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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.
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Nuclear energy — Nuclear fuel technology —
Determination of plutonium in nitric acid solutions by
spectrophotometry
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5 Chemical conditions

5.1

Pu(VI)

2 mol

Stability of Pu(VI)

is very stable under the operating conditions of the method over

‘-1 < ¢(H*) < 5 mol-I-1.
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5.2 Rate of oxidation of Pu(IV) to Pu(VI)

The rate of oxidation by Ce(IV) decreases as the acidity increases. With the reagent quantities stated in
the method, the oxidation is complete in 2 min or more in 2 mol-1-1 or 3 mol-1-1 nitric acid.

As an example, the oxidation of Pu(IV) in 4 mol-1-1 nitric acid is complete in between 10 min and 15 min
when the Ce/Pu initial ratio is higher than 20[2].

With silver oxide, the oxidation is very fast, much faster than with Ce(IV).

In addition, the Ag2+/Ag* redox potential is higher than that of Ce4+/Ce3+ and is better adapted to cope
with the presence of organic traces in solution.

On the other|hand, cerium presents the advantage to be stable in sulfuric acid so that it can be.added as
a precise qudntity in solution.

5.3 Destriliction of the excess oxidant

With cerium|the excess reagent and product Ce(1ll), does not interfere (no absorption above 450 nm)
and does notjneed to be destroyedI[2].

With silver dxide as oxidant, the excess reagent shall be destroyed by reaction with a small excess of
sulfamic acid or rise of temperaturel2].

5.4 Compaprison of Ce(IV) and Ag(II)

As regards Hu(IV) oxidation into Pu(VI), the reactivity and.ise of Ce(IV) and Ag(II) are compafed in
Table 1, in order to guide the analyst in the selection of thehest reactant for oxidation.

Table 1 — Comparison-of Ce(IV) and Ag(1I)

Oxidizer Ag(1) Ce(1V)
Introdugtion of reactants - +
Spectifal interferences - +
Oxidizing power ++ +
Oxidation kinetics ++ -
Oxidizer fexcess destruction Sulfamic acid or rise of temperature Not necessary
Operatjing temperature Room temperature

5.5 Molarextinction coefficient of Pu(VI)

The nominal|molar-extinction coefficientVi.e. the molar attenuation coefficient of Pu(VI) in nitric acid
solution varigs-between 400 l:mol-1-cm-1 and 500 I-mol-1.cm-1[3], with a very narrow full width 3t half
maximum ( \A/HM) of about4 nm

The molar extinction coefficient and therefore absorbance depends upon a number of parameters, for
example:

— The nitrate ion concentration. The decrease in molar extinction coefficient becomes more
pronounced at higher nitrate levels. At about 3 mol-1-1 nitrate, an increase of 0,1 mol-I-1 in the total
nitrate content causes a decrease of about 0,7 % in the molar extinction coefficient.

— The acidity. This change is generally less than 0,1 % for a free acid change of 0,1 mol-l1-1. Thus the
influence of free acidity is an order of magnitude less than that of the nitrate content.

1) The molar extinction coefficient is the absorbance of light by a chemical species at a given wavelength and for
a 1 cm light path. It is an intrinsic property of the species. The SI unit of molar attenuation coefficient is the square
metre per mole (m2-mol-1), but in practice, it is usually taken as the mol-1-cm-2 or the l.mol-1-cm-1.
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— The temperature. The decrease in molar extinction coefficient is about 0,5 % per degree Celsius.

6

Reagents

6.1 General

All reagents shall be of analytical grade.

This procedure requires that measurements are made in nitric acid medium as this permits either
Ce(IV) or silver oxide to be used as oxidant and is convenient for most applications. Commonly the

sample—s—dihtedinto3—melll nitric acidTtisacceptable fouse Lol as gxidantat
and sjlver oxide as oxidant at high acidities provided that the concentration of the nitri¢
calibrjation is similarly adjusted.

6.2

Common reagents for methods using silver oxide or cerium as oxidant

6.2.1| Nitric acid, c(HNO3) = (3 = 0,05) mol-I-1. It can be prepared by-dilution of concel
acid ip water (6.2.2).

6.2.2| Water, complying with grade 3 of ISO 3696.

6.2.3| Reference solution, plutonium in solution in nitric'acid with a nitrate concent
to thgt of the sample to analyse.

The

‘ecommended minimum plutonium concentration is 5 mgl-1. For instance th|

concentration can be about 20 mg-1-1.

The glutonium reference solution used for the analysis can be prepared by dilution of a
refer¢nce mother plutonium solution.

6.3

Reagents for method using silver oxide as oxidant

6.3.1 Sulfamic acid ¢(NH2S03H) = 0,5 mol-1-1 solution in water.

It can|be prepared by dissolution of 48,5 g NH,SO3H in 1 | of water:

in a beaker, weigh48,5 g of NH2SO3H;

o8]

dd 800 ml ef water (6.2.2);

hpmogemnize;

low acidities
hcid used for

htrated nitric

ration close

e plutonium

roncentrated

trafsfer the solution into a 1 1 volumetric flask;

adjust the volume with water (6.2.2).

6.3.2 Silver (II) oxide (AgO) powder, fine black powder commercially available.

The protocol to prepare Ag0, if AgO powder is not available, is given in Annex A.

6.4 Reagents for method using Ce(IV) as oxidant

6.4.1 Nitric acid, c((HNO3) = 1 mol-I-1.

6.4.2 Cericammonium nitrate, (NH4)2Ce(NO3)e, orange-red, water-soluble cerium salt.
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6.4.3 Ce(IV), c(Ce4*) = 0,4 mol-1-1.

This reagent

can be prepared in a number of ways. One procedure can be as follows.

Dissolve 219,3 g of ceric ammonium nitrate [(NH4)2Ce(NO3)g] (6.4.2) in 600 ml of 1 mol-I-1 nitric acid
(6.4.1) and dilute to 1 1 with water (6.2.2).

Other preparation procedures can be acceptable. Depending on the needed volume of solution, the mass
and volume can be reduced or increased, e.g. both can be reduced by a factor of 10 for a 100 ml volume

preparation.

7 Appars

Usual nuclea

7.1 Spectr
spectrophotd
solutions an

a) Capable
b) Stable b:
c)
aminim
analysis

tus

' laboratory equipment.

ophotometer, with spectral slit width of 2 nm or better, doublézbeam g
meter, or equivalent, designed for measurements on fully contained’high beta-g;
| having, as far as possible, the following features.

pf performing absorbance measurements from 0,001 to 1,5.

1seline.

A measufrement spectral range of 800 nm to 860 nm shall be included. Usually, spectrometers

m capability of 190 nm and a maximum capability of:¥ 100 nm, or greater which allg
of other element or the study of potential method-interferences are convenient.

rating
imma

with
w the

7.2 Measurement cell, a static or a flow cell. Main characteristic is the optical path in the cell. Coinmon

cell have an ¢

ptical path of 1 cm but it can be greater to-enthance sensitivity (e.g. 3 cm or 4 cm).

7.3 Volumietric flasks, volume 50 ml, complying-with the requirements of ISO 1042.

7.4 Pipett

8 Test pr

e, volume 5 ml or less, with asampling uncertainty of + 1 % or less.

ocedure

The followinlg test procedure-is-given as an example. The varying concentrations or/and volum

particular c

ncentration afid/or volume of reference solution, flask volume and other equipme

conditions, may be modifiedif needed.

The spectro
relationship

bhotometer shall be calibrated with a plutonium calibration solution to determir
betweeh plutonium concentration and absorbance.

The frequen

es, in
ent or

e the

v of the calibration is chosen in accordance with the required accuracy of the analys

8.1 Preparation of the different solutions

8.1.1 Plutonium calibration solution

8.1.1.1 Oxidation by silver oxide

The plutoniu

Ina50mlvo

m calibration solution can be prepared as follows.

lumetric flask (7.3),

— introduce with a pipette (7.4) the desired volume, V19, of the plutonium reference solution (6.2.3),
commonly Vigis 5 ml,
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add a few ml of the 3 mol1-1 nitric acid solution (6.2.1) to clean the inner surface of the flask,

add the minimum amount (a few grain) of silver oxide powder (6.3.2) to give a persistent dark colour,
stir,

keep reacting for 5 min while stirring,

check that the solution is still a dark colour,

add, with a burette, 2 drops of sulfamic acid (6.3.1),

jon coefficient
therefore the absorbance (as an example, the addition of 12 drops of sulfamic acid reducesythe absorbance
by approximately 0,8 %).

hpmogenize until the solution becomes colourless, which shows that the excess of AgO has been
cpnsumed; if the excess of AgO is too high, the fading of the colour of theCsolution from dark to
cplourless will go through a brown colour. In this case, wait 2 min or 3 mih more,

o8]

djust the volume of the flask with 3 mol-1-1 nitric acid (6.2.1).

In order to keep the plutonium at the hexavalent state, it is mandatoty to perform the analysis within a
few hpurs following the addition of the silver oxide powder. Othefwise, repeat the valence adjustment

by adfling a few grains of silver oxide powder (6.3.2).

8.1.12 Oxidation by Ce(IV)
The plutonium calibration solution can be prepared asfollows.

In a 50 ml volumetric flask (7.3),

8.1.2| Saniple solutions

8.1.2{1 - Oxidation by silver oxide

introduce with a pipette (7.4) the desired volume, V1, of the plutonium reference solution (6.2.3),
bmmonly Vg is 5 ml,

(@]

afld a few ml of the 3 mol-1-1 njtric acid solution (6.2.1) to clean the inner surface of the flask,

dd 5 ml of the cerium (IV) solution (6.4.3),

QO

Stir,

=

pep reacting 5 niin while stirring,

Hjust the voluime of the flask with 3 mol-1-1 nitric acid (6.2.1).

o8]

The solution to analyse can be prepared as follows.

In a 50 ml volumetric flask (7.3),

introduce with a pipette (7.4) the desired volume, V1, of solution to analyse.

The analyst shall use available information to estimate the concentration of the sample and adjust
the volume V1, of sample (solution to analyse) so that the final concentration is likely to be less than
the calibration solution. If the result of the measurement shows that the sample concentration is
higher than expected and is above the concentration of the calibration solution (prepared in 8.1.1.1),
a new sample dilution shall be made to ensure that the concentration of the injected solution is less
than the concentration of the calibration solution.

© IS0 2019 - All rights reserved 5
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— Add a few ml of 3 mol-I-1 nitric acid (6.2.1) to clean the inner surface of the flask.

Then proceed in the same way as for the preparation of the calibration solution, from the addition
of silver oxide step (see preparation in 8.1.1.1).

V1 is chosen so that the plutonium concentration in the solution at the end of the preparation is lower
than that in the calibration solution.

If needed, the nitrate concentration should be adjusted to 3 mol:1-1, by the addition of nitric acid, of
appropriate concentration. The effect of the sample and standard matrices can be significant. It is
essential to match the matrix of both samples and standards to minimize the uncertainty of the
method. If no effort is made to match matrices, then the analyst shall carefully characterize the effect
or consequeice of the mismatch between matrices. For this reason, it is recommended that thenlitrate
concentratiop be adjusted to 3 mol-I-1.

8.1.2.2 Oxjdation by Ce(1V)

The solution|to analyse can be prepared as follows.

In a 50 ml volumetric flask, (7.3),

— introdude with a pipette (7.4) the desire volume, V1, of solution to analyse.

The analyst shall use available information to estimate the concéntration of the sample and adjust
the volume Vi, of sample (solution to analyse) so that the final concentration is likely to bl less
than thelcalibration solution. If the result of the measurementshows that the sample concentfation
is highefr than expected and is above the concentration<of the calibration solution (prepared
in 8.1.1.2), a new sample dilution shall be made to ensure that the concentration of the injected
solution|is less than the concentration of the calibration solution.

— Add a fey ml of 3 mol-1-1 nitric acid (6.2.1) to clean the inner surface of the flask.

Then pr¢ceed in the same way as for the pré€paration of the calibration solution, from the adfition
of Ce(1V) solution step (see preparation in 8.1.1.2).

V1 is chosen[so that the plutonium concentration in the solution at the end of the preparation is flower
than that in fhe calibration solution.

If needed, the nitrate concentration ‘should be adjusted to 3 mol-1-1, by the addition of nitric a¢id, of
appropriate [concentration. TheZéffect of the sample and standard matrices can be significan{. It is
essential to |match the mattix of both samples and standards to minimize the uncertainty ¢f the
method. If n¢ effort is madeto match matrices, then the analyst shall carefully characterize the effect
or conseque{ce of the mismatch between matrices. For this reason, it is recommended that the nfitrate
concentratiop be adjusted to 3 mol-l-1.

8.2 Spectraphotometer setup

Adjust the spectrophotometer baseline between 800 nm and 860 nm after filling the reference vial and
the sample vial with nitric acid 3 mol-1-1 (6.2.1) and scanning the spectrum.

Other adjustments of the spectrophotometer (e.g. slit width and height) shall be previously chosen to
obtain the Pu(VI) peak under optimum conditions and shall be strictly the same for all measurements.

8.3 Measurements

8.3.1 Background measurement
— Fill the reference vial or flow cell with nitric acid 3 mol:1-1 (6.2.1).

— Record the spectrum between 800 nm and 860 nm.

6 © IS0 2019 - All rights reserved
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Typically it is recommended that background stay below 1 x 10-3 with variation around 1 x 10-4.

8.3.2

Measurements on the calibration solution

to 8.1.1.

Record the spectrum between 800 nm and 860 nm.
Measure the absorbance of the Pu(VI) peak at 830 nm.

In case of flow cell, rinse it with nitric acid 3 mol-1-1 (6.2.1).

Fill the test sample vial or flow cell with the plutonium calibration solution prepared according

The 1
wave
meth
the b:

heasurement of the absorbance can be done with the trapezoid method using-a
engths to determine the height of the peak (maximum absorbance) or with oth
pds that are equally valid. The chosen points on both sides of the peak should-bé repr
ickground.

To improve the result with the trapezoid method, using a range of 3 to 5 wavelengths can b

deter

In ca

(back
on th

In bo
which
were
calib
abson

If the
caliby

Ther
acon

8.3.3
F
F

M

ine the height or area of the peak.

ke of a flow cell, proceed the same way after filling the, céll, first with nitric
ground), secondly with the plutonium calibration solution./Fhe volume of solution ne¢
e measurement loop volume.

'h cases, check that the ratio of absorbance to Pu éoncentration for the calibration
the plutonium concentration is known is in accofdance with the expected one i.e.
measured earlier. For example, for a measurement cell with a 3 cm optical path, fi
ation solution concentration about 20 mg-1-1;the absorbance can be around 1 x 103

bance to Pu concentration is around 5 x 10:4).

spectrophotometer is permanently.in eperation, these controls (background and a
ation solution) can be performed regularly for instance once per shift.

htio of absorbance to plutonium concentration for the calibration solution can be follo
rol card with alarm and alext thresholds.

Measurements on-the sample solution
11 the test sample wial with the sample solution prepared according to 8.1.2.

11 the refereficevial with nitric acid 3 mol-1-1 (6.2.1).

Rlecord the spectrum between 800 nm and 860 nm.

easure the absorbance of the Pu(VI) peak at 830 nm.

[ least three
br statistical
esentative of

e required to

hcid solution
ded depends

solution for
the ones that
br plutonium
(the ratio of

bsorbance of

wed by using

The s

pectrunT amatysis by the trapezoid method or withrother statisticat methods thratare

should be carried out in the same way as for the calibration solution.

9 Expression of the result

9.1

Calculation of the concentration of plutonium in the sample

The concentration of plutonium in the sample to analyse is obtained using Formula (1):

D
[Pu]x :[Pu]e xD—Zx ”

Vi, Vo

1 Voo

where
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[Pu]e is the plutonium concentration in the reference solution;

[Pu]y is the plutonium concentration in the sample solution;

is the volume of the reference solution added to flask;

is the volume of the sample solution added to flask;

ample of 8.1.1);

is the make-up volume of the calibration solution without addition in flask (50 ml in the ex-

V1o

1

V20

%) is

of

De is

Dy is
9.2 Reprg
The reprodu

place. It shal

he make-up volume of the sample solution without addition in flask ('3() mlin the ex

8.1.2);

the absorbance on the plutonium peak in the calibration solution;
the absorbance on the plutonium peak in the sample solution.
ducibility

Cibility of this method depends on the apparatus used and the arrangement of the wa
be determined for each installation.

As an example, in hot cell or gloves box, for Pu concentration under.Q,5mg:1-1, the reproducibility

method desc

ribed in this document can be lower than 10 % (with.coverage factor k = 2).

If needed, imjproved reproducibility can be achieved with specific care.

9.3 Detec
The detectio
— the optid

the reso

the matn

For a 3 cm ¢
absorbance 4

In the condit
to 8.1.2), the
3 mol-1-1 sold

For sample f
between 0,5

Lion limit

h limit, i.e. the minimum absorbance that'can be detected, depends mainly on:
al path in the measurement cell;

ution of the spectrophotometer:

ix to be analysed.

ptical path measurement cell (7.2), a spectral slit width 2 nm spectrophotometer
round 1 x 10-4 canrbe achieved for pure plutonium in 3 mol-1-1 nitric acid solution.

ions described-in this document (dilution 10 of the sample prior to the analysis acca
detection. limit of the method can be around 0,2 mg:1-1 for pure plutonium in nitri
tion.

Fornthe process, depending on the matrix, the detection limit can be increased to a

mple

rking

of the

(7.1),

rding
c acid

value

10 Interfe

mgd-1and 1 mg-1-1

rences

10.1 Anions

Any anions likely to form complexes with the (Pu02)2+ion can interfere by changing the molar extinction
coefficient i.e. the molar attenuation coefficient. Anions forming complexes with Pu(IV) or Ce(IV) can
interfere with the oxidation by cerium. Tests have been made leading to the following conclusions:

— Perchlor

ate ions (C10 ;) do not interfere even at a concentration of 0,1 mol-1-1.
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The concentration of nitrate ions (NO3) has a major influence on the molar extinction coefficient
(see 5.4).

Fluoride ions (F-) have a very large effect in the absence of complexing cations with the AgO
oxidation method: fluoride ions should be complexed by replacing some of the 3 mol-1-1 nitric acid in
the method by the mixture 0,1 mol-1-1 Al (NO3)3 - 2,7 mol-1-1 HNO3, in order to obtain an aluminium/
fluoride ratio of at least 3. Under these conditions there is no interference.

Chloride ions (CI-) can form a complex with Pu(VI) and precipitate silver, but they are not present in

process solutions.

a
4
q

T
n
e
14

10.2

The P
by ab
the ag

If the
assocC

ions f

Tests

P
r
S

T
C
T

e concentration of sulfate ions (SO i‘) should be established and the calibration sh¢uld be made

;‘;lhthe same medium, since sulfates influence the molar extinction coefficient. For ‘ex

bout 298 m2-mol-1 in 0,5 mol-I-1 of H,SO4 and 4 mol-1-1 of HNO3 compared witl 454

hmple, this is
m2-mol-1in

mol-1-1 of HNO3 (the peak develops a shoulder at 834 nm). Moreover, sulfates can impede the

pantitative oxidation of plutonium by Ce(IV).

bsts have shown that the presence of 2 x 10-4 mol of phosphate (P@ i_) in the samplég

pt impede the quantitative oxidation of 4 mg of plutonium by Ce {IV) and does not aff
ktinction coefficient of Pu(VI). Only a very slow precipitation of-cerium has been obs
vels normally present in plant inlet solutions (about 10-5 me}1-1), there is no effect.

Cations

u(VI) peakis very specific. The presence of a cation'which absorbs at 831 nm is gener

aliquot does

bct the molar
erved. At the

ally revealed

sorption between 800 nm and 810 nm or 850 nim and 860 nm; in this case it is possible to estimate

Iditional contribution to the 831 nm peak froim the absorption measured at 800 nm d

concentration of interfering cations isdarge, it is necessary to take into account thg
jated with these cations when adjusting the final nitrate ion concentration. For examj

br one UO 5 ion.
have been made leading tp-the following conclusions:

rotons (H*) have a very-small influence on the molar extinction coefficient. It is
bcommended to operate with a concentration of free protons below 1 mol:1-1 because t
becies become less\stable.

he molar extinction coefficient of Fe3+ is constant between 800 nm and 860 nm.
hromiuth ions (Cr) do not interfere even at a chromium/plutonium ratio of 10.

he.concentrations of Mn, Ni, and Cu ions in reprocessing solutions are usually suffici

r 860 nm.

nitrate ions
ple: two NO 3

however not
he plutonium

ently low not

to eause any problems.

Molybdenum ions (Mo) do not interfere even at a molybdenum/plutonium ratio of 5.

Sodium ions (Na) do not interfere even at a sodium/plutonium ratio of 2 x 104.

nitrate.

Neptunium ions (Np) do not interfere, even at a neptunium/plutonium ratio of 1 000.

It is possible to measure 25 pg-g-12) of plutonium in uranium (U), taking into account the associated

Aluminium ions (Al) do not interfere, even at an aluminium/plutonium ratio greater than 100.

2) The unit pg g-1is a quantity of dimension 1 (dimensionless), and is equivalent to the deprecated unit “ppm”.
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— For an americium (Am)/plutonium ratio of about 10, there is 5 % interference (if no precautions are
taken in the chart measurements). The americium content of reprocessing solutions is sufficiently
low not to cause interference.

— Fission neodymium (Nd) does not cause any interference with reprocessing plant feed solutions
provided that it is not used as an internal standard.

Reducing agents in very large amounts consume Ce(IV); the volume of ceric nitrate solution in the
oxidation step should then be increased.
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