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A coupled column liquid chromatography system was applied for the separation of the burnup monitors in
spent nuclear fuel sample solutions. A reversed phase column was studied for the adsorption behavior of uranyl
ions using a pha-hydroxyisobutyric acid as an eluent and used for the separation of plutonium and uranium. A
cation exchange column prepared by coating 1-eicosylsulfate onto the reversed phase column was used for the
separation of the lanthanides. In addition, retention of Np was checked with the reversed phase column and
cation exchange column, respectively, according to the oxidation states to observe the interference effect for
the separation of burnup monitors. This chromatography system showed a great reduction in separation time
compared to a conventional anion exchange method. A good agreement from the burnup data was obtained
between for this method and a conventional anion exchange method to within 1% of a difference for the spent
nuclear fuel samples of about 40 GWD/MTU.
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Introduction

Burnup determination is one of the important works
related to the studies for the spent nuclear fuel charac-
terization.! For this work, the determination of fisson
product, and heavy elements such as plutonium and uranium
is required in the nuclear fuel samples. Of the fisson
products, neodymium (**3Nd) is well known to be used as a
burnup monitor and the amount of *Nd as well as
plutonium and uranium are used for the burnup calculation
after the determinations by a mass spectrometry.? Generally,
anion exchange chromatography has been used for the
separation of lanthanides, plutonium and uranium in spent
nuclear fuel solutions.? However, this method is time-
consuming and a laborous operation. Therefore, high
performance liquid chromatography has been applied to the
separation of the lanthanum in uranium-thorium oxide fuel
for the burnup measurement and metal impurities for the
quality control of afuel fabrication®®andtransition metalsin
water and food.® Charles A. Lucy et al. developed a coupled
column system which is areversed phase column coupled to
a cation exchange column and was used for the determi-
nation of atrace amount of lanthanides and transition metals
in uranium matrix sample solutions using apha-hydroxy-
isobutyric acid (HiBA) as an eluent.® That is, the lanthanides
and transition metals were individualy separated on the
cation exchange column after the uranium matrix was
removed by adsorption onto the reversed phase column.

For the burnup determination of spent nuclear fuels by
liquid chromatography, a large sample size of uranyl
solutions would be injected onto the column because the
neodymium content which is a burnup monitor is very low
in the spent fuel compared to the uranium content.

Consequently, the capacity of the column should be
measured to estimate an appropriate sample amount to be
injected. In high concentration liquid chromatography, the
retention time and the bandwidth are dependent on the
amount of the sample size.”

Accordingly, in this study the elution behavior for alarge
sample size of uranyl ions on the reversed phase column was
studied using the HiBA eluent with regards to the column
capacity, pesk shape, retention time etc. In addition, the
retention of Np was aso checked with a reversed phase
column and a cation exchange column, respectively, to
observe the interference effect on the separation of the
€lements associated with the burnup determinations such as
neodymium, plutonium and uranium. The separation of
lanthanides was performed on the cation exchange column
to obtain the optimum separation condition by applying
isocratic or stepwise gradient elution of the HiBA euent.
Finally, a coupled column liquid chromatography system
was applied to the separation of Nd, Pu and U from the spent
nuclear fuel sample solutions by a stepwise gradient elution
of the HiBA euent for the burnup determination.

Experimental Section

Reagent and appar atus. Theion chromatography system
of the Metrohm company consisted of a 709 IC pump, 733
IC separation center, 812 IC injection valve, 816 IC eluent
selector, 752 perigtatic pump unit, 762 IC interface and a
Lambda 1010 UV/Vis detector (Bishoff Co). This system
was controlled by IC Net 2.1 Metrodata software installed in
a personal computer. A LC-18 column (15 cm x 0.46 cm, 5
um particle size, Supelco Co.) was used as the reversed
phase column and a base material for the cation exchange
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column. A solenoid switching valve (Cole-Parmer Instru-
ment P/N# 98300-02, 12V DC) was used for the fraction
collection of the elements separated and a thermoionization
mass spectrometer, Finnigan Mat 262 of the Finnigan Mat
Co, was used for the measurement of the isotope ratios of the
elements.

Alpha-hydroxyisobutyric acid from the Aldrich Chemical
Co (99%) and 1-eicosylsulfate (CxoH41SO47) from the Sigma
Chemical Co were used as an eluent and a cation exchanger,
respectively. 2.2-[1.8-dihydroxy-3.6-disulfo-2.7-naphthaene-
bis-(azo)] dibenzene arsonic acid (Arsenazo 1I1) from the
Sigma Chemica Co was used as a coloring reagent for the
detection of the eements. Plutonium, uranium and
lanthani des were detected by an absorption of 658 nm after a
post-column reaction with Arsenazo Ill. Acetonitrile from
the Kanto Co and methanol from the Oriental Chem. Ind.
were used as a coating solvent for the cation exchanger and
an organic modifier of the euent, respectively. Deionized
water for all the experiments was used after treatment with a
Milli-Q Water System (Millipore Co). Working solutions of
the uranium and lanthanides were prepared by adilution of a
standard solution (10000 gg/mL or 1000 ug/mL, Spex Co)
to an appropriate concentration. The standard solutions of
the plutonium and neptunium were prepared by adissolution
of PuO, (NBL, CRM No 122) and a dilution of Z’Np stock
solution (DAMRI, CEA, France), respectively.

Experimental procedure. Uranyl solutions were injected
onto the reversed phase columns as a variaion of the
uranium amount from 0.01 to 0.6 mg using different
concentrations of the HiBA eluents. Column capacities were
obtained from the loading factors which were measured
from the retention times of the pesks. In addition, the
retention behavior of the neptunium species was studied
according to the oxidation states on the reversed phase
column and the cation exchange column, respectively, using
the HIBA eluent. A chromatographic system with a coupled
column was used after modification from that reported in
other's work® and applied to the separation of the plutonium,
uranium and lanthanides.

The uranyl sample solution was made to be 0.1 M HiBA
of pH 3.0 in order to quantitatively make the uranyl-HiBA
complex prior to injection. Uranium sample solutions
containing plutonium and lanthanides were injected and the
elements were separated by a stepwise gradient of the HiBA
eluent as shown in Table 1. Finally, the spent nuclear fuel
sample solutions were injected after an optimum separation
condition was obtained. The fraction of each element was
collected using a solenoid switching valve and determined
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by an isotope dilution mass spectrometry for the burnup
data.

Results and Discussion

Adsor ption behavior of the uranyl ions on therever sed
phase column. A study of the adsorption behavior of alarge
amount of uranium on the reversed phase column isrequired
for the separation of the actinides and lanthanides. Column
capacities were measured to estimate a maximum sample
amount for an injection from the retention times of the
pesks.”® In Figure 1 and Figure 2 the overlays of the
chromatograms are shown with an increasing of the uranium
amount injected from 0.01 to 0.6 mg using 0.25 M and 0.025
M HiBA as the duents, respectively. As shown in Figure 1
and Figure 2 the retention times of the peaks decreased with
an increasing of the sample amount, and the peak shapes
with a rectangular triangle type (Fig. 1) is known to be a
convex isotherm such as a Langmuir isotherm and the
concave peak shape with tailing in Figure 2 is explained due
to the decreasing influence of the column efficiency with an
increasing of the loading factor at alow concentration of the
eluent.”® In these eluent conditions, column capacities were
measured from the loading factors using equations (1) and
(2).”® Where, L is the loading factor, t; is the retention time
of the peak, t, is the injection time of the sample solution, t;,
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Figure 1. An overlay of the chromatograms of uranium on the
reversed phase column. column; LC-18 (15 cm x 0.46 cm, 5 um
particle size), eluent; 0.25 M HiBA, pH 3.8, flow rate; 1 mL/min.,
sample injected; 100 4L of U in 0.1 M HiBA matrix at pH ~3,
detection; 414 nm.

Table 1. Stepwise gradient elution for the separation of Pu, U and |anthanides from the spent nuclear fuel sample solutions

Time (min) Eluent RPC CEC
0-6 0.025 M HiBA, pH 3.8 adsorption of Puand U adsorption of lanthanides
6-25 0.1 M HiBA, pH 3.8 - separation of lanthanides
25-37 0.1 M HiBA-25% CH30H, pH 3.8 elution of Puand U -
37-42 0.1 M HiBA-25% CH30OH, pH 3.8 column washing -

*RPC: reversed phase column (LC-18, 15 cm x 0.46 cm, 5 um particle size), CEC: cation exchange column (1-eicosylsulfate coated onto LC-18)
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Figure 2. An overlay of the chromatograms of the uranium on the
reversed phase column. eluent; 0.025 M HiBA, pH 3.8, other
condition; sameasin Figure 1.

Le=[1—[(t — to — tp)/(tro — to)] ]Jz]z )
Capacity = CmoV/Ls @

and t, are the retention times of the anaytica sample size
and at a solvent peak, respectively, Cnyo is the concentration
of the sample injected, and V is the volume of the sample
injected. The reversed phase column with a 5 um particle
size used in thiswork showed similar capacities such as ~13
mg U and ~14 mg U according to the eluent concentration
of 0.25 M HiBA and 0.025 M HiBA, respectively. It took
about 50 min until the uranyl ion was euted completely at
0.025 M HiBA duent as shown in Figure 2. However, in the
case of adding a strong organic solvent such as methanol to
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Figure 3. Chromatogram of lanthanides separated on the cation
exchange column. column; 1-eicosylsulfate coated onto LC-18,
eluent; 0.1 M HiBA, pH 3.8, sample injection; 20 xL of 2 ug/mL
each lanthanide, flow rate; 1 mL/min, detection: 658 nm after post-
column reaction with Arsenazo 1.
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the eluent, the eution time was greatly decreased and the
peak shape was sharpened as well. In this study, the
plutonium and uranium adsorbed onto the reversed phase
column were quantitetively removed within 7 min at aflow
rate of 1 mL/min using the eluent of 0.1 M HiBA containing
25% CH3OH (Table 1 and Fig. 7). Accordingly, at the
condition of 0.025 M HiBA €eluent, the sample amount to be
injected can beincreased up to 3 mL of 5 mg U/mL solution
and the measured capacities were dightly lower than that
reported in other work.®

Separation of the lanthanides on the cation exchange
column. An individua separation of the lanthanides using
HiBA eluent on the cation exchanger has been reported to be
most effective.® Especially, a high capacity column has a
shortcoming in that it causes a bad resolution due to peak
broadening and a long retention time. Accordingly, an
equilibrated ion exchanger which is an ion pairing reagent
having a relatively shorter akyl chain (Cs~Cg) has been
added to the eluent or a permenantly sorbed ion exchanger
which is an ion pairing reagent having a longer alkyl chain
(C20~Cuo) has been coated onto reversed phase column to
increase the resol ution and decrease the retention time.* The
advantage of this kind of ion exchanger is to control easily
the column capacity by varying the concentration of the ion
pairing reagents to be added.’®* and another advantage is
given to the radioactive samples because the functiona
group of the ion exchanger damaged by radiolysis can be
easily refilled.

In this work, the cation exchanger was prepared by
coating 1-eicosylsulfate onto the LC-18 column' The
prepared column capacity was ~0.1 meg which is much
lower than that of a commercia ion exchanger. For a low
capacity column where an ion exchanger is coated at the
surface of the octadecyl phase, it gives a high resolution
between the peaks due to afaster masstransfer at the surface
of the ion exchanger.™ In Figure 3, 40 pg each of 12
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Figure 4. Chromatogram of lanthanides separated by a stepwise
gradient elution of HiBA eluent. sample injected; 20 pL of 2 ug/
mL each lanthanide, flow rate; 1 mL/min, gradient condition; same
asinTable 1.
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lanthanides were individually resolved to the baseline by an
isocratic eution of 0.1 M HiBA (pH 3.8) asan eluent. Figure
4 shows the chromatogram of the lanthanides obtained by a
stepwise gradient of the eluent concentration &t the condition
as shown in Table 1. As shown in Figure 4 the totd
lanthanides were aso individually separated. However, the
basdine is not constant due to the difference of the
absorbance in the detector caused by avariation of the eluent
concentrations during the chromatography.

Elution behavior of Np species. Elution of Np was
peformed on the reversed phase column and cation
exchange column, respectively, to observe the interference
effect for the separation of the neodymium, plutonium and
uranium from the spent nuclear fuel sample solutions. The
neptunium exists as Np**, Np*, NpO*, NpO;** and NpOs*-
in an agueous solution and the NpO," mainly exists in a
dilute acid solution.> The neptunium species were
chromatographed at some oxidation states. Figure 5 shows
the chromatograms obtained from the injection of the Np
sample solutions on the reversed phase column at different
eluent concentrations and sample matrix. In Figure 5a, a
single peak, NpO;", was observed at a solvent peak position
(2.15 min) while two peaks were observed at dilute eluent
concentration as shown in Figure 5b. The small peak with
longer retention time in Figure 5b seems to be NpO,%*. This
NpO.** pesk was confirmed by comparison with Figure 5¢
which was obtained from the injection of the Np solution
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Figure 5. Chromatogram of Np species obtained on the reversed
phase column. column; LC-18 (15 x 0.46 cm, 5 um particle size),
sample injection: 100 xL, Flow rate:1 mL/min., Detection: 658 nm
after post-column reaction with Arsenazo Il (a) eluent; 0.1 M
HiBA pH 3.8, sample; 4.3 g Np/mL in 0.1 M HiBA (b) eluent;
0.025 M HiBA pH 3.8, sample; 4.3 g Np/mL in 0.1 M HiBA (c)
eluent; 0.025 M HiBA pH 3.8, sample; 66.6 xg Np/mL oxidized by
KBrOzin 0.1 M HiBA, (d) eluent; 0.025 M HiBA pH 3.8, sample;

3.4 ug Np/mL in 0.01 M HNO3
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after oxidation with KBrOs at the same conditions as in
Figure 5b. In Figure 5¢c the NpO.** pesk is higher even
though it is not resolved from the NpO,* peak. However, the
NpO2** pesk was resolved to the basdline at the sample
matrix of dilute nitric acid as shown in Figure 5d. The longer
retention time of NpO,?* than NpO," seems to be due to the
stronger adsorption of the NpO,**-HiBA complex onto the
reversed phase column than the NpO,"-HiBA complex
because of the higher stability constant of NpO,** with
HiBA.1314

Figure 6(a-c) show the chromatograms of NpO;" and
NpO,** obtained on the cation exchange column. In Figure
6a a single peak of the NpO;" with retention of about 2 min
was observed at the condition of 0.1 M HiBA euent.
However, as shown in Figure 6b at alower concentration of
the eluent, 0.025 M HiBA, two pesks, NpO." and NpO,?*,
were observed at the same condition as in Figure 6a. The
pesk with longer retention time seems to be NpO,?*. The
retention time and peak shape at alower concentration of the
eluent (Fig. 6b) were longer and broader than those at the
higher concentration of the eluent (Fig. 6a). In Figure 6¢ the
NpO2** pesk which was obtained after oxidation by bromate
prior to injection was increased compared to that in Figure
6h.

The results obtained above said that the retention time and
the peak shape of the Np species on the cation exchange
column were longer and broader than those on the reversed
phase column. The reason for the peak broadening on cation

300 300
a b)
50] (@ 50 ] (b)
@
© 200- 2004
g .
£ 1504 NeO; 150 -
(o]
2100+ 100+ .
< NeOS
50 50 N, NP0,
0 0 L) L T
0 50 100150200250300350 0 50 100150200250300350
Retention time, second Retention time, second
1200 600
C d
1000- 1 500 . @
(0] NP,
O 800+
c
8 600
S Fe™-HiBA
g 400 4
< 200.] Np*
04

0 200 400 600 800 10001200
Retention time, second

0 50 100150200250300350

Retention time, second
Figure 6. Chromatogram of Np species obtained on the cation
exchange column (a-c) and reversed phase column (d). (a) eluent;
0.1 M HiBA, pH 3.8, sample; 4.3 ug Np/mL in 0.1 M HiBA, (b)
eluent; 0.025 M HiBA, pH 3.8, sample; 4.3 ug Np/mL in 0.1 M
HiBA, (c) eluent; 0.025 M HiBA, pH 3.8, sample; 33.3 1g Np/mL
oxidized by KBrOz in 0.1 M HNO;, (d) eluent; 0.16 M HiBA-4%
CH30H, pH 3.8, sample; 26.6 1g Np/mL reduced with F€** in 0.1
M H,S0O, other conditions, same asin Fig. 5.
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exchange column at alow concentration of the eluent seems
due to the mixed effect of the ion interaction between the
metal ion and the counter ion of the cation exchanger, and
the hydrophobic interaction between the metal-HiBA
complex and the long alkyl chain of the cation exchanger.
But the exact reason was not identified in this study. In
Figure 6d the Np*" peak was obtained on the reversed phase
column after reduction of NpO,* with the ferrous iron. It
showed along retention time (~13 min) at the eluent of 0.16
M HiBA containing 4% CH3zOH. The long retention time of
Np* seems to be due to strong adsorption of Np*-HiBA
complex onto the reversed phase column. The retention time
of Np*" was shortened (~3 min) a the 0.1 M HiBA duent
containing 25% CH3OH and grestly increased (>25 min) at
the lower concentration of HiBA (0.025 M), respectively.
The retention times of the Np* and NpO," observed in
Figure 6d were in a good agreement with those reported in
other work.®®

Separation of the burnup monitors on the coupled
column. A stepwise gradient elution of the HiBA euent
concentration was attempted to separate the lanthanides,
plutonium and uranium from a synthetic sample solution
using a coupled column system as shown in Table 1. As a
first step 0.025 M HiBA (pH 3.8) duent flowed through
both the reversed phase column and the cation exchange
column in series for 6 min after an injection of the sample
solution. At this step uranium and plutonium are adsorbed
onto the reversed phase column and the lanthanides are
retained on the cation exchange column after passing
through the reversed phase column because the formed
uranyl-HIBA complexes stay onto the reversed phase
column during this time as shown in Figure 2 and the
lanthanides don't make neutral complexes with HiBA at a
low concentration of HiBA due to their lower stability
constants.™® As a second step 0.1 M HiBA only flowed
through the cation exchange column for 19 min to separate
the lanthanides individually as shown in Figure 4. Asfor the
third step 0.1 M HiBA containing 25% CH3OH only flowed
through the reversed phase column for 12 min to elute the
plutonium (~29 min) and uranium (~31 min) adsorbed, and
for 5 min additionally for the column washing. Finaly, the
eluent condition returned to the original state and was
maintained for 20 min to make the system equilibrated. At
this duent condition, plutonium ions elute earlier than
uranyl ions because the stability constant between PuO,?*
and HiBA is higher than that between UO,%* and HiBA .®

The eution of Np was aso performed individualy using
the coupled column liquid chromatography. Neptunium was
eluted a a short retention time (~5 min) through both the
reversed phase column and the cation exchange column
using 0.025 M HiBA eluent at aflow rate of 1 mL/min. The
retention time of Np is expressed as sum of the retention
times on both the two columns, which was previoudy
discussed in Figure 5 and 6.

In Figure 7, a good separation of Np, Nd, Pu and U was
obtained with the retention times of 5.5 min, 14.7 min, 29.6
min and 31.1 min, respectively, from a synthetic sample
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solution which was prepared to be 0.12 ug/mL of Np, 0.1-
0.6 ug/mL of lanthanides, 2.5 xg/mL of Pu and 250 pg/mL
of U. The heavier lanthanides were not resolved individualy
because only anisocratic elution of 0.1 M HiBA was applied
in this system. However, this isocratic eution has no
problem for the separation of Nd followed by the
determination of “®Nd by mass spectrometry for a burnup
determination. In the case of the samples containing Am and
Cm, these elements were reported to elute at the retention
time ahead of UO,?* on the reversed phase column®™ and at
the position of Eu and Gd ahead of Nd on the cation
exchnage column,’® respectively, using the HiBA euent.
Accordingly, based on the results studied until now, the
actinides such as Np, Am and Cm have been proved not to
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Figure 7. Separation of Np, Pu, U and lanthanides in synthetic
sample solution by stepwise gradient elution. sample: U 250, Pu
25,Np0.12,La0.3, Ce0.6, Pr0.3,Nd 1, Sm 0.2, Eu0.1, Gd 0.1,
Tb 0.1, Dy 0.1, Ho 0.1, Er 0.1, Tm 0.1 and Lu 0.1 zg/mL, gradient
condition; same as in Table 1, sampleinjection; 100 L, flow rate;
1 mL/min., detection; 658 nm after post-column reaction with
Arsenazo Il1
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Figure 8. Separation of Nd, Pu and and U in the spent nuclear fuel
sample solutions for burnup determination using coupled column
liquid chromatography. sample name; J14E11(No4), elution
condition; same asin Table 1, sample injection; 1000 4L of 0.1 M
HiBA matrix, pH 3.0, Flow rate; 1 mL/min., detection; 658 nm
after post-column reaction with Arsenazo 111
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Table 2. Burnup data for the spent nuclear fuel samples determined
by coupled column liquid chromatography
Unit: MWD/MTU

oot SO e
Sample 100(A-B)/B
(A) (B)
JI4E11(No4) 35897.3+ 707 36200 -0.8%
JI4E11(No 7) 36334.7 36200 +0.4%
JI4E11(No 9) 39037.1 39000 +0.1%

interefere for the separation of Nd, Pu and U from the spent
fue sample solutions by a coupled column liquid
chromatography. A full procedure for the separations was
finished within about 40 min of the running time. Especially,
in this study the stepwise gradient elution was selected rather
than a linear gradient elution because this elution technique
gives a better reproducibility for the retention time of a
burnup monitors even though the linear gradient eution
shows a better resolution for an individual separation of the
total lanthanides.

In Figure 8 the spent nuclear fue sample solution was
applied for the separation of Nd, Pu and U. The contents of
18Nd, Pu and U were determined by an isotope dilution
mass spectrometry after separation and collection.

Especially, more attention was paid in this work to get rid
of the memory effect caused by a high concentration of
uranium matrix by flowing an excess amount of the eluent
prior to another sample injection. Any chromatographic
problem associated with an injection volume was not
observed up to 1 mL of the sample solution in which
uranium concentration was about 150 pg/mL. The amount
of Nd(**¥Nd), Pu and U separated were determined by mass
spectrometry and the burnup was calculated using equation
(3)%. Where, BU s the burnup (atom % fission), N is the
atom number of the burnup monitor (*¥Nd), Y is the fission
yield of the burnup monitor (**Nd) and HE is the atom
number of the heavy elements (Pu and U). In Table 2 the
burnup data determined by this method is shown and the
results showed a good agreement to within 1% of a
difference between this method and the conventional anion
exchange method.

_ _(N/Y)100
BU = (HE + N/Y) ®)
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Conclusion

A coupled column liquid chromatography system was
successfully applied for the separation of burnup monitors
such as lanthanides and actinide elements in spent nuclear
fuel sample solutionswith a short separation time by asingle
injection of the sample solution. This separation method aso
showed a good reliability and much convenience when
compared to a conventional anion exchange method for
burnup determinations.

In the future, this method will contribute to the service
activities for burnup determinations of spent nuclear fuel
samples and also contribute to a spent fud's characterization.
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