aq) (4 M, WASH 1 – 3), HCl(aq) (0.1 M, WASH 4 – 6), aqua regia (WASH 7), and HCl(aq) 2 

(6 M, WASH 8). Conducting gamma-ray spectrometry assays immediately following elution 3 

revealed that LOAD – WASH 3 contained 223Ra2+ (ca. 240 µCi). In the gamma-ray spectrum of 4 

WASH 4 (HCl(aq), 0.1 M), no 223Ra2+ or 227Th4+ was detected; however, the peak corresponding to 5 

the 223Fr progeny of 227Ac was visible, suggesting the presence of 227Ac in this fraction. Aging the 6 

WASH 4 solution over 24 h showed ingrowth of progeny radionuclides (227Th, 223Ra). Note, the 7 

initial 227Th activity present in the 227Ac3+(aq) load solution was strongly retained on the DGA 8 

column and could not be eluted, even when aqua regia was used as a mobile phase (6 mL, 6 M). 9 

The Ac3+(aq) product (in HCl(aq), 6 mL, 0.1 M) was further purified by passing the solution through 10 

Pre-filter resin. We assume that this step removed any organic contaminants introduced during the 11 

previous purification chromatographic steps. Aging the solution for 1230 days enabled 227Ac to be 12 

quantified based on the secular equilibrium between the 227Th4+(aq) progeny product and the 13 
227Ac3+(aq) parent. Step 3b Ac3+(aq) recovery yield was quantitative at 385 ± 39 µCi/14.2 ± 14 

1.4 MBq/5.3 ± 0.5 µg, as 111 ± 16% of the 227Ac activity present in the Step 3a product was found. 15 

The 227Ac recovery for the overall process was 93 ± 13%. The amount of Al3+(aq) present in the 16 

sample was below the LOQ of the ICP-OES measurement (<0.13 mg), from which we estimated 17 

the aluminum decontamination to be >1570 for the process overall. The assay revealed that small 18 

amounts (0.1 mg) of Si persisted in the final product. We further confirmed the absence of iron in 19 

the final product and found the iron levels to be below the LOQ of the ICP-OES measurement 20 

(<0.04 mg), resulting in an overall iron decontamination factor of >2470. The actinium-free 21 

surrogate sample was not analyzed in Step 3b, as it was deemed unnecessary since majority of the 22 

contaminants had been already eliminated during the previous Steps 1 – 3a. 23 

 24 

Conclusion 25 

Developing a robust and diverse portfolio for purifying Ac3+(aq) from numerous contaminants is 26 

vital for ensuring the availability of 225Ac and 227Ac (parent of therapeutic 227Th and 223Ra) for 27 

treating disease with targeted alpha therapeutics. Here, we have established a procedure to remove 28 

stainless-steel contaminants (Fe, Cr, Ni, Si) and aluminum from 227Ac3+(aq). The developed 29 

purification procedure includes characterization of anion exchange, cation exchange, and 30 
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extraction chromatography performance for removing main group and first row transition metal 1 

impurities. By solely using these three commercially available chromatographic resins, we were 2 

able to obtain a high-purity 227Ac3+(aq) product (93 ± 13% recovery containing 0.1 mg of Si). We 3 

showed that the use of NaBrO3 to oxidize chromium and subsequently retain this transition metal 4 

on an anion exchange column is not viable in highly acidic HNO3(aq) matrices. Additionally, both 5 

cation exchange and DGA resins reduced the Al3+ contamination and can be considered viable 6 

alternatives for this specific separation. Finally, tracking clinically relevant progeny products from 7 
227Ac, such as 227Th and 223Ra, provided insight into the separation chemistry of these promising 8 

alpha therapeutic agents. 9 
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Tables, Figures, and Scheme 1 
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Table 1. Summary of 227Ac and contaminant yields from each step of the separation of stainless steel– 

and Al contaminated 227Ac sample and the cold surrogate sample. Major contaminants are shown in 

italics. LOQ values are shown for the ultimate products for both the Ac-containing (hot, post DGA) and 

Ac-free (cold, post cation) samples.  

Process 
step column 

227Ac 
(µCi) 

Al 
(mg) 

Cr 
(mg) 

Fe 
(mg) 

Na 
(mg) 

Ni 
(mg) 

Si 
(mg) 

 
Initial 

 

hot 412* 203 < 90.6 < < < 

cold – 94.6 16.8 478 < 11.9 2.0 

Post 
anion 

(Step 1) 
 

hot 412 167 < < < < < 

cold – 86.5 13.7 < < 11.0 < 

Post 
bromate 

anion 
(Step 2) 

 

hot 363 15.4 < < 22.4 < < 

cold – 59.1 11.3 < 269 8.2 < 

Post 
cation 

(Step 3a) 
 

hot 347 0.4 – – – – 0.1 

cold – 0.7 <0.1 <0.08 <0.80 <0.04 0.2 

Post 
DGA 

(Step 3b) 
 

hot 385 <0.13 <0.08 <0.04 <0.18 <0.10 0.1 

cold – – – – – – – 

 

“<” indicates values below LOQ; “–” experiment not performed; “hot column” – separations performed 
with the 227Ac sample; “cold column” – separations performed with the actinium-free surrogate aqua 
regia leached solution. *The initial 227Ac activity was assumed to be equal to the activity measured after 
Step 1. 
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 1 

 2 

  3 

 

Scheme 1. Summary of the purification process for 227Ac contaminated with 

stainless steel. Elements in bold were determined from the “hot” actinium sample, 

all other elements were determined from “cold” actinium-free surrogate sample. 
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Figure 1. Chromatogram showing the fate of 227Ac, 227Th, 223Ra and stainless-steel 

contaminants from an anion exchange column (Step 1) with a hydrochloric acid to nitric 

acid mobile phase. Stable contaminants were quantified from the “cold” actinium-free 

surrogate sample. Various fractions collected from the column are noted as either 

“load” (where the sample was loaded onto the column) or by the letter “W” followed by 

a number (which represents column washing fractions). Contaminant (Al, Cr, Fe, Ni) 

elution data were obtained from the surrogate sample and Ac3+(aq) elution data obtained 

from the Ac3+ containing sample. 
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  2 

 

Figure 1. Chromatogram showing the fate of 227Ac and stainless-steel 

contaminants from an anion exchange column with hydrochloric acid to nitric 

acid mobile phase. Stable contaminants were quantified from the cold surrogate 

sample.   
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Figure 2. Chromatogram showing the fate of 227Ac, 223Ra, and stainless-steel 

contaminants from an anion exchange column (Step 2) with sodium bromate in 

nitric acid as mobile phase. Stable contaminants were quantified from the “cold” 

actinium-free surrogate sample. Various fractions collected from the column are 

noted as either “load” (where the sample was loaded onto the column) or by the 

letter “W” followed by a number (which represents column washing fractions). The 

W10 – W14 fractions were excluded from the chromatogram, as no contaminants 

were detected in these fractions. Contaminant (Al, Cr, Na, Ni) elution data were 

obtained from the surrogate sample and Ac3+(aq) elution data obtained from the Ac3+ 

containing sample. 
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Figure 3. Chromatogram showing the fate of 227Ac, 223Ra, and stainless-steel 

contaminants from a cation exchange column (Step 3a) with a hydrochloric acid to 

nitric acid mobile phase. Stable contaminants were quantified from the “cold” actinium-

free surrogate sample. Various fractions collected from the column are noted as either 

“load” (where the sample was loaded onto the column) or by the letter “W” followed 

by a number (which represents column washing fractions). The W10 – W14 fractions 

were excluded from this figure, as the concentrations of 227Ac and stable contaminants 

were below quantification limits in those fractions. Contaminant (Al, Cr, Ni, Si) elution 

data were obtained from the surrogate sample and Ac3+(aq) elution data obtained from 

the Ac3+ containing sample. 
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