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Extraction séquentielle du strontium 90, de 1'yttrium 90,
du prométhium 147 et du cërium 144 de l'urine

et leur estimation subséquente

par

G.H. Kramer et J.M. Davies*

Résume

On a développé une méthode pour extraire les activités
de faible niveau des isotopes à émission bêta, le strontium 90,
1'yttrium 90, le prométhium 147 et le cérium 144, de l'urine
et des solutions aqueuses. On les estime subsêquemment par
comptage à scintillation (scintillateur liquide ou à disques).

Les radionucléides sont séparés les uns des autres et
des éléments interfërents au moyen d'une extraction par
solvant avec HDEHP (acide phosphorique di-2 ëthylhexyl)
dans n-heptane. Il fast possible de séparer les éléments
présentant un intérêt avec une contre-contamination minimale
en choisissant des pH et des concentrations de solvant
appropriés. Les récupérations en pourcentage pour les radio-
nucléides ci-dessus sont: 90Sr, 100 ± 12; '"Y, 65 ± 4;
'"Pm, 90 + 8; ""•Ce, 87 ± 11. Les limites de détection sont:
90Sr, 0.6 pCi; 9 0Y, 0.7 pCi; '"Pm, 1.0 pCi; '""Ce, 0.8 pCi
(1 pCi = 37 mBq).
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ABSTRACT

A method has been developed for separating low-level activities
of the beta-emitt"' .9 sotopes strontium-90, yttrium-90, promethium-147
and cerium-144 r w u- ine and aqueous solutions. They are subsequently
estimated by piano. - . or liquid scintillation counting.

The radionuclides are separated from each other and from
interfering elements by solvent extraction with HDEHP (di-2-ethylhexyl
phosphoric acid) in n-heptane. It is possible to separate the
elements of interest with a minimum cross-contamination by selecting
appropriate pH's and solvent concentrations. Percentage recoveries
for the above radionuclides are: 90Sr, 100 ± 12; 9 0Y, 65 + 4;
llt7Pni, 90 ± 8; 1't'tCe, 87 + 11. The limits of detection are:
90Sr, 0.6 pCi; 9 0Y, 0.7 pCi; "'Pm, 1.0 pCi; ll>"Ce, 0.8 pCi
(1 pCi = 37 mBq).
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INTRODUCTION

The Bioassay Laboratory routinely carries out gross beta urinalysis on
personnel at Chalk River Nuclear Laboratories (CRNL) by a calcium oxalate
precipitation from a buffered urine sample (pH = 3.8} and subsequent counting
of the beta particle emissions, if any. The physical properties of the
radionuclides discussed in this report are summarized in Table 1, and it can
be seen that none of them show a sufficiently abundant gamma ray emission to
aid in their identification at the low levels of activity the Bioassay
Laboratory is looking for. It is also difficult to identify the radionuclide(s)
by the energy of the emitted beta particles; hence a chemical separation
procedure has been developed for this purpose.

The elements Ce, Pm, Sr and Y, if ingested or inhaled, will be retained
in the body for an appreciable length of time (biological half life = 3-8 x 103

days) concentrating in the bone and the liver (1). It is therefore essential
that an analysis method be developed to measure any or all of these radionuclides
in urine. A survey of the literature shows that there are numerous analyses
for the elements above; however, none of them have been developed as a
sequential separation method.

The use of di-2-ethylhexyl phosphoric acid (HDEHP) as a liquid cation
exchanger was shown (Z) to be promising because promethium, cerium and yttrium
can be easily extracted into an organically diluted HDEHP solution. The
equilibrium constants for the reaction:

M(a+q) + 3 H D E H P(org) Z M <HDEHP>3(org)

have been determined for purified HDEHP (2) and also for Ce(lV) using
purified HDEHP (3). On the basis of these results, a satisfactory
separation scheme was devised. HDEHP in toluene (7% v/v) has been used
previously in a bioassay procedure (4) for promethium-147 (cerium-144
follows through), and promethium-147 has been separated from other fission
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products (4) using HDEHP in toluene (50% v/v). A thenoyltrifluoracetone (TTA),
extraction was used to remove accompanying cerium. HDEHP in n-heptane (0.75
mol/L) has also been used to estimate cerium-144 in biological materials, sea
water and fission products, all giving quantitative recovery of radiocerium
(6-8). Yttrium-90 has been separated from strontium-90 using HDEHP (0.45 and
0.6 mol/L in n-heptane (9) and toluene (10), respectively). HDEHP in toluene
(50% v/v) has also been used to indirectly estimate strontium-90 in urine (11, 12).

Urine is a complex matrix. Any analytical separation that attempts to
isolate an almost insignificant mass of material from it, must be capable
of overcoming the high variability of sample composition. To reduce the
complexity of the sample, the urine is ashed to destroy all organic
constituents, but if a 24 hour urine sample was used, then 33 grams of
inorganic salts will still remain. Naturally their relative proportions
will vary enormously from sample to sample depending on the various
individuals' dietary habits. To further minimize the interference to the
analytical scheme, the bulk of the interferents are removed during a
coprecipitation step. Carryover of the "stable element contamination" can
be monitored by atomic emission spectroscopy.

The literature shows many examples of purification by coprecipitation.
A study of the coprecipitation of the rare earths with calcium oxalate has
shown (13) that the hydration number of the calcium oxalate crystals is
important in forming the coprecipitate. The dihydrate (CaCaO^HjO) forms
mixed crystals with rare earth oxalates, whereas the monohydrate (CaC20^-H20)
acts by adsorption. Further studies (14) have revealed that the
coprecipitation is of a selective nature. It was found that at pH = 3.50
for example, the selectivity was Lu>Y>Eu>Ce with lu favoured over Ce by a
factor of three, whereas at pH = 4.5 the selectivity decreased so that Lu
was favoured over Ce by a factor of two. Scandium v/as also investigated
but its behaviour did not fit the empirical rule that selectivity was the
reverse of the solubility of the oxalate salts (cerium oxalate most soluble).
The exception was attributed to the very small ionic radius of Sc3+ (Sc(III),
Ca(II), Y(III), Sr(III), Ce(III), Ce(IV), Pm(III): 88.5, 114, 104, 132, 115,
101, 111 pm - coordination number 6) (15). This is a typical example of the
ionic radius playing an important role in the precipitation process (14) and
of the process of coprecipitation being largely valence independent.

This paper demonstrates how strontium-90, yttrium-90, cenum-144 and
promethium-147 can be separated from urine and each other using 1.5 mol/L HDEHP
in n-heptane. The preliminary separation of the radionuclides has also
been studied in detail and will be discussed. The analysis scheme is
summarized in Figures 1 and 2.

EXPERIMENTAL

Reagents and Apparatus

Industrial grade di-2-ethyihexyl phosphoric acid (HDEHP) was obtained
from Union Carbide Chemical Corporation. The 1.5 mol/L (M) solutions in
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n-heptane were prepared by mixing equal volumes of n-heptane and HDEHP.
Before use, the 1.5 mol/L HDEHP solution was washed once with an equal volume
of 10% w/v sodium hydroxide solution, three times with equal volumes of
1 mol/L nitric acid and three times with distilled water.

Ammonium bromate was prepared in a similar way to the rare earth
bromates. The reaction is summarized below (16).

HOT
2NaBr03(aq) + BaC12(aq) " ^ ^ ( s ) ) + 2NaC1(aq)

Ba(BrO3)2(s) + (NH4)2

Barium Bromate: 51.7 g of sodium bromate are dissolved in 114 mL of distilled
water and heated to 95°C. A hot solution of 41.8 g of barium chloride
dihydrate in 72 mL of distilled water is added with stirring. The resulting
precipitate of barium bromate is filtered off, washed with cold distilled
water and air dried.

Ammonium Bromate: 60 g of barium bromate hydrate is slowly added, with
stirring, to a hot solution of 20 g ammonium sulphate in 292 mL of distilled
water. The barium sulphate is filtered off. The resulting solution is 1 M
in ammonium bromate.

Ammonium bromate is unavailable commercially because it is potentially
explosive. It has been found to be explosive in concentrations greater than
2 mol/L when heated. Therefore at no time is ammonium bromate isolated as a
solid or in concentrated solution. All reagents used were of "Anaiar"
quality. A Beckman 3500 pH meter was used for all pH adjustments.

Radioactive Counting

Promethium-147 was counted in a Beckman LS-100 liquid scintillation
counter. The scintillation cocktail was "scintiverse" from the Fisher
Chemical Company. The optimum background was 20 cpm and the counting
efficiencies for Pm-147 were: 76-87% liquid sample, 52-70% gel-suspended
calcium oxalate precipitate. The ranges of efficiencies reflect the effect
of quenching on the sample.

All other radionuclides were counted as calcium oxalate coprecipitates
in a Beckman widebeta planchet counter. The optimum background was 2 cpm
and the counting efficiencies of the radionuclides were as follows: 23-28%
cerium-praseodymium-144 (parent-daughter), 31-39% strontium-yttrium-90
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(parent-daughter), 31-39% yttrium-90, 24-34% strontium-90. The ranges
of efficiencies reflect the effect of self-absorption of the beta particles
by the calcium oxalate precipitate.

Coprecipitation Studies

Dilute urine salt solutions were spiked with the appropriate
radionuclide and calcium was added for the second coprecipitation step. All
precipitates were separated by centrifugation and washed with distilled water
prior to counting. No special attempt was made to keep temperature constant
to greater than ±5°C at any time.

Sample Preparation for Extraction - Figure 1

The urine sample is wet ashed by method 'a' or method 'b' as described
previously (17). The resulting salts from the ash procedure are treated
with 2-3 mL of 30% hydrogen peroxide solution, the salts dissolved in
approximately 50 mL of distilled water and the pH adjusted to 3.0. Saturated
ammonium oxalate is added (50 mL) and the precipitate is separated by centrifugation
and washed once with distilled water. The supernatant is retained for a
second oxalate precipitation, the calcium being added as calcium nitrate (25
mg calcium). The pH is maintained at 3.0 ± 0.2 during precipitation by
adjusting the oxalate solution to pH 3.0 before the addition. The
precipitate is treated as above and the two calcium oxalate precipitates are
combined.

The oxalate is removed by dissolving the precipitate in hot concentrated
nitric acid and funning in the presence of 70% perchloric acid. The residue
is treated with a few drops of 30% hydrogen peroxide solution to reduce any
cerium (IV) to cerium (III). The salts are dissolved in a small amount of
distilled water (5-10 mL).

Extraction Sequence - Figure 2

1. The sample is transferred to a round bottom flask and the pH adjusted to
1.3 in the presence of an equal volume of 1.5 mol/L HDEHP using dilute nitric
acid or aqueous ammonia. The mixture is shaken for 15 minutes and the
aqueous layer is retained. The organic layer is washed with an equal volume
of 0.05 mol/L nitric acid and the two aqueous layers combined and analysed for
strontium-90.

2. The organic layer is shaken with an equal volume of 1 mol/L nitric acid to
remove promethium and cerium. This is repeated twice more and the aqueous
layers combined and reserved.

3. The organic layer is diluted with an equal volume of n-heptane and
yttrium is back-extracted using an equal volume of 8 mol/L hydrochloric acid.
This is repeated twice more and the aqueous layers combined and analysed for
yttrium-90. The organic layer is discarded.
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4. The aqueous fraction from step (3) is evaporated to almost dryness
and then cooled. Ammonium bromate solution is added (20 mL) and the
solution made 10 mol/L in nitric acid. The cerium is extracted into an
equal volume of 1.5 mol/L HDEHP and the aqueous layer is analysed for
promethium-147.

5. The cerium is back-extracted into an equal volume of 10 mol/L nitric
acid/6% hydrogen peroxide. Thi; is repeated twice more and the aqueous
layers combined and analysed for cerium-144. The organic layer is discarded.

Sample Preparation for Counting

A few mL of saturated ammonium oxalate solution is added to each
sample and the pH adjusted to 3.0. A solution containing 25 mg of calcium
is added. The precipitate of calcium oxalate is centrifuged, washed, and
for the analysis of cerium-144, strontium-90 and yttrium-90, is transferred to
to a 3 cm aluminum counting dish and dried before counting.

In the case of promethium-147, the precipitate is transferred to a
liquid scintillation vial and made up to a total volume of 5 mL using
distilled water; 10 mL of scintillation cocktail is added and the mixture
vigorously shaken to form a gel. The vial is then counted.

The promethium-147 source (pi oared from step 4) must be allowed to
stand to let the accompanying prasei. .'vmium-144 decay away. Similarly,
the cerium-144 source (prepared from jtep 5) must be allowed to stand to
let the daughter praseodymium grow back to equilibrium. A decay time of
8 to 10 half lives, or 2 to 3 hours, is sufficient.

If desired, the strontium-90 source (prepared from step 1) can be kept
to allow its daughter yttrium-90 to grow back into equilibrium (3 tc 4 weeks).
During the course of the regrowth of yttrium-90 the counting efficiency of
the sample will also increase by approximately 10%.

Stable Element Contamination

Fractions were analysed by an inductively coupled plasma atomic emission
spectrometer operated by J.P. Mislan and G. Jarbo in the General Chemistry
Branch at CRNL. The instrument was supplied by Jobin Yvon, France. Results
are shown in Table 2 and refer to the experimental procedure before the
introduction of the coprecipitation steps.

RESULTS AND DISCUSSION

Preliminary work showed serious losses in recovery of the radionuclides
when using the extraction sequence (Fig. 2) on ashed urine samples as
opposed to aqueous samples. It was concluded that the complex matrix of the
urine salts or the high ionic strength of the aqueous layer was responsible
and so a pre-purification coprecipiation step was investigated.
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It was well known that calcium oxalate would coprecipitate the
desired elements but its effectiveness under experimental conditions had
not been quantified. Table 3 shows the effect of pH on the recoveries of
the radionuclides. It can be seen that the recovery of cerium (oxidation
state 3 and 4) is essentially 100% and independent of pH. Promethium,
however, shows a marked decrease at low pH and becomes essentially
independent as the pH increases. Strontium, and its daughter yttrium,
appear to exhibit a maximum in the coprecipitation recovery at pH 3.
This is a statistically significant trend and equally significant is the
fact that it is not 100% quantitative. It is not known whether one or the
other (Sr, Y) of the two radionuclides is being held back or if both are in
equal proportion, although other work indicates that they are being held
back in similar amounts (18). It is for this reason that the procedure
employs two sequential coprecipitations in the pre-purification step.

Under some circumstances the activity remaining in the supernatant
was greater than 20% of the total added activity (strontium-90, yttnum-90,
cerium-144, promethium-147), whereas the activity remaining in the super-
natant was reduced to less than 2% of the total added activity after two
coprecipitations. The coprecipitations were carried out at pH 3.0, thus
preventing the precipitation of calcium phosphate (s pH 4).

Table 4 shows the effect of carrier weight on the recovery of cerium
(all others expected to follow the trend). It can be seen that as little
as 5 mg added calcium is sufficient to quantitatively coprecipitate
cerium-144. The apparent discrepancy over the weight of calcium added and
oxalate recovered for the 1 mg data (oxalate recovered requires 2 mg
calcium) is due to calcium impurities in the reagents. Even so, it is
apparent that such small amounts of added calcium will lead to severe losses.

The other parameters that were thought to be of importance were
valence state (cerium only), temperature and contact time between solution
and precipitate. Table 5 summarizes the preliminary measurements. It can
be seen that there is only a slight effect with the variation of the
parameters, which is somewhat surprising in view of earlier work (13, 14).
The slight effect noted for Sr/Y and Ce with contact time was small and
the advantage in waiting 24 hours for a 5% increase is outweighed by the
second coprecipitation step. Similarly, the second coprecipitation step
achieves better results for Sr/Y than the slight increase in recovery by
raising the temperature. This preliminary investigation was not carried
further.

Before proceeding to the extraction sequences, it was found necessary
to remove or destroy the oxalate anion because it had proved to be an
interference to the extractions. The oxalate was oxidized in the presence
of nitric and perchloric acids and the resulting calcium perchlorate did
not interfere in the extraction processes.• It was necessary, however, to
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reduce the cerium back to Ce(III) with hydrogen peroxide. Unreduced samples
were typically giving cerium recoveries of less than 15% and after introducing
the reduction step, the recoveries increased to greater than 80%.

From Table 2 it is clear that significant amounts of stable element
contamination are present in any fraction of interest. The difficulties
encountered in applying the extraction sequence (Fig. 2) to a urine sample
are attributed to these impurities. The yields of radionuclides recovered
were greatly enhanced when the two calcium oxalate coprecipitations were
introduced into the method, and the levels of impurities reduced to almost
undetectable amounts (except for Ca).

The separation of the cerium-promethium pair was originally performed
using sodium bromate but the heavy salt residue that was left behind made
the promethium-147 fraction uncountable because a source could not be
prepared. Ammonium bromate was chosen as an oxidizing agent because it
leaves no residue on evaporation and ashing. However, some care must be
taken in handling this potentially explosive substance. The revised
method (Fig. 2) does not now require the ashing of the promethium fraction
since it was discovered that oy using an oxalate coprecipitate (instead of a
liquid) to prepare the counting source, the recovery of promethium-147
increased to the present level (Table 6) from 60%. The increase of 30% is
attributed to losses during the ashing of the promethium-147 fraction in
preparation for counting.

The recovery of yttrium-90 is satisfactory but it is significantly
lower than the other three radionuclides and no reason can be found for
this. Analyses of all but the organic layer showed no evidence of yttrium-90.
However, repeated washings of the organic layer yielded no further activity.
Perhaps the yttrium is bound by an impurity in the organic layer that renders
it nonextractable.

The overall yields and cross-contaminations are summarized in Table 6.
The results show that this scheme is quite capable of identifying any one of
the four radionuclides present in a sample.

This method was developed for low-level activity samples end applied to
synthetic low-level urine samples. The inaximum total added activity was
39 uCi (1.4 MBq). It is therefore not known whether the analysis schemes
presented herein are applicable to levels greatly in excess of this figure.

The limits of detection for the radionuclides are estimated to be:
0.6 pCi strontium-90, 0.7 pCi yttrium-90, 1.0 pCi promethium-147,
0.8 pCi cerium-144 (1 pCi = 37 mBq). The detection limits are calculated
at the 95% confidence level, taking into account the following: % recovery
of radionuclide, ambient counter background, counter efficiency, and a
counting time of 60 minutes.
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TABLE 1

PHYSICAL PROPERTIES OF THE RADIONUCLIDES

RADIONUCLIDE

90Sr

90

Y

"7Pm

OXIDATION STATES

+2

+3

+3, +4

+3

+3

HALF LIFE

28.1 a

64 h

284 d

17.3 m

2.62 a

ENERGY B"
MAX (MeV)

0.546

2.27

0.31

2.99

0.224

Y-RAY
MeV

none

none

0.080 (2%)
0.134 (11%)

0.695 (1.5%)
1.487 (0.29%)
2.186 (0.7%)

none
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TABLE 2

STABLE ELEMENT CONTAMINATION OF FRACTIONS OF INTEREST

90Sr (supernatant)

90Sr (0.05 M HNO3 wash)

90Y (8 M HC1 wash)

1It7Pra, " " C e (1 M HNO,
Back ex t rac t ion)

147Pm (NaBrO3/HNO3)

" " C e (H2O2/HNO3)

Element (ug)

Ca

2.5

2.5

<7.5

2.5

8.8

<19

Fe

5

7.5

300

<30

<25

<75

K

6.3

<5

<30

<5

<25

<75

Mg

10.0

7.5

1.5

1.0

<6.3

<19

Na

75

20

<75

<12.5

225

<188

P

<25

<25

<150

<25

<125

<375

Pb

<25

<25

<150

<25

<125

<375
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TABLE 3

EFFECT OF pH ON COPRECIPITATION

PH

1

2

3

4

5

6

7

% RECOVERY OF RADIONUCLIDE

Sr/Y

7O±l

90+1

95+1

94+1

85+1

85±1

81+1

Pm

70±2

95±2

98±2

95+2

96+2

97±2

98+2

Ce

100±2

99+2

102±2

96+1

98±1

99+1

92±1
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TABLE 4

EFFECT OF WEIGHT OF CARRIER (Ca) ON Ce RECOVERY

Ca ADDED

mg

50

25

10

5

1

OXALATE RECOVERED

mg

157

78

32

19

6

% RECOVERY

103+2

100+2

98±2

94±2

52±1

Average calcium content of daily urine sample is

180 mg, or about 180/1.5 rag-L"1.
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TABLE 5

EFFECTS OF OTHER PARAMETERS ON COPRECIPITATION RECOVERIES

Contact time with ppt

1) 5-10 min

2) 24 hours

Valence State

Temperature

2) 100°C

Sr/Y

!SE

Pm

NE

NE

Ce

1 S E

NE

NE

NE: No Effect

SE: Slight Effect - up to 5% increase
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TABLE 6

YIELDS AND CROSS-CONTAMINATIONS

FRACTION OF
INTEREST

Sr

Y

Pm

Ce

% RECOVERY IN FRACTION OF INTEREST

Sr

100.6±12.0

*

1.2±0.3

0.6±0.6

Y

*

64.5±4.3

1.2±0.3

0.6±0.6

Pm

3.7±0.6

7.3±2.8

89.6±8.0

1.4±0.14

Ce

0.5+0.7

0.2±0.2

0.9±0.9

87.0±11.0

Activity remaining in supernatants was < 2% of total added activity

* Not looked for. Used Sr/Y90 parent-daughter solution
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URINE SAMPLE

WET ASH

SALT SOLUTION

:ALCJUM OXALATE
Co-PPT

DIGEST OXALATE

1) HN03

2) HCI04

DRY RESIDUE

DISSOLVE
1) H 20 2 , WARM

2) ADJUST pH TO 1.3

EXTRACTION
SEQUENCE

9 0
Sr

90 147
Y Pm

\
144

Ce
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Sr.Y, Pm.Ce

0-05 M HN03 1.5 M HDEHP

Y.Pm.Ce

0.05 M HNO3 1.5 M HDEHP

Sr
I

Y.Pm.Ce

3 x 1 M HNO3

Pm.Ce

10 M HNO3

!M NH4Br03

I
Y

3x8MHCl I 0.75 M HDEHP
I I
Y DISCARD

1.5 M HDEHP

Pm
10 M HN03 j 6

6 % H202 1.5 M HDEHP

DISCARD

FIG 2 Extraction sequence for the separation of the radionuclides:
strontium-90, yttrium-90, certum-144 and promethium-147.
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