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Abstract

Atomization of Al, Cr, Cu, Cs, Mn, Ni and Sr in (Pu,U) matrix was studied and the effect of Pu/(Pu + U) composition of the matrix
on analyte absorbance was investigated. The changes observed in the absorbance signals for the analytes with change in composition of
(Pu,U) matrix were correlated with relative oxygen partial pressures of the analyte oxides, UO2, PuO2 and the purge gas. The studies
were utilised for the direct determination of trace levels of these analytes in (Pu,U) matrix containing 25 at.% Pu by graphite furnace
atomic absorption spectrometry (GF-AAS) with a relative precision of approximately ±10%.
� 2008 Elsevier B.V. All rights reserved.
1. Introduction

An atomic absorption spectrometric with graphite
atomizer (GF-AAS) is one of the sensitive and specific
methods for trace metal determination. Atomic emission
spectrometry (AES) [1] methods using inductively coupled
plasma (ICP) and d.c. arc are capable of providing multi
element analysis after chemical separation and carrier dis-
tillation respectively, of the analytes from the (Pu,U)
matrix, and unlike GF-AAS technique they need gram
quantities of samples. GF-AAS being a sensitive and pre-
cise technique, offers an alternative analytical method for
nuclear materials requiring only lg amounts of samples.
Studies reported [2,3] previously for the determination of
impurities in radioactive samples by GF-AAS involved
their chemical separation from the matrix. GF-AAS meth-
ods have been reported from our laboratory for the deter-
mination of trace elements in the nuclear fuels viz. uranium
[4], thorium [5], (Pu,U) mixed oxide [6–8] and in other
materials, e.g., graphite [9] and Al–U [10]. It was observed
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that absorbance of the trace amounts of analytes was
dependent upon matrix composition. Reports are also
available for the elemental determination of analytes in a
radiological environment using Flame AAS [11–14].

The mechanism of release of gaseous atom from the
solid lattice in GF-AAS has been investigated by thermo-
dynamics – kinetics approaches [15]. The aim of this study
is to understand the change in the analyte absorbance sig-
nals with the change in composition of (Pu,U) matrix in
GF-AAS. It is to be noted that though nitrate solution
of analyte with uranyl and plutonium nitrate is loaded,
nitrates get converted to oxides of analyte, U and Pu.
These analytes have to be released from U and Pu oxides.
Hence, thermodynamic calculations were carried out to
determine equilibrium partial pressure of oxygen at vari-
ous temperatures for analyte oxide, uranium oxide and
plutonium oxide. A comparison of partial oxygen pres-
sures of the purge gas with oxides of the matrix elements
(Pu/U) and analytes was used to understand the matrix
composition effect on absorbance signals. These studies
were utilized for direct determination of wppm amounts
of Al, Cr, Cu, Cs, Mn, Ni and Sr in (Pu,U) matrix con-
taining 25 at.% Pu by GF-AAS, for fast breeder reactor
fuels.
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Fig. 1. Influence of matrix build-up in atomizer on absorbance of 5 wppm
of Mn (a). 100 at.% Pu (b). 25 at.% Pu + 75 at.% U.
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2. Experimental

A modular type Varian Techtron AA-6 Atomic Absorp-
tion Spectrometer with pyrolytically coated mini Massman
carbon rod atomizer (CRA-63) was used in these investiga-
tions. Glove box adapted Varian Techtron AA-6 atomic
absorption spectrometer provides absorption measurements
in peak height mode and all the measurements were carried
out in peak height mode. The details of modifications of the
instrument and the operating current of hollow cathode
lamps (HCL), the spectral bandwidth, the spectral line used
for each element, the preparation of plutonium (40 mg/ml)
and uranium (200 mg/ml) solution along with detailed pro-
cedure followed have been described elsewhere [6,7]. Argon
gas of purity 99.995 vol.% was used as a purge gas.

To study the matrix effect, the (Pu,U) composition was
varied in the range 0–100 at.% Pu, viz. 10, 37.5, 50, 75
and 100 at.% while keeping the total (Pu,U) concentration
in the solution fixed at 20 mg/ml. For direct determination
of the above mentioned analytes in (Pu,U) matrix with Pu/
(Pu + U) = 0.25, a series of standard solutions were pre-
pared. The analytes’ concentrations were varied from 0 to
500 ng/ml, except for caesium and aluminium, for which
the range was 0–1 lg/ml and 0–10 lg/ml, respectively.
Initially the absorbance for a fixed concentration of the
analyte was measured as a function of Pu/(Pu + U) com-
position for a total concentration of 20 mg/ml on a ura-
nium conditioned atomizer. Absorbances were then
measured by successively increasing Pu content.

Due to the non-availability of well-established standards
with Pu matrix, three synthetic samples in (Pu,U) matrix
were prepared, by spiking ICP multi element standard
IV, MERCK containing 23 elements for evaluation of the
precision and accuracy of the method developed here.
The analytical response was determined for each of the
analytes and the analysis of the synthetic samples was
carried out using the standard procedure.

3. Results and discussion

In GF-AAS, atomization of an analyte in the presence
of matrix is the result of an interaction of analyte–matrix,
Table 1
Optimized experimental parameters, analytical results and Characteristic conce
matrix

Element Atomization temperature (�C) Duration (s) Linear analytical ra
in (Pu,U) matrix w

Al 2700 4 10–500
Cr 2400 3 0.5–10
Cu 2400 3 0.5–10
Cs 2550 3 2.5–50
Mn 2550 3 0.5–20
Ni 2550 4 1.0–20
Sr 2700 4 0.5–25

a Based on 100 lg of plutonium–uranium in 5 ll of solution.
** Characteristic concentration is defined as the concentration corresponding
analyte–carbon or carbon–matrix. The atomization of
these analytes was studied in presence of Pu/U by measur-
ing the atomic absorption signal for each of the element in
the absence as well as presence of the matrix. Successive
loadings of the (Pu,U) samples and standards leads to
matrix build up inside the graphite tube. Typical results
obtained for one of the analyte, Mn, in matrices containing
25 at.% Pu and 100 at.% Pu with number of atomization
cycles are shown in Fig. 1. A reduction of absorbance
was observed, with accumulation of 3 mg matrix in 30
atomization cycles, which was followed by a stable signal
up to 70 atomization cycles and beyond. Similar reduction
in analyte signals was noted for Al, Cr, Cs, Cu, Ni and Sr
for initial 30 atomization cycles. These investigations stress
the importance of conditioning the atomizer by loading
3 mg of matrix. Subsequent investigations are, therefore,
carried out on conditioned atomizer. Pre-atomization tem-
perature and time duration were 900 �C and 40 s, respec-
tively, for all these analytes. Optimized experimental
parameters used for determination of these analytes are
given in Table 1.

The variation in GF-AAS absorbance signal of different
analytes as a function of increase in Pu percentage in
ntration for the determination of Al, Cr, Cu, Cs, Mn, Ni and Sr in (Pu,U)

nge
ppma

Determination limit (g) Characteristic concentration** (ng/ml)

Aqueous [6] U [6] 25 at.%Pu

1.0 � 10�9 9.0 – 71
5.0 � 10�11 1.8 4.2 2.0
5.0 � 10�11 1.7 4.9 2.3
2.5 � 10�10 0.87 – 8.7
5.0 � 10�11 2.1 5.0 3.0
1.0 � 10�10 2.0 13.9 7.0
5.0 � 10�11 0.27 – 1.8

to an absorbance of 0.0044.



Table 3
Gibbs energies of formation of relevant oxides (DfG

0 = A + BT

log(T) + CT)

Formation reaction DfG
0 (J/mol) Reference

A B C

½ O2 (g) = O (g) 252950 0 �65.8 [22]
C (s) + O2 (g) = CO2 (g) �392521 4.97 �18.3 [22]
C (s) + ½ O2 (g) = CO (g) �113998 0 �85.4 [22]
2Al(l) + 3/2 O2(g) = Al2O3 (s) �1698836 �15.70 386.1 [21]
2Cr(s) + 3/2 O2(g) = Cr2O3 (s) �1121016 0 260.0 [21]
2Cs(l) + ½ O2 (g) = Cs2O (s) �321580 0 101.5 [22]
2Cu(s) + ½ O2 (g) = Cu2O (s) �169565 �16.41 123.5 [21]
Mn(s) + ½ O2 (g) = MnO (s) �399421 0 82.5 [21]
Ni (s) + ½ O2 (g) = NiO (s) �244718 0 98.6 [21]
Sr (l) + ½ O2 (g) = SrO (s) �592570 0 102.8 [22]
U (l) + O2 (g) = UO2 (s) �1129180 �64.48 406.1 [21]
Pu (l) + O2 (g) = PuO2 (s) �1039959 0 180.7 [22]

Table 2
Data on the effect of plutonium on absorbance values for Al, Cr, Cu, Cs, Mn, Ni and Sr in (Pu,U) matrix

Element Conc. (wppm) (Pu,U) matrix composition

Pure U (Pu0.1U0.9) (Pu0.37U0.63) (Pu0.5U0.5) (Pu0.75U0.25) Pure Pu

Al 5 0.667 0.574 0.444 0.348 0.358 0.340
Cr 0.1 0.174 0.221 0.335 0.439 0.454 0.475
Cu 0.1 0.334 0.436 0.491 0.652 0.718 0.715
Cs 0.5 0.902 0.999 1.151 1.351 1.434 1.415
Mn 0.04 0.076 0.095 0.110 0.131 0.165 0.167
Ni 0.2 0.434 0.455 0.576 0.610 0.675 0.693
Sr 0.2 0.828 0.556 0.513 0.384 0.368 0.324
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(Pu,U) matrix is given in Table 2. A continuous increase in
absorbance was observed for Cr, Cu, Cs, Mn and Ni with
progressive increase in Pu percentage whereas, Al and Sr
showed reverse trend. Since GF-AAS provides only indi-
rect information of the processes occurring in a graphite
atomizer; we tried to explain the change in analyte atom-
ization with change in matrix compositions with relative
oxygen partial pressures of the analyte oxides, uranium
oxide and plutonium oxide.

Thermogravimetric analysis [16,17] shows decomposi-
tion of uranyl and plutonium nitrates to respective dioxides
in the temperature range 500–1500 K as follows:

UO2ðNO3Þ2 �6H2OðsÞ !500 K
UO3ðsÞ !

1000 K
U3O8ðsÞ !

1500K
UO2ðsÞ;

ð1Þ

PuðNO3Þ4 !
500 K

PuO2ðsÞ !
1000 K

PuO1:97ðsÞ: ð2Þ

Therefore, by the time the system reaches a temperature
of 1500 K, both uranium and plutonium nitrates get con-
verted into their respective dioxides. Both UO2 and PuO2

thus formed are very stable lattices. Similarly, the analytes
also get converted into their oxides, mostly dissolved in the
main lattice of (Pu,U)O2. The diffusion rates of cationic ele-
ments in these lattices are very low [18–20]. Moreover, very
small amounts of the analytes dissolved in (Pu,U)O2 lattice
considerably reduce their chemical activities, hence their
detectability. Therefore, these cationic analytes are trapped
in the lattice of (Pu,U)O2. To understand the trend
observed in the present atomic absorption studies while
changing the Pu/(Pu + U) fraction of the matrix, it is
important to understand the process by which these ana-
lytes get released from the matrix. The oxides of the ana-
lytes in (Pu,U)O2 matrix were formed by decomposition
of the nitrate solutions loaded on a graphite atomizer in
the presence of flowing argon as a purge gas. In the pres-
ence of argon atmosphere, the graphite generated a reduc-
ing atmosphere for all the analytes as well as for (Pu,U)O2.
The order of reduction of the analyte as well as matrix oxi-
des depends on their partial oxygen pressure. An argon gas
of purity 99.995 vol.%, with the assumption of oxygen as
the only impurity, has a pO2

� 5:0 Pa at low temperatures,
when there is no reaction between graphite and oxygen.
However, at atomization temperatures, oxygen will react
with graphite to give a dynamic equilibrium between C–
O2–CO–CO2–O [15]. The partial oxygen pressure of this
system was calculated using Gibbs energies of formation
of CO, CO2 and O given in Table 3. The equilibrium equa-
tions used for the calculations were as follows:

pCO2
¼ pO2

exp
�DfG

0
CO2

RT

 !
; ð3Þ

pCO ¼ p1=2
O2

exp
�DfG

0
CO

RT

� �
; ð4Þ

pO ¼ p1=2
O2

exp
�Df G

0
O

RT

� �
: ð5Þ

where pCO, pCO2
; pO2

and pO are the partial pressures of
CO, CO2, O2 and O, respectively and Df G

0
CO; Df G

0
CO2

;
DfG

0
O are the Gibbs energies of formation of CO, CO2

and O, respectively. The total amount of oxygen in these
chemical species was fixed by the amount of oxygen impu-
rity in argon atmosphere; therefore, the following con-
straint was imposed:

0:5xCO þ xCO2
þ xO2

þ 0:5xO ¼ oxygen in argon: ð6Þ

The mole fraction of the various gaseous components
(xi) is related to their partial pressures (pi) and the total
pressure (Ptot) by the following relation:

pCO ¼ xCOP tot; pCO2
¼ xCO2

P tot; pO2
¼ xO2

P tot; pO ¼ xOP tot:

ð7Þ
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As the total pressure of the purge gas was approxi-
mately 0.1 MPa the mole fractions of the gaseous species
were equal to their partial pressures. By substituting
Eqs. (3)–(5) and the above equalities in the Eq. (6), the
following expression for partial pressure of oxygen was
obtained:

pO2
þ pO2

exp
�DfG

0
CO2

RT

 !
þ 0:5p1=2

O2
exp

�Df G
0
CO

RT

� �

þ 0:5p1=2
O2

exp
�DfG

0
O

RT

� �
¼ oxygen in Ar: ð8Þ

The partial pressure of oxygen over the atomizer was
calculated from Eq. (8) and its substitution in Eqs. (3)–
(5) gave the partial pressures of CO2, CO, O and O2, as
given in Table 4. The partial pressure of oxygen in the
purge gas was also calculated by assuming air to be impu-
rity in argon, therefore, the oxygen content of the argon
was 1 � 10�3 vol.% and these recalculated pO2

values are
also given in Table 4. The small difference in oxygen partial
pressures calculated for the two impurity contents did not
affect the interpretation of our results. The partial oxygen
pressures of all the relevant metal oxides were calculated
from their respective Gibbs energies of formation, listed
in Table 3. The variation of oxygen pressures of these oxi-
des along with oxygen pressure of the purge gas as a func-
tion of temperature are plotted in Fig. 2. Graphite furnace
is highly dynamic and open system and one can argue that
estimation of partial pressure of oxygen based on equilib-
rium thermodynamic calculations is inappropriate. How-
ever, these calculations represent micro-equilibrium in the
system in dynamic conditions and are indicative of the
observed trends of the reactions at different temperatures.
If at any selected temperature, the partial oxygen pressure
of the purge gas is lower than that of a metal oxide then
that oxide will get reduced to metal. Whereas, metal oxides
Table 4
Partial pressures of various oxygen carrying species in the purge gas

T (K) 5.0 � 10�3 vol.% O2 in Ar

pO2
ðPaÞ pCOðPaÞ pC

1000 1.5 � 10�24 10.1 7.2
1100 1.8 � 10�23 10.1 1.2
1200 1.4 � 10�22 10.1 2.5
1300 8.4 � 10�22 10.1 7.0
1400 3.8 � 10�21 10.1 2.3
1500 1.4 � 10�20 10.1 8.8
1600 4.4 � 10�20 10.1 3.8
1700 1.2 � 10�19 10.1 1.8
1800 2.9 � 10�19 10.1 9.3
1900 6.5 � 10�19 10.1 5.1
2000 1.3 � 10�18 10.1 3.0
2100 2.6 � 10�18 10.1 1.9
2200 4.7 � 10�18 10.1 1.2
2300 8.1 � 10�18 10.1 8.0
2400 1.3 � 10�17 10.1 5.5
2500 2.1 � 10�17 10.1 3.9
2600 3.2 � 10�17 10.1 2.9
with partial oxygen pressures lower than that of the purge
gas will remain as oxides. As can be seen from Fig. 2, most
of the analytes, Cu, Ni, Cs, Cr and Mn get reduced at tem-
peratures much lower than that of PuO2 or UO2. The tem-
perature of reduction of (Pu,U)O2 solution matrix will be
between the reduction temperatures of UO2 and PuO2,
depending on the composition of (Pu,U)O2. The higher
the plutonium content of the matrix, lower will be the
reduction temperature of that matrix. The highly reduced
activity of the analyte oxides by dissolution in (Pu,U)O2

matrix will result in trapping the analytes till the (Pu,U)O2

lattice breaks down by reduction to (Pu,U) metal phase. As
PuO2 reduces at lower temperature than UO2, the increase
in PuO2 content of (Pu,U)O2 matrix will reduce the temper-
ature of breaking down of the oxide lattice and hence
increase the detectability of the analytes. This explains
the increase in absorbance values of Cu, Ni, Cs, Cr and
Mn with increase in Pu/(Pu + U) content of the solution.
However, aluminium and strontium showed reverse trend.
As can be seen from the Fig. 2, partial pressures of oxygen
of Al2O3 and SrO are lower than that of PuO2. Whereas,
pO2

of UO2 is higher than that of Al2O3 but lower than that
of SrO. Therefore, PuO2 and Pu-rich (Pu,U)O2 will be
reduced to metal before reduction of Al2O3. Whereas,
(Pu,U)O2 of any composition will be reduced to metal
phase before the reduction of SrO. Hence, the main lattice
will be a liquid metal phase while analytes will be present as
Al2O3 and SrO. When these analytes get reduced to metals,
their activity will be greatly reduced by dissolution in the
liquid metal phase (Pu,U). An increase in plutonium con-
tent of the matrix, decreases the temperature of appearance
of (Pu,U) liquid phase, resulting in decreased activity of Al
and Sr due to their dissolution in the metal phase.

The analytical results namely linear analytical range and
limit of determination for these analytes in presence of
(Pu,U) matrix are given in Table 1. The atomization tem-
10�3 vol.% O2 in Ar

O2
ðPaÞ pO (Pa) pO2

ðPaÞ
� 10�4 2.5 � 10�34 6.0 � 10�26

� 10�4 4.8 � 10�32 7.2 � 10�25

� 10�5 3.9 � 10�30 5.8 � 10�24

� 10�6 1.6 � 10�28 3.3 � 10�23

� 10�6 3.8 � 10�27 1.5 � 10�22

� 10�7 5.9 � 10�26 5.6 � 10�22

� 10�7 6.6 � 10�25 1.7 � 10�21

� 10�7 5.5 � 10�24 4.8 � 10�21

� 10�8 3.7 � 10�23 1.2 � 10�20

� 10�8 2.0 � 10�22 2.6 � 10�20

� 10�8 9.1 � 10�22 5.4 � 10�20

� 10�8 3.6 � 10�21 1.0 � 10�19

� 10�8 1.3 � 10�20 1.9 � 10�19

� 10�9 4.0 � 10�20 3.2 � 10�19

� 10�9 1.1 � 10�19 5.3 � 10�19

� 10�9 3.0 � 10�19 8.4 � 10�19

� 10�9 7.2 � 10�19 1.3 � 10�18
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Fig. 2. A comparison of oxygen partial pressures of different oxides with that of the purge gas as a function of temperature.
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peratures given in Table 1 are more representative than
being the absolute values but they indicate the trend in
which these analytes were detected. The above explanation
of breaking down of the oxide lattice structure also
explains the appearance of Sr and Al at higher temperature
than other analytes as their oxides get reduced at much
higher temperatures. The characteristic concentrations
obtained for all analytes in (Pu,U) matrix at 25 at.% Pu
solution, as evaluated from calibration plots, are shown
in Table 1 along with those reported for aqueous and ura-
Table 5
Results of analyses of three synthetic samples for the determination of Al,
Cr, Cu, Cs, Mn, Ni and Sr in (Pu,U) matrix with 25 at.% Pu

Element Amount added wppm Amount determined wppm % RSD

Al 15 14 8.4
75 77 7.6
200 185 4.5

Cr 2.5 2.4 6.2
4.0 4.2 4.9
7.5 8.1 5.2

Cu 2.5 2.6 9.0
4.0 4.3 3.5
7.5 8.1 2.9

Cs 4.0 4.1 4.3
7.5 6.9 3.8
20.0 20.0 3.1

Mn 2.5 2.6 8.0
4.0 3.8 5.0
7.5 7.2 3.0

Ni 2.5 2.4 7.1
7.5 7.5 6.1
15.0 15.3 3.8

Sr 1.5 1.6 5.3
7.5 7.5 4.1
20.0 19.0 2.9
nium matrices. The reproducibility of analyte determina-
tion was estimated by repetitive analyses of the synthetic
samples (Table 5) and is in good agreement with the spiked
amounts with a precision of ±10% RSD. This indicates
that the presence of 16 other common metallics at trace lev-
els does not show any measurable effect on the determina-
tion of these analytes.

4. Conclusion

The increase in absorbance observed for Cr, Cu, Cs, Mn
and Ni with increase in Pu content in (Pu,U) matrix was
attributed to lower partial oxygen pressure of UO2 than
that of PuO2. The lower oxygen partial pressure of
(Pu,U)O2 results in higher temperature of conversion of
oxide matrix into metal phase. The suppressive effect
observed in Al and Sr in plutonium rich matrices is corre-
lated with reduction in their activities by dissolution in
liquid metal phase. From these results it can be concluded
that the elements forming oxides with partial oxygen pres-
sures higher than either UO2 or PuO2 are expected to show
increase in absorbance with increase in plutonium content
of the matrix. Whereas, elements that make oxides with
partial oxygen pressures lower than PuO2 are expected to
show decrease in absorbance with increase in plutonium
content. In the same analogy it can be concluded that the
presence of a very stable intermetallic compound between
analyte and the lattice element will also reduce the appear-
ance of that analyte in vapor phase. The graphite furnace
atomic absorption spectrometric method described here
can be applied for direct determination of wppm level
impurities of Al, Cr, Cu, Cs, Mn, Ni and Sr in (Pu,U)
matrix containing 25 at.% Pu with a relative precision of
about ±10%.
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