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Abstract Methodology for the determination of **°°Sr,
Am and Pu isotopes in complex samples is given. Meth-
odology is based on simultaneous isolation of Sr, Y and
actinides from samples by mixed solvent anion exchange
chromatography, mutual separation of **°°Sr and *°Y from
actinides, mutual separation of Th, Pu and Am by extrac-
tion chromatography, quantitative determination of ¥°°Sr
by Cherenkov counting and quantitative determination of
Pu and Am isotopes in soil and vegetation samples by
alpha spectrometry. It is shown that Y and Sr can be effi-
ciently separated from alkaline, alkaline earth and transi-
tion elements as well as from lanthanides and actinides on
the column filed by strong base anion exchanger in nitrate
form and 0.25 M HNOj in mixture of ethanol and metha-
nol as eluent. It is also shown that Pu, Am and Th strongly
binds on the mentioned column, can be separated from
number of elements and easily be eluted from column by
water. After elution actinides were mutually separated on
TRU column and electrodeposited on stainless steel disc.
Examination of conditions of electrodeposition was shown
that chloride-oxalate electrolyte with addition of DTPA in
presence of sodium hydrogen sulphate in cell with cooling
and rotating platinum anode enables deposition of actinides
within 1 h by 0.8 A cm™2 current density. Obtained peaks
FWHM for Pu, Am and Th isotopes are between 27 and
40 keV. Scanning electron microscopy picture and ED
XRF analysis of electroplated discs showed that actinide
deposition is followed by iron oxide formation on disc
surface. The methodology was tested by determination of
89905y Am and Pu isotopes in ERA proficiency testing
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samples (low level activity samples). Obtained results
shows that 89’90Sr, 21Am and 2**?*Pu can be simulta-
neously separated on anion exchange column, %°°Sr can
be determined by Cherenkov counting with a satisfactory
accuracy and limit of determination within 1-3 days after
separation. >*'Am and #*®#*Pu can easily be separated on
TRU column and determined after electrodeposition with
acceptable accuracy within 1 day.

Keywords 5%%°Sr - Alpha emitters - Mixed solvent -
Anion exchange - Separation - Electrodeposition -
Cherenkov counting

Introduction

Man made radionuclides are released into environment as
result of nuclear weapon testing and nuclear power plant
accidents. Among many different artificial radionuclides,
strontium, americium and plutonium isotopes deserve
special attention. These radionuclides are important long-
term pollutants with long persistence in the environment
due to long half life. Differing from the analysis of gamma
emitters, determination of 89’90Sr, 238.239.240py and 2*'Am
requires their separation from sample. Due to their low
concentration in sample and complex matrix as a result of
sample decomposition, an analytical method with effective
matrix separation and their mutual separation prior detec-
tion and quantitative determination is highly desired. As a
rule, the determination of pure alpha and beta emitters is
complicated and time-consuming and involves their
chemical separation from other elements by ion exchange,
extraction, precipitation or in combination of these tech-
niques and subsequent detection on available instruments.
Therefore a number of methods have been developed for
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determination in various kinds of samples, because
numerous solutions to the problem are possible. In the last
decade, progress was made by simplifying determination
methods. It was realized due to of the development of new
chromatographic procedures for their separation and
development of ICP-MS and low level liquid scintillation
counter that enables rapid and simple detection and reliable
quantification [1-14]. However, despite numerous devel-
oped procedures for different kinds of samples, procedure
for determination of *>°°Sr is mainly separated from pro-
cedures for the determination of other alpha emitters.
Therefore, the main purpose of this paper is the develop-
ment of the procedures for isolation Sr and Pu, Am from
complex samples and separation of Y and Sr from alpha
emitters in one step by using mixed solvent anion exchange
method. Namely in our previous papers was showed
(shown) how strontium and yttrium can be separated from
great amount of Na, Ca, Mg and other elements on the
column filled with strong base anion exchanger in nitrate
form and alcoholic solution of nitric acid [15-17]. This
separation is possible due to fact that the anion exchange
column does not acts as ion exchange column, already, as
(ad)sorption column in which separation depends on the
power of electrostatic attraction between cations and nitrate
ions in the solution and the functional group of exchangers.
By changing of nitric acid solution polarity selective
sorption of cations and their mutual separation (with
alcohol addition) can be achieved [15-17]. Therefore it
will be shown how this type of cation-solution-exchanger
interaction can be used for the isolation of Sr, Y, Pu, Am
and other alpha emitters from complex samples and mutual
separation of Sr and Y from Pu and Am in one step. At the
base of obtained results, method for the rapid determination
of ¥°°Sr by Cherenkov counting [17] and determination of
Pu, Am after electrodeposition [18, 19] by alpha spec-
trometry is established.

It is well known that preparation of sample source for
alpha spectrometry by electrodeposition has advantage
over other methods due to simplicity, better homogeneity
and resolution. In addition for the determination of alpha
emitting radionuclides by alpha spectrometry preparation
of homogenous thin layer source has crucial role in whole
procedure because nuclide spectra overlapping mainly
depend on inhomogenity and self absorption process. It is
especially important in determination of nuclides with
close alpha energies where resolution should be as high as
possible. However, obtaining of a uniform source, which
would provide good resolution of alpha emitters on semi-
conductor detector, depends on working conditions during
the electrodeposition process. In last decade several pro-
cedures for source preparation by electrodeposition which
are based more or less on Hallstadius and Talvitea’s [18,
19] procedures were developed [20-27]. In these
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procedures working conditions of the electrodeposition
(composition of an electrolyte, current density, shape and
distance between an anode and a cathode) have been varied
in with a goal to obtain uniform distribution of nuclides and
resolution as high as possible [20-27]. Therefore in this
paper, influence of current density and electrolyte compo-
sition on electrodeposition efficiency and resolution are
examined with emphasis on quality of alpha sources
(explored by scanning electron microscopy).

Experimental

Method for simultaneous separation of Sr, Y and alpha
emitters which enables their determination is based on the
fact that strontium and yttrium binds on the strong base
anion exchanger in NO;~ form, from alcoholic solution of
nitric acid, stronger than , Ca and U and more weakly than
Ra, Ba, Pb, Pu, Am and Th [15-17]—Fig. 1.

Sample preparation and Sr, Y separation
Soil sample preparation (ERA)

A 10 g soil sample was put in a 250 mL PTFE vial by
adding of 1 mL of Sr and Y carrier (10 mg mL ™! each),
23Am (1 Bq), 242py (1 Bq) and 150 mL of deionised water
and intensively stirred about 1 h. In this suspension 10 g of
the cation exchanger IR-120 in H* form (size > 250 pm)
was added and stirred about 2 h by introducing a nitrogen
stream (to avoid magnetic stirrer—may cause exchanger
grinding). The exchanger was separated from soil on a
250 um sieve by washing under a stream of deionised
water and put into a glass column. Bound cations were
eluted with 200 mL 5 M HNOs;, volume had been reduced
by heating almost to dryness and mixed with 100 mL of
0.25 M HNOj3 in ethanol-methanol solution (1:2).

Vegetation sample preparation (ERA)

Sample was reduced to ash (burned) at 600 °C. Three grams of
ash was taken for analysis, tracers 243Am, 242py and 1 mL of
Srand Y carrier (10 mg mL~! each) were added, dissolved
with 50 mL of 5 M HNOj; by heating under an IR lamp and
filtered through G-4 sinter funnel. The solution was evapo-
rated almost to dryness and mixed with 100 mL of 0.25 M
HNOs in ethanol-methanol solution (1:2).

Isolation from soil and vegetable samples on anion
exchange column

Sample solution was passed through a column (i.d. = 1.2 cm)
filled with 10 g of AMBERLITE CG-400 or Dowex 1 x 8 anion
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Fig. 1 Flow chart of mutual
separation of Sr and Y from Pu
and Am on strong base anion
exchanger Amberlite CG-400 in

Sample preparation - nitrate solution + 0.25M HNO; in
ethanol-methanol mixture

NO;~ form with mixture of
0.25 M HNO; in
ethanol + methanol

Sample pass + 200 mL 0.25M HNO; in J

CG-400
column

ethanol-methanol mixture
Separation of Ca, Mg, U, alkaline

200 mL 0.25M
HNO; in methanol
Sr, Y elution

SrY
separation

0y ][ 89,90g,

[ Cherenkov counting ]

exchanger (100-200 mesh) in the nitrate form (bed length
15 cm). By additional passing of 100 mL solution of 0.25 M
HNO; in ethanol-methanol mixture (1:2), some alkaline,
alkaline-earth and transition elements (see Figs. 1, 3;
Tables 1, 2) were separated. Eluting of Y and Sr and separa-
tion from Ra, Pu, Th, Am and other elements was followed by
passing of 200 mL of 0.25 M HNOj; in methanol. Fraction
volume was reduced (by evaporation on hot plate at 50 °C
during the elution) and Y, Sr separation procedure was fol-
lowed. Th, Pu, Am, Ra and other elements were eluted with
50 mL of deionised water. Fraction volume was reduced by
evaporation almost to dryness and 10 mL of 2 M HNO; was
added. Puand Am isotopes were separated from other isotopes
on TRU column [9]. TRU column (i.d. = 0.9 cm, bed height
10 cm, 2 g TRU resin) was rinsed with 50 mL 2 M HNO;—
0.1 M NaNO,. NaNO, was used to oxidize eventually pre-
sented Pu(IIl) to Pu(IV). After converting the column to the
chloride system by means of 9 M HCl Am was striped with
40 mL 4 M HCI and Pu with 50 mL of 0.1 M ammonium
oxalate. Approximate loading and stripping rate was
1 mL min~". Alternatively Am and Pu can be separated on
Dowex 1 x 8 anion exchange column in nitrate form [9].

Strontium and yttrium separation and determination
In Sr, Y fraction yttrium was precipitated with NH,OH and

separated from strontium by centrifugation (separation
time should be noted). Y-hydroxide was dissolved with few

50 mL water
Am,Pu,Th, Pb
elution

Pu ox state
adjustment NaNO,
+HNO; Am, Pu
separation
TRU

Electrodeposition,
Alpha counting

drops of 1 M HNOj; and precipitated again. Liquid fraction
was added in Sr fraction from previous step. Y-hydroxide
was washed with water, separated from solution by cen-
trifugation, dissolved with 1 M HNO; and transferred in
PE vial. Volume should be exactly 15 mL. For the recov-
ery determination 0.1 mL solution from PE vial was taken
(from 15 mL) and transferred into 100 mL volumetric
flask. Strontium was precipitated as strontium carbonate by
saturated solution of ammonium carbonate and centrifuged.
Precipitate was dissolved by 1 M HNO; and Sr was pre-
cipitated again. This step should be repeated twice because
strontium dissolution with 1 M HNO; should result with
transparent solution. Strontium solution was transferred in
PE vial. Volume should be exactly 15 mL. For the recov-
ery determination 0.1 mL solution from PE vial was taken
(from 15 mL) and transferred in 100 mL volumetric flask.
Recovery of Sr and Y was determined by atomic absorp-
tion spectrometry.

A rapid quantitative determination of *>°°Sr by Cher-
enkov counting [17] is based on the following *°Y activity
build up and *Sr activity decay by successive counting at
different time interval and prompt counting of **°Sr and
Dy immediately after the Ny separation [17]. For the
activity determination by successive counting following
relation was used—Method I:

Ar, = &1 fi1 - Awg + & - fo1 - Wy - Awy (1)
Ar, = &1 - fia - Awg + 6 - oo - wa - Awy (2)
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Table 1 Binding of cations on AMBERLITE CG-400 and Dowex
AGI1 x 8 (100-200 mesh) in nitrate form from 0.25 M HNOj; in
methanol and 0.25 M HNOj in ethanol

Element 0.25 M HNOs; in

methanol Kp (mL gfl)

0.25 M HNOg3; in
ethanol Kp (mL gfl)

AMBERLITE CG-400

Ca 5.8 18
Sr 49 136
Y 40 138
Bi 1,397 466
Pb 700 2,000
U 19 26
Th 4,100 514
Am 1,770 1,047
Pu 1,010 900
Na, K, Cs nb wb
Mg nb nb
Ba, Ra nb nb
Fe, Co, Ni, Al, nb nb
Cu, Cr, Mn
La, Ce sb sb
Dowex AG1 x 8
Ca 33 20
Sr 44 139
Y 41 137
U 19 24
Th sb sb
Am sb sb
Pu sb sb
Na, K, Cs nb wb
Mg nb nb
Ba, Ra, Bi, Pb sb sb
Fe, Co, Ni, Al, nb nb
Cu, Cr, Mn
La, Ce sb sb

Nb not bonded, sb strongly bonded, wb weakly bonded

Table 2 Binding strength of cations on AMBERLITE CG-400 (100-200
mesh) in nitrate form from 0.25 M HNOj; in methanol and 0.25 M
HNO;3 in ethanol in presence of water

Kp (mL g™")

Sr Y Am Pu Th 18]

0.25 M HNOj; in methanol + % H,O

10 8.1 5.1 38 43 1,026 4.9

20 - - - - 74 -
0.25 M HNOs in ethanol + % H,O

10 31 15 44 48 138 10

20 - - - - 47 3.5
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A — (A1, — Ag)faaw2 — (Az, — A)faiwi 3)
S e1(fifowz — fiafaiwi)

(Ar, — Ag)fi1 — (A1, — AB)f12

Awy = 4

Y e (fitfawz — fiafaiwr) @
Ac(¥Sr) = QSQSQr e (5)
Ac(?Sr) = ;:9—02 et (6)

Method 1I—°Sr—"°Y equilibrium is attained in sample:

Ar —Agoy W
A 89 — . At 7
c(*’Sr) R0 e (7)
Agoy
A 89S _ Y3 8
o(5) = 2 e ®)
L,
Li=2.71+4.65-\/Ag - t. Curie”® MDA K (9abc)
K=¢R-tc-0Q

where A7y is activity in time #; (cps), Az is activity in time
1> (cps), A 3Sr is activity of ¥'Sr (cps), A Y is activity of
0820y (cps), A, is activity concentration (Bq kg_l), Ag is
background activity (cps), ¢, is counting efficiency of 899y,
& is counting efficiency of *°Y, f;; = e~ is decay cor-
rection of ®°Sr in t(=1),fi.= e ig decay correction of
8Srin 1, f>1 is decay correction of Y in counting time 7.,
f»» is decay correction of *°Y in counting time 7., / is decay
constant, 7. is counting time, w; is fraction of equilib-
rium—yttrium build up in time (separtion from Sr to 1), wy
is fraction of equilibrium—yttrium build up in time (sep-
artion from Sr to ), w=1— e M R is recovery, Q is
sample quantity (kg or L), L is limit of detection (counts),
MDA is minimum detectable activity (Bq kg™")

The sample preparation for alpha counting

A fraction with alpha emitters Pu, Am was evaporated
almost to dryness, 100 mg NaHSO, was added and residue
was dissolved with 1-2 mL 5 M HCl. After that 4%
solution of oxalic acid, 1-2 drop of ammonim hydroxy
amin hydrochloride, 0.1 mmol DTPA and ammonium
chloride were added. pH was adjusted to 3 with NH,OH.
20 mL of this solution was transferred in home made
electrolytic cell schematically shown in Fig. 2. It consist
cylinder Teflon cell (ID 2 cm, height 11 cm, 30 mL) with
cathode on the bottom in metal holder which is cooled by
water. Cathode is highly polish spaniel steel disc
(D =2.5cm) with 3.14 cm? deposition area. Anode is
perforated platinum disc (d = 1.2 cm) fixed on platinum
wire which rotate about 100 rpm. Before sample electro-
deposition optimal working conditions were established.
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Fig. 2 Cell for electrodeposition

Source disc was analysed by scanning electron microscope
equipped with energy dispersive X-ray analyzer.

Alpha spectrometry analysis

Prepared source disc was counted in Canberra 7401 alpha
spectrometry chambers with PIPS Si detector (active area
300 mmz) connected with GENIE 2000 software. For the
detection efficiency determination and energy calibration

241 P :

Am was used. Sample activity concentration was
Anet
ReI-Q

area (net count per second), R is recovery, ¢ is detection
efficiency, I is alpha intensity and Q is sample quantity. For
the determination of minimum detectable activity relation
(9) was used.

determined from relation A = where A,.; is net peak

Chemicals, radioactive standards and proficiency
testing sample

In this work Fluka AMBERLITE IR-120 (1645 mesh)
Amberlite CG-400 and Dowex 1 x 8 (100-200 mesh)
cation and anion exchange resins were used. Standard
solutions of *¥Sr and *°Sr—°°Y were obtained from LEA
CERCA France. Standard solutions of 241Am, 28 Am and
242py were obtained from National Institute of Standards
and Technology, USA. Proficiency testing samples were
obtained from Environmental Resource Association
(ERA), USA. All other chemicals used in this paper were
of analytical grade.

Instruments

The instrument used for detection and quantitative deter-
mination of cations was the atomic absorption spectrometer
(AAS) AAnalyst 400 PerkiN ELMER. Detection of radioac-
tive strontium and yttrium was carried out on the low level
Liquid scintillation spectrometer PACKARD TRICARB 2770
Tr/SL and PErkIN ELMER TRICARB 3180 Tr/SL. **'Am was
determined by counting on gamma spectrometer with high
purity broad Ge detector CANBERRA equipped with Genie
2000 software. Alpha spectrometry system Canberra 7401
with Si detector was used for the determinations of alpha
emitters. Scanning electron microscope JSM 7000F Joel
with energy dispersive X-ray spectroscopy was used for the
exploration of source disc surface.

Results and discussion

Separation of Sr, Y from Am, Pu, Th by mixed solvent
anion exchange

As mentioned above, basic purpose of this paper is to
present method for the isolation of Sr, Y and alpha emitters
(Pu, Am) from complex samples and separation of Sr, Y
from alpha emitters in one step. It is well known that Sr and
Y can be isolated from a complex samples by using an
anion exchanger and alcohol solution of nitric acid.
Strontium and yttrium can be bonded on a strong base
anion exchanger in NO3;~ form from the alcohol solution of
nitric acid and can be separated from alkaline elements, Ca,
Mg and many other elements on the chromatographic
column. The composition of alcoholic mixture, types of
cations and type of exchanger determine the binding
strength, i.e., the method and possibility of separation
depend on them. Sr and Y can be bound only in case when
anion exchanger contains quarterly ammonium functional
group in presence high portion of alcohol and nitrate ion in
exchanger structure. It should be mentioned that binding
strength depend on some kind of electrostatic (ad)sorption
i.e. the electrostatic attraction between cations and nitrate
ions in the solution and the quarterly ammonium functional
group of exchangers [15-17]. The actual binding mecha-
nism is unknown and it was previously considered [15, 16],
when the method of separation of strontium from alkaline
and alkaline earth element was developed. From these
studies it emerged that this type of binding also allows
separation of Y and Sr from alpha emitting isotopes
because Pu, Am and Th more strongly binds on the
exchanger than Sr and Y. Namely Table 1 shows exchan-
ger binding ability (and distribution coefficients) for the
Sr,Y, some alpha emitters and other cations. It is obvious
that Th, Am, and Pu more strongly binds on the anion
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exchanger from 0.25 M HNOj; in methanol than Y and Sr
while U alkaline and many transition elements weakly or
does not bind on exchanger. A binding strength of Y and Sr
increase with decreasing of alcohol polarity while binding
strength of Th, Pu and Am decreases with decreasing of
alcohol polarity and that there is no significant difference
between binding ability of Dowex and AMBERLITE
exchangers. In practice it means that presence of ethanol in
methanol will increase binding strength of Y and Sr and
decrease binding strength of Pu, Am and Th. It is important
for the isolation from real sample because increasing of
binding strength of Sr and Y reduces their earlier elution
from the column while decreasing of binding strength of
Pu, Am and Th is not so significant that disables their
mutual separation and causes loss during the separation. In
addition, presence of ethanol in methanol enables efficient
separation from Ca and U as it is shown in Fig. 3. On the
other side, increase in binding strength will result with
increasing of retention times of Sr and Y and slow down
whole procedure. In order to avoid prolonged Sr, Y elution
time, mixture of methanol-nitric acid—water can be used.
Results in Tables 2 and 3 show that binding strength of
cations decreases with increasing of eluent polarity. So
presence of small amount of water in 0.25 M HNOj; in
methanol causes sharp falls of their bonding ability—
Table 2. Therefore elution with addition of water can cause
earlier elution of alpha emitters in Sr, Y fraction and should
be avoided (except last step when alpha emitters are
stripped from column). The results in Table 3 shown that
increasing of acid concentration in methanol also reduces
their binding strength but not nearly as sharp as water. In
this case difference between distribution coefficients of Y,
Sr and Pu, Am is high enough that enables their mutual
separation without risk of premature elution of Pu and Am.
It should be mentioned that mutual separation of Th, Am
and Pu as well as mutual separation of Y and Sr at this

1 0.25M HNO; in CH;0H+C,H;OH I 0.25M HNO; in CH;O0H
0,8 |

0.6

CcIC,

04

0,2

0 50 100 150 200 250 300 350
V (ml)

Fig. 3 Separation of Sr and Y from other elements on the column
filled with strong base anion exchanger Dowex AG 1 x 8 in NO5~
form and mixture of 0.25 M HNOj; in ethanol + methanol (1:2). Y,
Sr was eluted with 0.25 M HNOj; in methanol (3 g of exchanger,
h =10.5 cm, i.d. = 0.9 cm, f—rate 2 mL min_l)
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Table 3 Binding strength of cations on AMBERLITE CG-400 (100-200
mesh) in nitrate form from 0.25 M HNOj; in methanol and 0.25 M
HNOgs; in ethanol in presence of nitric acid

Kp (mL g™

Sr Y Am Pu Th 18]

C HNOj; in methanol (mol L™

0.25 49 40 1,770 1,010 4,100 19
0.50 32 29 500 400 798 8.4
0.75 20 17 210 221 416 2.8
1.00 15 10 77 73 261 0.9
C HNOs in ethanol (mol L™
0.25 136 130 1,047 900 514 26
0.50 112 98 500 405 367 19
0.75 60 49 98 88 198 13
1.00 41 30 55 67 168 12

manner is not possible. In addition, Ba, Ra, Pb, lanthanides
and Bi are strongly bound on anion exchanger from alcohol
and can not be separated from Pu and other alpha emitters.

These results enable creating the methodology for the
isolation of Sr, Y, Pu, Am and Th from different kinds of
samples and mutual separation of Sr, Y from alpha emit-
ters. Figure 1 shows the methodology for the separation
and quantitative determination which is used in this paper
and it is described in experimental part. As can be seen,
methodology include separation of alkaline, some transi-
tion elements, Ca, Mg and U from Sr, Y and alpha emitters
by using 0.25 M HNOj; in ethanol-methanol solution,
elution and separation of Y, Sr from Pu, Am and other
bound cations by using 0.25 M HNO; in methanol as
eluent, followed by stripping of alpha emitters and other
cations with water. Pu and Am are separated on TRU
(column because separation on TRU column) that enables
separation from elements such as Pb, Bi, Ra, Ba and lan-
thanides in short time.

As it can be seen from previous results by changing of
eluent composition, retention time can be changed and
method can be adapted according to specific requirements.
For example, if sample contains small amount of Ca, Y and
Sr can be bound and eluted with 0.5 M nitric acid—meth-
anol solution without risk of their loss or earlier Pu and Am
elution. It should be mentioned that Pu, Th and Am binds
from nitric acid on Dowex 1 x 8 anion exchange column
and can be mutually separated by selective elution at the
same column. As we have seen that there is no difference
between binding and separation on Dowgex and AMBERLITE
exchangers it can be expected that after elution of Sr and Y,
americium will be eluted with 8 M HNO;, Th with 9 M
HCI and Pu with 9 M HCI-0.1 M NH,I. However, in this
case separation is directed by classical ion exchange
mechanism in which element oxidation state play



Determination of ¥-°°Sr, Am and Pu isotopes

821

important role. Pu can be in Pu(Ill) and Pu(IV) oxidation
state and do not bind on anion column as Pu(IIl)-complex
from nitric acid. This is in contrast with binding from
alcoholic solution where Pu oxidation state does not pre-
vent its binding. As for the separation of Pu from other
elements on anion exchange column, adjustment of its
oxidation state is required. As Pu oxidation states in
alcoholic solution of nitric acid isn’t known exactly (most
probably as Pu(IV,VI)) this type of separation wasn’t used
in this study. Namely using of same column for the mutual
separation of alpha emitters in case when different mech-
anism governs their binding requires additional examina-
tion before practical implementation and will be given in
another paper.

Preparation of alpha source by electrodeposition

For the determination of alpha emitting radionuclides by
alpha spectrometry preparation of homogenous thin layer
source has crucial role in whole procedure because nuclide
spectra overlapping mainly depend on inhomogenity and
self absorption process. It is especially important in
determination of nuclides with close alpha energies where
resolution should be as high as possible. However,
obtaining of a uniform source, which would provide good
resolution of alpha emitters on semiconductor detector,
depends of working conditions during the electrodeposition
process. It was seen in different literature sources that
described procedures are based more or less on Hallstadi-
usa and Talvitea’s procedures [18, 19]. Conditions of the
electrodeposition (a composition of an electrolyte, a cur-
rent density, a shape and a distance between an anode and a
cathode) have been varied for obtaining of uniform source
which will enable determination of alpha emitters with
close energy. Therefore in this paper conditions of elec-
trodeposition were examined. The goal was finding con-
ditions at which the alpha emitters would be deposited at a
cathode in short time with high efficiency.

100 .
9} '
80 b
<
w 60F
£ 5l : —e— mmol DTPA=0
2 —&— mmol DTPA = 0.05
S 4or —&— mmol DTPA =0.10
a 30} ~@— mmol DTPA = 0.20
20t
10}
ol , \ , . \
0 10 20 30 40 50 60 70 80
t (min)

Fig. 4 Dependence of efficiency of electrodeposition of **'Am on
concentration DTPA

For the electrodeposition a chloride-oxalate electrolyte
with addition of ammonium salt DTPA and hydroxyl
ammonium hydrochloride was chosen. DTPA as a chelating
agent (for lanthanides) and with good solubility in an acid
medium provides high deposition efficiency for all alpha
emitters, blocks its polymerization but prolongs a time of
electrodeposition—Fig. 4. Hydroxyl ammonium hydrochlo-
ride stabilises yields of deposited radionuclides, reduces and
restrains plutonium in the form of Pu(IIl). Acidity has been
changed during an electrodeposition because H" has been
reduced at a cathode (H, evolution) and hydrogen ion has
been refunded by migration, diffusion and even oxidation of
water molecules. Entire process depends on the cathode cur-
rent density. Most of H" ions have been ejected at high current
density (applied in this work) at the beginning of electrode-
position in strong acids and that ejecting is faster than
replacement from weak acid or water oxidation. The conse-
quence is a rapid increase of pH [21, 22, 25-27] in first several
minutes of electrodeposition and then decreasing caused by
compensation of H' ions from dissociation and/or decar-
bonisation of oxalic acid. The optimal yield could be achieved
when pH is equal to pK of the weak acid. Working in the acid
medium reduces ability of precipitation and producing of
insoluble hydroxide. In this context Janda et al. [25] showed
that pH range 1.6-2.2 for sulphate electrolyte enable high
efficiency of electrodeposition. They also observed that
crystals dropping out in the stock solution by decreasing the
pH-value below the value of 1.8 and on the contrary, rising the
pH-value above 2.4 the interruption of electrodeposition and
the inclination of degradation of the resolution [25].

The rate of the electrodeposition depends on the current
density, what can be seen from the results demonstrated in
Fig. 5. The results of >*' Am deposition show that almost
100% yield have been reached in approximately 50 min if
a current density is 0.8 A cm™2. It is well known that
higher current density causes higher rate of deposition, but
simultaneously the temperature of electrolyte rises and this
leads to the formation of bubbles which act as insulators

90 b
80 j=08Acm? —»
- 70} I
X
o 60F j=0.48 Acm?
2
=50
2
8 40
30
20 }
10
0 N N N N
0 10 20 30 40 50 60 70 80

t (min)

Fig. 5 Dependence of efficiency of electrodeposition of **'Am on
current density
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decreasing the active area of deposition and thereby
increasing current density, which leads to higher granu-
larity of deposit [25]. Therefore our cell is cooled and the
electrolyte is agitated with a rotating anode in order to
decrease the effect of the temperature and to avoid over-
heating. It has been observed that with current density of
0.8 A cm™? there is no overheating and boiling of the
electrolyte, but that starts at the current density of
0.96 A cm ™.

Fig. 6 Alpha spectrum of

The efficiency of electrodeposition and a quality of a
source are implicated by a shape of the anode and by the
distance between the anode and the cathode. It is known
that uniform current distribution results with the forming of
the uniform layer, and that it depends on geometry of the
system and applied voltage. It is eligible that the distance
between the anode and the cathode (in used cell 5 mm) is
as little as possible because this enables working with
lower voltage and uniform current distribution. A shape of

MRAD12W.CNF

L2443 A (standard) and alpha 250
spectrum of *'Am and *°Pu

after direct electrodeposition

from ERA water samples

100 239Pu

50

AM-MIX-S.CNF

2500 -

-

1500 -
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the anode significantly influences on the distribution of
deposited nuclides and therefore it should be selected the
shape of the anode which will give uniform distribution. As
Benedik and Klemenci¢ showed the shapes of spire or
riddle gives the best distribution and results with uniform
layer of nuclides on the cathode in comparing with other
tested shapes [27]. Hence a perforated anode with a shape
similar to a riddle in was used in present work—Fig. 2.
Using described procedure, Pu and Am were electrode-
posited from model samples and ERA water samples on
stainless steel cathode. Obtained spectra was analysed and
compared with spectra of Analytics standard source
(electrodeposited mixture **Am and **'Am on stainless
disc). Obtained results showed that resolution is 8 keV/
channel and full width at half maximum is in range 27 to
40 keV. In Fig. 6 spectrum of ***Pu and **'Am obtained
after direct electrodeposition from water sample ERA
MRADI12 (without separation) and spectrum of standard
source is shown. It is obvious that there in no significant
difference between spectra of ERA water and standard
sample. It should be mentioned that water sample also
contains **®*Pu so that obtained **' Am peak is really peak
of both isotopes.

However, it shown that in general the quality of elec-
trodeposits sources improves with decrease of deposition
current which is attributed to the formation of smaller
aggregates of hydroxides under low current densities [26,
28]. Hansen theory of electrodeposition implies that the
deposition yield increases with decrease of the current
density since the lower so called hydroxyl layer, the easier
diffusion of actinide hydrolyzed species to the surface of
cathode through hydroxyl layer [22, 29, 30]. Beesley et al.
[26, 31] also showed that alpha source contains Pt atoms
which evolve with electrodeposition time, to some Pt

! 30pm .

Electron Image 1

Fig. 7 SEM picture of disc surface before electrodeposition (Table 4
XRF analysis of surface)

aggregates which can contribute to deteriorate the energy
resolution of the alpha spectra obtained from source even in
deposition of nuclide which contributes with significant

v
Electron Image 1

Fig. 8 a SEM picture of disc surface after electrodeposition—
Table 4. XRF analysis of surface-marked area; b same disc-marked
area—XRF analysis of surface oxide—Table 4: ¢ same disc-marked
area—XRF analysis of oxide surface layer-marked area—Table 4
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mass to the deposit thickness. Therefore source discs were
analysed before and after the electrodeposition by Scanning
electron microscope to have more detailed access to the
structure of the obtained layer. Another analysis of an
electrodeposited layer was taken by the ED XRF. The
electrodeposition was performed in previously described
way with addition of HF to prevent Pt dissolution and
aggregation on disc surface. All analysed sources gave
correct alpha spectra. The SEM pictures of the analysed
source discs are shown in Figs. 7, 8, and 9 and the results of
the ED XRF analysis are shown in the Table 4. Figure 7
shows SEM picture of disc surface before electrodeposition
and Fig. 8 pictures of disc surface after electrodeposition at
different place. The results in the Table 4 indicate that
during a electrodeposition, an oxide layer of iron with dif-
ferent composition was formed. This denotes that deposi-
tion of actinides is associated with forming of previously
mentioned layer. In fact, looking at the growth of oxygen’s
proportion on the analysed surface and observing the frames
it can be assumed that the main part of the surface is an iron
(hydro)oxide and that oxides of the actinides have been

Fig. 9 SEM picture of structure of oxide layer-marked area

formed together with forming of iron oxide. It can be also
seen that Pt aggregates were found on the surface of oxide
layers. Therefore, it can be assumed that a quality of source
depends on a forming of the iron oxide layer and of the
allocation of radionuclides in the layer [26, 31]. Figure 10
shows impact of iron concentration in a solution on effi-
ciency of electrodeposition of Am and Ra. The iron does not
affect on the efficiency of electrodeposition if its concen-
tration in the solution is lower then 5 mg L™". In addition, it
can be assumed that low concentration of iron ions in the
solution do not influence on oxide layer because it was not
noticed a distortion of alpha spectra. It should be mentioned
that Th and other naturally occurred alpha emitters can be
electrodeposits and determined. As it is shown that Ra, Pb
and Th are strongly binds on anion exchanger it is possible
to isolate and deposits them onto disc and determine by
alpha spectrometry.

Results of determination of 3°°Sr

The 9°Sr, 23823%py and 2*' Am were determined in ERA
proficiency testing samples of vegetation and soil. The
samples had not contained *’Sr so that in some samples
known activities of ¥Sr were added. ¥°°Sr were isolated
and separated from alpha emitters on anion exchanging
column and determined on the LSC as previously descri-
bed. *°°Sr was determined at two way; by successive
Cherenkov counting through °°Y build up and *°Sr decay
according to Eqs. (1-6) as well as by Cherenkov counting
of °Y where *’Sr was determined through *°Y and *°Sr
was determined from difference between gross activities,
Ar, (counted immediately after separation) and Dy
(Egs. 7, 8). Obtained results are shown in Table 5. Results
show that discrepancies between obtained and assigned
values for ®>*°°Sr are in range of £18 %. Discrepancy
depends on recovery, level of activity of %°°Sr, their
activity ratio and other parameters and it was discussed in
detail in our previous paper as well as limit of detection
and determination [17].

Table 4 The results of ED XRF analysis of source disc. Place of scanning is marked on figures

Element Weight % Atomic % Element Weight % Atomic% Element Weight % Atomic % Element Weight % Atomic %
Fig. 7 Fig. 8a Fig. 8b Fig. 8c

CK 1.64 6.87 CK 0.67 2.05 OK 19.37 55.47 OK 2.40 21.15
OK 1.71 5.39 OK 20.25 46.82 CrK 5.22 4.60 CrK 1.22 3.31

Al K 0.41 0.77 Al K 0.42 0.57 Fe K 19.39 15.91 Fe K 4.36 10.98

Si K 0.43 0.77 S K 0.92 1.06 Cu K 14.28 10.29 SnL 2.20 2.61
CrK 15.96 15.48 CrK 14.01 9.97 SnL 26.50 10.23 PtM 91.40 65.94

Fe K 66.84 60.36 Fe K 51.12 33.87 PtM 10.71 2.52 Th M 0.30 0.18

Ni K 10.57 9.08 Ni K 4.99 3.15 Pb M 3.88 0.86

Mo L 2.45 1.29 Zr L 1.20 0.49 Th M 0.64 0.13
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Results of determination 2*%2*°Pu and 2*' Am

238.239py and 2*'Am are isolated from ERA soil and veg-
etation sample by mixed solvent anion exchange mutually
separated on the TRU column (due to ***Pu, **' Am energy
overlapping), electrodeposits and quantitatively deter-
mined by alpha spectrometry as described in experimental
part. Activity of **'Am is also determined by gamma
spectrometry. Obtained results are shown in Table 6. From
these results it can be seen that deviation between obtained
and assigned results amounts maximally 21% for deter-
mination of **®Pu. This discrepancy corresponds with
decreasing of recovery of Pu and Am in soil samples. It
should be mentioned that recovery depends on sample
preparation, separation step and electrodeposition. As
isolation procedure contains binding of radionuclide on
cation exchanger and separation on anion exchange col-
umn some loss of radionuclide can be expected, but in
which extent in each phase is hard to determine. Pu and
Am are strongly bound on anion exchanger and greater
loss in separation step is not expected but in phase of
binding on cation exchanger can be, because cation
exchanger has limited capacity and binds only surface
adsorbed and acid soluble fraction of cations from a (soil)
samples. Therefore 2*'Am was measured by gamma
spectrometry in soil samples before and after treatment
with cation exchanger and on cation exchanger after the
elution with 5 M HNO;. These results shown that 2 Am
was present in small amount (below 2 Bq kg™") in soil
samples after treatment but on cation exchanger after
elution with 5 M HNO; was not detected, so it can be
concluded that despite sufficient quantity of a exchanger
[17] certain loss can always be expected in this stage. It
should be mentioned that cation exchanger can bind sur-
face adsorbed and acid soluble fraction of cations from a
soil samples. Namely cation exchanger in H* forms acts as
acid and can dissolve carbonates and some other

100
90
80
70 F
60
50 p

—O— Am-241
—{— Ra-226

40 b

Deposited (%)

30 p
20 p
10F

0 L L 2 L
0 5 10 15 20 25

y(Fe*)mgL"

Fig. 10 Dependence of efficiency of electrodeposition of >*' Am and
226Ra on concentration of Fe*" in electrolyte

Table 5 Results of determination of %°Sr and °Sr by Cherenkov counting

E (%)

E (%) RY (%) Method II

Method II

OSrBqkg™ Sr(Bqkg™) *¥Sr(Bqkg™h)

ERA assigned ERA range

E (%)

E (%) Method I

Added
Sr(Bg kg™ ¥srBqkg™h

R Sr (%) Method I

Sr (Bq kg™

0Sr (Bq kg ™"

MRADO09

15.0

115.3

51.1

11.2

111.2 £ 17.8

36.2-163.5

100.3

17.7

118.1

89.5 £ 89 100.0

58.1

Soil

10.5
15.2

-9.9

179.1

51.3

—1.8

98.1 £ 20.5

111.4-264.9

199.4

—14.1

171.2

100.0

1152 £ 79

Vegetation 57.3

MRAD10

11.6
—154

237.3

55.6

204.6 £+ 20.9
184.6 £+ 30.1

76.9-363.1
183.1-436.6

—17.6 212.7

175.3
388.2

10.1

200.0
200.0

222.2 +28.9

55.1

Soil

277.3

54.7

184 3278

177.4 £ 16.9

Vegetation 53.3

11.3
100 g 0.5 (0.53)

t = 100 min

0.7 (¢ = 0.33)

MDA

Method I determination by Cherenkov counting by successive counting within 64 h after Y separation

Method Il determination through %Y Cherenkov counting and Cherenkov counting of 89.90g immediately after 0y separation

A + SD average activity of three determinations with standard deviation

R recovery (average 3 determinations)
E error between our and ERA results
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Table 6 Results of determination of >*' Am and 2%2*pu

Method A y-spect. A ERA assign A E (%) Limits A Recovery
(Bq kg™ (Bq kg™ (Bq kg™") (Bq kg™ (%)
MRAD 09 soil
Z38py 374+ 69 - 474 —21.1 27.1-66.6 42.1
2%y 28.1 £59 - 31.3 —10.2 21.3-41.4 42.1
21 Am 320 + 7.7 32.0 38.8 —17.6 23.2-49.9 447
MRAD 09 vegetation
238py 1053 &+ 12.3 - 96.9 8.6 52.2-128.8 53.2
23%py 103.3 £+ 10.9 - 100.6 2.7 62.5-137.3 53.2
2Am 88.1 &+ 16.7 100.1 103.2 —14.6 58.8-141.7 57.6
MRAD 10 soil
238py 70.1 + 10.2 - 58.8 12.4 33.7-82.9 485
%y 594 + 32 - 50.3 18.1 34.3-66.6 48.5
241 Am 69.8 + 8.1 47.8 61.4 12.7 36.7-78.8 40.1
MRAD 10 vegetation
238py 152.7 + 222 - 136.5 11.9 73.6-199.8 50.1
3%y 162.2 & 23.2 - 142.8 13.5 88.4-193.5 50.1
2 Am 1512 4+ 19.2 120.7 135.4 117 77.3-186.1 54.3

A £ SD average activity of three determinations with standard deviation
R recovery (average 3 determinations)

E error between our and ERA results

compounds but it has limited binding ability from hardly
soluble compounds. This fact restricts its use in analysis of
samples where it is expected that isotopes are in insoluble
form because its uses can lead to wrong result. Namely
exchanger will bind tracer but not bind all Pu and Am (only
available) so that too high results for recovery can be
expected. In that case best solution is total dissolving of
sample (by microwave digestion).

Conclusion

The obtained results have shown that at Y and Sr can be
efficiently separated from alkaline, alkaline earth and
transition elements as well as from lanthanides and actin-
ides on the column filled by strong base anion exchanger in
nitrate form and 0.25 M HNOj; in mixture of ethanol and
methanol as eluent. This separation in combination with
Cherenkov counting enables rapid determination of *>*°Sr
with acceptable accuracy. It is also shown that Pu and Am
strongly binds on the mentioned column, can be separated
from number of elements, eluted from column by water,
mutually separated on TRU column and electrodeposited
on stainless steel disc. Electrodeposition from chloride-
oxalate electrolyte with addition of DTPA in presence of
sodium hydrogen sulphate in cell with cooling and rotating
platinum anode enables deposition of actinides within 1 h
by 0.8 A cm™? current density. At this manner sample

@ Springer

source which gives good resolution in alpha spectrometric
measurement can be prepared. The results obtained by
alpha spectrometry showed that the peak width at half
maximum range of 27-40 keV and allows determination of
Am and ****Pu with acceptable accuracy. Results
obtained by scanning electron microscopy and ED XRF
analysis of electroplated discs showed that actinide depo-
sition is followed by iron oxide formation on disc surface
as well as platinum aggregation on oxide surface.
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