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1.0 Abstract
This report presents the laboratory development of an ion exchange

process for the purification of radioactive barium.
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2.0 Introduction

Multi-kilocurie quantities of pure radio barium are produced at
ORNL by & precipitation process consisting of the following steps:
.1) separation of the barium from the slug dissolver solution by co-pre-
cipitation with lead sulfate; (2) conversion by metathesis of the barium-
lead sulfate to carbonate by boiling with concentrated potassium carbonate;
(3} dissclution of the carbonate in acid, and removal of the lead by
electrolysis; (4) final purification by precipitation of barium chloride
from ether-hydrochloric acid solution. The barium yield has averaged only
67% and the product has not consistently met purity requirements. A sur-
vey(l) of the present processing equipment indicated that considerable
alterations would be necessary in order to increase the yield of this
process.

The ion exchange processes described in this report were developed
to replace the purification steps following the lead sulfate precipi-
tation. Ton exchange processes offer the following advanteges: (1) ease
of remote control; (2) reduction in time cycle with the attendant in-
crease in yield as a result of less product decay; (3) increased purity
of product; {(4) high yield.

Development work is projected to evaluate the feasibility of separat-
ing barium directly from slug dissolver solution by an ion exchange process.
This was suggested by previous investigators in 19&5(5). The new resins

available today may meske this procedure very advantageous.
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3.0 Sumary

The Acetate-Citrate, Versene, and Alkali-Citrate ion exchange pro-
cesses have been developed for the purification of radio barium. Labor-
atory and Semi—Works(g) demonstretion runs on the first two processes
showed good reproducibility, product yield of the order of 98%, end a
product purity which met or exceeded specifications. The overall pro-
cess time for both processes was approximately 27 hours. No adverse
radiation effects were noted in three rumns made at the 600-3000 curie
(6000 gross beta curies) level(u) in specially designed equipment(3)o
Although the Alkali-Citrate Process proved satisfactory in the laboratery,
it was never pilot planted due to lack of suitable equipment.

The Acetate-Citrate Process was designed to replace the electrolysis
andrether hydrochloride precipitation gsteps in the present process. The
process steps are:

(1) Adjust the dilute acid solution of the metathesis cake to

0.5 M in sodium acetate and pess it through an ion exchange
resin column where the barium and most of the other cations
are adsorbed.

(2) The conteminants, lead, irom, chromium, nickel, rare earths,
gtrontium and sodium are removed gelectively from the column
by washing the resin with eluting agents such as sodium hy-
droxide, sodium citrate, and hydrochloric acid.

(3) The product barium is eluted in 6 M nitric acid and the solution

evaporated to dryness.
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Summary (continued)

The VersenééProcess would replacé the metathesis, electrolysis, and
ether-hydrochloride precipitation steps with a two column ion exchange
process. The advanteges of this process ere: (1) elimination of the
metathesis step which has proved to be unreliable under process condi-
tiomns. The 10-15 hours process time needed for metathesis is also savedy
resulting in a 3-4% increase in yield as a result of less barium decay;

(2) the level of radiation could be mach higher using the Versene Process
rather than the Acetate-Citrate Process since in the former process a
large fraction of the gross activity is never adsorbed on the resin column.
The process steps are:

(1) The lead-barium gulfate cake is dissolved in Versene at pH
6.0-6.5 and the solution passed through the metathesis sub-
stitute* resin column where the barium is adsorbed while the
sulfate ion passes through. Most of the irom, lead, and fis-
sion products which are present as anion complexes also pass
through.

(2) The impure barium is removed from the M.S. column by a solution
of Versene at pH 11.C. The impure product solution is resdjusted
to PH 4.0 - 4.3 and passed through a smaller purification column,

where the barium is readsorbed.

# ethylene diamine tetra acetic acid
* hereafter abbreviated as M.5.
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summary (continued)
(3) The strontium end any remaining iron, chromium, nickel, and
lead are selectively eluted with pH 6.3 Versene. The sodium
is eluted with hydrochloric acid.
(4) The barium is eluted in 6 M nitric acid and the solution
evaporated to dryness.
Dowex 50 has been chosen over IRC-50 and TR-105 as the process resin
because of its marked stability to strong acids and alkali, minimum swel-
ling characteristics; high capacity, and lack of capacity - pH interde-

pendence.

4.0 Acetate-Citrate Process

In the present process, the barium is separated from the dissolver
golution by co-precipitation with lead sulfate, the sulfate ceke converted
to cerbonate by metathesis, and the latter subsequently dissolved in di-
lute nitric acid. The Acetate-Citrate Process uses this solution as its
starting point and eliminates the electrolytic removal of lead and the
ether-hydrochloride removal of strontium and other impurities. Table 4,0-1
shows complete results of several representative runs. (see flowsheet

Figure 4.0-1.)
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4,1 Product Adsorption

k.11 Equilibrium Data

The development of an ion exchange separation process re-
-sires an intimate knowledge of the equilibrium distribution coefficients
of the cations involved in the resin-complexing agent system.

The resin-aqueous phase distribution coefficients, Kj, for barium,
lead, iron, nickel, strontium, end chromium were determined for citrate,
oxalate, and acetate complexing systems at pH's varying from 1.7 to 7.8
using Dowex 50 as the resin phase (see Table 4,11). Since it was not
possible to obtain tracer activity for all of these cations, these equili-
bria were determined in systems sufficiently high in cation molarity to
ensure accurate colorimetric analyses. Although K4 is known to vary with
cation concentration when this concentration is greater than 10°3 M(6),
these values are suitable for rough comparison. The procedure employed
consisted of shaking 5 ml of resin, previously saturated with cation, with
25 ml of solution for 2 hours. The equilibrium distribution coefficient
was celculated as:

Kg = ng cation/ml resin
mg cation/ml solution

The process data derived from these experiments are as follows:
(1) The oxalates of the cations involved are too insoluble

for a process requiring marce amounts of material.
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: Equilibrium Data (continued)

(2)

(3)

(%)

Iron is strongly complexzed by citrate at pH 3.0 but not

at pH 7.8. Consequently, it may be separated from barium
by selective elution at pH 3.0. Nickel, chromium, strontium,
and barium, however, are complexed more strongly by citrate
at higher pH values. Since the distribution coefficient

of barium is the highest, that is, the barium citrate com-
plex is the weakest, the other cations are easily separated
from the barium by selective elution.

Lead is highly complexed by, and soluble in, sodium hydrox-
ide and sodium acetate. Since the sodium hydroxide has
1little effect on barium, it can be used effectively to
gseparate lead from barium. Citrate complexes lead(7) and
barium but is not suitable for thelr geparation in macro
amounts due to the limited solubility of lead citrate.

Iron was found to be irreversible in the acetate system;
thet is, when complexed as the basic acetate at pH 6.0,

Kg (Fe) is low, where as, Ky (Fe) is very high when the
iron is adsorbed on the resin first and then equilibrated

with pH 6.0 acetate solution.

Another series of distribution coefficients was run to determine the

- optimum pH and citrate concentration for separation of barium and strontiuum.



Equilibrium Data (continued)

In this series, weighed amounts of air dried sodium resin were shaken for
2l hours with 25 ml of sodium citrate solutions which were varied from
0.1 to 0.5 M and from pH 6.0 to 9.0. The solutions were 10'3 M in barium
and strontium (plus tracer) and were analyzed radio-chemically before and
after equilibration. The weight of resin was adjusted so that approxi-
mately one-half of the material was adsorbed. Thus the enalyses by dif-
ference would have the optimum accuracy. The weight of sodium on the
resin was known and the percent moisture was determined by oven drying.

K. was calculated as:

d

Kq = cts/gm oven dried, H', resin
cts/ml solution

In Pigures 4.11- 1, 2, and 3 log Ky (Ba), (Sr) is plotted v.s. the
equilibrium pH. The decrease of K3 with increase of pH and citrate mo-
larity is predicted from equation (4) which was derived from equations (1),

(2), and (3) where R denotep resin:

Ba’t + 2 NaR == Ba Rp + 2 Na’ K (exchange) (1)
Ba citrate~ =—— Batt + citrate™ K (complex) (2)
Hy citrate — 3H + citrate” Ky, Kps K3 (3)

Kgq = Ba Rp - K(exchange)K(complex;I (Na.'R)2 (m)3 (4)
Ba citrate~ Ky, Kpy K3 J (NaF)= (H3 citrate)

The Ba H-citrate complex is assumed to be negligible since the H-

citrate= concentration decreases rapidly at pH's higher than 6.0.
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Equilibrium Data (continued)

Also the ratio of the two complex constants is known to be(8);

K (complex Ba citrate) =5.0 x 1073  =5.0 x 107
K (complex Bs H citrate) 10-1

Actually there is little difference between pH 8 and 9 in this
system since the citric acid is over 99% dissociated at pH 8.0(9),

The results of these experiments showed that the separation factors,
K3 (Ba)/(Sr), increased from epproximately T to 10 as the citrate molarity
increased from 0.1 M to 0.5 M at constant pH. Very little, if any, in-
crease was fognd as the pH increased from 6.0 to 9.0 at constant citrate
molarity.

Similar experiments with IRC-50 resin showed much lower separation
factors with the same trend (see Figures 4.11 - 4, 5, 6). That is, the
separation factor increased from 2 to 3 with increasing citrate concentra-
tion but exhibited little pH dependence. Kg, however, showed an enormous
increase with pH, rising by a factor of 50 in the case of the 0.1 M citrate
as the pH increased from €.0 to 9.3. All of the quantities in equation
(4) are the same in both the Dowex 50 resin and IRC-50 resin systems except
¥ (exchange) and NeR. NaR, the resin capacity, is constant for Dowex 50
as the pH is Iincreased from 6 to 9, while for TRC-50 it increases by ap-
proximately a factor of 2 (see Figure 4.11-7). This could account for only

a four fold increase in Kj. Kunin and Barry(lo) studied the exchange between
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Equilibrium Data (continued)

alkaline earth hydroxides and sodium at a high pH using TRC-50 resin and
attributed the high alkaline earth exchange constants to chelate bonding.
'vne large change in Ky noted above is, therefore, attributed to a change
in K (exchange) due to the formation at higher pH's of a chelate ring be-
tween the alkaline earths and the neighboring carboxyl groups present in
this resin. The evidence indicates that only alternate carboxyl groups
are ionized at low pH values preventing the formation of a chelate ring
until neighboring carboxyl ionization takes place at higher pH values.
The low separation factor for barium and strontium, and other con-

siderations, eliminate IRC-50 as a process resin (see Section 7.0).

4.12 Column Specifications

The resin column bed height necessary for the Acetate-
Citrate Process was determined empirically to be 7". The laboratory
column employed was 7" x 0.55". This represented approximately 1/30 of
the full scale process column which measured 7" x 3". The process resin
was 60-100 mesh Dowex 50, which had been converted to the sodium form
with concentrated sodium nitrate and water washed prior to start up.
The hydrogen form cannot be used as the pH of the feed would be lowered
as the cations displaced the H' ions. The ammonium form is also unsatis-
factory because the ammonium ions would cause precipitation of lead hy-

droxide during the elution of lead with sodium hydroxide.
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Column Specifications (continued)

All flow rates were held to 0.7 t 0.2 ml/cm? columm cross section/minute.

The emount of radiation in the effluent was measured by passing the
liquid through a spiral located under a Geiger tube. The Geiger impulses
activated a counting rate scaler and were recorded automatically on a

Speedomax chart as an elution curve (see Flowsheet Figure 2.0-1).

4.13 Feed Make Up

The dilute (0.2 M) nitric acid solution obtained by dis-
gsolution of the carbonate metathesis cake is made 0.5 M in sodium acetate
and passed through the resin column vwhere essentially all of the cations
are adsorbed except iron, of which approximately 90% passes through as
the ferric basic acetate complex. This feed solution for a full scale
run contains 85 gm. of lead, 1.0 gm. of barium, up to 1 gm.of iron, and
lesser amounts of chromium, nickel, and strontium. Fifty to ninety per-
cent of the strontium is removed in the preceeding lead-barium sulfate
precipitation step(ll)°

It is known that lead will displace barium from the resin(7), g0
it is necessary to add a complexing agent to the feed which will complex
the lead more strongly than the barium, effectively reducing the ionic

lead concentration. Thus the barium will be caught near the top of the

column. The relative degree of barium and lead acetate complex formation
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Feed Make Up (continued)

is shown by their Ky's of 8.9 and 1.3 (see Table 4.11) and their chro-
matographic separation by acetate elution (see Figure 4.13-1). Sodium
ritrate has been suggested as a complexing agent for such a feed solution(7),
but its use is not feasible due to the low solubility of lead citrate.

Subsequently, Versene has been found to be a very desirable feed com-
plexing agent. It has been shown that at pH 6.0, the barium and strontium
are adsorbed on the resin while essentially all of the lead, iron, and

other impurities are complexed and pass through the bed (see Table 4.0-1).

4.2 (Contaminant Elution

In the following steps, all of the conteminents are selectively
removed from the resin by passing a suitable complexing agent through the
column until finally only H' and Ba remain adsorbed (see Table 4.0-1).

Lead Elution

The lead (approximately 85 grams) is selectively eluted as the plumbite
anion with 0.5 M sodium hydroxide. The distribution coefficient in such
a system is very low. Thus lead removal is efficient and complete. Other
amphoteric trace impurities such as chromium and niobium are also removed.

Iron

The bulk of the iron is complexed by the acetate feed and never adsorbs

on the resin. The small amount that does adsorb is removed by elution
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Contaminant Elution (continued)

with 0.5 M sodium citrate pH 3. (Note the low Kg(Fe) in Table 4.,11.)

Tt is well known that the rare earths, zirconium and niobium are
~¢ficiently eluted by pH 3.0 citraté}lehe berium loss in this step is
negligible as the barium is not appreciably complexed by citrate until
the pH is greater than 3:5(5),

Strontium Elution

atrontium is selectively eluted with 0.1 M, rH 9.0, gsodium citrate.
Separations of barium and strontium by citrate elution have been made by
previous investigators at pH's ranging from 5.0 to 7.8 and citrate molari-
ties from 0.2 to 0.5 M(?) (12) (13), as describved in Section L.11, the
highest separation factor for this system was found at 0.5 M citrate, pE 9.
In practice, however, 0.1 M citrate is used so that the strontium will be
eluted more slowly,contributing to more rigid process control. Any treces
of nickel, chromium, or lead present et this point should also be selective-
1y removed because they are all more strongly complexed than barium or
strontium,.

The number of theoretical plates the strontium passes through in the

Acetate-Citrate Process has been calculated as 13, using the empirical
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Contaminant Elution (continued)

Matheson formula:

P = 2C éc + 1}

Where p = no. of theoretical plates,

W = half width of the elution curve at height
1/e vhen the curve is plotted as effluent cation
concentration v.s. column volumes of eluting agent.
C = no. of column volumes of elutrate at the mid-point

of the elution curve.
Column volume = volume of void space in resin bed.
When the feed complexing agent was Versene, however, (see Section 3.13)
the number of plates in the strontium-citrate elution curve was calculated
to be 43, indicating that the strontium (and barium) were caught much higher
on the resin column in this case and then passed through more separzation
plates.

Sodium Elution

The sodium is selectively removed from the resin with a small volume
of € M hydrochloric acid. The barium being di-valent is much more strongly
held than the sodium so that no appreciable amount of barium is lost. Sul-
furic acid has been used successfully and, although it is more desirable
from a corrosion standpoint, its use was abandoned when indications of sul-

fate were found in the final product.
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4.3 Elution of Product

At this point in the process, everything except barium has been
vemoved from the column and the resin converted to the H* form. The barium
is eluted quantitatively with 6 M nitric acid and the solution evaporated
to dryness.

The relative ebility of 6 M nitric acid, 6 M hydrochloric acid, and
2 M nitric acid for berium elution was determined. The results indicated
that 6 M nitric acid removed barium from a column in 1/8 the volume re-
quired by 6 M hydrochloric acid due to the complexing action of the nitrate
ion with barium (see Figure 4.3-1). This experiment also shows the reason
thet a considerable amount of 6 M hydrochloric acid can be used for selective
godium elution without eppreciable barium loss.

The product purity specification defines the maximum milligram amcunts
of impurities that may be present. For convenience in process development
with synthetic solutions, these specifications have been converted to =
percentage basis. Example: the largest amount of iron that has been found
by analysis of actual process solutions corresponding to the ion exchange
feed solution is 1,000 mg. Since the product specification for irom is

10 mg, the percent specification is 1%.
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Product Purity Specifications per Kilocurie Batch

In mg Percentage Basis
Lead 50 0.06
Iron 10 1.0
Chromium 5 1.7
Nickel 5 1.7
Radio Strontium 100 curies 2.0 if feed con-

tains 5000 curies
of strontium

The sodium specification is 1.5 gms for a batch containing less than 2 gms
of berium snd strontium or an approximate ratio of Na/Ba = 1.
The product analyses listed in Table 4.0-1 either meet or are lower

than these specifications.

5.0 Alkali-Citrate Process

5.1 Dissolutlion of the Sulfate Cake

Tn the Alkali-Citrate Process, the lead-barium sulfate cake is
dissolved in 6 M sodium hydroxide and subsequently diluted to 0.5 M. An
alternate starting point would be the dilute nitric acid solution of the
metathesis cake which would be brought to 0.5 M in sodium hydroxide.

Teble 5.1-1 shows the results of several representative runs. (see Flow-

gheet Figure 5.1-1.)
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Dissolution of the Sulfate Cake (continued)

The sodium hydroxide must be free from carbonate and in addition,
all alksline operations must be performed in air free from carbon dioxide
to prevent the precipitation of insoluble barium carbonste. All process
water used in this system should be freshly boiled to remove dissolved
carbon dioxide.

Tt is known thst lead sulfate is quite goluble in strong sodium
hydroxide and it has been shown by tracer experiments tha’; the solubility
of freshly precipitated barium sulfate in 6 M sodium hydroxide (carbonate

free) is at least 42 mg/100 ml of solution at room temperature.

5.2 Hydrous Oxide Removal

Small amounts of iron, chromium, and nickel present as impurities
would be precipitated as hydrous oxides in the sodium hydroxide and re-
moved by centrifugation.

Hydrous ferric oxide is known to be an excellent scavenging agent. There-
fore an investigation was made to determine the barium losses during this
separation. J. D. Kurbitov et. al(ll") have shown thai the highest adsorp-
tion of strontium by hydrous ferric oxide was 8 atoms of strontium per
1000 atoms of iron, corresponding to approximately 1%, if the strontium
and iron were present in equal amounts. He also esteblished the pH de-

pendence of the system by showing that radium is carried by hydrous ferric
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Hydrous Oxide Removel (continued)

oxide above but not below pH 6.0. These results have been confirmed and

amplified for the barium, strontium, and lead system under consideration,

snowing that:

(1)

(2)

(3)

(%)

Greater than 90% of the barium and strontium was carried by
hydrous ferric oxide when the former were present in tracer
concentrations only.

Carrying was greatly inhibited by the presence of macro amounts
of either barium or lead and that when all the ions were present
in their meximum expected amounts, 2 to 5% of the barium was
carried.

Any lead oxidized by peroxide and precipitated as lead dioxide
carried appreciable guantities of barium. The peroxide could
come from decomposition of water by radiatiom.

Washing the hydrous oxides with ammonium nitrate, pH 5, reduced

the amount of barium carried to approximately 0.1%.

Representative results from these experiments are shown in Table 5.2-1.
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5.3 Product Adsorption

5.31 Column Specifications

The column used in the Alkali-Citrate Process development
was 1.5 cm by 10 cm containing Dowex 50 resin, 100-200 mesh, in the sodium
form. This represented approximately 1/30 of & full scale process column
which would measure 3" in dismeter with the same height of 10 cm. Flow

rates were held to 0.7 ¥ 0.2 ml/cm? of column cross section/minute.

5.32 Adsorption Theory

The effluent from the centrifuge contains lead as the
plurbite anion complex, sulfate anion, barium, strontium and traces of
impurities in a solution 0.5 M in sodium hydroxide.

As this solution passes through the cation exchange resin, only the
cations are caught, effecting an efficient separation of the barium and
strontium from the anion lead and sulfate. The column is then washed
with a small amountof 0.5 M sodium hydroxide followed by a water wash

to displace the feed solution from resin bed.

5.4 Contaminant Elution

The strontium is selectively eluted with 0.1 M sodium citrate
pH 9, and the sodium with 6 M hydrochloric acid as in the Acetate-Citrate

Process (see Section 4.2).
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5.5 Product Elution

At this point only barium remains on the column. It is

eluted in 6 M nitric acid and the solution evaporated to dryness.

5.6 Comparison Of The Alkali-Citrate And Acetate-Citrate Processes

Prqduct analyses indicate that the Alkali-Citrate Process is
equal chemically to the Acetate-Citrate Process and would eliminate the
undesirsble metathesis step. The overall saving in the process time is
estimated at 20 hours. This process was never pilot planted on full scale,

however, because of equipment complexity.

6.0 Versene Process

The Versene Process is designed to replace the metathesis, electroly-
sis, and ether-hydrochloride steps of the present process by a two column
ion exchange process. Briefly, the Versene Process consists of dissolution
of ?he barium-lead sulfate cake in Versene and passing the resulting
solution through the M.S. resin column where the cations are adsorbed but
gulfate and other anions pass through. The cations are then removed and
re-adsorbed on the small "purification" column for barium purification and
volume reduction. Teble 6.0-1 shows the results of several representative

runs. (See flowsheet Figure 6.0-1.)
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6.1 Sulfate Cake Dissolution

The lead-barium sulfate cake is dissolved in 0.1 M Versene
at a pH of 6.0-6.5. This dissolution takes place in a few minutes and
is complete. Versene accomplishes this dissolution by complexing (form-
ation of a chelate ring) the ioni¢ barium and reversing the following

equilibrium: .
Batt + 50, == Ba S0y, (ppt)

Similarly, the other cations, lead, iron, chromium, nickel; and
strontium are complexed and held in solution. The amount of Versene needed
to dissolve a full scale Rala sulfate cake containing the maximum expected
impurities was determined empirically. Including an 18% excess, the amount
was 7.2 liters of 0.1 M Versene for a batch containing 85 gms of lead,

1l gm of barium, 0.1 gm strontium as their sulfates, and 1, 0.3, 0.2 gms,

respectively, of iron, chromium and nickel at pH 6.0 to 6.5.

6.2 M.S. Resin Column

Laboratory scouting runs showed that a resin column measuring
0.67" x 10" was necessary to quantitatively adsorb the barium in a Versene-
Ral.a feed on a 1/36 process scele. To insure complete barium adsorption,
the column height was increased to 20" so that the laboratory column di-
mensions were 0.67" x 20" while full scale dimensions are 4" x 20". The
resin used was sodium form Dowex 50, 60-100 mesh. The effluent gross
activity was monitored as in the Acetate-Citrate Process (see Section 4.12

flowsheet Figure €.0-1).
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6.21 Equilibrium Data

The dissociation constants for the alkaline earth com-
plexes in the Versene system were determined by Schwarzenbach and Ackermann(l5)°

It is not practical to use these constants in a quantitative sense
for the solutions in question, however, because of the great sensitivity
of the constants to foreign ions.

The complexing action of Versene is very pH dependent. At high pH
the complexes are strong, decreasing with pH so that there is little com-
plexing acfion at pH 4.0 while at pH 3.0 to 3.5 the Versene acid precipi-
tates.

The barium-Versene complex starts to break down at pH values below
7.0. The elements of interest in the Rala process are listed in increas-
ing order of complex strength at pH 6.3 as follows:

Ba < Sr< Cag< Fe, Cr, Ni, Pb, Rare Earths

The variation of the distribution coefficient, Ky, of barium and
strontium with pH was determined for synthetic feed Versene solutions v.s.
Dowex 50 resin. The two solutions were 0.065 and 0.13 M in Versene and
contained lead, iron, chromium, and nickel but no sulfate. 1In set I,
the amount of Versene was just sufficient to prevent the precipitation
of the hydrous oxides. Thus, fhe bulk of the Versene was complexed by
the lead, and its effect on barium and strontium was small. In set II,

however, the barium and strontium distribution coefficients decreased
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Equilibrium Data (continued)

by factors greater than 100 as the pH changed from 5 to 7. Kg was cal-

culated as:

Ky = ots/gm oven dry H' resin
cts/ml solution

(See Figure 6.21-1.)

6.22 Product Adsorption: Separation from Sulfate

The solution obtained by dissolving the sulfate cake in
Versene is passed through the M.S. column at a pH of 6.0 to 6.5. At this
pH the barium is weakly complexed so that it is quantitatively adsorbed
on the resin. About 30 to 50% of the strontium is also adsorbed, while
the bulk of the iron, chromium, nickel, lead, and rare. .earth s‘
pass - on through as the Versene complexes along" wvith:the*'aiid; sl fate.

The column is then washed with water to remove all traces of sulfate.

6.23 Impure Product Elution

The barium, strontium, and small amounts of impurities
are removed from this column in a small volume of 0.23 M Versene at pH
11.0. This elution is efficient and quantitative due to the strong com-

plexes formed at high pH values.
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6.3 Purification Columm

6.31 Column Specifications

The first leboratory column used was 0.67 cm by 3" repre-
senting 1/20 of the process scale. Adequate barium-strontium separation
was not obtained so the height was increased to T". Sodium form, 60-100
mesh, Dowex 50, resin was used 1n this column also. The effluent gross
activity was monitored as in the Acetate-Citrate Process (see Section 4.12,

also Figure 6.0-1).

6.32 Product Adsorption

The Versene solution containing the barium product eluted
from the M.S. column is adjusted from pH 11 to 4.0-4.3 with nitric acid
and passed through the product column. At this pH the complexing action
of Versene is very smell so that essentially all of the cations are ad-
sorbed at the top of the colum leaving the rest of the column free for
chromatographic contaminant separation. The column is then washed with

water to displace the feed solution.

6.33 Impurity Elution

Strontium Elution-

The column is washed with 0.03 M, pH 6.3 Versene. As
strontium is complexed more strongly then barium, it is selectively eluted
leaving the barium on the column. Any traces of iron, lead, chromium, or

nickel left in the system will also be removed for the same reason.
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Impurity Elution (continued)

Sodium Elution

The sodium is removed from the column by elutiom with 1 M
hydrochloric acid. At this molarity of acid,the sodium is easily removed

with negligible barium loss (see Section L.2).

6.34% Product Elution

At this point the resin contains only barium and H+. The
barium is removed in 6 M nitric acid. Analyses listed in Table 6.0-1

show that the product meets the purity requirements.

6.4 Comparison of Versene and Acetate-Citrate Processes

The advantages of the Versene Process are;

(1) The elimination of the metathesis step which has been shown
to be unreliable in process operations over the last four
years. Direct solution in Versene offers a distinct ad-
vantage in process reliability.

(2) An estimated 10 to 15 hours of process time will be saved
by using the Versene Process. This time saving represents
gpproximately a 2-3% increase in barium yleld as a result

of reduced barium decay.
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Comparison of Versene and Acetate-Citrate Processes (continued)

(3) The resin and solution will be subjected to much less
concentrated radiation in the Versene Process because
the bulk of the rare earths amd strontium pass through
the first column in the complex form and are never ad-
sorbed in concentrated bands as in the Acetate-Citrate
Process. Since the overall time cycle is lower, any

radiation damage will also be less.

7.0 Evaluation of IRC-50 Resin,

As seen in the preceeding processes, the purification of barium is
carried out in the pH range 6.0-9.0. This pH range is known to be
optimum for ITRC-50 resin so that an effort was made to evaluate this resin.

The outstanding advantage of TRC-50 for barium purification is its
eage of regeneration with strong acids. That is, the carboxyl exchange
groups being weak acid groups exhibit a strong preference for Ht ions.
Thus the barium product can be eluted in an amount of acid roughly equiva-
lent to the resin capacity. As a result the volume of acid to be evapor-
ated prior to product shipment would be greatly reduced. The resistance
of TRC-50 to strong acids and bases is known to be high, in fact, about

the same as Dowex 50.
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Eveluation of IRC-50 Resin (continued)

The disadvantages of IRC-50 listed below broved to be so great that
its projected use in a final purification column has been abandoned. In-
aications are, however, that the use of this resin would be advantageous
for separation of barium from uranium (see Section 10.0).

(1) IRC-50 resin swells 50% es it changes from the H' form to the

Nat form so that the sodium hydroxide regenerant must be passed
up through the resin bed to prevent the resin from packing aend
breaking the column as the resin expands. Any changes in pH
during processing cause a change in volume and capacity of the
resin (see Figure 4.11-7).

(2) The rate of diffusion is known to be slower for IRC—50(10) resin
than for the Dowex 50 type resin. Therefore slower flowrates are
necessary.

(3) The separation factor, Kﬁ(Ba)/Kd (sr)> Was found to be roughly
a factor of 3 less for the IRC-50 resin-citrate system than for
the Dowex 50-citrate system (see Section 4.11). The separation
of barium and strontium using a column of IRC-50 resin and citrate
elution proved to be inefficient.

(4) As a final step in barium purification, it is necessary to
separate the sodium and barium by selectively eluting the sodium

from the resin with hydrochloric acid, leaving the barium on the
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Evaluation of IRC-50 Resin (continued)

resin (see Section 6.33). However, with IRC-50 resin,
hydrochloric acid quantitatively removes both the barium

and sodium due to the marked affinity of the resin ca:boxyl
groups for the H* ion. An attempt was made to overcome this
difficulty by washing the resin with sodium acetate solutions
buffered to pH 4.0 or 4.3. At this pH the bulk of the car-
boxyl groups should be holding on to barium only since barium
is held much more strongly than sodium and there is not enough
resin capacity (ionized carboxyl groups) to hold both. Column
experiments to prove this theory were not successful, presum-
ably because it is difficult to reach true equilibrium condi-

tions when the diffusion rate is low.

8.0 Impurity Removal by Anion Exchange

An effort was made to reduce the Acetate-Citrate Process time cycle
by passing the acetate feed (see Section 4.13) through an anion exchange
column to remove the iron, chromium, nickel, and lead contaminants prior
to adsorption of the barium on the regular column. It was found that
80-90% of these impurities could be removed by passing an acetate feed
solution at pH 6.0 through a column of IR4B anion resin. The barium,

being present as a cation, should not be adsorbed in this system. It
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Impurity Removal by Anion Exchange (continued)

was found; however, that the barium yilelds were very erratic, ranging
from 15 to 85%. It was felt that further work on this system was not
Justified.
Three possible mechanisms to explain these results are as follows:
(1) that anion acetate complexes, such as basic ferric acetate, are
formed and adsorbed as such;
(2) that the hydrous oxides or acetates are adsorbed as colloids; or
(3) that the weak base TR4UB resin is sufficiently hydrolyzed at pH
6.0, so that the impurities are precipitated in and on the resin
as their hydroxides. These hydrous oxides could carry barium,
accounting for the erratic barium yields. The last mechanism
is probably the best explanation as the results could not be re-

reated using the strong base Dowex A-2 anion resin.

9.0 TUpflow Resin Columnh Development

An attempt was made to develop an upflow resin column for use in the
Ral.a Process so that if gas were formed as a result of water decomposition
from rediation, the bubbles could escape and thus not block the columm.

An investigation of bed expansion as a function of resin mesh size and up-
flow rate was made. Resin sizes smaller than 200-240 mesh were found to

be impractical. A resin bed was prepared for further study containing known
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Upflow Resin Column Development (continued)

percentages of resin with mesh size varying from 40 to 240 and where the
bed expansion was 25% for a flow rate of 0.56 cc/cmeﬁuno The theory of such
2 column is that in upflow operations the larger resin particles remein
at the bottom and, in gemeral, each particle assumes a position relative
to 1ts size. Thus the bed would not "churn" and a chromatographic sepa-
ration would be made possible. Duplicate runs made on upflow and dowa
flow columns to separate barium and strontium under flow sheet conditionms
by citrate elution showed that the product barium obtained in the upflow
column contained 14.4% of the strontium while the product barium from down
flow operation contained omly 0.13% of the Sr.

Although these results are considered to be very encouraging and
could undoubtedly be improved, further development was deferred until it
could be determined if gassing was to be a major problem in high radiation

level resin columns.

10.0 Separation of Barium from Dissolver Solution

In the present process, the barium is separated from the uranium
and fission products in the slug dissolver solution by co-precipitation
with lead. Previous investigators(s) have shown that this separation can
be done efficiently by ion exchange using IR-1 resin. It is proposed to
re-evaluate the efficiency of these two processes in the light of the im-

proved high capacity resins available today.
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Separation of Barium from Dissolver Solution (continued)

For example, it has been shown that in the IRC-50 resin system, the
barium distribution coefficlent increases tremendously with pH (see
Figures 4.11 - 4, 5, 6). It is evident that use of a complexing agent,
such as bicarbonate, to complex and hold the urenium in solution at a
high pH would meke use of the most favoreble barium distribution co-
efficient. Although barium bicarbonmate is soluble; calculetions have
shown that at pH 7.8 the equilibrium carbonate concentration would be
Just high enough to precipitate barium carbonate in agueous solution.
The true solubility of barium carbonate in the system of interest will

be determined accurately.
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Table 4.0-1

140
Ba Purification by the Acetate-Citrate Process and a Versene Modification

Conditions:

Column: 0.55" diameter x 7" height

Resin: Na! Form Dowex 50, 100-200 mesh
Flow Rate = 0.55 ml/cm®/min
Feed: 2.824 gms Pb 35 mg, Ba, Ba tracer

6.2 mg Ni 3.3 mg, Sr, Sr tracer

32.8 mg Fe (328.0 mg Fe in Run Ba-34)

Runs Ba-31 to 3% - 0.5 M in Na Acetate

Runs Ba-35 to 37 - 0.06 M in Versene; pH 6.0

Total Volume = 233 ml

(Quantities Represent 1/30 Full Chemical Scale under Maximum Conditions
of Impurity)

Washes: I - Pb Elution - 0.5 M NaOH; 200 ml

II - Fe Elution - 0.5 M Na Citrate, pH 3; 166 ml
IITI - Sr Elution - 0.1 M Na Citrate;, pH 9; 300-500 ml

IV - Na Elution - 6 N HpSOL*F, 30-50 ml
Product Elution - 200 ml 6 N HNO3

Waste Analyses (% - Product Analyseés¥ Ba
Run | Feed Effluent NeOH NaCcit pH3] NaCit pH 9 ﬁ%h Materisl
No. [T B& FTe | TPb Be. Pb Ba Te Be. BT p: Sr TD Ne./Be. | Balance
Ba-31] 0.5 92 6.3 0.3 | 2.7 0.1 3.6 |ca 0.5 |103 | 0.k 96 0.1k KO0.02 | 1.1k 97.6
Ba-32| 0.02 {122 |145 0.005| 5.3 | 0.012] ** 0.084 91 | 0.008 106 |56% 0.02 |20.04 121.1
Ba-33| 0.03 | T4.3| 80 0.004 3.3 |0.k2 | 2.3 1.45) 3% } 0.023 J102.4 0.67 | 0.06 - 104.3
Ba-34] 0.22 6.5] 21. 1.0 1.2 10144 0.36 .6]C.1-1.0 98.55
Ba-35| 0.29 | 91 |1 .0k | 0.2 . *¥ 0.0 112.3
Ba-36| 0.1 97 |162 0.35 | 0.0k o.oﬁ ca 50 0.0971 13} 0.033 J10ok.1} 76.2% |€0.02 }0.58 105.5
Ba-37] 0.031} 47 |156 0.006] 0.091{0.0 0.7 0.12| 87H 2.9 91 |¢0.17 Ko0.02 | 1.69 oh.1

* Poor gseparation of Ba and Sr obtained when iksufficient pH 9 NaCit was used as result of recorder breskdown.

%% Fe, Ni, and Cr were not detectable by colorimetric analysis
4 See Section 4.2 for comparison of HCL v.s. FagO)
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Conditions:

Dowex 50 and Possible Eluting Agents

5 ml of resin, previously saturated with cation,

was shaken for 2 hours with 25 ml of eluting agent.

Distribution Coefficient = K3 = mg of cation/ml resin
mg of cation/ml solution

Distribution Coefficients

0.5 M 0.5 M 0.5 M 0.5 M 0.5 M 0.5 M 1.0M
Cation Citric Ammonium| Ammonium| Oxalic Ammonium| Ammonium Armonium

Acid Citrate | Citrate | Acid Oxzalate Oxalate Acetate

pE1.7 | pH3.0 |pH7.6 | pH0.78 | pH 3.0 PH 7.8 pH 6.0
§it? 147 8.3 7.2210°2| ppt. ppt. ppt. 2.4
srte 81.9 15.7 ppt. Ppt. ppt. ppt. 6.5
Fet3 13.1 | 2.0 101 | 2.3x107%] 2.0z10"2| 1.1 21.2
crt3 61 10 0.17 28 7.0 3.8 0.22
Bate 263. 24.8 PPt 266 ppt. ppt. 8.9
pbte Very prt. ppt. ppt. ppt. ppt. 1.3

High

The distribution coefficient for Ba was 265 under the following conditions:

Resin

5 ml
sodium
Resin

Eluting Agent

o'

5 M NaOH

5 mg/ml Pb as Pb0,"
0.05 mg/ml Bat2
Tracer Ba
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Table 5.1-1
Separation of Barium from Lead and Strontium by An
Alkall-Citrate Ton Exchange Process
Conditiongs
Columm: Diemeter: 1.4 cm
Height: 10 cm
Resin: Nat Form Dowex 503 140-200 mesh
Flow Rate: 0.5 ml/cm?/min.
Feed: 0.5 M NaOH(CO; Free) containing:
1 gm Pb as PbDo™
10 mg Ba + Ba tracer
1 mg Sr + Sr tracer (Ba-9 and 11, only)
Total volume = 202 ml; (3000 ml for Ba-T7)
Weshes: I, for Pb removal: 30 ml 0.5 M :NaOE(COfFree) 3 30 ml HyO
II, for Sr removal: see table below
Elution of Ba product: 6 N HN03
Run Effiluent and Ba
No. Wesh I Wash IT Product Ba Material
% Ba Composition % Sr % Pb % Ba % Sr % Pb % Ba | Balance
‘Ba-11 0.08 15 ml 0.5 M 86.5 - 0.97 6.7 - 107.8 108.8
Na Citrate pH 7.8
Ba-7 0.3 " - 8 x 10°% | 1.1 - |¢0.003| ok.2 95.7
Ba-5 0.15 150 ml 0.1 M Na - <0.15 0.1k - 1€0.20 |)99 -
: Citrate pH 9
Ba-9 0.01 " 103 0.2 0.3% 0.11 [(0.04 | 94.3 %.6
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Table 5.2-1

Carrying of Ba and Sr by the Oxides of Fe and Pb

Conditions: NaOH (CO3:Free) and boiled Ho0O - used in all precipitations; dilutions;
and washés. Cations precipitated from 0.25 M NaOH (CO'§ Free), pH 11.3 in all cases.
TFeed: Feed Volume = 40 ml ‘
Washes: All precipitates washed with 3-15 ml volumes 0.5 M NaOH (CO; Free)
followed by 1-30 ml volume of H,0 before proceeding as folldws:
Run XVII: Use 2-15 ml volumes O.5M MH,NO3, PH 5, weshes; then 30 ml HpO
Runs XVIII and XIX: Use 3-15 ml volumes %5 ﬁgﬂ'H);,NOy pH 9, washesy then 30 ml H20
All precipitates were dissolved in 3 N 51\103 for final analysis =

4 Ba, 4 st
Run Cation Concentrations In NaOH In NHp_,_NO3 Carried | In NaOH NHANOS(pH 5) Carried by
No. in Feed Solutions Wash Wash by ppt. ~ Wash Wash ppt.
1 200 mg Fe; 0.45 mg Cr; - - 2.5 - - 7-10
0.34 mg Ni; 1.88 mg Baj
0.22 mg Sr; 207 mg Pb
1-C Same as Run 1
+ 001 M 3202 - - 50 - - 39
111 201.7 mg Pb, 0.1 M
Hy05 + Ba and Sr tracer 56 - Ll 63.2 . - 36.8
VII 1.0 mg Pe + Ba and Sr
tracer 9.95 - 90.1 16.4 - 83.3
XVII 1.0 mg Fe + Ba and Sr
tracer - - - 18.2 78.9 3.2
XVIII 1.0 mg Fe + 10 ng
"cold" Ba + Ba tracer o4. L4 4 .54 0.97 98.8 1.03 0.07
XIX 1.0 mg Fe + 100.5 mg
Pb + 10 mg "cold" Ba + Ba
tracer 99.3 0.56 0.10 99.6 0.33 0.02
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Table 6.0-1

Two Column Versene Process for Ball"o Purification

Conditions:
Columns: Resin - Nat Form Dowex 50, 100-200-Mesh
Dimensions - M.S.* Column = 0.67" diam. x 20" hgt.
Purification Column - 0.67" diam. x 7" hgt.

Procedure:
M.S. Column: TFeed - .1/36 full li%La chemical scale under conditions of maximum impurity:
2236 mg Fb
29.7 mg Bat2| Precipitated as 22.0 mg Fe+3
3.2 mg Sr*2( sulfates and dissolved + 5.7 mg Ni'2
Ba-Sr Tracer in Versene 8.3 mg crt3

Total Volume - 200 ml, 0.10 M in Versene, pH 6.0 - 6.5
Impure Product eluted in 0.25 M Versene, pH 1l
Purification Column: Feed - Impure product from M.S. column adjusted to pH 4.0-4.5; vol.= 300 ml.

Eluting Agents: Sr Elution

250-300 ml 0.07 M Versene, pH 6.3 followed by 75 ml H,0

Na Elution - 250 ml 0.5 M HCl; followed by 100 ml H,0 (V-19 and 20)
- 250 ml 1.0 M HC1; followed by 100 ml H,0 (V-21)
Ba Product - 200 ml 6 N HNOq
M.S. Column Purification Columm
Waste Analysis Tmpure Waste Analysis (%) Product Analysig#* Ba
Run | Product || F.E.#] pH 6.3 Versene| HCL % Material
No. | Ba | Sr Fe Pb % Be Ba Ba R Ba. Ba Sr Pb Na/Ba | Balance
V-19 j0.73| 79.3 | 65.6 136 105 0.6 0.70 | 17.9 }1.8 9.1 | 0.76]<0.02 12 100.01
V-20 KL.1 | 76.3 72.6 171 108 <0.32}<1.12 | 18.4% .79 101.1 <0.29 1< 0.04 7.05 | < 105.4
v-21 [2.5 | 85 63 1541 110 0.1 0.2 6.0 0.7 97 0.3 1< 0.06 0 100.5
¥  Metathesis Substitute

**%  Fe, Ni, and Cr were not detectable by spectro-photometric analysis
# Feed effluent
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