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O (57) Abstract: The present invention provides a method of separating and purifying Cesium-131 (Cs 131) from Barium (Ba). Uses
of the Cs 131 purified by the method include cancer research and treatment, such as for the use in brachytherapy. Cs 131 is particu-
larly useful in the treatment of faster growing tumors.
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METHOD OF SEPARATING AND PURIFYING
CESIUM-131 FROM BARIUM NITRATE

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates generally to a method of separating
Cesium-131 (Cs-131) from Barium (Ba). Uses of the Cs-131 purified by the
method include cancer research and treatment, such as for use in

brachytherapy implant seeds independent of method of fabrication.

Description of the Related Art

Radiation therapy (radiotherapy) refers to the treatment of
diseases, including primarily the treatment of tumors such as cancer, with
radiation. Radiotherapy is used to destroy malignant or unwanted tissue
without causing excessive damage to the nearby healthy tissues.

lonizing radiation can be used to selectively destroy cancerous
cells contained within healthy tissue. Malignant cells are normally more
sensitive to radiation than healthy cells. Therefore, by applying radiation of the
correct amount over the ideal time period, it is possible to destroy all of the
undesired cancer cells while saving or minimizing damage to the healthy tissue.
For many decades, localized cancer has often been cured by the application of
a carefully determined quantity of ionizing radiation during an appropriate
period of time. 'Various methods have been developed for irradiating cancerous
tissue while minimizing damage to the nearby healthy tissue. Such methods
include the use of high-energy radiation beams from linear accelerators and
other devices designed for use in external beam radiotherapy.

Another method of radiotherapy includes brachytherapy. Here,
radioactive substances in the form of seeds, needles, wires or catheters are

implanted permanently or temporarily directed into/near the cancerous tumor.
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Historically, radioactive materials used have included radon, radium and
iridium-192. More recently, the radioactive isotopes cesium-131(Cs-131),
iodine (I-125), and palladium (Pd-103) have been used. Examples are
described in U.S. Patent Nos. 3,351,049; 4,323,055; and 4,784,116.

During the last 30 years, numerous articles have been published
on the use of I-125 and Pd-103 in treating slow growth prostate cancer.

Despite the demonstrated success in certain regards of 1-125 and Pd-103, there
are certain disadvantages and limitations in their use. While the total dose can
be controlled by the quantity and spacing of the seeds, the dose rate is set by
the half-life of the radioisotope (60 days for I-125 and 17 days for Pd-103). For
use in faster growing tumors, the radiation should be delivered to the cancerous
cells at a faster, more uniform rate, while simultaneously preserving all of the
advantages of using a soft x-ray emitting radioisotope. Such cancers are those
found in the brain, lung, pancreas, prostate and other tissues.

Cesium-131 is a radionuclide product that is ideally suited for use
in brachytherapy (cancer treatment using interstitial implants, i.e., "radioactive
seeds"). The short half-life of Cs-131 makes the seeds effective against faster
growing tumors such as those found in the brain, lung, and other sites (e.g., for
prostate cancer).

Cesium-131 is produced by radioactive decay from neutron
irradiated naturally occurring Ba-130 (natural Ba comprises about 0.1% Ba-130)
or from enriched barium containing additional Ba-130, which captures a
neutron, becoming Ba-131. Ba-131 then decays with an 11.5-day half-life to
cesium-131, which subsequently decays with a 9.7-day half-life to stable
xenon-130. A representation of the in-growth of Ba-131 during 7-days in a
typical reactor followed by decay after leaving the reactor is shown in Figure 1.
The buildup of Cs-131 with the decay of Ba-131 is also shown. To separate the
Cs-131, the barium target is “milked” multiple times over selected intervals such
as 7 to 14 days, as Ba-131 decays to Cs-131, as depicted in Figure 2. With

each “milking”, the Curies of Cs-131 and gram ratio of Cs to Ba decreases (less
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Cs-131) until it is not economically of value to continue to “milk the cow” (as
shown after ~ 40 days). The barium “target” can then be returned to the reactor
for further irradiation (if sufficient Ba-130 is present) or discarded.

In order to be useful, the Cs-131 must be exceptionally pure, free
from other metal (e.g., natural barium, calcium, iron, Ba-130, etc.) and
radioactive ions including Ba-131. A typical radionuclide purity acceptance
criterion for Cs-131 is >99.9% Cs-131 and <0.01% Ba-131.

The objective in producing highly purified Cs-131 from irradiated
barium is to completely separate less than 7x1 0" grams (0.7 pg) of Cs from
each gram (1,000,000 png) of barium “target”. A typical target size may range
from 30 to >600 grams of Ba(ll), (natural Ba comprises about 0.1% Ba-130).
Because Cs-131 is formed in the BaCOj crystal structure during decay of
Ba-131, it is assumed that the Ba “target” must first be dissolved to release the
very soluble Cs(l) ion.

Due to the need for highly purified Cs-131 and the deficiencies in

the current approaches in the art, there is a need for improved methods.

BRIEF SUMMARY OF THE INVENTION

Briefly stated, the present invention discloses a method of
producing and purifying Cs-131.

In one embodiment, the method for purifying Cs-131
comprises the steps of: (a) dissolving neutron-irradiated barium comprising
barium and Cs-131, in a solution comprising an acid; (b) concentrating the
solution to leave solution and solids; (c) contacting the solution and solids with
a solution of 68-wt% to at least 90-wt% nitric acid, whereby Cs-131 is dissolved
in the acid solution and barium is precipitated as a solid; and (d) separating the
solids from the acid solution containing the Cs-131, thereby purifying the Cs-
131. In another embodiment, steps (c) and (d) are repeated with the solids of
step (d) and the acid solution from each step (d) is combined. In another

embodiment, the acid solution of step (d) is evaporated to incipient dryness and



WO 2006/012153 PCT/US2005/022109

10

15

20

25

30

steps (c¢) and (d) are repeated. In another embodiment, the solids of step (d)
are subjected to the steps of: (i) storing the solids to allow additional Cs-131 to
form from decay of barium; (ii) dissolving the solids in a solution comprising
water, with heat; and (iii) repeating steps (b), (c) and (d). In another
embodiment, the acid solution of step (d) containing the Cs-131 is subjected to
step (e) comprising contacting the acid solution with a resin that removes
barium. In another embodiment, the acid solution of step (d) or step (e) is
subjected to an additional step comprising removing La-140 and Co-60 from the
acid solution containing Cs-131. For any embodiment of the method, the
solution containing the purified Cs-131 may be evaporated to incipient dryness
and the purified Cs-131 dissolved with a solution of choice.

In one embodiment the method comprises the steps of dissolving
irradiated Ba (e.g., irradiated Ba carbonate) comprised of natural or enriched
Ba including Ba-130, Ba-131, and Cs-131 from the decay of Ba-131, in an acid
and heated water solution, evaporating the solution with about 68-90-wt%
(preferably about 85-90-wt%) HNO3 to near incipient dryness, and separating
the solids from the small volume of acid solution containing the Cs-131. If
desired, the filtrate containing 100% of the Cs-131 and a trace of Ba can be
passed through a 3M Empore™ “web” disc of Sr Rad or Ra Rad to remove the
last traces of Ba. The resulting solution can then be evaporated to remove the
acid from the Cs-131. Traces of La-140 (40-hr “%-life) resulting from the
irradiation of Ba-138 and Co-60 (5.3-y V2-life) from impurities in the barium
target material, are (where present) removed from the water solution by
classical chemistry to provide a radiochemical “ultra-pure” Cesium-131 final
product. The Ba is “remilked” as additional Cs-131 becomes available from the
decay of Ba-131. When no longer viable, the Ba nitrate is converted back to Ba
carbonate for further irradiation or storage.

These and other aspects of the present invention will become
apparent upon reference to the following detailed description and attached

drawings.
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BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)

Figure 1, entitled “Reactor Generation of Ba-131 and Cs-131
In-Growth,” is a diagram of the in-growth of Ba-131 during 7-days in a typical
reactor followed by decay after leaving the reactor.

Figure 2, entitled “Simulated ‘Milking’ of Ba-131 Target,” is a
diagram of the buildup of Cs-131 with the decay of Ba-131.

Figure 3, entitled “Cs/Ba Separations Process Flow Diagram,” is a
process flow diagram depicting the preferred embodiment of the process steps.

Figure 4, entitled “Fractional Recovery of Ba and Cs in Nitric
Acid,” is a diagram of the fractional recovery of Cs and Ba as a function of the
Wt % of the nitric acid concentration.

Figure 5, entitled “Concentration (ug/mL) of Ba and Cs in Nitric
Acid,” is a diagram of the Cs and Ba mass solubility (ng/mL) as a function of the

Wit % of the nitric acid concentration.

DETAILED DESCRIPTION OF THE INVENTION

The present invention provides a method of separating and
purifying Cs-131 from barium nitrate. The method is efficient and economical.
In a particularly preferred embodiment, the trace of Ba (if present) is removed.
Cs-131 preparations of purity heretofore unavailable are produced.

The Ba target for neutron-irradiation may be in a variety of forms
of Ba. Preferred forms are Ba salts. Examples of suitable Ba salts are BaCO;
and BaSO,. Other potentially possible forms are BaO or Ba metal, provided
they are used in a target capsule that is sealed from water or air.

As shown by the disclosure herein, nitric acid concentrations from
about 68-wt% to at least about 90-wt% are useful to separate and purify Cs-131
from Ba, including Ba-130 and Ba-131. Further surprisingly the solubility of Ba
continues to decrease as the concentration of nitric acid continues to increase
to about 90-wt%, rather than the minimum solubility of Ba being reached at a

lower concentration of nitric acid. In the context of the method of the present
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invention, a concentration of nitric acid in the range typically from about 68-wt%
to about 90-wt% may be used, with a range of about 85-90-wt% being
preferred. In an embodiment, the concentration of the nitric acid is at least
90-wt%. Any ranges disclosed herein include all whole integer ranges thereof
(e.g., 85-90-wt% includes 85-89-wt%, 86-90-wt%, 86-89-wt%, etc.).

It may be desirable to augment the method of the present
invention to remove a trace of Ba if present in order to purify and convert the
Cs-131 into a radiochemically “ultra pure” final product. One of ordinary skill in
the art of traditional ion exchange column methods will recognize that a number
of organic resins have the potential to remove the trace of unwanted Ba from
the Cs-131 product. IBC SuperLig® 620, Eichrom Sr Resin®, Eichrom Ln
Resin® and Eichrom TRU Resin® are a few examples.

Alternatively, the 3M Empore™ Sr Rad or Radium Rad discs are
uniquely suitable for removal of trace Ba and useful for a preferred embodiment
of this invention. The discs are prepared and sold by 3M, St. Paul, MN, and
consist of a paper thin membrane containing cation exchange resin
incorporated into a disc or cartridge, and can be designed to be placed on a
syringe barrel. The 3M Empore™ extraction discs for the removal of trace Ba
are an effective alternative to conventional radiochemical sample preparation
methods that use wet chemistry or packed columns.

The exchange absorbing resin is ground to a very fine
high-surface area powder and “is secured in a thin membrane as densely
packed, element-selective particles held in a stable inert matrix of PTFE
(polytrifluoroethylene) fibrils that separate, collect and concentrate the target
radioisotope on the surface of the disc”, in accordance with the method
described in U.S. Patent 5,071,610. The 3M Empore™ Sr Rad and Ra Rad
discs are commercially sold for the quantitative determination of radio strontium
(Sr) or radium (Ra) in aqueous solutions. As shown below, the Radium Rad

and Strontium Rad discs work equally weli for Ba.
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In general, the solution containing the unwanted ion is passed
through the paper thin extraction disc by placing the solution in a syringe barrel
and forcing the solution through the disc with a plunger. The method takes
from 10 seconds to 1 minute to complete. A second method is to place the
extraction disc on a fritted or porous filter and forcing the solution through the
disc by vacuum. The method is very fast and requires no ion exchange column
system.

In addition, it may be desirable to augment the method of the
present invention to remove traces of radiochemicals such as Cobalt-60 or
Lanthanium-140. La-140 (40-hr ¥-life) results from the irradiation of Ba-138
and Co-60 (5.26-y Y-life) from impurities in the barium target material. One of
ordinary skill in the art of traditional ion exchange or carrier-precipitation
methods will recognize that a number of organic resins mentioned above or
classical chemical metal hydroxide methods have the potential to remove the
trace of unwanted Co-60 and La-140 from the water solution to provide a
radiochemical “ultra-pure” Cesium-131 final product.

After the Cs-131 is separated from the Ba, the residual Ba nitrate

“target” is stored to allow in-growth of additional Cs-131 in the crystal structure

of the Ba nitrate solid, from the decay of Ba-131. To “milk” additional Cs-131
from the “target” or “cow,” the Ba nitrate solid is dissolved in water to release
the Cs-131. The “Handbook of Chemistry and Physics”, 31st edition, 1949, lists
the solubility of Ba(NO3), as “34.2g9/100 mL H,O @ 100°C and 8.79g/100 mL
H,O @ 20°C.” Experimental tests have verified these solubility values.

As described above, Cs-131 is useful for radiotherapy (such as to
treat malignancies). Where it is desired to implant a radioactive substance
(e.g., Cs-131) into/near a tumor for therapy (brachytherapy), Cs-131 may be
used as part of the fabrication of brachytherapy implant substance (e.g., seed).
The method of the present invention provides purified Cs-131 for these and

other uses.
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DETAILED DESCRIPTION OF CERTAIN PREFERRED EMBODIMENTS

In accordance with preferred aspects of the invention, a preferred
embodiment of the method of separation and purification of Cs-131 is described
with reference to Figure 3. A single target (C) may vary in weight depending on
target available and equipment size (a typical target may range from 30 to >600
grams). Multiple targets (3 to >10) are represented by (C) just out of the

reactor, (B) a target being milked for the second time, and (A) a target that has

" been milked several times. It comprises the steps of 1 dissolving a quantity of

neutron-irradiated BaCQj3 salt target in a stoichiometric amount of nitric acid
(HNO3) and a sufficient amount of water 2 to bring the Ba(NO3), salt into
solution at ~100°C. This target is comprised of natural or enriched Ba, Ba-131
and Cs-131 formed by radioactive decay of Ba-131 (a typical irradiation of
natural Ba yields approximately 7x107 gram Cs per gram Ba). The specific
activity of Cs-131 is about 1x10° Curies per gram of cesium. The acid reaction
thereby releases the cesium nitrate [Cs-131]NO; from the Ba salt and produces
a solution comprising barium nitrate Ba(NOs),, CsNOs3, water (H,O) and carbon
dioxide gas (CO;). Besides BaCOs, any other target salt could be used that
would be recognized by one of ordinary skill in the art, including barium oxide
(BaO), barium sulfate (BaSO,), barium nitrate (Ba(NO3).), and barium metal.
However, the carbonate form is stable to neutron irradiation.

The use of nitric acid to dissolve the BaCO3 was selected to
obtain a solution that was compatible with subsequent steps. However, one of
ordinary skill in the art in possession of the present disclosure will recognize
that other organic or inorganic acids may be used. Ba(ll) has a limited solubility
in an excess of most mineral acids, e.g., HCI, H,SO4. This includes HNO3 and
this limited solubility is a basis for the detailed description of the preferred
embodiments below. The dissolution reaction is represented by the following

equation:

BaCO3; + Cs,COs+ 4HNO3z— Ba(NO3)2 + 2C0O, T+ 2H,0+ 2CsNOs.




10

15

20

25

30

WO 2006/012153 PCT/US2005/022109

Because of the limited solubility of Ba(NQOs)3, the reaction is carried out in
excess water with heat.

The resulting dissolved nitrate solution is concentrated to remove
excess H,O. The resulting solution and solids are adjusted with a sufficient
amount of 68-90-wt% HNO3, with stirring or other means of agitation 3, and
brought to near dryness with heat 4. The resulting small volume of nitric acid
solution containing the soluble [Cs-131 nitrate] fraction is cooled to 25°C and
separated 6 from the bulk of the insoluble Ba(NO3), precipitated salt 6 by
filtration or centrifugation as Cs-131 filtrate 7. If other previously dissolved
targets 5 are also being processed, steps 2, 3, 4 and 6 will be completed. Two
or more 68-90-wt% HNOj; washes 8, 9 of the insoluble Ba(NQOz3), salt are used
in cascade (A to B, to C, to the Cs-131 filtrate) to remove the interstitial solution
and increase the overall recovery of Cs-131. The nitric acid filtrate and wash
containing the Cs-131 is sampled 7 to determine the initial purity of the Cs-131
product.

The Cs-131 product sample still containing unwanted small
fraction of Ba(ll) is evaporated 10 to a small volume (5-15 mL) to remove the
excess nitric acid.

The 90-wt% HNO3 precipitation reaction is represented by the

following equation:

90-wt% HNO3 + Ba(NO3), + CsNOs—> Ba(NOs), (precipitated) + CsNO3 + HNO;

The CsNO; and trace Ba plus HNO3 is diluted 15 to ~10MNO:s.
The solution 10 is passed through 11 a 3M Empore™ Ra Rad or Sr Rad ion
exchange membrane filter (3M Co.) to remove traces of Ba. The Cs-131
solution plus HNO3 is evaporated 12 to incipient dryness to remove the
remaining traces of nitric acid. The purified Cs-131 is dissolved 13 in water
and evaporated a second time 14.

To remove unwanted Co-60 and La-140 still contaminating the

Cs-131, the solids from 14 are dissolved in a water solution 15 containing
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Fe(NOs)s. The solution is then made basic (typically to a pH of greater than or
equal to 9) with a solution containing LiIOH. The solution is stirred to form a
Fe(OH); precipitate which also co-precipitates La(OH)3 and Co(OH)2.3. The
solids are filtered 16 and the effluent containing Cs-131 is evaporated 17 to
dryness. The “ultra-pure” Cs-131 is dissolved 18 in distilled water or as
specified by the end user 20.

To complete additional “milkings” of the washed Ba(NQOz), solids
20, the “cow” 21 containing additional Cs-131 from the decay of Ba-131 is
dissolved in water 2 at 90-100°C, and 3 through 9 again repeated. When no

further Cs-131 recovery is required or economical 22, the Ba(NQOs) is

discharged to waste 23 or converted to BaCOj3 24, and returned to the reactor.

The following Examples are offered by way of illustration and not

by way of limitation.

10
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EXAMPLES

EXAMPLE 1
SoLuBILITY OF Ba AND Cs IN NITRIC ACID

A series of tests were completed to determine the solubility of Ba
and Cs as a function of nitric acid concentration. The results of this study are
shown in Figure 4, and outlined below.

Approximately 5.30 grams (g) of Ba(NOz), (equivalent to 2.75 g
Ba) and 20 micrograms (ug) of Cs(l) (equivalent to 2 Ci Cs-131) was contacted
with 10 milliliter (mL) of 50 to 90-wt% HNO; for various contact times and
temperatures. The solids and solution were filtered and the resulting filtrate
analyzed for Ba and Cs. Figure 4 shows the fractional recovery (final/initial) for
both Cs and Ba. From the Figure it is readily apparent that Cs remains
completely in solution (final/initial ~ 1.0) at all HNO3 acid concentrations
evaluated. Conversely, the fractional recovery (final/initial) of Ba(ll) in solution
varies from 4.7x10™ at 50-wt% to 5.7x10” at 90-wt% acid. Combining the
results from Figure 4 and the simulated reactor production of Ba-131 and
Cs-131 from Figure 2, the first “milking” will contain ~ 1 Ci Cs-131 and 3x1 0° Ci
Ba-131 when 85-wt% acid is used. This Ba-131 level is more than 30 times
lower than required for typical purity specifications. Since the half-lives of both
radioisotopes are approximately the same, subsequent milkings will have nearly
the same ratio of Cs-131/Ba-131.

The Ba and Cs values found above in the aqueous filtrate were
plotted as a function of their metal concentration in micrograms (ug) found per
milliliter (mL) of filtrate, Figure 5. The results show that under the test
conditions at less than 75-wt% acid the Ba concentration (ng/mL) in solution is
greater than Cs (ug/mL). The two metal concentrations (ng/mL) are
approximately equal at ~75-wt% acid. At higher acid strength the Ba is less
than Cs. At 90-wt%, the Cs metal value is 10-times that of the Ba metal value.

Contact times from 10 minutes to 2-hrs gave similar resulits.

11
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EXAMPLE 2

REMOVAL OF TRACE Ba

3M Empore™ Test Conditions:

1. Make up 4 mL of 10M HNOj3 solution containing 80\ each
5 0of 1000 pg Ba/mL, and 1000 pg Cs/mL. Take a Sr Rad disc (3M Co.).
Precondition with 10M HNOs. Pass 1 mL of Ba solution through the disc. Pass
1 mL of 10M HNO3 through the disc as a rinse. Analyze 2 mL of the standard
solution and 2 mL of the effluent for Ba and Cs.
2. Make up 5 mL of 10M HNOj3 solution containing 100\ each
10 of 1000 png Ba/mL and 1000 pg Cs/mL. Take a Ra Rad disc (3M Co.).
Precondition with 10M HNO3. Pass 1 mL of Ba solution through the disc. Pass
1 mL of 10M HNO3; through the disc as a rinse. Analyze 2 mL of the standard

solution and 2 mL of the effluent for Ba and Cs.

Table 1:
15 Analytical Laboratory Results

1. 10M HNO; Standard Sr Rad Disc Fractional Recovery
Ba, 30 pg/mL 0.38 pg/mL 0.013
Cs, 20 22 1

2. 10M HNO; Standard Ra Rad Disc Fractional Recovery*
Ba, 30 ug/mL 0.44 pg/mL 0.015
Cs, 20 24 1

* FR= Final/lnitial, Fractional Recovery

The above results show that the Sr Rad Disc and the Ra Rad Disc are equally

effective in recovery of Ba (Fractional Recovery = 0.015).

12
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EXAMPLE 3
La-140/Co-60 IsoLATION FROM CESIUM NITRATE PROCESS

La/Co Trace Separation Process:

1. Take a 10-mL solution of 1.57 molar HNOj3; containing Cs-
5 131, Co-60 and La-140 and place in a beaker.
2. Evaporate the solution to dryness to remove the acid. Re-

suspend the resulting solids with 10-mL of H,O and again take to dryness with
heat to assure elimination of the acid.

3. Add 5-mL of 0.04M Fe(NOs3)s solution to the beaker while
stirring to dissolve any solids. Soak the solids for 5 minutes.

4. With stirring, add dropwise 5-mL of 0.16M LiOH solution to

the beaker to precipitate the iron as Fe(OH)z. Li* hydroxide was chosen

10

because it provides the lowest interference with Cs™ as compared to other ions
(Li<Na<K<Rb< NHy; ions).

15 5.
pipette to a 25-mL syringe fitted with a 25-mm 0.45-pm filter. Filter the Cs-131

Transfer the solution and solids with a small transfer

filtrate solution into a clean beaker.
6. Take the filtrate to dryness and re-suspend in 10-mL of
H.O. Analyze the resulting solution.
Table 2
Analytical Laboratory Results

20

Sample ID | Initial Final Decontamination
Isotope milliCuries/sample | milliCuries/sample | Factor (Initial/Final)
Cs-131 1180 937 1.3
La-140 1.97 <0.0003 >6567
Co-60 0.0177 <0.0002 >88.5

13
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7. Traces of La-140 (40-hr 2-life) resulting from the irradiation
of Ba-138 and Co-60 (5.3-y Y2-life) from impurities in the barium target material,
are removed from a water solution of Cesium-131 by classical carrier
precipitation chemistry to provide a radiochemical “ultra-pure” Cesium-131 final
product.

8. One of ordinary skill in the art of traditional carrier
precipitation and ion exchange will recognize that a number of metals other
than iron can be used, e.g., lead, cerium, etc. Other base solutions such as
NH4OH, NaOH, or KOH can be used to precipitate the carrier. In addition, ion
exchange methods have the potential to remove the trace of unwanted La-140

and Co-60. Eichrom Ln Resin® is but one example.

EXAMPLE 4

PROCESS FOR THE SEPARATION OF BARIUM FROM Cs-131

Cesium-131 Separation and Purification Process Campaign:

Processing of New Target E, two 2" cycle targets, A and B; and

two 1% cycle targets, C and D.

New Target (Target E) -

1. BaCOj targets consisting of ~150 grams were processed.

2. Each “new” target was dissolved in a stoichiometric amount
(100-mL) of 15.7 molar HNOs.

3. After dissolution to the nitrate form, the nitrate salts were
dissolved in 600 mL of H,O at 100°C.

4. After complete dissolution, each new nitrate target was

evaporated to near dryness with 160 mL of HNO3, to form a mixture of
Ba(NOs3), salts and CsNO3 in ~16 molar HNOj3 acid solution.

5. CsNOj; contained in the HNOj3 solution was separated from
the Ba(NQO3), salt solids by filtration and combined as Cs Product solution.

14
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2" _ 3" Cycle Ba(NQs), (Targets D, C, B, and A)

6. Targets for “remilking” consisted of ~198.6 grams each of
Ba(NQs3) »

7. Each nitrate target was dissolved in 600-750 mL of H;O at
100°C.

8. After complete dissolution, each nitrate target was
evaporated to near dryness with 160 mL of HNO3, to form a mixture of
Ba(NOs3), salts and CsNOzin ~16 molar HNO3 acid solution.

9. CsNO; contained in each of the HNO3 solutions (D, C, B,
and A) was separated from the Ba(NOs), salt solids by filtration and combined

as Cs Product solution.

Solids Wash to Recover Interstitial CsNO3

10.  Ba(NOs) filtered solids from the 3" cycle (Targets A and
B) were washed in series (A to B to Cs Product bottle) twice with 80-mL
volumes of 15.7 molar HNOj3 and the filtrate combined with (#5 and #9 above)
in the Cs Product bottle.

11.  Ba(NOs), filtered solids from the 2" cycle (Targets C and

D) and new Target E were washed in series (C to D to E to Cs Product bottle)

twice with two 80-mL volumes of 15.7 molar HNO3 and the filtrate combined
with (#5, #9 and #10 above) in the Cs Product bottle.

12.  The combined Cs-131 HNO3 Product solution was
Sampled (Sample #1). The solution was then evaporated by heating to 10-25-
mL to reduce the volume and to concentrate the remaining trace of barium
(which partially drops out of the acid solution due to its limited solubility, forming
Ba(NOz3),.

13.  The concentrated nitrate solution was filtered through a
3M® 47-mm Ra Rad Disc, removing any residual barium nitrate salts and trace

Ba®* ions from solution.

15
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10

14.  The Cs-131 nitrate filtrate solution was taken to dryness to
remove unwanted HNOs.

15.  The residual salts including Cs-131/Co-60/La-140 were
taken up in 10-mL of H,O and again taken to dryness to remove any residual
acid.

16.  The solids were dissolved in 5-mL of 0.04 molar Fe(NO3);
solution and mixed with 5-mL of 0.16 molar LiOH to form Fe(OH); precipitate.

17.  The Cs-131 containing solution and Fe(OH); solids were
separated using a 25-mL syringe fitted with a 25-mm 0.45-um filter. The Cs-
131 filtrate solution was taken to dryness with heat.

18. The Cs-131 radio chemically “ultra-pure” Product was

brought into solution using 10-mL of H,O and Sampled (Sample #2).

16
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Table 3
Analytical Laboratory Results

Starting E, D, C, B, and A; 887 g BaCOs;
Targets:

Est. Total Cs-131 Activity, 3,700 mCi; "
Est. Total Ba-131 Activity, 8,150 mCi. ("

Step
Initial #12 FINAL
Sample #0 Sample PRODUCT
ID milli-  #1 milli- Sample #2

Iso%pe Curies  Curies milliCuries Decontamination Factor
#O/#1 #1/4#2 H#O/#2

Cs-131 3,700 3,370 3,260 1.1 1.03 1.13
est.

Ba-131 8,150 0.910 <0.005 8,900 182 >1.6E 6

La-140 214 <0.0006 - >1.1E 4

Co-60 0.0162 <0.0002 -- >81

Au-198 0.0085 <0.0003 - >28

Other isotopes @ -- - - -
(1) Estimated based on reactor performance.

5 (2) Other isotopes of interest, e.g., Zn-65, Sb-124, and Cs-137, were below the analytical
detection limit.

All of the above U.S. patents, U.S. patent application publications,
U.S. patent applications, foreign patents, foreign patent applications and
10 non-patent publications referred to in this specification and/or listed in the
Application Data Sheet, are incorporated herein by reference, in their entirety.
From the foregoing it will be appreciated that, although specific
embodiments of the invention have been described herein for purposes of
illustration, various modifications may be made without deviating from the spirit

15 and scope of the invention.
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CLAIMS

1. A method for purifying Cs-131, comprising the steps of:

(a)  dissolving neutron-irradiated barium comprising barium
and Cs-131, in a solution comprising an acid;

(b)  concentrating the solution to leave solution and solids;

(c)  contacting the solution and solids with a solution of
68-wi% to at least 90-wt% nitric acid, whereby Cs-131 is dissolved in the acid
solution and barium is precipitated as a solid; and

(d)  separating the solids from the acid solution containing the
Cs-131, thereby purifying the Cs-131.

2. The method according to claim 1 wherein the concentration of
the nitric acid in step (c) is 85-90-wt%.

3. The method according to claim 1 wherein the concentration of

the nitric acid in step (c) is at least 90-wt%.

4, The method according to claim 1 wherein the acid in step (a) is

nitric acid.
5. The method according to claim 1 whereby steps (¢) and (d) are
repeated with the solids of step (d) and the acid solution from each step (d) is

combined.

6. The method according to claim 1 whereby the acid solution of

step (d) is evaporated to incipient dryness and steps (c) and (d) are repeated.

18
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7. The method according to claim 1 wherein the solids of step (d)
are subjected to the steps of:
(i) storing the solids to allow additional Cs-131 to form from
decay of barium;
(ii) dissolving the solids in a solution comprising water, with
heat; and

(i)  repeating steps (b), (c) and (d) of claim 1.

8. The method according to any one of claims 1-7 having
additional step (e), comprising (e) contacting the acid solution containing the Cs-131
with a resin that removes barium, thereby removing trace barium if present from the
Cs-131.

9. The method according to claim 8 wherein the resin is provided in

the form of a 3M Empore™ Sr Rad or Ra Rad disc.

10. The method according to claims 1-7 having additional steps (e)
and (f), comprising (e) evaporating the solution containing the purified Cs-131 to

incipient dryness; and (f) dissolving the purified Cs-131 with a solution of choice.

11. The method according to claim 8 having additional steps (f) and
(g), comprising (f) evaporating the solution containing the purified Cs-131 to incipient

dryness; and (g) dissolving the purified Cs-131 with a solution of choice.
12. The method according to any one of claims 1-7 having

additional step (e), comprising (e) removing La-140 and Co-60 from the acid solution

containing Cs-131.

19
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13.  The method according to claim 12 having additional steps (f)
and (g), comprising (f) evaporating the solution containing the purified Cs-131 to

incipient dryness; and (g) dissolving the purified Cs-131 with a solution of choice.

14.  The method according to claim 8 having additional step (f),

comprising (f) removing La-140 and Co-60 from the acid solution containing Cs-131.
15.  The method according to claim 14 having additional steps (g)

and (h), comprising (g) evaporating the solution containing the purified Cs-131 to

incipient dryness; and (h) dissolving the purified Cs-131 with a solution of choice.

20
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