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Abstract

Ion chromatographic method has been applied for burnup measurement of irradiated
nuclear fuel by dynamic system using 1-octanesulfonate as a cation exchanger and a-hyd-
roxyisobutyric acid as an eluant. A number of elution techniques were evaluated for the
optimum separation of plutonium, uranium and neodymium. These elements were individually
separated and collected by gradient elution between 0.05 M and 0.40 M of e—hydroxyiso-
butyric acid in a single column, and finally determined by isotope dilution mass spectrometry.
The burnup data from this method were compared with those from conventional anion
exchange method. The results showed a good agreement within 3.5 % of difference between
two methods.
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1. Introduction post—irradiation examination of nuclear fuel. De-

termination of uranium, plutonium and neody-

Chemical analyses of fission products, actinide mium is specifically necessary for burnup
elements and fission gases are required to support measurement by chemical method. For this work
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these monitors are separated by ion exchange
method after dissolution of fuel in a hot cell and
determined by isotope dilution mass spectrometry.
Anion exchanger has been used for the separation
of neodymium with a mixture of nitric acid-
—methanol as an eluant, and for the separation of
uranium and plutonium with nitric acid and hyd-
riodic acid, respectively[1, 2]. However, this
method is laborious and time—consuming in op-
eration with two column system. This system has
also liabilities to problems for application to high
performance liquid chromatography due to shrink-
age and swelling of resin by pressure variation,
and gas bubbling inside the resin by organic sol-
vent, Cassidy et al. successfully applied high per-
formance liquid chromatography to the determina-
tion of lanthanum in uranium-thorium oxide fuel
for burnup measurement without mass spec-
trometry [3].

In this work high performance liquid chroma-
tography using l-octanesulfonate as an equili-
brated cation exchanger was applied to the
separation of plutonium and neodymium in an
irradiated PWR fuel on a single column without
group separation. The isotope ratios of each ele-
ment separated were measured by mass spec-
trometry followed by bumup calculation.

In order to increase the peak distance between
plutonium and uranium elements chemical reduc-
tion treatment was tried to reduce the plutonium
species before injection.

2. Experimental

HPLC system :

HPLC system consisting of a base col-
umn(Supelcosil LC-18,150(L) X4.6 mm(ID), 10 x
m pore size, Supelco Inc.), an injection val-
ve(Rheodyne 7126, Rheodyne Co.), a solenoid
switching valve(Cole—Parmer Instrument CP#
N-0367-7230) and a UV/Vis detector(M481, Wa-

ters Co.) was installed inside a plastic glove box. A
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solvent delivery pump(Spectra—Physics, SP 8800},
an integrator(SP4270, Spectra—Physics) and a
syringe pump(LLC-5000,ISCO) were connected
with the system outside the glove box as shown in
Figure 1. Color developing reagent delivered from
the syringe pump and eluate from the separating
column were mixed in a mixing tee and delivered
to the detector. Each element separated was col-
lected using solenoid valve and sent to a mass
spectrometer(Cameca, TSN 206 SA, France) for

isotopic ratio measurements.

Reagents :

A mixture of a@-hydroxyisobutyric acid («
-HiBA, Aldrich Co.}) and 1- octanesulfonate
(Aldrich Co.) was made in solution. This solution
was used as an eluant after filtered with 0.45 ¢#m
membrane. 05% of Arsenazo [I(2.2-[1.8-
dihydroxy-3.6—disulfo—2.7-naphthalene~bis—(azo)]
dibenzene arsonic acidj(Merck GR) solution was
used for coloring reagent. Neodymium standard
solution was made by dissolution of Nd,O3(Spex
Industry Co.) in nitric acid. This solution was di-
luted for chromatography and mass spectrometry.
Plutonium and uranium spike solution were made
by dissolving PuOg(Pu-242) and UQ,(U-233)

injection
collection valve
was té‘¢ 3:; Ezh ng column
glove
box
] detector mixing tee
syringe
pump pump
U integrator eluant

Fig. 1. Schematic Diagram of Chromatographic Sys-
tem for the Separation of Pu, U and Nd
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from ORNL in nitric acid, and standardized by
mass spectrometry using Pu—239 and U-238 stan-
dard solution, respectively. Synthetic solution of
lanthanides was prepared by dilution of stock
solutions of 1000 ppm in each lanthanide from

Spex Industry Company.

Sample preparation :

0.5~2.5 gr of an irradiated fuel(Table 1) was
weighed and dissolved in (1+1) HNO3 under re-
flux for 10 hours in a lead shielded line. The
solution was filtered and diluted to ~100 ppm of
uranium (~1 ppm of plutonium and ~0.05 ppm
of neodymium) in distilled water. Two portions of
the diluted solution were taken. One portion was
used for sample preparation and another was sub-
jected to spike solution. These solutions were
transferred to a glove box by pneumatic system
for chromatography. Both samples were slowly
dried on a hot plate at low temperature and redis-
solved in dilute nitric acid.

Separation procedure :
Dynamic system using l-octanesulfonate as a

Table 1. History of Irradiated Nuclear Fuel Used for
Burnup Measurement

sample no G23N1-3 G23N15 4-B

% of U-235 321 321 2.93
burnup

estimated

(MWD/MTU) 40000 40000 1000
irradiation

time, yr 433 433 0.25
sample taken,

gr 0.76 0.48 2.03
nitric acid (1+1)

added, gr 112.346 90 112.091
solution

taken, gr 1.190 1.081 2.026
diluted soln

with water, gr 51.874 39.078 67.815

burnup estimated : calculated by “CODE MANUAL

MEDIUM" [4]

cation exchanger was applied on C;g reversed
phase column[3]. Each of the three elements,
plutonium, uranium and neodymium, was indi-
vidually separated with discontinuous gradient
technique between 0.05 M and 040 M of a
—HiBA mixed with 0.01 M of 1-octanesulfonate
maintaining pH 3.80. Absorption was measured at
651 nm for the detection by post-column reaction
with Arsenazo Ill coloring reagent. The eluant and
the color forming reagent were maintained at a
flow rate of 1.0 mL/min. and 0.5 mL/min., re-
spectively. Distance between detector and collec-
tion point(switching valve) was minimized down to
about 5 ¢cm with a dead volume of 0.03 mL.
About 0.5~1.0 mL of the eluate was collected
corresponding to each component peak appeared

on the recorder.
3. Results and Discussion

Dynamic ion exchange system has an advantage
to adjust an effective ion exchange capacity by
controlling the concentration of modifier in the
eluant(Figure 2). The rapid mass transfer on the
charged layer enhanced the column efficiency to
get sharp peak in this system as well. a-HiBA
was used as a complexing agent because it has
given a good result in lanthanide separations[5] .

Variation of a—HiBA concentrations was tried to

n-Octyle
Sulfanate

Reversible

5i0, Octadecyl Phase Mobile Phase

Fig. 2. Equilibrated Cation Exchanger of
1-Octanesulfonate on C,5 Reversed Phase
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get an optimum separation condition. In Figure 3
eleven lanthanides were individually separated by
isocratic elution from a synthetic solution. This
neodymium fraction was used for burmup monitor
in the irradiated fuel. Uranium peak was overlap-
ped with the lanthanides heavier than neodymium
in case that the uranium concentration was over
2000 times of neodymium(Figure 4). This ratio of
uranium over neodymium concentration was close
to that of the irradiated fuel. In this chromatogram
plutonium and neodymium were separated from
uranium matrix. However, the plutonium peak
was so close to the uranium that the plutonium
fraction could be contaminated with the uranium.
Therefore, gradient elution was performed in a
concentration range from 0.05 M to 0.40 M of a
-HiBA.

Individual separation of plutonium, uranium and
neodymium from synthetic solution was shown in
Figure 5. Contamination of uranium in neody-
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Fig. 3. Separation of Lanthanides on Equilibrated Ca-
tion Exchanger by a-HiBA Eluant
Column : C,3 Reversed Phase(15XX0.46 cm, id)
Eluant : 0.01 M 1-Octanesulfonate/0.19 M a-
HiBA pH3.80
Flow Rate : 1.0 mL/min.
Detection : Arsenazo I, 651 nm by Post Col-
umn Reaction
Sample : 20 «L of 2 ppm Each Lanthanide
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mium fraction did not give any problem for
neodymium determination by mass spectrometry.
The uranium contamination in the plutonium frac-
tion might be occurred and interfered in pluto-
nium determination by mass spectrometry.
However, it did not cause any serious problem in
this work because of its negligible contribution to
the burnup calculation.

The actinide elements such as neptunium,
ameh'cium, curium, and californium may be inter-
fered in the determination of uranium and pluto-
nium [6—8]. Americium and curium are eluted
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Fig. 4. Separation of Pu, U and Nd on Equilibrated
Cation Exchanger by a-HiBA Eluant
Eluant : 0.01 M 1-Octanesulfonate/0.225 M «-
HiBA Eluant, pH 3.80
Sample : 20 #L of 1 ppm, 2000 ppm and 1
ppm in Pu, U and Nd Each
Others : Same as in Fig. 3
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with an uranium fraction in a—HiBA eluant
[7—11], but these elements give no interferences
in uranium determination by mass spectrometry(T-
able 2). Neptunium and californium were sup-
posed to be overlapped with plutonium or ura-
nium fraction in separation [6, 10]. However, cali-
fornium does not give any isobaric problem to the

determination of these elements. The only in-
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Fig. 5. Separation of Pu, U and Nd from Synthetic
Mixture
Column : C;g Reversed Phase(15<0.46 cm, 10
fem)
Eluant : o -HiBA Gradient in 0.01 M of 1-
Qctanesulfonate, pH 3.80
Flow Rate : 1.0 mL/min.
Detection : Arsenazo IlI, 651 nm, by Post Col-
umn Reaction
Sample : 20 4L of 1 ppm Pu, 2,000 ppm U
and 1 ppm Nd in Mixture
Gradient Condition :

Time. min % of a-HiBA
’ 0.05 M 040 M

0 - 50 80 20
5.1-15.0 50 50
15.1-20.0 0 100

terfering element is neptunium which has many
isotopes from 233 to 240 in a mass number. For-
tunately the amount of each nuclide except
Np-237 is very small(10 4~10"'° g/ton com-
pared to 10?~10% g/ton of Pu isotope) after 4
years of cooling time. Np-237 is not overlapped
with the isotopes of plutonium or uranium(Table
2). Consequently the actinide elements were not
considered to be problem for the determination of
uranium, plutonium and neodymium in chroma-
tography and mass spectrometry for the burnup
measurement.

As seen in Fig. 6 plutonium, uranium and
neodymium from the irradiated PWR fuel were
individually separated by a-HiBA gradient elu-
tion. The fractions of each element were collected
and determined by mass spectrometry. The iso-
tope ratios of the sample and spiked sample were
measured. Plutonium fractions were supposed to
be contaminated by uranium component due to
higher intensity ratios of Pu-238 to Pu-239 in
samples than in calculation(Table 2). This phe-
nomenon seems to be memory effect in the col-

umn caused by high concentration of uranium.

Table 2. Amount of Heavy Nuclides Calculated

mass no U Pu Np Am Cm
233 22x1073 5x1077
235 54Xx10°
236 4.2x10° 58x10*
237 58X%10?
238  93Xx10° 19x10°7
239 23x10% 15x10 ¢
240 5.1x10° 9.2Xx107%°
241 26x103 5.8x 102
242 12x10°% 58X107° 4.1x1072
243 7.0X10? 58%10%? 59x107!
244 5.4x10!
245 58X107'* 2.6x10°
246 58X107% 42%107!
unit : gr/MTU burnup : 40000 MWD/MTU

calculation : ORIGEN Il code
initial heavy metal : 1 metric ton

cooling time : 4 years
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Samarium isotopes(144, 148 and 150 in a mass
number) may be interfered in neodymium deter-
mination if contaminated. This effect was not con-
sidered in this work, because the peaks at 147
and 149 in a mass number were not detected in
mass spectrometry. Arsenazo Il coloring reagent
was also proved to be no effect in mass spec-
trometry. Table 3 showed the burnup data calcu-
lated using the isotope ratios by the Nd-148
method[12]. The result was in a good agreement
within 3.5 % of difference between this method

and conventional anion exchange method.

Absorbance
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Fig. 6. Separation of Pu, U and Nd from Irradiated
PWR Fuel
Sample : 20 «L of G23N1-3 Solution
Other Conditions : Same as in Fig. 5

Table 3. Comparison of Burnup Determined Between
Anion Exchange and lon Chromatographic

Method

Anion Ion Diff.(%)
Sample Exchange Chromatography (A—B)

(A) (B) 100/A
G23N1-3 40876.0 39444.2 3.50
G23N1-5 40236.6 39660.5 1.43

4-B 470.0 - -
unit : MWD/MTU
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4. Conclusion

Dynamic system using equilibrated cation ex-
changer was proved to be better in convenience
compared to a conventional anion exchange
method for the separation of burnup monitors in
an irradiated fuel. But uranium contamination to
plutonium fraction may be occurred by direct in-
jection of fuel solution without a group separation.
This problem will be overcome by increasing the
peak distance between two elements with an in-
jection after controlling the proper oxidation states
of the elements. This experiment is going on for
the futher development.
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