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1.0 Abstract

y development of the MTR-Rala

This report presents the laboratﬁr
0 from Materials Testing Reactor

Process for the production of barium!

agsemblies.
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2.0 Introduction

Kilocurie amounts of barium;ho have been produced in the Oak Ridge (1,2)
National Laboratory Rala plant since 1945, using a precipitation process.'™’
Originally, ORNL slugs were used as the raw material, but, as the required
amount of product increased, it became more economical to utilize Hanford
slugs. The Rala plant was revised in 1950-51 to increase the safety of
the equ&gment and to(énﬁiease the plant capacity to 10,000 curies of
barium! per batch.'”’ In addition, the latter part of the Rala pre-
cipitation process was replaced with an lon-exchange procedure to increase
the purity of the product and to g?cilitate the handling of small amounts
of material by remote control. >-

Subsequently the consumer requested an increase in batch size to a
minimum of 30,000 curies. Assemblies from the Materials Testing Reactor
were proposed as the source for the production of the larger batches be-
cause of their high specific activity. An MIR assembly is composed of an
aluminum-uranium2 > alloy, clad wit& pure aluminum, which after irradiation
for Sg days would contain 3.88 x 10" curies of bariuwm*C, An economic sur-
vey( indicated that it would be cheaper to produce the larger batches in
the ORNL Rala plant using Hanford or Aiken slugs if the reguired production
period was only two to three years. For a longer production period it was
probably advantageous to install mew Rala processing facilities at. the .
gite of the Materials Testing Reactor.

In order to utilize MIR assemblies for the production of bariumlho
it was necessary to develop a new Rala process. The laboratory study of
four possible chemicel schemes is presented in this report. The develop-
ment experiments were performed to scale in both glass and stainless steel
equipment with 10- to 20-g transverse sections of a natwral uranium MTR
assembly, thus assuring the proper ratios of uranium and aluminum to sili~
ca and other impurities. The sections were irradiated im the X-10 graphite
reactor to provide radiocactivity for tracing the caticns im the process.
Inactive cations were added in the proper concentrations to represent the
fission product masses. Cerium, or a mixture of cerium and lanthanum; was
used to simulate the rare earths. The final process was chosen on the
basis of chemical yield and purity of product; ease of recovery of uranium?35;
simplicity of equipment, and overall time required for processing. Studies
of the unit operations in the proposed process and design considerations
for a pijot El nt and final processing plant are presented in separate
reports. 10, l?

3.0 Summary

A process for the production of 30,000-curie batches of barium;ho
from Materials Testing Reactor assemblies was developed and successfully
demonstrated on a laboratory scale. The barium yleld was greater than
97.0% and the product met or exceeded all purity specifications. The pro-
cess showed good reproducibility and operability with an overall operating
time of approximately sevenﬁggn hours. The waste solution is suitable for
the recovery of the uranium in the "25" solvent extraction process. A




-7 - ORNL-1148

study of the irradiation characteristics of the materials used in the
process indicated adequate stability at the anticipated radiation level.

The MTR Rala Process consists of the dissolution of the assembly in
caustic, the recovery of the uranium-barium precipitate from the alumi-
nate solution by filtration, and the purification of the barium both by
precipitation of barium nitrate from 85% nitric acid and by ar ion exchange
separation.

Three additional schemes were developed and evaluated for the dis-
solution of the assembly and the elimination of the bulk comstituents,
aluminum and uranium. These schemes utilize a caustic; nitric acid-mer-
curic ion, or sulfuric acid-hydrogen peroxide-mercuric ion system for the
dissolution step and the precipitation of barium sulfate or barium nitrate
for the bulk separation step. It was concluded that these processes were
less desirable in terms of equipment simplicity, ease of recovery of wra-
nium?35 from the waste stream, or radiation stability of the required
chemicals.

Ton exchange and the precipitation of barium chloride from concen-
trated hydrochloric acid were studied as alternate methods for the sepa-
ration of barium from the micro-contaminants. The ion-exchange method
was selected on the basis of high yield, purity of product, and reliabi-
lity. )

4.0 Physical Considerations

4.1 Composition of an Irradiated Assembly

The final operating schedule for the MIR reactor had not been fixed
at the time the MTR Rala Process was developed, thus preventing an accu-
rate calculation of the composition of the irradiated assemblies to be
used in the process. As a result it was necessary to develop & flexible
process which could handle one or two assemblies with irradiation times
of 12 to 37 days. Assemblies with longer or shorter Irradiation periods
could be processed with a slightly modified procedure.

An asﬁgmbly irradiated for 12 days would contain 2.96 x 104 curies
of barium! :(;:o.gh g of barium; 135-204 g of wranium, depending on the
amount of uranium@3? present; and approximately 0.76 g and 4.8 g of stron-
tium and rare earths respectively. _Irradiation for 20 or 37 days woulﬁ
produce 3.88 x 10% curies of barium 'O ="=1.h g of barium, or .k x 10
curies_-2.1 g of bariumi respectively. The latter figure represents the
meximum amount of barium 40 activity which can be produced in an assembly.
Since the consumer's minimum requirements are 3.0 x 10% curies per batch,
it will be necessary to process two 12-day assemblies or one 20- or 37=-day
assembly. From the consumer's viewpoint, the 12-day material is preferab%7

(11)

because the shorter irradiation results in a lower mass ratio of barium13

140

barium .
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The barium decay scheme

140 140
Ba La . ce(st) (l)
12.8 4 40 hr

must also be considﬁred in estimating the total curies needed for the Bro-
duction of 3.0 x 10* curies. For all practical purposes, the bariumlh
decay amoHnts to 5% per day. Thus, a 20-day irradiation, equivalent to
3.88 x 10" curies, should be sufficient and would permit a 20% processing
loss, although the anticipated losses amount to only 5% for decay and 3%
for chemical processing. The assembly will be processed about four hours
after it is discharged from the reactor, thus making the initial decay

loss negligible.

The total energg pr?du?ed by radioactivity in ?he assembly will de-
crease from 1.3 x 107 kw 29) at discharge to 5.0 kw 11) after four hours
of cooling, at which time the barium will represent only 3-5% of the total.

The amount of uranium in an irradiated assembly will vary consider-
ably but will have little bearing on the barium yield in the MIR Rala Pro-
cess. Consequently, the development runs were made assuming 150 g of ura-
nium per assembly and no effort was mede to investigate other concentrations.
The percent uranium loss per rum will vary with the total amount of uranium
present, but the actual weight loss should be relatively constant. The
weight of aluminum was assumed to be 4.37 kg per assembly, which corres-( )
ponds to the calculated amount remaining after removal of the end boxes.

The calculated compositions of assemblies irradiated for 12, 20, and 37 days
are listed in Table 1 and a nomograph for the calculation of the specific
activity of each fission product at discharge time is given in Figure 1.

4.2 Product Specifications

The product specifications as supplied by the consumer are listed
below. The aluminum specification was not stated but was derived from a
knowledge of the consumer's process. The quantities represent the mini-
mum barium content and the maximum impurity content per batch.

Rala Product Specifications

Barium;ho 3.0 x th curies
Barium.lho

138 2:0 g total
Barium (100 curies strontium)
Strontiuma9’ 20
Iron 500 mg
Chromium 10 mg

Nickel : 10 mg ‘ "

Aluminum B ———
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An additional specification is that the last separation of barium
and rare earths be made just prior to shipment and that the shipment be
in the consumer’'s hands within two days. This precaution is necessary
to prevent the bulld-up of a large amount of cerium, thus rendering the
product less valuable (see equation (1)). The final step in the MTR Rala
Process; the fuming nitric acid precipitation;, provides the necessary
separation of barium from lanthanum and cerium.

4.3 Recovery of Uranium

It was assumed that the uranium waste solutions from an MIR-Rala
Process would be combined with the feed solutions in the "25" Process*
for the recovery of the enriched uranium. This procedure, however, places
gserious limitations on the type of chemicals used in the Rala Process,
since the waste solution must be compatible with the "25" solvent-extrac-
tion feed. An initisl survey indicated that organic chemicals were not
acceptable but that moderate amounts of sodium sulfate or sodium nitrate
could be tolerated. Solutions of nitric acid were completely satisfac-
tory in that the nitric acid concentration can be lowered to any desired
level by evaporation.

One of the processes investigated, the Caustic-Sulfate Process,
required the use of 400 moles of sulfate per assembly for the precipita-
tion of barium (see Section 6.0). A sample of the uranium sulfate from
this process was run through the "25" Process solvent-extraction cycle.
The results showed that the efficiency of uranium extraction was lowered
to a dangerous degree when the "25" feed so}ution contained more than 5%
by volume of the sulfate waste solu.‘!:.ion‘,(12 In view of its effect on
solvent extraction, together with other considerations (see Sections k.41
and 6.2), the use of sulfate was abandoned in favor of nitric acid.

In the proposed MIR Rala Process )99.6% of the wranium appears in a
nitric acid waste solution from which it ie easily recovered. The total
uranium loss per assembly in the caustic dissolver soluticn and cauatic
wash solution filirates will vary from 0.4k to 0.82 g depending on the
irradiation and recycle conditicns (see Tabie 2). These values correspond
to uranium3? losses of 0.37 and 0.49 g respectively. It was assumed that
it would not be econcmical to recover so small ar amount of uranium from
the caustic waste solution.

L.4 Radiation Stability

4. 41 Process Chemicals

Versene; a chelating agent with the formula ethylene diamine tetra-
acetic acid; was proposed initially as a reagent for the dissolution Of(8)
barium sulfate in an MIR Rala Process. Frevious experisnce at the 1500

*The "25" Process is the process for recovery an%lgicontamination of ura-

o

nium from MIR assemblies by sclvent extraction.
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and 15,000~-curie (ORNL Rala Run 44) level had shown no significant decom-
position of Versene by radiation. ORNL Rala Run L5 at the 21,000-curie
level, however, showed that Versene was not stable to prolonged irrsdia-
tion. The Versene solution in this case was subjected to a total of
0.040k watt-hr/g, of beta radiation, over a period of 13.5 hours during
the feed solution pH adjustment and column feed operations. This irra-
diation caused a rise in pH at the rate of 0.5 pH unit/hr, =C=0.17 pH
unit/milliwatt-hr/g, and resulted in the precipitation of 35% of the barium.
Subsequently, the ORNL Rala Process was revised to replace Versene in the
"hot" feed solut%g& with acetate, which had shown a higher degree of radia-
tion stability,tit)

A program was initiated to stugg the radiation stability of sodium
Versenate using a 3000-curie cobalt®V source. A synthetic ORNL Rala Ver-
sene feed solution contaiﬁéng barium, strontium, ceiﬁﬁm, lead; and nitrate,
along with tracer barigm; s strontium90,and cerium™"", was irradiated at
the rate of 2.18 x 107 watt/g for 66.5 hours. Alr, saturated with water
vapor, was bubbled continucusly through the solution to maintain its oxy-
gen content in equilibrium with the air. At the end of this period, corres-
ponding to a total energy absorption of 0.155 watt-hr/g, 56%, T4.8%, and
424 of the barium, strontium, and cerium, respectively, had precipitated.
Other effects on the solution were a rise in pH from 6.3 to 8.5; a rise in
nitrite concentration from zero to 0.13 M; and a change in color from water
vhite to yellow.

In a similar experiment two aliguots of a sodium Versenste-sodium
nitrate solution were irradiated at different rates and sampled pericdi-
-cally for analysis. A plot of the millimoles of Versene decomposed versus
the total amount of energy absorbed indicates that the Versene is deﬁomn
posed initially at a rate of 0.69 millimole/watt-hr in an 8.40 x 10-
watt/g field and at 0.55 millimole/watt-hr in & 2.18 x 10-3 watt/g field.
These values are being checked to see if their difference is actually due
to the rate of irradiation or to a possible difference in their equili-
brium oxygen content. The loss in chelating power of the Versene during
irradiation thus accounts for the precipitation of the cations, probably
as their carbonates or as oxalates or succinates formed with Versene de=-
composition products. After 0.2 watt-hr/g of irradiation the concentra-
tion of the Versene had decreased by »“60% and its apparent rate of decom-
position had approached zero. It has not been determirezd as yet whether
the organic decomposition products are selectively oxidized in the later
stages of irradiation and thus protect the Versene or if the decomposition
products absorb in the same spectrophotometric range as Versemne and sre
thus mistaken for Verseme. The PH of the solutions rose from 6.3 at an
approximate rate of 0.06 pH unit/milliwattnhr/g to the range of 8.5 to
9.5 and then remained constant. The rige in pH is attributed to the forma-
tion of weak acids and strong bases (aminea) ag Vergene decomposition pro-
ducts (see Figure 2).

It was concluded that Versene should not be used for the dissolution
of barium sulfate in an MTR Rala Process because of its limited radiation
stability. The time required for the PH adjustment of this solutiom,
prior to its use as the ion-exchange column feed, would undoubtedly expose
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the Versene to excessive radiation.

The precipitation of barium chloride from ethyl ether-hydrochloric
acld is a standard radiochemical separation technique and wapg used in
the ORNL Rala process at levels up to 4000 curies of barium*C, A num-
ber of Rala products were black in color, however, rendering the radia-
tion stability of the ethyl ether suspect. It was subsequently shown by
I. R. Higgins that irradiation of 88 ethyl ether-hydrochloric acid solu-
tion to 0.1k watt-hr/g by a cobalt ?rcs caused the formation of
colloidal black decomposition products. Consequently ethyl ether was
not considered as a Pprocess chemical.

Other process chemicals such as sodium nitrate, sodium hydroxide,
and nitric acld have been used extensively for the dejacketing and dis-
solution of irradiated slugs and were assumed to be essentially stable
to radiation.

4 .42 Ton Exchange Resin

ORNL Rala Runs 45 and 46 were studied in detail to determine the
radiation stability of Dowex-50 resin under actual process conditions.
The solutéons enteri&g an&uleaving the column were analyzed for barium %0
strontium , ceriuml , and gross beta. Using these analyses, the
average residence time of the activity on the column and the total bftg)
energy absorbed by the column system was calculated. It was assumed
that the gamms radiation damage was negligible and that the beta damage
was proportional to

E (average) = (0.4) E (maximum). v (2)

Run 45 contained 12,500 curies of_barium 1&0, 1740 curies of BtiEE hh
tium89, about 1000 curies of lanthanum; 0, and 500 curies of cerium 1
The resin system absorbed 0.23 kwh of beta radiation energy per kilogram
of oven-dry H* form resin, or 0.1l kwh per liter of H' form resin, ovar a
period of eighteen hours Run 46 contained 30,000 curies igobarium
1250 curies of etﬁontkﬁm ; about 8000 curies of lanthanum™ -, and 700
curies of cerium amounting to 0.27 kwh pexr kilogram of oven-dry
H* form resin over a period of fourteen hours. The resin capacity loas
in the latter caﬁe should approximate only 2-4% based on results reported
I. R. Higgins This work showed a resin capacitihloss of 10-15%/kwh/
kilogram of resin from radiation produced by cerium’ in col opera-
tions or by irradiation of resin in glass ampules by a cobalt 0 source.
This work also showed that anion resins are less stable to radiation than
cation resins. Consequently anion resins were not considered for use in
the MI'R Rala Process.

The irradiation of the resin columns in ORNL Runs h5 and 46 did not
impair the efficiency of the systems for barium purification. It is
therefore assumed that ion exchange will be suitable for the MTR Rala
Process and will be well within radiation safety limits since the resin
irradiation time in this case will be lower by a factor of three than in

the ORNL Rala Process.
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The resin column should be charged with new resin for each Rala
run to avoid a build-up of radiation damage.

4.5 Choice of Separation Methods

The MTR Rala Process can be divided into three mejor steps: assembly
dissolution; separation of barium from the bulk constituvents, uranium and
aluminum; and separation of the barium from the fission products.

Nitric acid, sulfuric acid, and caustic were studled as reagents for
the dissolution of the assembly. Caustic dissolution was selected for
the MIR Rala Process because of its efficiency and because it afforded an
excellent method for the separation of the barium from the aluminate solu-
tion by filtration.

Precipitation and ion exchange were considered as methods for the
separation of the bulk contaminants. The precipitation method was chosen
because it provided a fast, efficient separation whereas ilon exchange
would require large volumes and & relatively long operating time. In addi-
tion, the sulfoig acid used for the separation of barium from uranium by
cation exchggge 16) would not be acceptable in the process used to recover
the uranium (see Section 4.3). From a stability standpoint; there was
no certainty that the resin could withstand the tremendous amount of radia-
tion of the dissolver solution where the barium furnishes only 3.5% of the
total energy from radiocactivity. The precipitation method, however, would
be stable to radiation and would eliminate a large fraction of the fission
products. Thus the level of radiation would be lowered to the pcint where
it 1s known that the resin can be used effectively and would permit the
use of ion exchange for the succeeding purification step (see Section 4.42).

Ion exchange was selected for the separation of barium from strontium
and other fission products. This method is excellent for processing small
amounts of material by remote control and produces & pure product in high
yield. ORNL Rala experience has demonstﬁated the effectiveness of ion
exchange for the purification of bariumt*0. Purification of barium by a
hydrochloric acid precipitation process was not satisfactory in that the
barium loss was high, the separation from strontium umcertain, and the
small volumes required would be difficult to handle by remcte comtrol (see

Section 9.0).

5.0 MIR Rala Process

The recommended MIR Rale Process consists of the following steps: (1)
dissolution of the assembly im caustic and sepsration of the aluminate solu-
tion from the uranium-barium precipitate by filtration; (2) dissolution of
the precipitate in nitric acid and the precipitation of barium nitrate by
the addition of fuming nitric acid; (3) purification of the barium by ion
exchange; and (4) final purification and volume reduction by a fuming nitric
acid precipitation (see flowsheets, Figures 3 and L, and Table 2).
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5.1 Assembly Dissolution

5.11 Dissolution Rate

Dissolution of assembly sections in sodium hydroxide and sodium
nitrate produces a very vigorous reaction. The fast evolution of gas
causes foaming and a resultant increase in solution volume of about 100%.

- It was necessary to control the reaction by adding the caustic slowly
over a period of 1/2 hour. Dissolution was complete im 1 to 2 hours when
the mole ratio of NaOH/Al was 1 or greater. Any substantial reduction
in this ratio resulted in incomplete dissolution and unstable solutions.
Only the higher concentrations of aluminum (1.8 to 5.0 M) were considered
in this study in order to 1imit the dissolver solution volume and conse-
quently the total uranium loss as soluble uranium,

5.12 Off-gas Composition

Sodium nitrate is added to the dissolver solution to oxidize the hy-
drogen formed during the dissclution of aluminum by sodium hydroxide and
thus reduce the explosion hazard. The following equations describe the
reactions involved:

8A1 + SNaOH + 3NaNO3 + 2H;0 ——=3NH3 + SNaAlOp (3)
2Al + 3NaNO3 + 2N&.OH ~—-3NaNO, + 2NaAl0p + H,O (&)
2Al + 2NaOH + 2H,0 ——2NaAl0, + 3H, (5)

A maximum of 60.7 moles of ammonis would be evolved per assembly if the
. reaction proceeded according to equation (3) alone. Actually the reaction
is a combination of the three equations.

The composition of the off-gas was studied as a function of the ipni-
tial mole ratios of Al : NaNO; : NaOH and the final Al concentrations. It
‘'was found that the amount of ydrogen in the off-gas varied directly with
the initial NaOH concentration at comstant Al and N&NO3 concentrations;
and indirectly with the initial NaNO3 concentration at comstant Al and
NaOH concentrations. At the recommended flowsheet conditions of mole ra-

- tios of Al ; NaNO- : NaOH of 1 : 0.5 :1at50M Al; the hydrogen evolu-
tlon did not exce@d 2 ml per gram of MPR assembly (see Figure 5). This
value agrees very well with that reported by A. T. Gresky'19) for the
caustic dissolution of P-10 slugs. At this rate; the dissolution of one
assembly would produce about 9.0 liters of hydrogen, which is considered
well within safe limits. ,

) The ratios of the final concentratioms of NO- to Al were plotted as
a function of sodium molarity as a convenient met od for presenting several
variables. The curves show that the fractiom of the aluminum dissolved by
equation (4) varies directly with the initial NaNO concentration at con-
stant Al and NaOH concentrations, and indirectly with the initial NaOH
concentration at constant Al and NaNO concentrations. In plotting the
percent of aluminum dissolved by equation (4), it was essumed that the ratio
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of the rate of production of NO§ to the rate of Al dissolution was con-
stant throughout the dissolvimg period (see Figure 6). At the recommended
flowsheet conditions, approximately 5.0% of the aluminum was dissolved
according to equaticn (3), corresponding to the evolutior of 58 moles of
ammonia.

5.13 Uranium Solubility

The solubility of uranium in the caustic dissclver solution was stu-
died as a function of the initial mole ratios of Al : N@NO3 ¢ NaQOH and
final Al concentrations. Assembly sections were dissolved, and the solu-
tion was filtered through both the regular "H" porosity sintered stainless
steel process filter using asbestos filter aid, and subsequently through
No. 42 quantitative paper. It was arbitrarily assumed for development
purposes that all uranium passing through both filters was in solution
although some was undoubtedly colloidal. The solutions were neutralized
with acid prior to amalysis to dissolve any solids. Thie additional di-
lution lowered the uranium comcentration to about 1 microgram/mi or less,
resulting in an apalybical accwracy of ¥10%.

Representative results were plotted as a functiom of sodium molarity
as a convenient method for the presentatiocn of several variables. It was
assumed that the only cation present was sodium and that all of the ions
were monovalent. The uranium solubility varied indirectly with the NaRO3
concentration and directly with the NaOH concentration at comstant Al con-
centration, and indirectly with Al concentration at constant NaNO3 and
NaOH concentrations (see Figure T).

The selection of flowsheet dissolver comditions as mole ratiog of
Al : NaNO3 : NaOH of 1:0.5:1at5.0MAL, was based on ursnium solu-
bility and solution stability (see Sectioun 5.15). Under these conditions
the wranium solubility is 5.7 mg/liter and the soluble uwranium loess in
the dissolver filtrate should approximate 183 mg, or 0.12%, per sssembly.

The effsct of COS and Caf' on the solubility of wranium was studied.
Dissolver solutions which were made up tc 0.3 M in £OF or up toe 0.07 M
in Ca2t did not show any eppreciable increase in urangum solubility.

5.1% Barium Sclubility

The caustic dissolution of an irradisted MIR assembly selectively
leaches the aluminum from the uranium-aluminum alloy, leaving the ursnium
as a precipitate. It was found that very little of the gross activity,
other than the aluminum;, appearsd in the caustic filtrste. This obsgerva-
tion leads to the comclusion that the fission products are mot free to
leave the precipitate. Thus the wranium acts ag & carrier for the barium
and permits the separation of barium from aluminum by filtration.

The average barium loss in the caustic filtrate for & series of nine
experiments was 0.18% using irrsdiated matural vranium, MR assembly sec-
tions. Barium carrier was not added in these experiments. A portion of
this loss is undoubtedly due tc berium associated with colloildal wranium.
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particles which pass through the filter. These experiments showed only
that barium remained quantitatively with the uranium in the case of low
level irradiation. In the MR, the uranium mass will be depleted by 10-
30%. Under these conditioms a proporticnate amcunt of b ﬁ%um may be free
to go into solution. However, experiments, using dbari tracer and
barium carrier corresponding to 1, 5, and 10% of the total theoretical mess
of barium, showed that the maximum barium loss in the caustic filtrate was
0.12%. It was therefore concluded that aay barium which separates from
the uranium crystals would be precipitated, probably as the carbonate, and
retained on the filter.

5.15 Dissolver Solution Chemical Stability

The chemical stability of the sodium aluminate dissolver solution is
of the utmost importance since under operating conditioms an appreciable
delay might occur between the dissolution and filtration steps. A volu-
minous, white, difficuitly eoluble precipitate of hydrous aluminum oxides
forms in unstable solutioms. Counsequently, it was arbitrarily established
that the solution must be stable for & least 24 hours at 20-100°C. In
addition the solution must be stable after a 20% dilution with water since
such a dilution will occur when the solution is transferred by steam Jjet.

- In general the solutions were more stable at higher Al and NaOH comn-
centrations and at lower NaNOs; concentrations. Precipitates formed with-
in 2 hours in solutions which were 3.6 M in Al and contained mole ratios
of 1:0.5 - 1.0:1.0 of A13N3N032Na0H. Dilution with water caused immediate
precipitation. The solutions were very unsteble at mole ratios of 1 : 0.6
0.8 for 5.35 and 7.% M Al. The stability requirements were met when the
solution was 5.0 M in Al at a mole ratio of 1 : 0.5 : 1 or 3.6 M in Al at
1:1:1.5. An increase i the NaNO3 concentration over these amounts
resulted in unstable solutioms.

A small amount of flocculent brown precipitate formed in the caustic
filtrate within a few hours after filtration when the Al and NaOH concen-
trations were high (~5.0 M). It was soluble in strong caustic, and
leaching with aqua regia caused the formation of an imsoluble white pre-
cipitate, probably silica. A spectrographic analysis of the precipitate
showed that it was a silicate containing aluminum; calcium, chromium, irom,
magnesium, and manganese. It wae determined that the material was derived
from the asbestos filter aid rather than from impurities in the assembly
or corrosion of the stainless steel filter or stainiess steel dissolver.
It is assumed that the precipitate will not affect the process since 1t
does not contain uranium or barium epd is formed in small quantities.

5.2 Separation of Barium and Uranium from Aluminum

The uranium is present in the caustic dissolver sclution as a preci-
pitate which can be separated from the solution either by cemtrifugation
or by filtration using asbestos filter aid and an "H" porosity sintered
stainless steel filter at 90-100°C. The latter method was selected for

the MTR-Rala Process because of its simplicity.
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5.21 Filtration

Without Filter Aid

The solutions filtered rapidly and did not plug aa "H" stainless
steel filter but it was necessary to recycle the solution to obtain a
clear filtrate. The wranium loss was 0.5 - 1.0%.

Celite Filter Ald

Celite filter aid was tiried in an effort to reduce the uranium loss
and eliminate the recycle. The caustic soiution attacked the Celite,
however, making ites use impractical.

Asbestos Filter Aid

Asbestos, with the formuls caQMES(OE)a(Siholl)av proved to be a satis-
factory filter aid. It is reasonably stable im caustic solutions, possafses
good filtration characteristics, and is stable to heat. The latter point
is of interest because of the large amount of heat derived from the radio-
active precipitate. The system camnot tolerate too great an addition of
calcium or strontium, and the barium addition should mot exceed ~0.2 g. The
following series of tests was run to determine the impurities that would be
added to the Rals system from the use of this filter aid: A sample of med-
ium-fiber, acid-washed, and ignited asbestos was refluxed for three hours
with 3.0 M caustic in a stairless steel container and subsequently leached
for three hours with boilimg 6 M nitric acid as a pretreatment purification
step. The leachings were then repeated to simulate process conditions. The
azbeatos samples were dried for twenty-four hours at 110°C and weighed before
and after the secord caustic and acid treatments, and the total weight loss
was determined as~3.0%. The caustic solution contained 0.25 and 22.6% of
the weight of the asbestos as silice and total alkaline earths; respectively,
and the acid leach 0.6 and 0.03%, respectively. Barium was mot detected by
gravimetric anslysis in either solution. These results indicate that the
amount of impurities derived from the asbestos would not be excessive, since
only those contained in the acid solutiom enter the Rala system.

The efficiency of asbestos as a filter aid was determined on the basis
of uranium loss es solids and on filtration rate. The solid uranium loss
was defined as that uranium which passed through the asbestos-"H" stainless
steel filter but which was reteined by No. 42 gquantitative paper. It was
shown that an asbestos precoat was necessary but that 1.28 g of aebestog
precoat per square inch of filter was no more efficient than 0.6k g/ino
for retaining uranium particles. The golid wraniur loss was lowered by a
factor of 4 by increasing the amount of filter aid from 2.5 to 5.0 g/liter,
but any further increase resulted in an excessive loss in filtration rate.
The average solid uranium loss for twelve runs using G.6h g/ino of precoat
and 5.0 g/liter of ssbegtcs filter aid was 0.06% with individusl variations
ranging from 0-0.1%. Increasing the Al concentration from 3.6 to 5.0 M and
variations in the mole ratio of Al : NaN03 : NaOH made little difference in
the solid uranium loss.
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The average filtration rate for seven runs which were 3.6 M aluminum
was 1.4 liters/in.2/br at 90-100°C and 5 cm Hg vacuum using 5 g. of as-
bestos per liter of solution and 0.64 g/in.2 as a precoat. The individual
variation was from 1.56 to 1.06 liters/in.2/hr. Varying the concentration
of NaNO3 from 1.8 to 5.2 M or increasing the precoat to 1.28 g/in.2 made
little aifference in the filtration rate. Increasing the Al concentration
to 5.0 M decreased the rate to 1.0 liter/in.2/hr. In all cases the rate
was essentially constant during any one run and the maximum batch filtra-
tion time was fifteen minutes.

It was concluded from these experiments that the commercial medium-
fiber, acid-washed, and ignited asbestos should be boiled for three hours
in both 3 M NaOH and 6 M HNO; prior to its use as filter aid, that the
filter should be precoated w;th 0.64 /in.2 of asbestos, and that the
dissolver solution should contain 5 g/liter of asbestos as filter aid.
The filter aid should be added to the dissolver solution as a slurry in
6 liters (full scale) of 3.0 M NaOH just prior to filtration. A direct
scale-up of laboratory conditions indicated that a filter 14 in. in dia-
meter would be required on full scale.

5.22 Centrifugation

Centrifugation was shown to be a satisfactory method for the separa-
tion of the uranium precipitate from the aluminate solution. Caustic
dissolver solutions centrifuged for ome hour at 750 G or 1500 G showed
total uranium losses of ~v2.3 and ~0.13%, respectively, indicating that the
latter figure represents the minimum centrifugation .conditionms. Increasing
the centrifugation period to two hours at 1500 G did not decrease the ura-~
nium loss.

These resu%gi agree with those reported for both the laboratory(ao)
and pilot plant‘® ) centrifugation of the caustic solution of P-10 slugs.

The latter work used a 12 in. bowl centrifuge in batch experiments at 1450
G for one hour. A personal commumication from the authors indicated that
the process could be adapted to continuous operations.

A serious disadvantage of centrifugation in this case is the convec-
tion currents set up in the bowl as the result of radicactive beat. It
is assumed that these currents would tend to stir up the precipitate and
thus impair the efficiency of the separation.

5.23 Caustic Wash

The caustic wash serves two purposes: (1) it washes the dissclver
tank and effects a quantitative transfer of uranium precipitate from the
dissolver to the filter; and (2) it washes the aluminum from the uranium
precipitate. In the laboratory experiments, the precipitate was washed
four times with volumes of 0.5 M sodium hydroxide which were equivalent
to 5 liters on full scale. The washes contalned on the average 4.0, 0.5,
0.15, and 0.05% of the total amount of aluminum in the system. These re-
sults indicute that the last two washes could be eliminated if they are

not required as tank washes.
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The caustic wash filtration rate was approximstely the same as that
of the dissolver solution. The use of water as a wash is not recommended
since it caused a marked decrease in filtration rate and increased the
uranium loss by a factor of teun.

The uranium loss was constant for each caustic wash and totaled 0.11%
as an average of twelve runs. The uranium loss im the wash solutioms did
not vary appreciably when the sodium hydroxide concentration was increased
to 8.0 M or when the original dissolver solution was 3.6 or 5.0 M in alu-
minum.

5.3 Dissolution of Barium and Urapium

The uranium precipitate obtained from the caustic filtration would
not dissolve quantitatively in 1 M nitric acid at a total mole ratio of
HN03/U of 8.0. Dissolution was fast and complete; however, in excess 6 M
nitric acid.

5.4 Separation of Barium from Uranium

The barium is separated from the wranium and the bulk of the fission
products by the precipitation of barium nitrate from 85% nitric acid.
Under these conditicms the solubility of barium is only 0.86 mg/liter
vhile the uranium is very soluble (see Figure 8). In this step the nitric
acld solution of the uranium cake is evaporated to comstant boiling nitric
acid (equivalent to ~55% nitric acid in this case due to the salting action
of the dissolved salts)}, cooled to 2500, and 91% nitric acid added as pre-
cipitant. After the solution has been agitated for fifteen minutes, the
precipitate 1s recovered by filtration, washed with 85% nitric acid; and
finally dissolved in water to form the crude product solution.

Laboratory demomstration rums were made to scale using irrsdiated natu-
ral uranium assembly sectious which had been cooled five hours and %o which
fission product carrier masses corresponding to 12 or 37-day irradiations
were added. The crude product solution contained 99°5¢ of the barium and
strontium but only 3.5% of the total gross beta activity and 0.04% of the
uranium for both irradiatiom conditicms. The rare earth comtent of the
crude product solution, however, varied from 2.0% for a 12-day irradiation
to 25% for a 37-day irradiation. The separaticon of alwninum from barium in
this step was very poor because of the low solubility of aluminum in 85%
nitric acid (V0.3 g/liter}. The nitric acid solution of the uranium cake
contained ©0.15% (V6.5 g) of the total aluminum in the assembly, and approxi-
mately 45% of this aluminum appeared in the crude product solution {see
Table 3). .

The evaporation of the mitric ascid sclution will undoubtedly result
in the dehydration and precipitation of silicic acid derived from the caus-
tic dissclution. In order to prevent tge silica from plugging the filter,
the latter was precoated with 1.0 g/ino of analytical grade Celite filter
ald, and 2.0 g of Celite was added per liter cf sclutiom as filter aid.
The filtration rate was adequate under these conditions. A disadvantage
of this procedure is the relatively large amount of acid held up in the
pores of the filter aid. This acid is subsequerntly washed out during the
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dissolution of the crude product and appears in the ion-exchange column
feed where a high nitric acid content is not desirable (see Section 5.5).
Pulling air through the filter for ten to fifteen minutes did not reduce
the nitric acid hold-up below a minimum value of 0.018 mole per gram of
filter aid. It is recommended, therefore, that the total amount of filter
aid on full scale be ilimited to approximately 40 g, 20 g as precoat and
20 g as filter aid. A direct scale-up of laboratory conditioms indicated
that a 5-in.-diameter, "G" porosity, stainless steel filter would be sat-
isfactory for full-scale operations.

5.5 Purification of Barium by Ion Exchaggg

The purification of barium by ion exchange consists in the adsorp-
tion of the barium and other cations on a resin column from the crude pro-
duct solution (see Section 5.4), selective elution of impurities with sodium
citrate and sodium Vergenate, and elution of the purified barium in 9 M ni-
tric acid.

Resin Column Specifications

Laboratory demonstration runs were performed on a resin columm 13 in.
in height by 0.71 in. in diameter which represented 1/3k of full procesgs
scale. A colum 13 x 4 in. containing 2.67 liters of resin, 18 recommended
for full-scale operations. The resin volume should be measured under water
in its settled; sodium-form.

The process resin is chemically pure, 60-100 mesh, 12% cross-linked,
sodium-form Dowex-50 (Nalcite HCR). It is cleaned and converted to the
sodium form by washing in sequence with 3.5 M HC1, 3.0 M NaN03, and 1 M
NaOH. The resin preparation procedure for a full-scale column is given
in Table k.

The flow rates for the resin columm solutions vary from 1.2 - 6.8
ml/min per square centimeter of columm cross section. The slower flow
rates are used only when operation at near equilibrium conditions is re-
quired. The stepwise process flow rates are given in Table 2.

Demonstration runs, performed in & 316 stainless steel column, indi-
cated that this was a suitable construction material for the ion-exchange
column.

Product Adsorption

The water solution of the crude barium product (see Section 5.4) con-
tains acid derived from residual solution in the filter cake and on the
walls of the fuming nitric acid filter tank. It is partially neutralized
with sodium hydroxide and passed through the column where the barium and
other cations are adsorbed. The presence of sodium in this solution pre-
vents the conversion of the sodium-form resin to the hydrogen form by the
aclidic feed. The acid content of the feed solution should approximate 1.0
mole since significantly larger amounts cause the barium to be adsorbed
at a lower point on the columm. Thus a portion of the barium would be
eluted prematurely and lost during the succeeding impurity elutions. A
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demonstration run containing 5.0 moles of nitric acid in the feed solution
showed a total barium loss of 1.8%.

The feed solution is followed by water which washes the feed tank
and displaces the last of the feed solution from the columm.

Contaminant Elution

Approximately 2.9 g of aluminum, 0.1 to 3.3 g of rare earths; and
0.7 to 2.0 g of strontium are adsorbed on the resin columm as contaminants
along with the barium. The aluminum and rare earths are selectively re-
moved by elution with 0.5 M sodium citrate at pH 3.2 and the strontium
is removed by selective elutiom with 0.07 M sodium Versenate at PH 6.3.
Previous work has shown that the lafteg conditions are optimum for the
separation of barium and strontium.\2s )

Sodium citrate has beer used at pH's ranging from 2,7(22) to 6.0(23)
for the elution of rare earths from Dowex-50 resin. Experiments on the
MIR Rala system, however, showed that elutiomn at pH 3.5 was more efficient
than at pH 3.0, 6.0, or 7.0. Aluminum, on the other hand, was more effi-
ciently eluted at pHE 3.0 than at higher pH. A compromise pH of 3.2 proved
to be a satisfactory operating comdition for the elution of both rare
earths and aluminum. It was also shown that 12.0 g of aluminum and 5.3 g
of rare earths could be successfully eliminated by using the flowsheet
conditions; indicating that the capacity of the process for aluminum decon-
tamination is mot limited to the expected 2.9 g.

Tps selective elution of aliminum with sodiun hydroxide(24) | oxalic
acid(2 s and Versene was also studied. Sodium hydroxide derives its
efficiency through the formation of the anion Al0) which is not adsorbed
by the cation resin. The formatiom of this anion requires hydroxyl ions,
and consequently the pH of the solution decreases. In order to prevent a
decrease in pH to 10 or less, with a resultant precipitation of aluminum
hydroxide in the resin column, the initial bulk removal of aluminum is
accomplished with 1.5 M sodium hydroxide. The balance of the aluminum is
then eluted with 0.5 M sodium hydroxide. The use of the less comcentrated
solution is preferable from & selective elution standpoint since its effect
on the barium is directly proportiomal tc the square of the Na't concentra-
tion. Sodium hydroxide proved to be an efficient aluminum eluting agent,
but its use was precluded by its adverse effect on the rare earths. The
latter were apparently precipitated im the resin particles, thus prevent-
ing their subsequent quantitative elution at finite rates by complexing
agents. Versene a% pE 6.3 and oxalic acid at reagent pH 0.78 proved to be
less efficient thar sodium citrate at pH 3.2 for aluminum elution. Sodium
oxalate at pH 2.5 eluted aluminum efficiently but precipitated the rare
earths in the resinm particles.

Product Elution

The barium product is eluted with an excess of 9 M nitric acid. A
small volume of 2 M nitric acid is passed through the column first, however,
to elute the bulk of the scdium from the resin anrd prevent the precipitation




of sodium nitrate in the column during the elution with 9 M nitric acid
Experience in the ORNL Rala Process has shown that the last traces of
barium are desorbed with difficulty from highly irradiated Dowex-50 resin

of the resin. The bulk of the acid is then passed at a lower flow rate,
approximating equilibrium conditions; to elute the balance of the barium.

The stability of Dowex-50 resin was studied in 6, 9, and 12 M nitric
acid. About 20 g of clean resin was shaken for 24 hr with T5 ml of ni-
tric acid, the phases were separated by filtration, and the filtrate was
analyzed for sulfate and total solids. The resin was washed with water
and its capacity was determined by titration with 0.1 M sodium hydroxide.
The resin moisture content was determined by weight loss in a 105°C oven,
and the final capacity results were reported on an oven-dry basis.

The results showed that the resin is quite stable even in 12 M ni-
tric acid, in which the capacity loss was 0.T4% as determined by the solu-
tion sulfate analysis. This analysis is considered more accurate than the
resin titration method which showed a capacity loss of zero. The chemi-
cally pure resin was apparently more stable than the technical grade and
there was no appreciable difference in the stability of the 8 and 12%
cross-linked technical grades of resin (see Table 5),

The relative efficiencies cf 6, 9, and 12 M nitric acid for the elu-
tion of barium from a Dowex-50 resin column were also determined. Batch
equilibrations had shown barium distribution coefficients of 1.0 and 0.5,
respectively, for 6 and 9 M. It was expected that 12 M nitric acid would
be the,most'efficientuelnting:agentudue to its higher B* concentraticn and
activity coefficient. Column rums showed, however, that the 9 M acid was
only about 20% more efficient, and that the 12 M was actually less effi-
cient than the 6 M acid (see Figure 9). A possible explanation of this
phenomenon would be the precipitation of barium nitrate in the resin parti-
cles due to the high H' and NO§ concentrations in the regin phase. The
flat appearance of the elution curve suggests the redissolution of a pre-
cipitate.

5.6 Final Purification and Volume Reduction

The final volume reduction and separation of barium from its daughter,
lanthanum, and other impurities is accomplished by the Precipitation of
barium nitrate from 85% nitric acid. The 9 M nitric acid ion-exchange
column eluate is evaporated to constant boiling nitric acid, and barium
nitrate is precipitated by the addition of 91% nitric acid. The precipi-
tate is recovered by filtration, dissolved in a small volume of water,
and sent to the shipping cone for evaporation to dryness. The barium
loss 18 N1.0% and the product meets the specifications listed in Section
4.2. The fimal precipitation tank and filter should be constructed of
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tantalum to ensure the purity of the product.

The product from the ion-exchange column will contain a large amount
of sodium, derived from the sodium-form resin column, and small amounts
of rare earths, strontium, aluminum, and stainless steel corrosion pro-
ducts. A study of the fuming nitric acid precipitation step showed that
all these impurities, with the exception of strontium, are separated from
barium by the precipitation of the latter from 10 liters of 85% nitric
aclid. The separation of barium and strontium by ion exchange, therefore,
must meet specifications since no further separation of these cations is
attained during the fuming nitric acid precipitation. Approximately 1.0 g
each of aluminum and rare earths can be separated from the barium by this
precipitation; but any significant increase over that amount exceeds their
solu.biZ6Lities° The results of representative experiments are listed in
Table 6.

The elimination of sulfate and other resin irradiation decomposition
products by a fuming nitric acid precipitation was also studied;, since an
equipment failure or other operational difficulty may allow the radiocacti-
vity to remain on the columm an inordinate length of time and result in
excessive decomposition of the resin. Five grams of Dowex-50 and 1.9 4
of Ba(NOB)a were dissolved in 30% HyOp and 16 M HNO3, and the barium was
subsequently precipitated by the addition of fuming nitriec acid. The pre-
cipitate was white and completely socluble in water, indicating that the
sulfate and colored organic impurities were completely eliminated.

ORNL Rala development work showed that sulfate could be quantitatively
eliminated from the product_system by one fuming nitric acid precipitation
where the mole ratio of SO '/Ba in the solution is,1 ?, and that two pre-
cipitations would eliminsate any amount of sulf'ate,(25 These results were
confirmed using the MIR Rala flowsheet conditions.

The procedure for a second precipitation is to dissolve the product

of the first precipitation in 10 liters of 9.0 M nitric acid and repeat
the flowsheet conditions for evaporation and precipitation.

6.0 Caustic Sulfate Process

The Caustic Sulfate Process was studied as an altermate MTR Rala pro-
cess. The process steps include: (1) dissolution of the assembly in caus-
tic and recovery of the uranium-barium precipitate by filtration (zee Sec-
tions 5.1 and 5.2); (2) dissolution of the precipitate im nitric acid,
precipitation of barium sulfate, and recovery of the latter by filtration;
and (3) dissolution of the barium sulfate in Versene or nitric acid and
purification of the barium by ion exchange. In a variation of this process
the caustic dissolver solution is neutralized with excese sulfuric acid.
This procedure results in the simultaneous dissolution of the uranium and
the precipitation of barium sulfate. The latter is recovered by filtration
and treated as indicated in step (3) above (gee flowsheets, Figures 104,

10B).
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The Caustic Sulfate Process was rejected becaugse the sylfate was
not compatible with the Process used to recover the uranium®3? (see Sec-
tion 4.3). 1In addition, the dissolutiom of the barium sulfate precipi-
tate presented difficulties on full scale owing to the limited radiation
stability of Versene. Dissolution of the precipitate in nitric acid was
not practical because of the large volume of acid required. The principal
advantage of the Caustic Sulfate Process was the excellent separation of
barium from the bulk contaminarts, aluminum and uranium.

6.11 Separation of Barium from Uranium and Aluminum

Dissolution of Uranium in Nitric Acid

In this scheme the uranium precipitate is dissolved im nitric acid,
and the barium is subsequently precipitated by the addition of sulfuric
acid. The efficiency of this separation was determined by studying the
quantitative precipitation of barium sulfate and the amounts of cerium,
strontium, uranium, and aluminum carried by the precipitate as a function
of the barium, nitric acld; and sulfuric acid concentrations. The effects
of filtration temperature and digestion in the Presence ar absence of
Celite filter aid were also studied. In each case the solution contained
12 g/iiter of analytical grade Celite filter aid and was filtered through
an "M" sintered glass disk precocated with 1/4 in. of filter 2id; the ura-
nium concentration was 11 g/liter; the solutions were digested fifteen
minutes at 90-100°C and cooled to the filtration temperature thirty min-
utes before filtration; except where noted; the filter aid was added be-
fore digestion; the precipitates were washed with 1 M sulfuric acid.

The results of this study, plotted in Figures 11, 12, and 13, showed
that the barium loss in the filtrate increased with nitric acid concentra-
tion, and decreased with increasing sulfuric acid concentration; and that
the amounts of cerium, strontium, eluminum, and uranium carried by the
barium sulfate increased with the concentrations of nitric acid, sulfuric
acid, or barium, reaching maximums of 12, 80, 45, and 0.15% respectively.

It was concluded that cptimum process precipitatior conditions were
2.0 M sulfuric acid and 4.0-6.0 M nitric acid. Under these conditions the
barium yield was 99% and the precipitate carried approximately 0.05, 0.01,
70, and 4.0% of the uranium, aluminum, strontivwm; and rare earths, respec-
tively. These percentages were calculated on the basis of the total amounts
present in the original assembly.

Dissolution of Uranium in Sulfuric Acid

In this variation of the Caugtic Sulfate Process, the caustic dig-
solver solution is neutralized with excess sulfuric acid to dissolve the
uranium and simultaneously precipitate barium sulfate, The solution is
boiled for two hours to engsure complete dissolution and an additionsl hour
to promote crystal growth. The barium sulfate ig recovered by filtration
using a 1-in. cake of apalytical grade Celite filter aid on a "G" porosity
sintered stainless steel filter and washed with 1.0 M sulfuric acid.
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The yield and purity of the barium sulfate were studied as functions
of the precipitation conditions. Increasing the aluminum or sulfate con-
centrations above 0.8 or 2.0 M, respectively, lowered the barium yield by
3-5%. It was never determined whether the increase in product loss was
due to an actual increase im barium sulfate solubility or was merely the
result of poorer crystal formation as the solution approached saturation
with aluminum and sodium sulfate and the subsequent loss of the finer
particles through the filter. A decrease in the barium concentration to
half that expected from a 12-day irradiation resulted in a decrease in
yield of 3%, indicating & minimum sengitivity for the precipitation step.
The filtration time per batch was reduced from approximately ninety to
thirty minutes by increasing the filtration temperature from 25 to 90-100°C.
The higher filtration temperature alsoc caused a drop in product yield of 3%.
A study of the barium sulfate yield as & function of Celite filter cake
depth indicated that the cake must be at least 3/4 in. in depth in order
to hold all the particulate barium sulfate that would not pass through a
No. 42 quantitative filter peper. Refluxing the solution for two hours
instead of 1 to promote crystal growth did not affect the yield appreci-
ably. Representative experiments are listed in Table 7.

It was concluded that the best precipitation conditions were 0.8 M
aluminum and 2.0 M sulfate, and that the filtration should be performed
at 25°C using a 1-in. cake of analyticael grade Celite filter aid and 1.0 M
sulfuric acid as a wash. The barium yield under these conditions was 98%,
and the precipitate carried 15, 0.02, 0.01, and 50% of the strontium, alu-
minum, uranium; and rare earths, respectively.

6.2 Dissolution of Barium Sulfate

Two reagents; Versene and nitric acid, were considered for the dis-
solution of the barium sulfate precipitate. Initially Versene appeared
to be the ggst desirable since the solubility of barium sulfate in Versene
vas known( and its use in the ORNL Rela Process had proved its value.
Subsequent experiments, however, on the radiation stability of Verseme in-
dicated that its use should be limited to lower levels of radioactivity.

The values for the zo%ybility of barium sulfate in nitric acid as
listed in the literature{20) varied by factors as great as 10. These large
variations were presumably due to noneguilibrium experimental -conditions.
In an effort to obtain more accurate values the solubility was determined
using barium!*O tracer. Excess precipitate was shaken for T days at a5t
2°C with nitric acid solutions which varied in concentration from 0.1 to
6.0 M. The solutions were filtered and both the precipitate and solu-
tions analyzed for barium. The results, plotted in Figure 14, show that
the barium sulfate solubility increases linearly with nitric acid concen-
tration up to 4.0 M with a slight increase in dissolution efficiency as
the concentration increases from 4.0 to 6.0 M. These figures indicate
that a minimum of 24.5 liters of 1.5 M nitric acid would be required for
the dissolution of the 3.4 g of barium sulfate expected im the MIR system
for a 37-day irradiation. Actuslly, 63 liters of acid were used in the
development program to ensure the sclubility of the barium, strontium, alu-

minum; and fission products.




6.3 Purification of Barium by Ion Exchange

Three ion-exchange processes were developed and evaluated for the
purification of the crude barium produced by the Caustic Sulfate Process:
(1) The Versene Process; (2) The Nitrlc Acid Process; and (3) The Nitric
Acid-Versene Process. The Versene Process was Judged the best in terms
of product purity and overall processing time and the poorest in terms of
radiation stability (see Table 8). The Versene Process, however, requires
a "hot" feed pH adjustment whereas the others do not. As a result,lthe
Nitric Acid-Versene Process is recommended for use at high levels of radia-
tion (see flowsheets, Figures 15, 16, and 17).

All three processes used chemically pure; 12% cross-linked Dowex=-50
resin, either in the H' or Na' form, which had been cleaned and activated
by the procedure listed in Table 4, The flow rates were maintained at a
maximom of 1.5 ml/min per square centimeter of column cross section for
all golutions in which essentially equilibrium conditions are necessary.
Wash solutions and the final product elutriant were run at faster flow
rates to lower the resin irradiation time. Several columm heights were
studied for each process, and the column dimensions listed in the follow-
ing sections represent the best column geometries in terms of product
purity and overall operating time.

6.31 Versene Process

The Versene Process steps are: (1) Dissolution of the barium sul-
fate precipitate in Versene at pH 8.0 to 9.0 and filtratlon {(an eppreciable
amount of the siliceous filter aid dissolves if the pH rises much above
9.0); (2) adjustment of the pH to 6.3 0.2 and passage of the solution
through a sodium-form resin column;7 in. in height by 4 in. in diameter,
where the barium adsorbs and the bulk of the impurities pass through; (3)
gelective elution of the strontium and rare earths with sodium Versenate
at pH 6.3; and (4) elution of the barium and associated sodium in 2 and
9 M nitric acid, respectively (see flowsheet, Figure 15, and Table 8).

6.32 Nitric Acid Process

The Nitric Acid Process was developed to eliminate the use of organic
reagents, since the latter are relatively umstable to radiation and re-
quire pH adjustment. The process steps ares (1) Dissolution of the bar-
ium sulfate precipitate in 1.5 M nitric acid; (2) passage of the solution
through a hydrogen-form resin column, 10 in. in height by 6 in. in diameter,
where essentially all the cations are adsorbed; (3) selective elution of
the strontium snd aluminum impurities with 1.5 M nitric acid; and (l4) elu-
tion of the barium and associated rare earths with 9.0 M nitric acid. The
disadventages of this process are the large volumes of nitric acid required,
the poor separation of barium from rare earths, and the tong.overall operat-
ing. time.(see Table.8; and flowsheet, Figure 16). '

The distribution coefficients, Kg, for barium, strontium, cerium,
uranium, mercury, and aluminum were determined for the Dowex-50 resin-HNOB




system in an effort to find the optimum conditions for the purification
of b7rium by selective elutlion with HH03. The Kg's, defined as the
mass/gm oven-dry resin -

mass ol of solution are shown in Figure 18 in a log - log plot as a
function of the nitric acid concentration. It is seen that the best = .
separations could be made at 0.1 M HN03 but, since the Kj'’s are so high
at this concentration, the time needed for elution would be prohibitively
long. The best separation conditions, a compromise between operating time
and efficlency of separations, were determined by actual columm runs to be
1.5 M HN03.

Normally, log - log plots of Kgq vs. concentration of complexing agent
are straight lines. The curves shown in Figure 18 are attributed to the
formation of nitrate complexes at the higher concentrations and hydrolysis
of some of the cations at the lower nitric acld concentrations.

6.33 HNitric Acid-Versene Process

This process embodies the better features of both the Versene and
Nitric Acid Processes from a radiation stability standpoint. Its princi-
pal advantage is the elimination of the pH adjustment and consequently
the prolonged irradiation of the Versene feed solution. The disadvantages
of this process as compared to the Versene Process are its longer operat-
ing tig§ and relatively poor separation of rare earths from barium (see
Table o

The process steps are: (1) Dissolution of the barium sulfate in 1.5 M
nitric acid; (2) passage of the solution through a hydrogen-form resin
column 14 in. in height by 6 in. in diameter, where essentially all the
cations are adsorbed; (3) conversion of the resin to the sodium form with
1 M sodium chloride followed by 1 M sodium hydroxide; (4) selective elu-
tion of strontium and the rare earths with sodium Versenate at pH 6.3;
and (5) elution of the barium and associated sodium in 9 M nitric acid
(see flowsheet, Figure 17).

Approximately 10% of the cerium present in the lon-exchange column
feed appeared in the product. The poor separation of cerium was attributed
to precipitation of the latter in the resin particles during the sodium
hydroxide wash. Experiments in which the cerium was eluted with Versene
at pH 4.0 or 5.0 did not show any significant increase in cerium separation
efficiency.

6.4 Final Purification and Volume Reduction

The sodium, rare earths, and corrosion products are separated from
the barium by precipitation of barium nitrate from 85% nitric acid by the
procedure described in Section 5.6. The product from the Versene Process
requires only one precipitation while the Nitric Acid and Nitric Acid-
Versene Processes both require two precipitations to obtain the necessary
decontamination of cerium (see Table 8).

-
I



T-0 Sulfuric Acid Process

The Sulfuric Acid Process utilizes sulfuric acid with hydrogen peroxide
and mercuric nitrate as catalyt for the dissolution of the assembly and
simul taneous precipitation of barium sulfate. The barium sulfate is sepa-
rated from the uranium and aluminum by filtration and is subsequently dis-
solved and purified by the ion-exchange process described in Section 6.3.
The Sulfuric Acid Process is capable of producing a pure product in high
yield. Its disadg tages are the large amount of sulfate associated with
the waste uranium (see Section 4.3); the corrosiveness of the dissolver
solution; the large volume of dissolver off-geses as a result of peroxide
decomposition; the explosion hazard due to the presence of hydrogen in the
off-gas; and the addition of mercury as a contaminant in the system (see
flowsheet, Figure 19).

Aluminum is not readily dissolved by pure sulfuric acid as a result
of surface passivation. It was found, however, that a 3.0 M boiling sul-
furic acid solutiorn containing 0.3% hydrogen peroxide and 2% mercury by
weight, as mercuric nitrate, dissolved the MTR aggsembly test sections in
two hours. The final aluminum concentration was 1.0 M. The apparent dis-
solution cycle mechanism was the amalgamation of the aluminum surface;
selective dissolution of the amalgamated aluminum and precipitation of an
oxide of mercury; and redissolution of the mercury oxide by the combined
action of hydrogen peroxide and sulfuric acid. The nitrate anion enters
into the initial reaction but is soon used up and is not an essential com-
ponent of the system. The peroxide concentration was maintained in the
dissolver solution by periodic additions of 30% hydrogen peroxide.

The solution is refluxed for one hour after dissolution is complete
to promote crystal growth prior to filtration. Celite-545, Solka Floc
(a cellulose derivative), and analytical grade Celite were evalusted as
precoat material on an "H" sintered stainless steel filter. The results
showed that analytical grade Celite was the best filter aid and that a 1
in. cake would retain about 96% of the barium sulfate. The filtrate from
each run was refiltered through No. 42 quantitative paper to distinguish
the soluble barium from the small particles of barium sulfate passing
through the filter. Any barium passing through the paper was congidered
as in solution. Representative results are listed in Table 9.

Several experiments were performed in which the assembly sample was
dissolved in nitric acid; using mercury as a catalyst, and the barium
subsequently precipitated by the addition of sulfuric acid. This proce-
dure was not practical because the excess nitrate ion complexed and pre-
vented ;he quantitative precipitation of the barium (see Runs S-1 and S-7,
Table 9).

8.0 Nitric Acid Process

The Nitric Acid Process uses the "25" Process(13) dissolving proce-
dure in which the assembly is dissolved in boiling nitric acid, using
mercury as a catalyst. Four moles of acid are used for each mole of
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aluminum and 2% mercury by weight as catalyst. The dissolving time is
approximately two hours. The aluminum and uranium are separated from the
barium by two cycles of precipitation from 70% nitric acid, and the barium
is subsequently purified by ion exchange. The overall yield from this
process would approximate 95% and the product purity would be adequate.
The process is not desirable, however, because of the complexity of the
precipitation equipment; the relatively poor separation of aluminum from
barium by the crystallization steps; and the addition of mercury as a con-
taminant (see flowsheet, Figure 20).

In the first cycle,98% of the aluminum is separated from the barium
and uranium by precipitation of aluminum nitrate from 70% nitric acid at
-15°C followed by filtration. This procedure is s%m%}ar to that reported
for the decontamination of aluminum nitrate wastes'2!) but uses both a
higher acid concentration and lower precipitation. temperature. In the
second cycle, the filtrate from the first cycle is evaporated, and a second
and third crystallization are made from T0% nitric acid at 060 at 1/100
the volume of the first crystallization. Under these conditions, the
barium is 100 times more concentrated and precipitates quantitatively,
effecting a separation from the soluble uranium. Two crystallizations are
necessary in the second cycle to effect a complete separation of uranium
from the barium. An investigation of the effect of temperature on the
crystallization system showed that -15°c rather than 0°C was more effi-
cient for the separation of aluminum from barium in the first cycle; and
that 0°C was better for the second cycle since the uranium tended to pre-
cipitate at lower temperatures under the more concentrated conditions
(see Table 10). .

Crystallization from 85% nitric acid at 25°C was also gtudied to
eliminate the need for refrigeration equipment. These studies showed
that the separation of aluminum from berium under these conditions was not
satisfactory since 6-12% of the aluminum remained with the barium. It was
also found that the solubility of the barium in the crystallization solu-
tion varied inversely with the aluminum concentration and that increasing
the barium concentration by a factor of ten resulted in a quantitative
precipltation of barium nitrate. This latter phenomenon illustrates the
difference in barium solubilities in the first and second cycles, as pre-
viously described,where the second-cycle concentration is 100 times
greater. Representative experiments are listed in Table 11.

9.0 Purification of Barium by Precipitation Methods

Precipitation was considered as an alternate method to replace ion
exchange for the separation of barium from the fission products and small
amounts of aluminum. A survey of the insoluble compounds of barium indi-
cated that precipitation of barium chromate or barium chloride would be
applicable from a chemical point of view since precipitation of these
compounds affords an excellent separation of barium from strontium. The
chromate precipitation was considered unsatisfactory under process con-
ditions, however, since the precipitation must be carried out at a con-
trolled pH and any aluminum present would also precipitate at this pH.
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The precipitation of barium chloride from ethyl ether-hydrochloric acid
is a standard analytical separation procedure but appeared undesirable
owing to the radi?té?n instability of the ether (see Section L W), 1. R.
Higgins had shown!2 » however, that a satisfactory separation of barium
from strontium and cerium could be obtained with & 6.1% barium loss under
ORNL Rale final purification conditions by three precipitations of barium
chloride from 10.0 M hydrochloric acid. These results indicate that the
only func?io? of the ether is to decrease the solubility of the barium.

A program 30 was initiated to study the efficiency of a hydrochloric acid
precipitation as applied to the MIR Rala conditions. These conditions
differ from those in the final ORNL purification step in that the mass of
barium is lower by a factor of two to four, the mass of rare earths is
greater by a factor of h8-133, and the system containsg approximately 6.5 g
of aluminum whereas there is no aluminum in the ORNL final precipitation
system,

The Hydrochloric Acid Precipitation Process was designed to follow
the first fuming nitric acid precipitation (see Section 5.4) and consists
of the following steps: (1) Evaporation of the barium nitrate-hydrochloric
acid solution; (2) precipitation of barium chloride from 10.5 M hydrochloric
acid; and (3) dissolution, evaporation, and recrystallization of barium
chloride. The final step 1s the precipitation of barium nitrate from fum-
ing nitric acid, similar to that described in Section 5.6 (see flowsheet,
Figure 21).

The results from demonstration runs of this process, using fission
product masses corresponding to 12-, 20-, and 37-day irradiations, showed
a total average barium loss of 12.6% for the hydrochloric acid precipita-
tions. The fraction of the original amounts of impurities remaining in
the product varied from 0.9-3.0% for strontium, from 0-0.3% for the rare
earths and from 2.0-19.0% for aluminum. The corrosion products,. iron,
chromium, and nickel,were completely eliminated in all cages (see Tables
12, 13, and 14).

The advantages of this process are that it is simple in both equip-
ment and chemicals. Only one chemical; hydrochloric acld,; and, in all
likelihood, one or two evaporator-precipitator tanks will be required.

The system is stable to radiation, and the decontamination of rare earths
and small amounts of aluminum is excellent. The overall time cycle should
be very low.

It was concluded, however, that its disadvantages as compared to ion
exchange render its use impractical in its present state of development.
The disadvantages include a high barium loss, insufficient and erratic
strontium decontamination, and insufficient aluminum decontamination in
the presence of the higher concentrations of fission products. Also, the
tanks and off-gas lines must be stable to the highly corrosive action of
boiling aqua regia.

Barium Chloride Precipitation Studies

The water solution of the product from the first funing nitric acid
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precipitation forms the starting material for the chloride precipitation
steps (see Section 5.4). This solution of barium, strontium, rare earths,
and aluminum nitrates contains up to 1.0 mole of free nitric acid and
about 1.2 moles of combined nitrate, which if not removed, decompose an
appreciable part of the hydrochloric acid added as precipitant:

No3 + 3 Cl” — NOC1 + Cl, , (6)

Therefore, 1 liter of hydrochloric acid (12 M) is added, and the
combined solution is evaporated to the desired precipitation volume. A
single evaporation to 100 ml (full scale) removed some 95% of the nitrate
but gave a final hydrochloric acid concentration of only 3-5 M. The loss
of acid, in excess of that required for the nitrate decomposition, was
shown to be the result of the salting out effect of aluminum as the solu-
tion became more concentrated during the evaporation.

The volume to which the solution may be evaporated is limited by the
mass of the cations present. About 50 ml for a 12-day irradiation system
and 100 ml for a 37-day irradiation system were determined as practical
minimum volumes. The barium chloride is selectively precipitated by the
addition of 0.4 or 0.9 liters of 12 M hydrochloric acid for the 12- or
37-day irradiation systems, respectively, to give a final volume of 0.5
liters per gram of barium. This volume represents a compromise between
barium loss and impurity separation. Smaller volumes result in poorer
decontamination. In order to minimize supersaturation effects,the preci-
pltate should be allowed 'to settle and grow for at least one hour. The
barium loss in the first precipitation averages 5.7% as compared with a
theoretical solubility loss of 3.0%. Undoubtedly the barium solubility
is influenced by the high concentration of the other cations since the
barium loss in the second precipitation, where the total cation concen-
tration is lower, averaged 4.5%.

The barium chloride precipitate is washed with 0.2 liters of 12 M
hydrochloric acid and dissolved in 1.0 liter of water.

The second-cycle precipitation consists of the evaporation of the
water solution and a repetition of the first-cycle precipitation and wash
procedure.

The final step is the precipitation of the barium from 2.0 liters
of 85% nitric acid (see flowsheet, Figure 21).

The solubilities of barium and strontium were determined as a func-
tion of the hydrochloric acid concentration (see Figure 22). These data
indicate that strontium is 40 times more soluble than barium in 10.5 M
acid and on a solubility basis should be completely eliminated in one
precipitation. Under the process conditions, however, 5.0 to 27.0% of
the strontium coprecipitated with the barium., Apparently the amount of
coprecipitation is a direct function of the concentration of aluminum pre-
sent.

The solubility of aluminum in hydrochloric acid wes inversely pro-
portional to the rare earth concentration. For a 12-day irradiation




system, in which the rare earth concentration was low, 2.0% of the alumi-
num remained with the barium after two precipitations; but for 20- or 37-
day irradiation systems 7.5 and 19% respectively, of the aluminum preci-
pitated with the barium. It was also shown that aluminum could be eli-
minated during the final nitric acid precipitation by making the final
nitric acid precipitation from 70% rather than 85% nitric acid and
accepting a slightly higher barium loss. The aluminum solubility under
these conditions is approximately 12 g/liter.

The complete results of three demonstration runs for 12-, 20-, and
37-day irradiation systems are shown in Tables 12, 13, and 1h.
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Table 1

of an Irradiated MTRqusembly

Equations:
ot glg U235 content as a function of irradiat

Frt gm/assembly

ion time = 140€
é) (c)(0.86) (Fission Yield)(At.Wt) (&

140) (

= (14

(A -go)(235) fot
0) (At .Wt) (Fission Yield)(0.86)(1-e )

2) Radloactive fission product mass(gm)=(
(3) stable fission product mass (gm)

c3 g
23
At discharge
4 hrs cooling
24k hrs cooling

(#) (¢-)=0.01105/se
0.86=fraction of

Radiocactive Energy:

fissioning; fiss
1.3

n W u

=neutron flux;«rbU235 cross section; A=decay constant;

5.0 KW
1.48 Kw

(235)

fon yields as reported by P. R. Gillette.(2%)

3 xw(29)
x 137)%

Assumptions: (1) MIR power level = 30,000
(2) With the exception of Balﬁg, Sr89, Celhl, and 1131, the decay chalns
begin and end with the first long-lived product.
Grams /Assembly
Constituent Irradiation Time (Days)
i2 20 37
Ba% 8 0.54 0.87 1.5
Bal*0 0.ho 0.53 0.6
sr88,89,90 0.76 1.2 2.0
celuo,lul,lha,llﬂl- 1.6 2.5 L. 4
Rare Earths: (Other than Ce; includes
 1a139,140 apa ¥91) 3-2 5.2 8.9
. 33,64 ,86
*Inert Gases: KrZ3,%7s 0.18 0.28 0.48
xe131:132913h‘:136 - 1.1 1.9 3.3
Alkali Metals: RbS9,87 0.23 0.37 0.62
cs133,135,137 1.k 2.2 3.8
Halogens: *prOl 0.008 0.012 0.021
127,129,131 0.21 0.28 0.35
Zinc Group: zrd1,92,94,95,96 1.4 2.3 3.9
Nb%’_s 0.36 0.58 0.98
*In <0.001 0.001 0.002
Platinum Metals: Ru%gl,102,103,1011-,106 0.92 1.5 2.5
*Pd 0.087 0.1k 0.24
Arsenic Group: 8el0,79,80,82 0.020 0.032 0.055
P Te126,127,128,129,130 Ooah O°39 0.66
Mo97,98,100 1.1 1.7 2.9
»gpil ang Sn117,118,119,120,
122,123,124,125 | 0.010 0.016 0.028
) *cqlll,112,113,114,116 0.00k 0.007 0.012
%4109 <0.002 0.003 0.005
S ——
2 122. 112 .
U23E,236C>,g%8 12.4-81.1 13.8-82.5 16.6-85.3
Al 4,370 4,370 | 4,370
81 (from welding flux) 35 35 35
*Not included in synthetic experimental solutioms.

fot_ -t
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Operating Flow Rates for the MIR Rala Ion Exchange Process
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Table 2

ORNL-1148

See Flowsheet, Figure 4.

Total Average Resin
Solution Volume . Flow Rate Time Irradiation
(1iters) (ml/min) (hrs) Time (hre)
(1) "Hot" Feed 20 556 0.61 0.32
(2) Wash - Hy0 2 550 0.06 0.06
(3) Rare Earth & Al Elution:
0.5 M Na Citrate 22 260 1.42 ~1 .42
pH 3.2
(4) Wash:
A. Hy0 2.5 260 0.16 0.16
B. Hp0 7.5 550 0.23 0.23
(5) Sr Elution:
0.07 M Na Versenate 12.0 260 0.77 ~0.77
pH 6.3
(6) Wwash:
A. Hp0 2.5 260 0.16 0.16
B. Hy0 7.5 550 0.23 0.23
Ne Elution:
(7) ¥e Elu 3;33 2 550 0.06 0.06
(8) Product Elution:
A. 9.0 M HN 5 ko5 0.20 0.10
B. 9.0 M HNO3 10 100 1.67 Negligible
Total: 93 _ -——— 5.57 3.51
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Table 3

Conditions:

20g transverse sections of an MIR Rala assembly were irradiated for sixteen hours in the ORNL pile

Distribution of Fission Products in the MI'R Rala Process

and processed after five hours.

Carrier fission products were added to the uranium dissolver solution corresponding to 12- or 37-day
irradiations in the MIR reactor (see Table 1).

For process conditions see flowsheets, Figures 3 and 4 and Table 2.
12 and 37 day results are reported separately only when significantly different.

Process Step:

% of Total Initially Present at Process Time

Gross Ba Sr Zr Cb Ru Cs I gotgl U Al

Dissolution: *0.1

Caustic Waste 2.58 0.2} 0.2 - - - - 1.0} ~0.2 0.3 »99.8
lst Fuming HNO; Precipitation: ) %¥97.9

Uranium Filtrate 93.92 0.3] 0.3 ] ~99.9 ~99.6 | #99.7 | ~99.3 96.9 | ~T4.8 »99.6 0.08
Ton Exchange: X¥1.9

Combined Wastes - 0.7{»99.1 0.001 0.4 0.06] 0.h 1.9 2kh.5 {0.01 0.07
2nd Fuming HNO3 Precipitation: %0.005

Final Barium Product - 9T 0.3 0.005 0.0 0.0 0.0 0.1 €0.03 <0.0003 | <0.0006

*¥12-Day Irradiation
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Resin Clean-up and Activation Procedure

Table 4

Conditions:
Column Dimensions: 4 in. in i.d. by 1% in. in height.
Resin: Dowex-50, C.P., 60-100 Mesh, 12% cross-linked.

Flow Rate: 162 ml/min

Solution Molarity Volume (liters)
(a) HC1 3.5 8.0

(v) Hy0 - 3.0

(c) NaNOg 3.0 8.0

(d) NaOH 1.0 1.0

(e) HxO - 4.0

(f) Repeat lsteps (a) to (el) four times.
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Stability of Dowex-50 Resin in Aqueous Nitric Acid Solutions

Table 5

Conditions:
20 g of oven-dry resin shaken for twenty-four hours with 75 ml of HN03.

Phases separated by filtration through No. 42 Whatman Paper; filtrate analyzed for
SOE and total solids.

Resin washed with deionized H20 and capacity determined by titration with 0.1 M NaOH.

Capacity, oven-dry S0), leached out as % of Total solids in HNO3 as
(meq/g) total present in resin* % of oven-dry resin wt.
Resin Sample Original HN03 Concentration HNO3 Concentration HN03 Concentration
Or ne
. 6M M 12M &M M 12M 6M M 12M
L-2566-11
(Cap.‘-“12$ ‘ A
Cross-Linked) 5.08 5.10 { 5.10| 5.12 0.03 0.03 0.03 - - -
L-26k47-28
(Tech.-12%
Cross-Linked) 5.01 4.95 | 4.97 | &.97 0.19 0.51 0.74 0.07 0.17 0.17
L-2566-47
(Tech.-8% ,
Cross-Linked) 5.03 5.12 | 5.1% | 5.13 0.1k 0.34 0.50 - - -

*Equivalent to % resin capacity loss.

—8¢-
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Purification of Bariwm'* by Precipitation from 85% Nitric Acid

Table 6

Conditions:

140
Ba and Sr
Celhh

Precipitation:

Wash:

1 liter of 85% HNO3

Precipitate Dissolution: HxO

89

used as tracer for alkaline earths.
used as tracer for rare earths.
Separation of Ba from Fe, Cr, and Ni was complete in all cases.

~10 liters, 85% HNO3, ~ 517 g of NaNO3

ORNL-1148

Analyses
Ba Sr Total Rare Earths Na

g % g % g y g % g g

in in in in in in in in in in
Feed Prod. Feed Prod. Feed Prod. Feed Prod. ?eed< Prod.
0.86 98.1 00l 100.0 1.98 16.5 0.49 ¢1.05 137.9 0.156
0.88 98.2 }uo.oas y 99 0.13 3.5 2.48 - 137.5 0.156
0.88 98.7 <0.002 ~ 96 0.003 * 0.014 K62.5 ~137 0.028 -
1.89 98.9 0.16 ~99.5 1.52 144 5.37 12.6 136.3 0.208

0.19
1.93 97.6 0.006 > 99 1.20 8.9 0.42 1.27 - -
2.0 99.6 0.02 95.2 Tracer 5.8 - - 153.5 0.03
Only .

2.0 99.1 0.004 94 .3 0.06 3.1 0.5 0.32 - -
2.04 98.5 <0.003 ~ T3.1 3.64 48 .4 0.82 0.64 ~137 1.25
2.05 99.1 0.006 ~ 99 0.013 * 0.007 T1.4 ~137 0.156

*Background
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Caustic-Sulfate Process: Effect of Precipitation Conditions on Barium Sulfate Yield

Table 7

Caustic Dissolution:

A natural uranium MTR assembly was sectioned transversely into 10-g samples which were irradiated
and dissolved in caustic; dissolving conditions: 3.6 M NaOH, 3.6 M Al, 1.8 M NaNO3

Acid Dissolution:

Neutralize with 6 M HpSOy to: 0.8 M Al, 0.08 M NO3, 0.2 M H' and add barium carrier. Reflux
2 hr; filter, using l-in. cake of analytical grade Celite filter aid.

Wash: 200 ml of 1.0 M Hésoh; 200 ml of HpO

Precipitation Conditions Temperature (°C) Barium Loss (%)
Product
Sulfate Barium Sulfuric Barium Sulfate
Molarity Molarity Filtration and Wash Filtrate Acid Yield (%)
(x 10+2) Wash

2.0 1.79 25 3.4 0.46 96.3

2.0 3.56% 25 1.2 0.68 98.1

2.0 3.58% 90-100 3.6 1.36 95.1

2.0 3.56% 90-100 3.8 3.2 92.8

2.5 2.15 25 5.1 1.2 93.9

*Equivalent to 1.0 g of barium per assembly.

-on-
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Comparison of the Ion-Exchange Processes for Purification of Barium;uo

These procedures are designed to process the BaS0Oy, produced by the caustic
sulfate precipitation. The percentages represent the fractions of the
total present in the MTR Assembly.

fon Exchange Estimated| Preci 1; ti Shipping Finsl Product | Total
- stimate recipitation yo)o] nal Produc Tota
Column Column Product Total| Evapora- (85% ENO:) Cone Overall
Process Size Volume | (% of Total) [Na |pime |tion Time[No. of|Total Time{Evaporation|(% of Total) gm | Time
(in.) (1iters)|Ba| Sr | Ce [(g) | (hr) (br) |Pptn‘s {br} (ar) Ba | Sr | Ce Na | (hr)
Nitric acid |6 by 10|  3u |97j0.2 |20 [0 |20 3 3 3 2 95.5/0.2 |0.006%|0 28
Nitric acid-|g py 14 34 |97]0.02|10 3.7117 3 2 2 2 96 |0.02|0.02% |0.01| 24
Versene
Versene .
(requires pH|) = 4 8 [98|0.02] 0.06}85 | 5.2 1 1 1 2 Y1 |0.02/0.003 |C.01| 9
ad justment
of feed)

*Calculated, assuming a; cerium decontamination factor of 20.0 per precipitation.

Il



Sulfuric Acid Process:

Table 9

Separation of Barium Sulfate from Uranium and Aluminum by Filtration

Sample Preparation:

A natural uranium MIR assenbly was sectioned transversely into 10-g

samples which were irradiated and used in dissolving experiments.

Conditions: (1)

Dissolve the sample as indicated using 200 mg of Hg*? as catalyst
Add 2.18 mg of Ba and 2.18 mg of Sr

Digest 1 hr at boiling point

Cool to 25°C and filter; using a filter-aid precoat on a 2.5-in.-~
diameter, "H" porosity, stainless steel filter

Wash with three 30-ml volumes of 1.0 M HpSOy and three, 20-ml
volumes of Hp0 .

Dissolve barium precipitate in Versene and draw the solution through
the filter

" ORNL-1148

(7) Refilter (4) through No. L2 quantitative paper and wash with 1.0 M
HpSOy and HpO; dissolve precipitate in Versene
Conditions Product Analysis - % of Total
Amt. Retained on Amt. Retained on
Dissolver Filter Precoat No. 42 Paper Filter Aid
Ba Ba Sr U Al
< f
ég?k;?Flgc 1.0 >93 7.14 | o0.19 --
(BW 40) )
Dissolve in 350 ml of 537 96.8. 8.k5 | 0.032 | o3
3:0 MBS0y, - 0-3% Hy0,; 1/2 in. of 2.77 w9l - - —-
final A1°= 1.0.M . C.p. Celite ‘80{- 81.8 ~2.3 {0.05 _—
3/4 in. of
c.p. Celite 1.38 95.3 5.0 <0.013 0.07
Dissolve in 300 ml of 4.8 M HNOq; 1/4 in. of
add HpSOy and evaporate to Celite-545 1.07 ~37 - -- -
2.0 M Al and 1.0 M SO,~=
Dissolve in 294 ml of 2.4 M .
1/% in. of
HpSO4 - 1.6 M HNOg3; final : 7.6 71.8 5.0 0.05 -
Al S 1oM 3 Celite-5k5

*Warm when filtered through Celite

filter cake.
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Nitric Acid Process: Separation of Barium from Aluminum and Uranium
by Crystallization from 70% Nitric Acid

ORNL-1148

Table 10

Sample Preparation: A natural uranium MIR assembly was sectioned tramsversely into 10-g

samples which were irradiated and used in dissolving experiments.

Conditions: 1st Cycle: (1) Dissolve sample in T70% HNO3, 4 moles of acid per mole of Al;
200 mg of + as catalyst.
(2) Add 2.18 mg of Ba and 2.18 mg Sr.
(3) Evaporate to 86 ml and add 503 ml of 824 HNO3,R 0.6 M A1-70%
HN03; heat to 80°C; cool and filter through a medium sintered
glass filter.
(4) Wash twice with 196 ml of cold 90% HNO3 .
2nd Cycle: 1/100 lst Cycle (actual experiments performed on 150-ml1 scale). \
-
(5) Combine filtrates and evaporate to 0.86 ml. ¥
(6) Add 5.03 ml of 82% HNO3; heat to 80°C, cool, and filter.
(7) Wash with 1.96 ml cold 90% HNO3.
(8) Repeat steps (6) and (7).
(9) Dissolve cake in water.
lst Cycle, Filtrate Analysis 2nd Cycle, Cake Analysis
Crystallization (% of Total) (% of Total)
Temperature
Al U Ba Sr Al 4] Ba Sr
Both Cycles: =10°C 1.k 9.4 96.3 9.6 1.4 0.09 95.8 95.7
Both Cycles: 0°c 3.0 99.8 99.hk 99.1 2.9 0.08 98.6 98.1
1st Cycle: -15°¢ ’
ond Cycle: 0°C 1.8 99.8 98.5 98.7 1.8 0.03 97.2 97.9
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Table 11

Nitric Acid Process: Separation of Barium from Aluminum

by Precipitation of Aluminum Nitrate from 85% Nitric Acid

Sample Preparation: A natural uranium MIR assembly was sectioned transversely into 10-g
samples which were irradiated and used in dissolving experiments.

Conditions: (1) Dissolve sample in T0% HNO3; 3.3 moles of acid per mole of Al; 200 mg
of Hg2* as catalyst.
(2) Ada 5.18 mg of Ba and 2.18 mg of Sr (theoretical amount) for runs 10C
to 16C.
Add 4.36 mg of Ba and 4.36 mg of Sr for Run 19C.
Add 21.8 mg of Ba and 21.8 mg of Sr for Run 20C.
) Add an equal volume of 70% HNO3 and evaporate to the desired Al molarity.
) Add an equal volume of 98% HNO3 for Rums 10C to 16C.
Add 1.57 times this amount for Rumns 18C to 20C.
(5) Filter through a medium sintered glass filter and wash with an equal
volume of 85% HNO;.
(6) Dissolve precipitate in water and repeat steps (3), (%), and (5).

(3
(4

Run Molarity of Filtrate Analysis (% of Total) Ba
No. Aluninum Material
at Precipitation Al U Ba Sr Balance %
18C 0.47 10.3 99.9 7.8 hs.7 T2.6
10C 0.65 11.0 98.5 )81, 98 83.
13C 0.9 6.0 99.8 56.7 5.4 87.5
15C 1.25 6.4 99.3 T2.h 8h4.2 86.5
16C 1.5 h.7 99.3 47.8 44 .0 113.0
19C 0.h47 12.4 99.8 100 92.5 121.8
20C 0.47 12.0 99.8 96.8 97.6 104.1




; - 45 - ORNL-1148

Purification of Ba.r:i.umlh'O by the Hydrochloric

Table 12

Acid Precipitation Process

Conditions: 12-Day Irradiation System - 1/2 Scale

0.47 g of Ba + Baéuo Tracer 0.8 g of Ce

0.38 g of Sr + Sr Tracer 1.6 g of la
6.5 g of Al

+ Celuu Tracer

First HNO3 Precipitation; 8.0 liters of ~85% HNO3.
For other conditions see Flowsheet, Figure 21.

Per Cent Distribution
lst HNO3 Separation Ba Sr Ce Al
Filtrate (3.0)* 2.5 25
Wash (0.8) 3.8 (1.9)
Precipitate >100 >100 73 - 11.1
>100 >T00 99.9
1st HC1 Separation
Filtrate 5.7 82 68 3.5
Wash 1.9 4.2 2.0
Precipitate 88 5.0 0.3 7.0
95.6 91.2 70.3 10.5
2nd HC1l Separation
Filtrate 4.6 2.5 0.9 5.0
Wash 1.4 0.0 0.0
Precipitate 87 0.9 0.0 2.0
G3.0 3.4 0.9 7.0
2nd HNO3 Separation
Filtrate (0.3) (0.0) (0.0) 1.5
Wash (0.0) (0.0) (0.0)
Precipitate 95 0.1 0.0 0.01
95 0.1 0.0 1.5

Total barium loss in HCl separations = 13.5%

*Parentheses indicate disintegration rates <100/min/ml.
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“ s Table 13
Purification of Bariumluo by the Hydrochloric
Acid Precipitation Process
Conditions: 20-Day Irradiation System, l/é Scale
140
0.70 g of Ba + Ba Tracer 1.3 g of Ce 1hh
0.60 g of Sr + Sr89 Tracer 2.6 g of lLa + Ce Tracer
First HNO3 Precipitation; 8.0 liters of ~85% HNOs3.
For other conditions see Flowsheet, Figure 21.
Per Cent Distribution
lst HNO3 Separation Ba Sr Ce Al
Filtrate (1.0)* 2.5 24 .8 -
Wash (0.1) 0.7 (2.9) --
Precipitate 100 96.7 73.1 2h_
100 99.9 100.
1st HC1l Separation
Filtrate L.1 57 T2 9.9
Wash 1.3 10 1.0 1.1
Precipitate 86 29 0.1 11.1
91.4 96 T73.1 22.1
2nd HC1l Separation
Filtrate 5.2 11 (0.1) 3.1
Wash 1.2 2.4 (0.0) 1.2
Precipitate 95 3.0 0. 1:5
101.4 16.4 0.k 11.
2nd HNO3 Separation
Filtrate (0.8) 0.0 (0.1) 8.1
Wash (0.0) 0.0 (0.0)
Precipitate 8k 2.3 0.0 0.01
84 .8 2.3 0.1 8.1

Total barium loss in HC1 separations = 11.6%

*Parentheses indicate disintegration rates <lOO/min/ml°
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Table 1k

Purification of Bariumlho by the Hydrochloric

Acid Precipitation Process

Conditions: 37-Day Irradiation System, 1/2 Scale

of Ba + Baluo Tracer

108 144
1.0 g of Sr + sro9 Tracer 45 gofLaf * Ce Tracer

First HNO3 Precipitation; 8.0 liters of ~85% HNO3 .

For other conditions sgee Flowsheet, Figure 21.

Per Cent Distribution
1st HNO3 Separation Ba Sr Ce Al
Filtrate (0.8)% 2.3 18.5
Wash (0.2) (0.3) 1.3 X
Precipitate 100 97-1 86.5 43
101.0 100.3 106.3
1st HC1l Separation
Filtrate 7.3 W7.7 82 7.5
Wash 1.1 5.2 2.0 1.3
Precipitate 87.0 27.0 1.4 28
95. 79.9 85.4 36.8
2nd HC1 Separation
Filtrate 3.6 36 (0.1) 9.1
Wash 0.7 0.7 (0.0) 1.2
Precipitate 86 1.2 0.3 19
90.3 27.9 0.4 29.3
2nd HN03 Separation
Filtrate (0.0) (0.1) {0.1) 13
Wash {(0.0) (0.0} 0.3 1.0
Precipitate 72.5 0.8 ? 5.4
72.5 0.9 <h 19.4

Total barium loss in HC1 separations = 12.7%

¥Parentheses indicate disintegration rates (lOO/min/mln




Figure |
RADIOACTIVITIES OF FISSION PRODUCTS AT
DISCHARGE PER MTR ASSEMBLY AFTER
12 DAYS IRRADIATION AT 30,000 Kw

Drawing # 14117
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