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RADIOCHEMICAL SEPARATIONS: I. BARIUM, STRONTIUM, AND CAICIUM

Duane N. Sunderman and W. Wayne Meinke

Department of Chemistry, University of Michigan
Ann Arbor, Michigan

ABSTRACT

A program of critical evaluation of radiochemical separation proce-
dures has been instituted. Procedures for individual elements reported in the
literature are collected and subdivided into individual separation steps.

Those steps which are found unique and possessing general applicability are
studied experimentally to determine optimum conditions (of both yield and con-
tamination) for separation. These procedures are then further evaluated under
optimum conditions to determine the effects on the separation of a number of
diverse but representative elements and materials.

The alkaline earth elements, barium, strontium, and calcium were the
first elements studied in this manner. Several common precipitations were
studied to determine the conditions for optimum radiochemical separation within
this group. It was found that conditions of operation must vary widely from
commonly accepted analytical methods due to the demands of such factors as non-
equilibrium operation, necessity for rapid precipitation, character of the pre-
cipitate, and manipulatory techniques. Nitrate, chromate and chloride precipi-
tations were studied to give quantitative information concerning the
contributions of these factors. Yield data are given for calcium, strontium
and barium in the above separations under conditions varied to show the effects
of excess or deficiency of reagents, quantitative or nonquantitative
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precipitation and methods of adding precipitating reagents. Decontamination
factors were determined with tracers of 16 typical elements. An optimum proce-
dure is given for the systematic separation of these three ions in tracer

salutions.

INTRODUCTION

Radiochemical separation procedures are composed of those chemical
separation steps which, when applied to radioactive mixtures, yield a chemical
species of sufficient purity to be uniquely counted or detected by the use of
existing equipment and present-day techniques. These procedures may include
extraction, precipitation, ion exchange, electrolysis or volatilization steps.
Separation may be required from a large variety of diverse elements, as in
the case of fission product analysis, or from neighboring elements in the peri-
odic table, as in procedures following bombardment by low energy (a few Mev)
nuclear particles. In many cases interfering activities must be reduced by a
factor of 10* to 10° or more but the yield of the desired activity does not
have to be quantitative., Often the nuclear characteristics of the isotope de-
sired ére such that the separation must be completed rapidly.

The general inorganic-analytical literature (26, 51, 53), while
quite detailed in many cases, is not directly applicable to radiochemical work
where nonequilibrium conditions are the rule rather than the exception. A pro-
gram of critical evaluation of radiochemical separation procedures has thus
been instituted at the University of Michigan. In this program, certain groups
of elements are being studied, procedures previously reported in the literature
are being evaluated, and the most promising separation steps are being explored

in detail to determine optimum conditions for high decontamination and yield,



LITERATURE REPORTS

The first elements that have been explored are the alkaline earths:
barium, strontium and calcium. Since barium and strontium are high yield fis-
sion products, considerable work has already been done on their radiochemical
separations. By comparison, few radiochemical separation procedures are re-
ported in the literature for calcium.

Typical procedures for the separation of these elements are suggested
by standard analytical references (26, 51, 53). These references have been sup-
plemented by the experimental work of Willard and Goodspeed (68) who used nitric
acid for the quantitative separation of barium and strontium from calcium.

To determine the separation; procedures favored in recent work a com-
plete survey was made of the nuclear chemical literature. Compilations of radio-
chemical procedures (5, 18, 33, 35, 36, 4k) were consulted for separations in-
volving these three elements. A number of references were located in the German
literature (37), and additions to these detailed procedures were made from ref-
erences for the isvtopes 6f barium, strontium and calcium listed both in "Table
of Isotopes" by Hollander, Perlman and Seaborg (28) and in "Nuclear Data" com-
piled by the National Bureau of Standards (67). References to all of these
procedures are included in the Bibliography.

The literature search indicated that the separations of primary in-
terest for these three elements were the precipitations with nitric acid (l, 3,
L, 6, 7, 11, 15, 19, 21, 2k, 26, 27, 39, 42, 4k, L5, 59, 60, 62, .65), ammonium di-
chromate (1, 7, 10, 11, 16, 19, 21, 24, 25, 27, 34, 39, ko, L2, 45, 61, 65), and
hydrochloric acid (7, 8, 9, 10, 11, 12, 15, 16, 19, 23, 34, 35, 39, Lk, 55, 61),
Sulfate (23, 25, 47, 48, 58) and oxalate (1, 4, 11, 17, 20, 27, 29, 35, 38, 45,
L6, 5k, 65, 66) precipitations were also included in this study since they are

widely used as a final step for the preparation of material for measurement.



Applications of solvent extraction or chelation (57) to these separa-
tions were not promising, and although good separations have been mdde by ion
exchange (41, 63), time considerations prevent their general applicability to
this work at the present time. Certain other minor methods involving precipi-
tation of carbonate or 8-hydroxyquinolate (2, 13, 30, 43, 49, 50, 56, 64) were
also found. Scavenging steps, involving precipitation of hydrous oxides of iron
(III) or lanthanum (III), while often found in the procedures (1, 7, 10, 11, 13,
17, 19, 20, 21, 23, 27, 29, 35, L2, 45, L6, 5k, 60, 61, 65, 66), will not be

considered here.

EXPERIMENTAL PROGRAM

Precipitation separations are conducted under conditions which are
standard in laboratories engaged in fission-product and bombardment work (18, 33,
35, 36, 4L4). In all cases, commercially available equipment is used. The car-
riers are added to a clean 15 ml centrifuge cone, radicactive tracers of these
carrier elements are added, and the necessary steps taken to secure exchange.
(In all the decontamination and yield studies on the alkaline earths 10 mg of
carrier was present with the tracer.) Reagents are added to adjust conditions
for precipitation, the precipitant is added,; and the solution‘is stirred man-
ually and digested for five minutes. The tubes are then centrifuged for five
minutes at top speed, and the supernate is removed by use of a glass tube con-
nected to a vacuum flask and through a trap to a water aspirator (a "slurp"
tube). The precipitate is slurried onto a stainless steel plate to be dried
and mounted, and then counted with a Geiger-Miller tube or transferred to a
glass culture tube to be counted in the scintillation well counter.

In radiochemical separations, it is important to know the behavior
of elements quite dissimilar from the desired constituent under the conditions

of the separation. The spectrum of dissimilar elements present in a mixture



may be quite broad and in some cases may include as many as 50 different species.
In order to have sufficient information at hand to choose a separation for a given
decontamination requirement, a number of representative elements were chosen to
indicate the behavior of their respective groups. The elements used in these de-

contamination studies are shown graphically in Fig. 1.

APPARATUS AND REAGENTS

Apparatus

International Clinicéal Centrifuge.

Centrifuge cones, 15 ml, borosilicate glass.

Planchets, 1 in.-diameter stainless steel, No. E-24, Tracerlab, Boston,
Mass.

Geiger tube, halogen quenched, 1.4 mg/cm2 window, Model D-34, Nuclear
Instrument and Chemical Corporation, Chicago, Ill.

Scaler, Nuclear Instrument and Chemical Corporation, Model 163, scale
of 128 (used with Geiger tube).

Scintillation well counter, Nuclear Instrument and Chemical Corpora-
tion, Model DS-3 with 2-in., additional lead shield.

Scaler, Nuclear Instrument and Chemical Corporation, Model 162, scale
of 128, used with well counter, modified to count with preset
time and preset count and to reset automatically.

Lead housing for Geiger tube; Technical Associates, Glendale, California,
No. Al 1hA,

pH Meter, Beckmann Instruments, Pasadena, California, Model H.

Reagents

Ammonium dichromate solution (B and A reagent No. 1274), 100 g/1 in
water.

Buffer solutions, sodium acetate (B and A reagent No. 2191) and acetic
acid (B and A reagent No. 1019) (22).

Fuming nitric acid 90-95% HNOs; (B and A reagent No. 1121), analyzed
by the pycnometer specific gravity method.

Hydrochloric acid: ether reagent, 4 volumes HC1l (B and A reagent No.
1090) to 1 volume ether (Mallinckrodt reagent No. 0548).



Sulfuric acid solution (B and A reagent No. 1080) HoSO4, 10% by vol-
ume in water.

Ammonium oxalate reagent (B and A reagent No. 1307), saturated solu-
tion in water.

Hydrochloric acid, dry gas (Matheson, 99.0%).

Carriers

Antimony: SbCls, MW 228.13, (B and A reagentNo. 1369), 10 mg/ml
Sb(III) in dilute HC1.

Barium: Ba(NOz)s, MW 261.38 (B and A reagent No. 1420), 10 mg/ml
Ba(II) in water.

Calcium: Ca(NOg)s + 4H-0, MW 236.16 (Mallinckrodt reagent No. L236),
10 mg/ml Ca(II) in water.

Cerium: Ce(NOs)s, MW 434.25 (B and A reagent No. 1560), 10 mg/ml
Ce(III) in dilute HNOs.

Cesium: CsCl, MW 168.37 (Fotte Mineral Co.), 10 mg/ml Cs(I) in water.

Chromium: Cr(NOs)s *+ 9H,O, MW 400.18 (B and A reagent, No. 1578), 10
mg/ml Cr(III) in dilute HNOs.

Cobalt: Co(NOs)s * 6H-0, MW 291.05 (B and A reagent, No. 1597), 10
mg/ml Co(II) in dilute HNO.

Todine: NaI, MW 149.92 (Mallinckrodt reagent No. 1139), 10 mg/ml
I(-I) in water.

Iridium: IrCly, MW 334.94 (American Platinum Co., Ir metal) 10
mg/ml Ir(IV) in dilute HC1.

Ruthenium: RuCls, MW 208.07 (Fisher reagent No. R-322), 10 mg/ml
Ru(III) in dilute HC1.

Selenium: HySeOs, MW 128.98 (Fisher reagent No. A-286) 10 mg/ml Se(IV)
in dilute HCI.

Silver: Ag(NOs) MW 169.89 (Merck reagent No. 2169), 10 mg/ml Ag(I) in
water.

Strontium: Sr(NOsz)s, MW 211.65 (Merck reagent, No. T48.94), 10 mg/ml
Sr(II) in water.

Tantalum: KoTaF,, MW 392.08 (Fisher reagent, No. T-17), 10 mg/ml Ta(V)
in 0.5 M HC1 and 0.5 M HF, made up immediately before use.,

Tin: SnCly - 2Hs0, MW 225.65 (Merck reagent No. Thk88), 10 mg/ml Sn(II)
in 5% HC1.

Zirconium: ZrO(NOgz)s * 2Ho0, MW 267.26 (Fisher reagent No. Z-82) 10
mg/ml Zr(IV) in 0.5 M HNOs; and 0.1 M HF.
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Tracers

Table I outlines the characteristics of the tracer solutions used
for the yield and decontamination determinations. Daughter activities are
listed with the parent. The valence states given in the table are either
those listed in the Isotopes Division Catalog (32) or are those most stable
for the conditions under which they were received. To minimize losses from
hydrolysis or adsorption, dilutions of the tracers were made with solutions
gsimilar to those in which they were received. Small losses from hydrolysis
or adsorption are not generally noticeable, because the materials are stand-
ardized at each use and small changes are ignored, but considerable loss did
occur in silver by absorption on the walls of the soft glass bottles.

Carrier-tracer exchange required individual attention for each ele-
ment. Multiple valence elements and those readily complexed were given special
attention.

CrSl

From results of a study of the chromium(III)- chromium(VI) exchange,
it was found that a negligible amount of the chromium tracer existed in the

hexavalent form. Trivalent carrier was used throughout.

Ir 192

Iridium tracer was obtained in a chloride complexed form, and the car-

rier was also kept in this form prior to mixing.

Rulfs6

The ruthenium obtained from Oak Ridge National Laboratory was found
totally in the reduced trivalent form, and no special treatment was necessary

for exchange.

b 124

The tracer antimony was used as received, trivalent antimony carrier add-
ed,' the mixture oxidized to the pentavalent form with bromine and €heh-reduced. with
‘hydrazine. A ¢émparison of the solution obfained in this manner with that obtained
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by thorough mixing showed only minor differences in the contamination studies of
the alkaline earth separations. Separations specifically requiring either the

tri- or pentavalent antimony were not studied.

Splls

To agsure exchange, the tin carrier was added as the divalent ion and

oxidized to the tetravalent ion with hypochlorite in the presence of the tracer,

Ta182

Tantalum tracer is present as the potassium tantalate in KOH solutions.
The carrier, potassium heptafluotantalate, was added to the solution of the
tracer, hydrochloric acid was added, and the sclution was warmed to complete so-
lution of the heptafluotantalate. Exchange was presumed complete since the pro-
cedure involved heating in the presence of the complexing fluoride ion. This
presumption was further supported by the fact that all the tantalum activity in
contamination studies was found to accompany the macro amount of tantalum.

Zr95

In all cases, zirconium tracer was separated from its niobium daughter
by precipitation of barium fluozirconate, and the zirconium was separated from
the barium by two precipitations of zirconium hydroxide (36). Complete exchange
between carrier and tracer zirconium took place during the treatment with HF and
precipitation of the fluozirconate.

Special attention must be paid to the decay schemes and radiations of
the tracers as well as to their chemical characteristics if the decontamination
results are to be reproducible. Table II summarizes these nuclear characteris-
tics (8). The scintillation well counter is suitable for measuring most tracers
having gamma rays or high energy beta rays, but a thin window G-M counter is re-
quired for tracers emitting weak beta rays.

Where activities from(daughter products would interfere with the count-

ing of the parent, two methods were possible. In one, a suitable time (ten half



lives) could be allowed to elapse after the separation prior to counting. This
time elapse would allow the mixture to reach equilibrium, i.e., where the parent-
to-daughter activity ratio would be constant. In the second method, the daughter.-
activity would be removed by suitable precipitation steps and the parent activity
would be measured before the daughter activity would again become appreciable.
The first method was used in all experiments with the Ce-Pr, Ru-Rh and
Sn-In pairs and in some experiments with the Ba-la and Sr-Y couples. Other sam-
ples of barium, strontium and all those of zirconium were counted by use of the
second method. Growth and decay curves for the mixtures used in this work are
presented in Figs. 2-8. From these curves, an evaluation can be made of the
errors in the measurement introduced by daughter activities. Thus, it can be
seen that following separation of the daughter, Zr remained sufficiently pure
for counting purposes for several days, while barium and strontium had to be

counted within two to four hours.

EXPERIMENTAL PROCEDURES

Six different precipitation procedures applicable to one or more of
the alkaline earths were explored in detail to determine whether the procedures
could completely carry macro amounts of these elements. Additional experiments
were run to determine the contamination of the precipitates by other typical

trace elements.

Chromate 3eparation

The classical method for the separation of barium from strontium is
that of the precipitation of the chromate with ammonium dichromate from an ace-
tate buffered solution (26). When there are few interferring elements that are
not easily hydrolyzed, the precipitation can be made under more alkaline condi-
tions in the region of Ph 7-8. The precipitant is added slowly to a relatively

large volume of hot solution and the solution digested for one or two hours



after precipitation is complete. In recently reported work (31) a pH of Ffive
has been used successfully.

In this work precipitationswere made from solutions maintained at a
pH of four, five, and six (22). The conditions are not those in which equi-
librium is established since precipitation is rapid, the experiment is con-
ducted at room temperature, and only a five-minute digestion time is allowed;
however, quantitative yields are not required. To determine interferences, a
complete separation of barium carrier from strontium carrier was made in dupli-
cate for each contaminant under optimum conditions (pH 4). Ten mg of carrier
plus the tracer for the contaminating element were used in these determinations.

The itemized procedure is as follows:

1. Add ten mg barium carrier and barium tracer to 15 ml glass centri-
fuge cone. Mix thoroughly to effect exchange.

2. Add ten mg amounts of carrier and tracer of contaminating element
to be studied,’e.g., Sr, Ca, or Co, Ru, etc, and take steps necessary to secure
exchange. In cases where the yield of barium is not to be determined, the barium
carrier (without tracer) is added last.

3. Add ten ml of acetic acid-sodium acetate buffer solution of the de-
sired pH. Stir thoroughly.

4. Add two ml (NH4)CrsO- solution with stirring. Digest with occa-
sional stirring at room temperature for five minutes.

5. Centrifuge at top speed for five minutes.

6. Remove supernate with slurp tube.

7. For geiger counting, transfer the precipitate by pipet to a stain-
less-steel planchet; then dry, mount and count. For scintillation counting,
transfer to a glass culture tube, stopper and count in well counter. Yields
obtained with this procedure are shown in Table ITI. Table IV shows the re-
sults of the contamination experiments at pH 4. For comparison, the barium,
strentium and calcium yield data are included in this table.
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Nitric Acid Separation

The insolubility of barium and strontium nitrate in strong nitric acid
has been known for meny years, but, in 1936, Willard and Goodspeed (68) made a
thorough study of its analytical applications. Its applicability as a method
for separation of barium and strontium from fission products was recognized
early in the atomic energy program, and this method occurs quite frequently in
the manuals of the National Laboratories (18, 33, 35, L4).

Three different concentrations of nitric acid (87%, T0% and 60%) were
used to determine the effect of nitrate concentrations on the separation from
calcium. The following procedure was used.

1. Add ten mg carrier and sufficient tracer of the contaminating ion
(e.g., Ca or Co, Ru, etc.) to a clean 15 ml centrifuge cone and take steps neces-
sary to secure exchange.

2. Add carrier solution containing ten mg each .of barium and strontium.
(Also add barium or strontium tracer when determining their yield.)

3. Add sufficient fuming HNOs and water to secure the desired concen-
tration of HNO5; (total volume 10-15 ml). Stir thoroughly.

L, Digest for five minutes at room temperature with occasional
stirring.

5. Centrifuge for five minutes at top speed.

6. Remove the supernate by decantation to waste storage for HNOs.
Explosions © are likely to occur, if this solution is mixed with other wastes
that may contain organic compounds.

7. Prepare the precipitate for counting.

The results of the &bove procedure for barium, strontium and calcium are given
in Table ITT.

To account for the different uses to which this procedure might be put, de-
contamination studies were conducted with the representative elements of Table T
using both the 80% and the 60% HNOz conditions. Ten mg of carriers were used for

all contaminants, The results are given in Table IV.
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Hydrochloric Acid Separations

Another method for the separation of barium from strontium, calcium
and other elements is based on the insolubility of BaCls °2H-0 in strong HC1
solutions. Many variations of this method have been used in atomic energy
work (7, 12, 44). Two of the techniques most often applied are: (a) the use
of an ether: HCL sblution of about 7.5 to 8.5 M HC1 as precipitant, keeping
the agueous volume of the radioisotope mixture very low prior to its addition,
and (b) the use of dry HCl gas bubbled into either an agueous solution or a
mixture of ether and water. The first technique involves the use of a fairly
stable reagent which can be kept for several days without discoloration. The
latter technique requires the use of dry HCl, a very nasty reagent, and an
ice bath is necessary to remove the heat of solution of HC1l. Two modifications
of each of these two techniques were evaluated: (1) 1.5 ml of agueous solution
containing tracers and carriers to which ten ml of the L4:1 HCl:ether reagent was
added, (2) three ml of aqueous solution containing tracers and carriers to which
ten ml of the HCl:ether solution was added, (3) ten ml of aqueous solution con-
taining tracers and carriers into which dry HC1l gas is bubbled until the solu-~
tion is saturated, and (4) eight ml of aqueous solution containing tracers and
carriers to which three ml ether is added and into which dry HCLl gas is bubbled
until the solution is saturated.

The concentration of chloride was determined by titrating the HC1 with
standard NaOH to the phenolphthalein end point. In the 1.5 ml H>0 case using
HCl:ether reagent, a concentration of 8.5 M was found compared to 7.5 M in the
3 ml HoO case. In the case of dry HCl, a 12 M solution resulted, and in the
case of dry HC1l and ether, a molarity of 7.3 was found. The following proce-

dures were used.



A, HC1l - Ether Solution

1. Add ten mg of carrier and sufficient tracer of the contaminating
ion (e.g., Sr, Ca or Co, Ru, etc.) to a clean 15 ml centrifuge cone and take
necessary steps to secure exchange.

2. Add ten mg of barium carrier and make up to either 1-1/2 ml or 3
ml with water. (Also add barium tracer when determining barium yield.)

3. Add ten ml of HCl:ether solution containing four volumes of concen-
trated HC1l and one volume of ether. Stir thoroughly.

L. Digest for five minutes at room temperature with occasional stirring.

5. Centrifuge for five minutes at top speed.

6. Remove the supernate by slurping and prepare the precipitate for

counting.

B. Dry HC1 Gas

1. Add carriers and tracers as in A above.

2. Make up volume either to ten ml with water for procedure using
plain dry HC1 or to eight ml and add three ml ether for the combination.

3. Immerse in ice bath.

4, Bubble dry HC1l gas through the solution to saturation. This re-
quires about one minute. (Note: When no ether is present, large bubbles of
HC1l come to the surface at saturation, but in the presence of ether, the satu-
rated solution forms one phase from the aqueous and organic phases initially
present. )

5. Digest the solution at room temperature for five minutes with oc-
casional stirring.

6. Centrifuge at top speed for five minutes.

T. Remove the supernate by slurp :tube and prepare the precipitate

for counting.
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The yileld data obtained for these procedures are shown in Table ITII. The effect
of the various contaminating elements (Table IV) was determined using the opti-
mum conditions for low Sr and Ca contamination (3 ml Hx0).

Oxalate Separations

Precipitation of strontium and calcium as the oxalates is discussed
thoroughly in standard works (26, 53), and it is a convenient way of quantita-
tively reducing these elements to a weighable and reproducible form, suitable
for counting. Precipitation is complete only when the solution is heated and
an excess of ammonia is present. The following procedure was used:

1. Add ten mg of carrier and sufficient tracer of the contaminating
ion, e.g., Ba.or Co, Ru, etc., to a clean 15 ml centrifuge cone and take neces-
sary steps to secure exchange.

2. Add ten mg carrier of either strontium or calcium and stir thor-
oughly. Also add strontium and calcium tracers when determining their yield.

3. Dilute the solution to eight ml with water.

4., Add sufficient concentrated NH4OH to obtain an excess. One ml
is usually satisfactory.

5. Heat to boiling and add two ml of a saturated solution of
(NH )oC504, and stir thoroughly.

6. Heat again to boiling and allow to stand for five minutes without
applied heat, while stirring occasionally.

T. Centrifuge at top speed for five minutes.

8. Remove the supernate by slurp tube and prepare precipitate for
counting.

The results obtained by use of this procedure are shown in Table IIT,
while the decontamination values for representative elements, when present at

the point of separation, are presented in Table IV.
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Sulfate Separation

The precipitation of BaS0, has been used generally for the separation
of barium from simple solutions in a form suitable for weighing and counting.
It is not a general decontamination step because of the difficulty in perform-
ing further operations on this highly insoluble substance. It is most useful,
however, as a final step to secure a form which may readily be dried, weighed,
and mounted for counting.

The conditions for quantitative determination involve the slow addi-
tion of dilute sulfuric acid to the hot barium solution followed by a lengthy
digestion period (53). In more recent work, the sulfate ion is liberated by
the thermal decomposition of dimethyl sulfate thus accomplishing homogeneous
precipitation (14).

The following procedure was used in this work:

1. Add ten mg carrier and sufficient tracer of the contaminating ion
e.g., Sr, Ca or Co; Ru, etc., to a clean 15 ml centrifuge cone and take neces-
sary steps to secure exchange.

2. Add ten mg of barium carrier. Also add barium tracer when de-
termining barium yield.

3. Dilute to ten ml with one M HNOs and stir thoroughly.

L. Add one ml 10% HoS0., stir thoroughly and digest at room tempera-
ture for five minutes with occasional stirring.

5. Centrifuge at top speed for five minutes.

6. Remove the supernate by slurp tube and prepare the precipitate
for counting.

The results obtained with this procedure for the alkaline earths are shown in
Table ITI, and the decontamination results obtained with the carrier, and

tracers of the contaminants are shown in Table IV.
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DISCUSSION OF RESULTS

Under the conditions prevalent in radiochemical separation procedures
for activity derived from bombardment or fission, equilibrium conditions are
seldom, if ever, obtained. As a result; the conditions chosen for a given sep-
aration are compromises based on standard analytical methods, modified to give
the maximum separation from the undesirable elements even at the cost of a
lower yield of the desired constituent. The time required to perform the sep-

aration may also be a’determining factor in its choice.

Chromate

The yields reported in Table III indicate the type of procedure re-
gquired to secure a good separation of barium from strontium and calcium. As
the pH of this precipitation is raised from four to six the yield of barium
rises from 70 to 86%, but the contamination due to strontium is raised from 1.6
to 22%. The calcium contamination is also increased from 0.8 to 1.7%, but the
change is of little consequence due to the lack of reproducibility of the re-
sults. Thus, the optimum conditions chosen for the separation of barium from
strontium are those at pH 4 in the acetic acid-sodium acetate buffered solution.

Most of the elements such as Ce, Ir, Zr, Sb, Se, Ru, Sn, and Ta that
interfere with this precipitation are easily hydrolyzed. Some separation can
be obtained from Ce, Zr, Ru, and Ta, however, due to the slow precipitation
of their hydrous oxides dnder the conditions of separation. In the case of
silver, the insolubility of the chromate accounts for the large interference.
Antimony gives a large contamination, due not only to hydrous oxide formation
but also to the precipitation of basic salts in the weakly acid solution.

Visual observation of conditions during and following precipitation

indicate that Sb, Sn and Ta form precipitates upon addition of the buffer. 1In

16



the case of tin this is undoubtedly the hydrous oxide and antimony probably forms
an oxy-chloride or nitrate. Latimer (40) mentions the insolubility of oxy-fluo-
rides of tantalum, and this is probably the mechanism of its contamination.

A high degree of separation from diverse elements is not required for
this method since its applicability is primarily in the separation of barium
from strontium. A higher degree of separation from elements easily hydrolized
is best obtained by strong acid precipitations of members of the alkaline earth

groups using reagents such as 80% HNOsg, concentrated HCl, or dilute HoSO4.

Nitrate

The yield of barium and strontium is lowered as the concentration of
HNO5 is reduced from 80% to 60% and a better separation from calcium is obtained
as this concentration is lowered. If high yields are desired and calcium is not
present, 80% HNOs should be used. If calcium is present, however, it would prob-
ably be worth the loss in yield to use 60% HNOs and secure more complete separa-
tion from the calcium. A coprecipitation with barium and strontium will carry a
sizeable portion of calcium, if it is desired. Calcium nitrate is soluble, how-
ever when present alone in any of these three concentrations of HNOz (68).

Of the other elements studied, only antimony is a major interference.
Visually, the antimony solution was cloudy at the end of centrifugation, indi-
cating the presence of a slowly forming solid phase, probably the antimony
acid. Two distinct layers of precipitate were visible at the tip of the centri-

fuge cone, substantiating this premise.

Hydrochloric Acid

Use of the more complicated and hazardous procedureg involving dry
HC1 gas are not warranted by the results of these experiments given in Table
III. In fact, observations indicate that precipitation in the three ml acid
is slower than that on addition of dry HCl, thereby gilving better decontamina-

tion as is shown in the case of strontium. Calcium is not a significant
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interference under any of the conditions used. The best separation of barium
from strontium was obtained with ten ml HCl:ether reagent and three ml of
aqueous solution containing the tracers and carriers. While the yield was 10%
lower than by the procedure involving 1.5 ml of agueous solution, in most
cases this 1s not restrictive.

Upon addition of the ether reagent there is formed a precipitate
of silver chloride which is readily soluble in excess reagent. While antimony
is again the most prominent interference, the mechanism is not obvious. If
antimony is not present, however, this method is fast and efficient, and it re-
quires no precautions other than those normally required when handling ether.
The results are generally better than those of nitrate precipitations, due to
a lower viscosity of the supernate which allows more complete removal by vacuum.
The precipitate of BaCls - 2Ho0 is easily soluble in water, facilitating fur-

ther separations.

Oxalate

For this precipitation, the yields of strontium and calclum are suf-
ficiently high to make the oxalate step applicable to any overall alkaline
earth separation procedure. It is not designed as a decontamination from
barium; but barium is not completely carried by this procedure, and a separa-
tion may be made with careful control of conditions. This was pointed out by
Hillebrand et al (26). The similarity between the crystaline forms of barium
and strontium is undoubtedly the cause for the higher contamination by barium
of the strontium precipitate even though the calcium oxalate is more flocculent

Hydrous oxides, on the other hand, are carried to a larger extent on
the more bulky calcium oxalate. For example, in the wases of Ce, Zr, Sb, and
Sn, the addition of the ammonia causes immediate precipitation, and coagulation
is accelerated by boiling. Iridium and ruthenium are complexed by the addition

of ammonia, but the complex is destroyed by boiling and the oxide is precipitated.
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The case of these two elements shows most clearly the flocculent character of the
calcium oxalate since precipitation of the oxide occurs concurrently with that of
the oxalate. For tantalum and cobalt, the coagulation of the oxide precipitate
was visibly more rapid with strontium than with calcium. ©Solenium begins to

precipitate upon heating the ammoniacal solution prior to addition of oxalate.

Sulfate

This method is completely unsatisfactory for the precipitation of
strontium sulfate since some agent is required to lower its solubility and accel-
erate its coagulation. This is usually accomplished by the addition of alcohol
and by heating the solution (14). As the r-evlts indicate, barium is completely
precipitated under these conditions, while about half of the strontium and only
10% of the calcium is carried on the barium sulfate. Strontium sulfate is more
completely precipitated in the presence of barium or calcium under these condi-
tions than when these ions are not present.

It if is necessary to work with a barium sulfate precipitate in the
course of a separation, it may be dissolved by heating in an ammoniacal solu-
tion of versene (52). Upon dilution the barium sulfate again precipitates but
some decontamination is accomplished. For example, in one case, 7.1% of the
cerium present was carried on the initial barium sulfate precipitate. After
dissolution of this precipitate, warming with versene, and reprecipitating by
dilution and acidification, this contamination was lowered to about 1% of the
original amount present. Acidification with concentrated acids will cause pre-
cipitation of the hydrogen versenate which lowers the decontamination.

The precipitate of barium sulfate is highly compact, resulting in the
small contamination of 0,5-0.6% for certain elements. Those ions carried to a
larger extent are carried by other than purely mechanical means. For example,
AgoS04 is  sparingly soluble in these solutions as are the oxy-sulfates of

ions such as Zr(IV) and Sb(III). Also precipitation of a barium salt of the
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sulfate complexes of zirconium may contribute to its contamination by analogy
with the insolubility of the barium salt of the hexa-fluoride of zirconium.
This may also cause the high cerium contamination. An insoluble barium chlora-
iridate may bé induced to'precipitate adcompanying the barium sulfate; a possi-

ble reason for'its=5;h%1contamination of ithe BaCls °'2H201precipitationa

SUMMARY: OPTIMUM PROCEDURES

It is possible from the results of Table III gnd IV and the discussion
of the previous section to synthesize optimum procedures for each of the three

alkaline earth elements, barium, strontium and calcium.

Barium

The primary separation of barium and strontium from other elements
would appear to be a precipitation of barium and strontium nitrates with 60%
HNOs. This will give one 80% yield for barium and strontium and result in at
least a 50-100 fold decrease in contaminants for each cycle. Separation of
barium from stfontium may be accomplished by either chromate precipitation at
PH = 4 or by chloride precipitation in 7.5 M HC1l with ether present for a
comparable separation. The amount of strontium in the precipitate is a fac-
tor of 50 below that present in the solution in each case. By use of the
chromate method, a precipitate is obtained which is readily usable for count-
ing, although the pH of precipitation may cause contamination by other ele-
ments. The chloride separation is performed in strong acid solution and de-
contamination is better for other elements. The yield of barium is around
80%. Final precipitation as the sulfate is the usual method for preparation
of counting plates. Yields may also be obtained in this manner with fair ac-

curacy. A sample procedure based on these separations iz shown in Table V.
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Strontium

Strontium may best be separated from other elements by first separating
barium and strontium together as nitrates. Barium is then separated by chloride
precipitation in 12 M HC1l in as small a volume as is practical. Over 90% of the
strontium should remain in the supernate. This precipitation may be repeated to
secure a better separation, the amount of barium being reduced by a factor of
100 by each cycle. The HC1l supernate solution containing the strontium is then
evaporated or neutralized and the strontium separated as oxalate in basic solu-
tion. Scavenging steps may also be of value in these separations and are being

investigated.

Calcium

Calclum may also be separated as the nitrate with strontium and barium
in 80% HNOs. The yield is about 70% per cycle. Barium and strontium are then
removed by repeated sulfate precipitations in acid solutions. This sulfate sep-
aration will remove over 99% of the barium and 60% of the strontium while re-
moving only 5-10% of the calcium per cycle. The supernate is then neutralized

and the calcium separated as the oxalate.

SUMMARY

The yield and decontamination data presented in Tables III and IV can
be used with a minimum of further development as a basis for specific procedures
for separations of the alkaline earths to fit a particular problem. It is im-
portant to remember, however, that these rapid separations are made under non-
equilibrium conditions and are reproducible only if the conditions of the sepa-
ration are closely duplicated. Changing the order of addition of reagents,
amounts of carriers, concentration of reagents, solution volumes or the size of

equipment, may change significantly both the yields and decontaminations.
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Fig. 1.

FIGURE AND TABIE CAPTIONS

Periodic Table of the Elements.

Figs. 2-8. Growth and Decay of Tracer Mixtures.
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Curves: A. Total activity of an initially pure parent fraction.
B. Activity due to parent.
C. Decay of freshly isolated daughter fraction.

D. Daughter activity growing in freshly purified parent
fraction.

Chemical Characteristics of Tracer Solutions.
Nuclear Characteristics of Tracers.

Summary of Yield Data of Precipitation Reactions for Barium, Strontium,
and Calcium.

Contamination of Alkaline Farth Precipitates by Other Activities.

Sample Procedure for the Separation of Barium from other Activities.
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10.
11.

12.

. Ppt. BaCls = 2H0 from 3 ml

. Digest 5 min,:room temp,

. Precipitate as in step (2).

TABIE V

HC1l:Ether Precipitation of BaCls2HS0

Yield 829

Add carriers to 15 ml cone,
secure isotopic exchange.

aq vol by addition of 10 ml
k.1 HC1l:Ether soln.

centrifuge 5 min, remove
supernate

|

Decontamination Factors

1-10 Sb
10-100 Ir, Ru, Zr, Sr
100-1000 Ca, Ce, Cs, Cr,
Co, Ag, Ta, S5Sn,
Se, T

4

HC1:FEther Precipitation of BaClo2Ha0

Yield 67%

Dissolve ppt, add carriers.
Ppt as in step (2) above.
Digest 5 min, centrifuge
5 min, remove supernate.

Decontamination Factors

102100 Sb
102-10° Ir,
103-10% Ru,
10%-105 Ca,

Co,
Se,

Sr

Zr,

Ce, Cs, Cry
Ag, Ta, Sn,
I

HCl:Ether Precipitation of BaClo2Ho0

Yield 55%

Dissolve ppt, add carriers.

Digest 5 min, centrifuge 5
min, remove supernate.

Decontamination Factors

10-100 Sb

10%-10* Ir

10%*-10% gr

10°-107 Ca, Ce, Cs, Cr,
Coy Ru, Ag, Ta,
Sn, Zr, Se, I

HoS0, Precipitation of BaSO,

Yield 55%

Dissolve ppt, add carriers.
Make volume to 10 ml with 1
M HNOs, ppt BaSO, by addi-=
tion of 1 .ml 10% HoSO..
Digest 5 min, centrifuge 5
min, remove supernate.,

Decontamination Factors

10°-10% Sb

10%-10° sr,

106"‘108 Ca, Ce, CS’ RU.,
g 5 Ag, Zr

10°-10 Cr, Co, Ta, Sn,
Se, I

Ir

l

Determination of Yield and Counting




