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Foreword

[SO (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.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
of ISO document should be noted. This document was drafted in accordance with the editorial rules of the
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hent was prepared by Technical Committee ISO/TC 85, Nuclear energy, nuclear techng
[ protection, Subcommittee SC 5, Nuclear fuelcycle, in collaboration with the European
rdization (CEN) Technical Committee GEN/TC 430, Nuclear energy, in accordanc
on technical cooperation between ISO.and CEN (Vienna Agreement).

W edition cancels and replaces the'third edition (ISO 12183:2016), which has been

hanges are as follows:
5 1 and 2 have been revised to resolve errors introduced in the third edition of this do

ty values and uncértainties values have been reformatted to comply with requir
ly stating thesevalues with SI units;

al changeswwere made throughout the document to ensure clarity of the instructions;

with optional spellings were corrected to match ISO/IEC guidance;

logies, and
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b with the

technically

fument;

bments for

itienal key step was added to Clause 4 to indicated that the moles of plutonium o

such as mass spectrometry or process knowledge;

addition to the mass of plutonium in milligrams;

Clause

12 has been added to discuss traceability to SI units.

a formula has been added to 8.4 to calculate the amount of substance of plutonium in millimoles in

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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:2024(en)

Nuclear fuel technology — Controlled-potential coulometric
measurement of plutonium

1 Scope

This document specifies an analytical method for the electrochemical measurement of pure plutonium

nitrate sol
level of 0,9
containing
15 mg. Apyj
containing
data qualit

2 Norm

There are po normative references in this document.

3 Term

No terms ajnd definitions are listed in this document.

ISO and IE
ISO On

IEC El4

4 Pringiple

The key st¢

test sa
sulfuri
nitratq

if need
eluted

TtIOTTS Of TTuctear grade, Witht aIm exparded uncer tainty ot exceeding 0,296 at tie
b for a single determination (coverage factor, k = 2). The method is applicable for aqueoy
plutonium at more than 0,5 g/l and test samples containing plutonium between
lication of this technique to solutions containing plutonium at less than 0,5 g/1.dnd t¢
plutonium at less than 4 mg requires experimental demonstration by thelvser that
y objectives will be met.

ative references

s and definitions

[ maintain terminology databases for use in standardization at the following addresse

line browsing platform: available at https://www.iso.org/obp

ctropedia: available at https://www:electropedia.org/

bps and their purposes dreoutlined below:

mples are prepared-from homogenous solutions by weighing and then fuming to dr
c acid to achieve a stable anhydrous plutonium sulfate salt that is free from chlorid
, nitrite, hydroxylamine, and volatile organic compounds;

ed to remoye interferences, dissolve test samples and purify by anion exchange, the
plutoniunt solution in the presence of sulfuric acid to obtain the anhydrous plutonium s

measul
the ele

confidence
s solutions
4 mg and
st samples
applicable

2]

yness with
e, fluoride,

n fume the
ulfate salt;

re-the's

upporting electrolyte blank and calculate the background current correction aj
< of the tost sz : ) : S idua |

dissolve the dried test sample in the previously measured supporting electrolyte (the blank);

bplicable to

reduce the test sample at a controlled potential that electrolyses the plutonium to a Pu3* amount of

substance fraction greater than 99,8 % and measure the equilibrium solution potential at the end of this
step by control-potential adjustmentl2l;

oxidize the test sample at a controlled potential that electrolyses the plutonium to a Pu** amount fraction

greater than 99,8 % and measure the equilibrium solution potential at the end of this electrolysis by

contro

l-potential adjustment;

correct the integrated current (integrator output from the test sample) for the background current,

including the residual current corrections, and for the amount fraction of plutonium not electrolysed;

© IS0 2024 - All rights reserved
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calibrate the coulometer using traceable electrical standards and Ohm'’s law;

integrator output to coulombs and then to moles of plutonium measured by the coulometer;

use the measured value of the electrical calibration factor and the Faraday constant to convert the

calculate the mass of plutonium by multiplying the moles of plutonium determined by controlled-

potential coulometry times a molar mass of plutonium determined by other means, such as thermal
ionization mass spectrometry, magnetic sector inductively coupled plasma mass spectrometry, or

proces

s knowledge.

the performance of the measurement system;

use quality-control standards with traceable plutonium quantity values to demonstrate independently

ased on the

period,
cell de
and th

These step|
for measur
electrical d

5 Reagd

oot TeTrrtIroroTtTT TereoTITeIIT c ot pTe

Kign, connections, reference electrode type, acid-type and molarity of the supporting
e presence of any complexing agents in the electrolyte.

5 ensure that test samples are taken from reproducible and stable sample solutions an
ement. The test samples are measured using a protocol based upon first principles and
alibration of the coulometer. Further details are provided in Clauses 10rand 11.

bnts

Use only analytical grade reagents.

All aqueoy
resistivity

5.1 Nitri

NOTE )

5.2 Amig

s solutions shall be prepared with double-distilled..or*distilled, demineralized w3
creater than 10 MQ-cm, i.e. SO 3696[3] Grade 1 purified water.

c acid solution, c(HNO3) = 0,9 mol/l.

Refer to 11.4 for alternative electrolyte options,

Hosulfuric acid solution, c¢(NH,HSO5).= 1,5 mol/I.

5.3 Sulfyric acid solution, ¢(H,S0,) = 3 mol/I.

NOTE
parameter,
in order to 4

]

5.4 Pure

5.5 Purg¢

6 Appa

'he concentration of the sulfuric acid solution used to fume the plutonium test samples is
provided the sulfate ion concentration remains in large excess (above 50) compared to the pl
void the formation of ¢oloidal Pu complexes.

argon or nitregen, (O, amount of substance fraction less than 10 pmol/mol).

air (optienal reagent), free of organic contaminants.

ratus

blectrolyte,

d prepared
h traceable,

ter with a

ot a critical
itonium ion

Usual laboratory equipment found in a medium-activity-radiochemical laboratory suitable for work with

plutonium

should be used.

6.1 Analytical balance, installed in radiological containment unit and shall be capable of weighing a mass
of 1 g, with a standard uncertainty of 0,1 mg, k = 1. This represents a relative standard uncertainty of 0,01 %.

— Weighinglessthan 1 gwillincrease the relative uncertainty to >0,01 %, in an inversely proportional manner.

greater than 1 g should be used.

© IS0 2024 - All rights reserved
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6.2 Weighing bottle, glass or plastic, the material selection is not critical provided it is chemically inert,
maintains a stable mass (tare weight), and static charge is controlled as described in 7.1.1.

6.3 Equipment for test sample evaporation in the coulometric cell, comprising of an overhead radiant
heater or hot-plate with controls to adjust temperature. Design requirements and optional features for
effective evaporation and fuming include:

— providing settings that allow both a rapid and well-controlled rate of initial evaporation, followed by
fuming the remaining sulfuric acid solution to dryness at a higher temperature;

— preventing mechanical loss of the test sample solution from boiling and/or spattering;

— preventing contamination by extraneous chemicals, such as those which may be used to neutralize acid

vapour

— heatin
the cel
of the

NOTE
used in

— additiq
optimi
will de

— additid
contro

See Figure

S;

b of the coulometer cell wall to optimize fuming and minimize refluxing of sulfuricacid
| inside an optional aluminium tube (inner diameter 1 mm to 3 mm larger thanthe outg
ell, tube height 1 mm to 5 mm shorter than the cell) placed around the cell during the fy

An aluminium block with holes bored to a similar specification for inserting the coulomete
stead of the aluminium tubes.

ze the evaporation rate and disperse the acid fumes, with appropriate controls and f
pend upon facility design and ventilation system requirenients;

n of an optional vapour capture and local neutralizatien to control acid fumes, with g
|s and features that will depend upon facility design’and ventilation system requiremsg

1.

Dimensions in)

, 508 /

by placing
r diameter
Iming step;

r cell can be

n of an optional air supply with the delivery tube directed towards the surface of the liquid to

pature that

ppropriate
nts.

millimetres

Figure 1 — Sample evaporation system

© IS0 2024 - All rights reserved
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6.4 Controlled-potential coulometer.

See Figure 2.

6.4.1 Coulometer cell assembly, comprising the following:

a)

b)

d)

A stirr

NOTE 1

er motor with a rotation frequency of at least 16,7 s'1 (1 000 min™1).

Adjustable-speed motors allow users to optimize the rate of rotation to the individual cell designs.

Stirrer motors powered by isolated DC power supplies are recommended as they prevent electrical noise from
being superimposed on the blank and test sample electrolysis current signals sent to the integrator.

A cylindrical or tapered glass coulometric cell of capacity 50 ml, or less.

Atight]
(PTFE

an

and the electrolysis cell, respectively;

a
[e.
ty
a\
ag
di

se
N(

a g
2,
gl

N(
(cd
ref

af
in
th

an
gr

N(

% mm and pore size of <0,01 pm), the tubeis filled with nitric acid (5.1) and the tip of th

another glass salt bridge tube, similar to the first one, also filled with nitric acid (5.1), an

], that includes an O-ring seal, and with openings to insert the following internalequij

inlet tube for humidified, inert gas to displace dissolved and atmospheric oxygenfrom {

stirrer with blade and shaft made from chemically and electrochemically inert
c. polytetrafluoroethylene (PTFE)], and designed to prevent splashing; the shaft of th
bically located in the centre of the cell and connected directly toith€ stirrer motor;

vorking electrode made of gold [mass fraction (purity) 9999 g/kg or greater| and cd
rold wire welded or machined to a cylindrical gold wireframe, a nominal height of 15
imeter of 20 mm, around which is welded or machined a'very fine gold mesh, which

veral layers (e.g. four layers);
TE 2 Refer to 11.4 for other working electrode, options.

rlass salt bridge tube plugged at the bottonw’end with a sintered-glass disc (typical t

iss end is positioned within the ring of'the working electrode;

TE 3 The diameter of the glass-salt bridge tube and sintered-glass disc containing t
unter) electrode can be larger thanthat of the glass salt bridge tube and sintered-glass disc co
erence electrode. The desired flow rate of the solution through both glass discs is 0,05 ml/h, o

eference electrode, saturated calomel electrode (SCE), or other reference electrodes a
11.3, is inserted intotheglass salt bridge tube;

e sintered-glasSend positioned within the ring of the working electrode;

auxiliary (Counter) electrode consisting of a platinum wire [mass fraction (purity) 99
pater] with a diameter of 0,5 mm to 3,0 mm, is inserted into the second glass salt bridg

TE*4 Coiling the platinum wire increases the surface area submerged in the supporting

as

Lfittinglid made from chemically and electrochemically inert material [e.g. polytetrafluolroethylene

bment:

he solution

materials
e stirrer is

nsisting of
mm and a
s typically

hickness of
e sintered-

he auxiliary
htaining the
I less.

b described
d the tip of
0,5 g/kg or

e tube;

electrolyte,

illdstrated in Figure 2.

A gas washer bottle, filled with reagent water as described in Clause 5, to humidify the inert gas before
itis introduced into the coulometer cell assembly.

A thermocouple or resistance thermometer installed in the coulometer cell assembly for measuring the
temperature of the test sample solution during the measurement process is an optional feature. The solution
temperature should be measured either during the oxidation of the test sample or immediately following
the analysis. A goal for the standard uncertainty of the temperature measurement is +0,2 °C, k= 1.

NOTE5 The purge gas is cooled by expansion causing the solution temperature to decrease relative to the
ambient temperature; the extent of this decrease is a function of the inert-gas flow rate and the cell design.

© IS0 2024 - All rights reserved
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NOTE 6  Ifitis not possible to insert a temperature sensor into the electrolysis cell or not desirable to measure
the temperature of the test sample solution immediately after the electrolysis is completed, then the solution
temperature can be estimated from the ambient air temperature or the reagent temperature. The measured air
or reagent temperature value is then corrected for this cooling effect and a higher standard uncertainty of +1 °C,
k=1, is expected in the calculated solution temperature.

For optimum potential control, position the sintered-glass discs of the reference and auxiliary electrodes’
glass tubes in order to meet the following requirements:

— the closest distance from the reference electrode sintered-glass disc to the working electrode is
2 mm or less;

— the distance between the two sintered-glass discs containing the auxiliary and reference electrodes
is Jess than the distance between the auxiliary electrode disc and the nearest point on the working

elgctrode.

The hqle through which the stirrer shaft is inserted serves as the primary escape ventfer the inert gas.
Excepf for this hole, all other insertions are tight fitting. The inert-gas flow rate Shall be $ufficiently
high siyich that it removes oxygen quickly from the supporting electrolyte and the'test sample solution.
Furthgrmore, it shall prevent leakage of air into the cell assembly during the electrolysis. A practical
guide for adjusting the flow rate is to direct all or part of the inert gas supply toward the solution, such
that a [dimple is formed on the surface with a depth of 2 mm to 4 mm without causing the [solution to
splash| An inert gas flow rate of 0,000 1 m3 s'! is sufficient for the coulometer cell assembly illustrated in

Figure|2.

NOTE7  Cell assemblies with an optimized design, an adequate in€rt-gas flow rate, and a tight fit, will remove
oxygen|from nitric acid supporting electrolyte in 150 s or less. Dueto the variabilities of factors involyed (e.g. cell
geomefry, volume of electrolyte), the time required to removetoxygen from the solution can be established by
users based on testing of their cell assembly under routine conditions.

© IS0 2024 - All rights reserved
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L) ?
3 L
5 6
7
>
K I
Key
1  computer monitor 8  auxiliary (counter) electrode in salt bridge tube filled with
2 printer (optional) supporting electrolyte
3 control computer 9  reference electrode in salt bridge tube filled with supporting
electrolyte
4  keyboard 10 inert gas inlet tube
5 potentiostat and integrator 11 stirrer
6  digital voltmeter (DVM) 12 working electrode
7  AC/DC power for stirring motor 13 cell

Figure 2 — Coulometric cell assembly connections

© IS0 2024 - All rights reserved
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6.4.2
a)

Ins

followi

de

ac

ISO 12183:2024(en)

trumentation, comprising the following[41[5]:

ng capabilities:

a power amplifier with a current output capability of 250 mA, or greater;

sired control potential, with a voltage overshoot not exceeding 1 mV;

ontrol amplifier with a common-mode rejection of 90 dB, or greater;

automatic control-potential adjustment, with a resolution of 0,001 V, or less;

Potentiostat with the desired range of electrolysis potentials for plutonium measurement and the

a quick-response control-potential circuit, with a maximum rise-time of 1 ms from zero volts to the

ay
im

ca

with a detection capability of £0,5 pA, or less.

NOTE
oxidati

b)
150 m
calibrg

TH
sh
oV
tel
co

Ar]
eld

Af
to
ca

Th
ca
re

TH
sa
ar
0s
of

Coulometric integrator capable of integrating blank and test sample électrolysis currents f¥

pedance of 1011 Q;

pability to monitor the electrolysis current, including charging current from -500'mA t

This procedure assumes that the coulometer has two accurate potentiometers, one for s
bn potential and the other for the reduction potential, although this is not a system requireme

A down to 1 pA, or less, with a readability of £10 pC (refer to,7.1.4 for integrator capa
tion requirements):

e control-potential system should not drift more than+1 mV and the current integrat
puld not drift more than 0,005 % during routine medsurements (between electrical ca
er the range of temperatures to which the contrelpotential circuitry will be exposed.

mperature varies excessively, the instrumentation should be located in a cabinet with td
htrols sufficient to limit electronic drift within these specifications.

electronic clock, with a standard uncertainty of 0,002 %, k = 1, for determining the
ctrical calibrations and electrolyses.

ystem for generating a known cdnstant current, stable to +0,002 % over the range of ter
which the constant-current,circuitry will be exposed. This system will be used fo
ibration of the integration-Gircuit of the coulometer, as described in 7.1.4.

e cable connecting the petentiostat to the cell should be a three-wire conductor, twiste
ble, preferably with-the shield grounded at the potentiostat. Gold-plated connectors at
rommended as these’are not susceptible to corrosion.

e charging-ctirrent peak maximum observed during the first 25 ms to 50 ms of the bla
mple oxidations shall be within the instrument specification for the integrator circuit. ]
ba of the.working electrode can be decreased to reduce the charging current peak ma
cilloscepe or a voltmeter with high-speed data acquisition is required to measure the
this‘peak, which has a typical width at half the maximum of 10 ms to 20 ms.

oltage-follower amplifier, to isolate the reference electrode (electrometer), with a minimum input

b +500 mA,

electing the
nt.

om at least
bilities and

ion system

[librations),

[f the room
mperature

duration of

nperatures
r electrical

d-shielded
the cell are

nk and test
'he surface
ximum. An
amplitude

6.5 Digital voltmeter (DVM), with an input impedance of 1010 Q) or greater and having a standard
uncertainty within +0,001 %, k = 1, for voltages in the range 0,5 V to 10 V, and within 0,01 %, k = 1, for
voltages in the range 100 mV to 500 mV. These uncertainties are required for electrical calibration of the
instrumentation, as described in 7.1.4.

6.6 Regulated power, instrumentation should be protected with an uninterruptable power supply that
provides a regulated voltage within +1 % of the standard for the country in which the analysis is performed,

and provid

es appropriate surge protection.

© IS0 2024 - All rights reserved
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7 Procedure

7.1 Plutonium determination

711 We

ighing the test sample, with a standard uncertainty of £0,01 %, k = 1.

The test sample may be weighed after delivery into a tared coulometer cell, and the apparent mass corrected
for the air buoyancy effect using either Formula (1) or Formula (2), as described below.

Alternatively, a known mass of test sample may be delivered into the coulometer cell, as described in steps

a) through f).
NOTE 1 FUI t\,ot DGII[}J}\,D at h;oh }Jlutull;ulll \,Ull\,\,lltl at;UllO (\,-6. 15 S/I} Ul 111U \,), ;t ;J I \r\/Ullllll\alld\.«d that the Solution
be diluted tp achieve a standard uncertainty of +0,01 %, k = 1 for the overall mass measurement process;
NOTE 2  If a weight bottle made of polyethylene, or other material susceptible to static electricity,is used, then the
problem of $tatic electricity is eliminated by contact between the weighing bottle and a copper, plate connfected to the
ground, or g similar arrangement.
a) Fill a weighing bottle with the solution to be analysed.
b) Weigh[the bottle to +0,1 mg.
c) Deliver a test sample of at least 1 ml, drop by drop, into a coulometgiccell, ensuring that at least 4 mg of
plutonjum has been delivered.
d) Weigh|the bottle again to +0,1 mg.
e) The mass difference gives the apparent mass, M,, of the test sample in the cell.
f) The real mass of the test sample, M, is obtained-hy correcting the apparent mass of the fest sample
for thejair buoyancy effect using Formula (1):
-1
M, ea ¥M, -(1-D, /Dy )-(1-D, / D) (1)
where
D, is the density of air, which'is a function of room temperature, atmospheric pressure, and
relative humidity. When the room temperature is 22 °C + 5 °C, the atmospheric presgure is
1 000 kPa * 40 kPay-and the relative humidity is 45 % * 15 %, D, is 1,18 kg m-3 + 0,07 kg m-3
Dy is the density-efthe stainless-steel weights used in modern analytical balances, 8 000 kg m™3
Dy is the dengity of the test sample, in kilograms per cubic metre
NOTE 3  Kquations for calculating the density of air from the room temperature, atmospheric pressiyre, and the

relative hur

hidity ‘are available from several sources including the International Organization of Legal N

letrologylél,

which is bag

e¢don guidance from the International Committee for Weights and Measures (CIPM).

In addition to applying an air buoyancy correction to the apparent mass of the test sample, air buoyancy
corrections should be applied to all mass measurements (including any bulk material mass measurements).
This correction is required to eliminate systematic errors that can approach 0,1 % for solutions. The

correction

is less for a solid test sample, but can still be significant.

For plutonium metal and alloy test samples, an additional buoyancy correction term for self-heating from
radioactive decay, as detailed in Formula (2) is also appropriate for the apparent mass of metal or alloy[Zl.

M

real

P

u,heat

M,-(1-D, /Dy)-(1-D, / Dg)™" -[1-(AmY (M, /3 ) ( e

© IS0 2024 - All rights reserved
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where
Ma
Am’
Pu,heat
71.2 Pr¢
a) Add1
b) Placet
liquid
c¢) Evapo
oxide

solutid

NOTE 1
laborat]

NOTE 4
the res

NOTE 3
heating
these f.
could b
measul

d) Allow

If Pu®f
requir
ferrou

measu
d), abg

NOTE 4
agent g
rejecte

rement, and the.test sample again fume to dryness in sulfuric acid as detailed in steps

ISO 12183:2024(en)

is the apparent mass of the metal or alloy, in grams

is the mass coefficient for the heat buoyancy term, with a value of

0,000 03 g1/3 mW-1+ 0,000 01 g/3 mW-1 (10) for test samples ranging from 1 gto 15 g

is the specific heat of the plutonium, in milliwatts per gram, calculated from the plutonium

isotopic abundance and the isotope mass fraction of 241 Am. [This value is nominally

2mwW g1

to 3 mW g1 for plutonium metal whose origin is a spent nuclear fuel with a burn up ranging
from 2 MW-d-kg1 to 8 MW-d-kg~1. The specific heat increases with higher reactor burn up and

increased isotope mass fractions of 238Pu and 241Am.]

eparation of the test sample

ml of sulfuric acid solution (5.3) to the coulometric cell containing the test sample:

n the test sample so as to avoid splashing.

rate the remaining liquid in the test sample at a temperature sufficient to evolve fume

n to boil or splash as this will cause mechanical loss of the sainple.

The colour of the anhydrous plutonium sulfate salt is.dependent on the type of lighting
ory. Under fluorescent lighting the dried sulfate appears conal pink.

Degradation of anhydrous plutonium sulfate salt\to-plutonium oxide is not expected even
due unless subjected to extremely high temperatures.

Failure to use 1) high purity reagents, 2)\anion-exchange resins washed free of resin f
equipment that is well maintained and cléan will impact the fuming operation adversely. 4
hilures can produce a visible black residue in combination with the dried sulfate powder. Th
e mistaken for plutonium oxide, and depending on their composition might interfere in the
ement.

the test sample to cool to roem temperature.

(Pu0,%*) is known to\be present, reduction to lower oxidation states (Pu3* and/|
ed prior to coulometti¢ measurement by the addition of either hydrogen peroxide, nit
5 ion. The excess reducing agent shall be removed by purification or destroyed prior to c

ve. Refer to €lause 10 for details.

If the‘presence of Pub* (Pu0,2+) is suspected, the test sample can be treated with one of
nd processed appropriately. Alternatively, the test sample electrolysis can be monitored anl
] if the& reduction step is slow, indicating the presence of Pu®* (Pu0,2*).

he cell containing the test sample into the sample evaporation system and sarefully ev4

iporate the

b of nitrous

N,0) and sulfur trioxide (SO3), and continue until SO; fumes areqno.fonger observed and a residue
of anhlydrous plutonium sulfate salt (pink/orange-coloured precipitate) is formed. Do no

allow the

used in the

hfter baking

nes, and 3)
\ny or all of
bse residues
coulometric

pr Put*) is
rite ion, or
oulometric
a) through

he reducing
d the result

NOTE 5

AL b = N A B P : - . - O - . .
Wiremr PuS—Put;>) Ts Teduced using hydrogem peroxide i 8 ot/ mitricacid; themrstep e) can be

performed promptly after weighing the test samples, prior to fuming the test sample in sulfuric acid, as described
in steps a) through d).

f)

If the presence of significant amounts of impurities is suspected, dissolve and purify the dried test

sample to eliminate the interfering elements. Repeat the sulfuric acid fuming step as detailed in 7.1.2.

Anion-

NOTE 6

exchange is an effective purification process; it is outlined in Annex A.

The interfering elements gold, iridium, palladium, and platinum, along with the elements that do not

interfere: cerium, lanthanum, niobium, silver, tantalum, thallium, and thorium are not separated from plutonium
using the anion exchange purification in Annex A. Refer to Clause 10 for additional information on interferences.
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7.1.3 Electrode pre-treatment

Electrode conditioning is critical to ensuring reproducibility. The following storage and treatment
techniques may be used individually or in combination to condition the working and auxiliary electrodes:

as the general practice);

soakin

g in concentrated nitric acid;

storing in 8 mol/I nitric acid when the electrodes are not in use (this storage technique is recommended

soaking in concentrated sulfuric acid containing 10 % hydrofluoric acid, followed by 8 mol/I nitric acid;

soaking in aqua regia (limited to several minutes to prevent damage to the working electrode);

flami

Electrode freatment may be performed on a preventative basis, at the beginning and/or at the

boiling in nitric acid;

the platinum auxiliary electrode to white or red heat.

end of the

day of eledtrode use. Alternatively, treatment may be on an “as needed” basis, particularly neegled in case

of failure to obtain optimum electrode performance in either the blank or the test'sample mea
The background current values (total mC, charging current mA maximum, and residual current
be reprodycible for a given coulometer cell assembly and are normally used-as indicators of s
performanice.

Each day, jor more frequently if desired, before performing the dctual blank determination
conditioning of the electrodes is performed through the following se€quence of electrolyses:

working electrode, and the sintered-glass discs atthe bottom of the salt bridge tubes for th

Assemple the cell lid, complete with the electrodes and other‘internal equipment (6.4.1).

clean dry coulometric cell and add nitric acid solution (5.1) in sufficient quantities to in

xiliary electrodes.
e drop of amidosulfuric acid solution(5:2).
fit the cell under the lid.

he stirrer at the desired speed. This speed should be selected in order to maximize f
rhile avoiding splashing dr the formation of an excessive vortex that would interrup
tions.

the gas inlet and\maintain a sufficient flow of inert gas throughout the electroly
cribed in 6.4.1-.g) Inadequate purging to remove oxygen can be mistaken for an
oning problem:

pct the okidation potential at E(+0,32 V and the reduction potential at £,-0,36 V.

egassing for 150 s, start the oxidation and oxidize at E;+0,32 V until a residual current
pd:

surements.
LA) should
atisfactory

a further

nhmerse the
b reference

he stirring
[t electrical

sis period,
electrode-

of 10 pAis

a)

b) Takea
and au

¢) Add o

d) Firmly

e) Startt
rate, W
conne

f) Open
as des
condit

g) Presel

h) Afterd
obtain|

i)

j)

k)

1)

m) Based

Oxidize at E;+0,32 V.

Stop the electrolysis when the current is lower than 10 pA.

upon electrode performance,

Start the reduction and reduce at E;-0,36 V until a residual current lower than 10 pA is obtained.

Rinse the electrolysis cell and the outside wall of the salt bridge tubes with fresh supporting electrolyte.

— perform further electrode conditioning according to 7.1.3, until the desired performance is observed, or

© IS0 2024 - All rights reserved
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— measure the supporting electrode blank determination according to 7.1.6, in preparation for the
subsequent measurement of plutonium test samples.

7.1.4 Electrical calibration of the current integration system

The electrical calibration factor of the coulometer is measured by using a high accuracy, highly stable
constant current in place of the electrolysis cell. Detailed instructions for the calibration of a current
integration system are highly dependent upon the design of the specific integration circuit. However, the
following general principles and specifications apply toward determining the calibration factor within a
standard uncertainty not exceeding +0,01 %, k = 1.

Generate a constant current (stable and known to within +0,002 %, k=1) ina manner thatis electronically

equivalent to the process by which the electrolysis current from the test sample and the blank are
integrated.
NOTE Typically, the potentiostatis converted into a constant current source with the currentflowjing through
a standard resistor, instead of the cell assembly. The voltage drop across the standard resistor is rheasured to
determifine accurately the actual calibration current. Alternatively, if a constant current;source is used instead of
the potentiostat, then this external source requires periodic calibration to ensure consisténcy and trgceability.

— Deterrmnine the duration of calibration (i.e. current flow) within ~0,002 %, k = 1.

The linear|ty of the integrator response shall be demonstrated for the range of currents obseryed during

plutonium|measurement from the maximum current at time equalsA) seconds to the current when the

control-potential adjustment begins (e.g. 100 mA to 50 pA). Ensure*that the impact of the|integrator

nonlinearity on the plutonium measurement is 0,005 %, or less, k="1.

A typical sequence for performing an electrical calibration is:

a) confighire the instrumentation for electrical calibratien and set to the desired constant durrent, for
examplle 10,000 mA;

b) setthgintegration time to an appropriate duration, for example 300 s;

c) resetthe integrator;

d) allow fime for the electronics to stabilize;

e) initiate the calibration and recordithe constant current used, I, mA;

f) at the|completion of the calibration, record the output signal from the integrator, Q. (i the units
appropriate for the specifie;measurement system) and the actual calibration time, ., in seconds;

Electrical ¢alibration sheuld’be performed at least daily and in the same laboratory where the|plutonium

measurements are perfermed. An automated coulometer should perform the electrical calibratipn without

the user ndeding toreconfigure the instrumentation. Refer to 8.1 for further details.

7.1.5 Formal potential determination

The format-potentiat, £5, of the Pu*/Pu*—coupte shoutd-be measured at Tegutar-imtervats{as described

in Annex B), especially when electrodes have been replaced, if the electrodes have been out of use for a
considerable time, or if the studied solution is liable to contain a different amount of Pu-complexing agents
than that of solutions previously studied. Before performing this measurement, ensure that the working and
auxiliary electrodes have been properly pre-treated and conditioned. Also ensure that the SCE is filled with
saturated potassium chloride solution and contains a few free-flowing salt crystals, but is not clogged by
excessive amounts of salt crystals.

When the control potentials for reduction, E3, and oxidation, E,, are measured during the analysis of the
test sample, as described in 7.1.7, these potentials are approximately equal to E,-0,17 V and E;+0,17 V,
respectively. Thus, the average of E5 and E, is highly correlated with E,,. The average of E5 and E, may be
plotted on a control chart and used as an indicator of the stability of the electrolysis cell and the reference
electrode between periodic E, determinations.

© IS0 2024 - All rights reserved
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The formal potential is close to +0,668 V vs SCE when 0,9 mol/l nitric acid is used as the supporting
electrolyte but small variations can be expected because different calomel electrodes exhibit slightly
different potentials. The formal potential is also moderately dependent on the concentration of the nitric
acid supporting electrolyte and any Pu-complexing agents that may be present in the solution. The selection
of a different supporting electrolyte such as 0,5 mol/l sulfuric acid would significantly shift the formal
potential into the range of +0,492 V vs SCE.

Failure to fume test samples completely to a dry (anhydrous) plutonium sulfate salt before dissolving
in nitric acid supporting electrolyte will result in an inconsistent shift of the formal potential due to the
varying amount of excess sulfuric acid. In the analysis of U/Pu mixed oxides, additional sulfate ions from
dried uranium sulfate will also shift the formal potential as a function of the U:Pu ratiol8l,

The appropriate formal potential value should be used in Formula (6) when mixed oxide materials are

measured for plutonium. Use the appropriate formal potential value in Formula (6) whenever |the formal

potential ig shifted by any complexing agent.

7.1.6 Coulometric blank determination

Blank measurement parameters are set to correspond with the electrolysis conditiens of the te¢st sample.

Optimum geliability in the blank value is obtained when the initial and final oxidation potentials|during the

blank and ghe test samples, as well as the duration of the blank and the test samp}e are matched. Matching the

current leyel at which the control potential is adjusted for both the blank and'test sample is not appropriate.

Refer to 8.2 for additional details.

a) Rinse fthe outside wall of the salt bridge tubes and, if necessary; fill them with 0,9 mol/l|nitric acid
solutign (5.1).

b) Repeat the steps b) through f) as detailed in 7.1.3.

c) Preselect the oxidation potential at E(+0,24 V and theé\reduction potential at E;,-0,26 V.

d) Degas|the supporting electrolyte, as described-in' 6.4.1 g), until all the dissolved oxygen i removed.
Oxygen removal should be accomplished within' 150 s or less.

e) Startthe oxidation at E;+0,24 V until a residual current of approximately 5 pA is obtained.

f) Startthe reduction at E;,—0,26 V until the electrolysis current decreases to approximately 10 [uA, or less.
(This ghould not take more thanabout 120 s to 180 s when degassing is adequate.)

g) Slowly| raise the control potential to the typical final reduction potential of test samples [(nominally
E,-0,1f7 V), then allow the‘electrolysis current to equilibrate as needed (typically 30 s tof 60 s) to a
residupl current in thegange 1 pA to 10 pA. Ideally, this residual current is between 1 pA and 3 pA.

h) Measufe the contrglpotential E; supplied by the potentiostat at the end of the reduction step, using the
DVM (6.5).

i) Reset the integrator. The starting of the integrator and timer shall coincide with the beginhing of the
oxidat]on’

j) Startthe oxidation at £;+0,24 V and wait for 200 s, or a period of time that matches the typical duration
for the plutonium test sample to be oxidized to 1/750 of the initial current, or less.

k) Slowly lower the control potential to the typical final oxidation potential of the plutonium test samples

(nominally E(+0,17 V), then allow the electrolysis current to equilibrate as needed (typically 30 s to
60 s) to a residual current [ ; in the range 1 pA to 10 pA. Ideally, this residual current is between 1 pA
and 3 pA.

D)

DVM (6.5).
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m) Record

— the final reduction and oxidation potentials, E; and E, (V),

— theresidual current, I ; (mA),

— the integrated current, Q;, in the units of the output signal from the integrator (ideally, this quantity
equates to 5 mC, or less), and

— the electrolysis time, ¢, (s).

n) Stop the stirrer (and if desired, turn off the gas supply).

7.1.7 Phitenivmmeasurement

a) Transfer the nitric acid solution from the blank determination to the coulometric celhcontaining the
dried fest sample, taking care to rinse thoroughly the sample cell wall.

b) Inspedt the test sample solution to determine if the anhydrous plutonium sulfaté salt ha$ dissolved
completely. Even if the solids have not dissolved completely, continue withysteps c) to g)|below, but
increape the degassing time in step g), as needed, to ensure complete dissojution.

c) Firmlyfit the cell under the lid.

d) Startthe stirrer.

e) Ensurg¢ that the gas inlet is open and leave it open throughout<he electrolysis period, as dg¢scribed in
6.4.1g).

f) Preselect the oxidation potential at E;+0,24 V and the reduction potential at E;,~0,26 V.

g) Degas|the solution, as described in 6.4.1 g), until all*the dissolved oxygen is removed. Oxygen removal
should be accomplished within 150 s or less.

h) Start the reduction at Ey-0,26 V and reduceuntil an electrolysis current is obtained that is 1750 of the
initial reduction current, or less, typically{in the range of 50 pA to 150 pA depending upon the quantity
of plutionium in the test sample. Reduction should not take more than about 600 s, if the sfirring and
degasging are adequate.

i) Slowly| raise the potential so as\te obtain an electrolysis current lower than 1 pA, then allpw the test
solutign to equilibrate (10 sto0'60 s) to a stable residual current, typically between 1 pA and $ pA.

j)  Measufe the control potential E; supplied by the potentiostat at the end of the reduction, using the DVM
(6.5). K5 should be appreximately Ey-0,17 V.

k) Reset the integrator'and timer.

1) Start the oxidation at E;,+0,24 V and oxidize until an electrolysis current is obtained that is 1750 of the
initial oxidation current, or less, typically in the range of 50 pA to 150 pA depending upon the quantity
of plutpniiim in the test sample. This should not take more than 600 s, if the stirring is adequpte.

m) Slowly lower the potential so as to obtain an electrolysis current lower than 1 uA, then allow the solution
to equilibrate (10 s to 60 s) to a stable residual current I, typically between 1 pA and 5 pA.

n) Measure the control potential E, supplied by the potentiostat at the end of the oxidation, using the DVM
(6.5). E4 should be approximately E(+0,17 V.

o) Record

— the final reduction and oxidation potentials, E5 and E, (V),

— theresidual oxidation current, I, (mA),

— the integrated electrolysis current Q,, in the units of the output signal from the integrator,
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— the electrolysis time, tg (s), and

— the temperature of the solution during electrolysis, T (K).

7.2 Analysis of subsequent test samples

Subsequent test samples that were weighed and prepared as described in 7.1.1 and 7.1.2, are measured as
described in 7.1.6 and 7.1.7.

If no subsequent analysis will be performed:

— rinse the cell and components with supporting electrolyte or double-distilled water;

store

store t

NOTE T
the desired

1 1 £, 1 4 pa | - n FRPIA | I £ 4+ - 1ol A |
ICTCAIVITITT TTITTITIILT TITULT UUT TIT 4 Satul dlTU SUTULIUIT UT pUTtAasS STUIIT CITIUTTUCT,

'he user can implement other storage protocols, which have been demonstrated as effective for
electrode condition.

8 Expression of quantity values

8.1 Calc
Calculate t

output sig
millicoulor

Qc

The electrical calibration factor calculated above should equal the theoretical value, C

circuit des
layout may
the respon

C

theore

ulation of the electrical calibration factor

he electrical calibration factor, C, using Formula (3). Thi§/factor is used to convert the

pration system

theoretical’
gn and the measurement of key components in the circuit. However, the design and

se of the jntégrator to the input signal, Rg:

_eg N1 -1
fical«— LR 'RS

he working and the auxiliary electrodes in 8 mol/I nitric acid, or greater concentratior.

maintaining

integrator

nal to millicoulombs. The integrator output signalimay be in pulses, volts, or firectly in
hbs. In the last case, the electrical calibration factor is'a quantity of dimension one.
-1 3
‘teQc (3)
s the constant current generated.diring the electrical calibration, in milliamperes
s the time of the electrical calibration, in seconds
s the integral of the caljbration current, expressed in the units of the output signal from the inte-

based upon

component

not lend thefisélves to the in situ, direct and independent measurement of load resistance, Ly and

(4)

For examp

e, if the electrolysis current signal supplied to the integrator is actually a voltage

rop across

a high precision 100,00 Q load resistor and the integrator utilizes a voltage-to-frequency converter with a

response o

Cy

heoret

=1

£10 000,0 Hz per volt, then the theoretical calibration factor is calculated as follows:

ical =

(100,00 Q x 10 000,0 Hz/V)~1 = 10-6 Q-1 V Hz~1 = 10-6 A Hz"1 = 10-6 A s pulse~?

,000 0 x 1076 C pulse~1 = 1,000 0 uC pulse?
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8.2 Calculation of the blank

The integrated current @, obtained during the coulometric blank determination (7.1.6) is used to calculate
the blank correction that is appropriate for the conditions observed during the plutonium determination.

The value of the blank correction, B

BmC = (
where

C i

e expressed in millicoulombs, is given by the following form

Q-C—Ipy-ty)(E4—E3)-(Ep—Ey)

s the electrical calibration factor, calculated using Formula (3)

1 rl
tq

The param

s the control potential measured at the completion of the blank reduction, in volts
s the control potential measured at the completion of the blank oxidation, in yelts
s the control potential measured at the completion of the plutonium reduction, in volt

s the control potential measured at the completion of the plutoniumroxidation, in voltj

s the residual current after oxidation of the blank, in milliamperes
s the electrolysis time for oxidation of the blank, if¥seconds

eters of the blank measurement are fully optimized when E; = E5, E, = E,,and t, = t;. |

ula:

(5)

s the integral of the current from the blank determination, expressed in the units of the output
cignal from the integration system, (measured during the oxidation between potential

F>)

s E; and

nder these

ideal conditions, the term (E,-E3)/(E,-E;) in Formula\{3) is equal to unity and the corrections f¢r constant
background current are minimized when using Fopmtula (5) and Formula (7).
8.3 Fradtion of electrolysed plutonium
The amount fraction of electrolysed plutonium, f, is given by Formula (6):
nF(E4—Eg) nF(E3—Eg)
el RT e RT
f= nF(E,—Ey) F(Es— 6)
4—Eg AF{E3~E))
1He RT 1+e RT
where
E, s the formal potential of the Pu**/Pu3* couple in the supporting electrolyte, in volts
NOTEAThis potential is determined with chemically pure plutonium analysed in the §ame man-
her.as the test sample (see Annex B).
R is the molar gas constant; R = 8,314 462 618...] mol~1 K1 (exactly; expressed to 10 significant
figures)2l
T is the absolute temperature, in Kelvin, of the solution during electrolysis (T = T + 273,15 °C)
where T is the temperature in degrees Celsius
F is the Faraday constant; F = 96 485,332 12... C mol! (exactly; expressed to 10 significant figures)
[9]
n is the number of moles of electrons exchanged per mole of plutonium electrolysed, n = 1

(a dimensionless quantity; i.e. a quantity of dimension one)
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For integration data collected from current cut-off measurements made before reaching a residual current

without using the control-potential adjustment technique detailed in this document, the correction f based on the
control potentials applied during reduction and oxidation would be inaccurate. Refer to Clause 11 for details.

NOTE 3

.nist.gov/cuu/Constants/index.html. Future changes to these quantity values are not expected.

8.4 Plutonium, amount of substance and mass

The CODATA values for the Faraday constant and the molar gas constant are available at https://physics

The amount of substance of plutonium in the test sample, np, expressed in millimoles, is given by

Formula (7):

11
npy =(Q - C—Bpc—l 7y t)F - f

(7)

where

Q2

Binc
C
F
f
Iy
t;
The mass ¢

mp

u

where Mp |
mass spect

8.5 Qua

Electrical ¢

output signal into millicomlombs, from which the amount of plutonium is calculated. Electrical

does not i
control pr
values (se¢
test sampl

npy - M Pu

s the integral of the electrolysis current, expressed in the units of the outpttysignal fr
ntegration system, during plutonium oxidation between the equilibriumpotentials E

s the calculated blank from Formula (5), in millicoulombs;

s the electrical calibration factor from Formula (3);

s the Faraday constant, 96 485,332 12... C mol'};

s the amount fraction of plutonium electrolysed fromEermula (6), in moles per mole;
[s the residual current after oxidation of plutoniuny;in milliamperes;

s the electrolysis time for oxidation of the plutonium, in seconds.

f plutonium in the test sample, mp , expressed in milligrams, is given by Formula (8):

is the molar mass of plutonium calculated from its isotopic composition, typically o
rometry, in grams per mole {or in milligrams per millimole).

lity control

alibration of thednstrumentation provides an accurate and reliable conversion of the

hdependently test all of the parameters involved in measuring plutonium. A relialj
pgramméll2l[11] based upon analysis of reference materials with traceable plutoniuj
1SO 10980[12]) is needed to verify reliability of mass measurements and proper fuy

bm the
and Ey;

(8)

btained by

integrator
calibration
le quality-
n quantity
hing of the

satisfactor

a)
b) electri
c¢) period
d)

bs with sulfuric acid; quantitative recovery of plutonium, if anion-exchange purification is used;
v electrode treatment and conditioning practices (verified through consistently low Jackground
currents during the blank and test sample measurements); reliability in instrument operations; and the

overall performance of the analyst. Control charting is recommended for

quality-control standards measured utilising electrical calibration,

cal calibration data,

ic formal potential, E,, measurements, and

the average of the E5 and E, potentials measurements.

A distinct advantage of combining electrical calibration and quality-control standards with traceable
plutonium quantity values is the increased confidence from independently ensuring system performance,
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demonstration of measurement uncertainty, and the ability to monitor all aspects of the measurement
process including the preparation and control of plutonium reference materials. Accreditation of the user’s
coulometric measurement capabilities in accordance with ISO/IEC 17025[13] and participation in external
sample exchange programmes and/or performance evaluation test programmes will enhance measurement

quality ass

urance and continuous improvement efforts.

9 Characteristics of the method

9.1 Repeatability

The short-term repeatability has been demonstrated by several laboratories through measurements of

certified reference materials yip]ﬂinc guantity values with relative standard deviation of 002 % to0 0,03 %, k

=1.Thelo
k=1.Thel
replicate n

9.2 Conf

Short-term
to be +£0,03
interval of

\g-term repeatability has been demonstrated by these same laboratories to be 0,041%
ong-term precision estimate is based on routine measurements of quality-controlstal
easurements of test samples that meet the requirements given in Clause 1.

fidence interval

and long-term systematic uncertainties of the measurement method have been der
% or less, at a confidence level of 0,95. Combining all sources of uncertainty yields a
+0,1 % to £0,2 % at the confidence level of 0,95 for a single determination.

Application of the GUM methodology yields measurement uncertainty)estimates for a single det

of 0,1 % t
factor repg
JCGM 10114

9.3 Anal

0 0,2 % with a coverage factor of k = 2. The measurement uncertainty and associate

rted with plutonium quantity values should be compuited in accordance with JCGM
5],

ysis time

The time needed for a plutonium determination including the blank measurement is 30 min

depending
Electrolysi

10 Inter

For some 4
to remove
interferend
test samplé¢

Iron with 4

upon the cell design, electrode conditioning, and the selection of measurement p
s times for the blank and test samplé,can be longer if conditions are not optimized.
ferences

pplications, the purification of test samples by anion exchange is required before mg
interfering substances present in significant amounts. Clause 10 provides a dis

to 0,08 %,
hdards and

nonstrated
confidence

Prmination
d coverage
100(14] and

to 60 min
arameters.

asurement
cussion of

es and corrective.dctions. Purification is also appropriate in situations where the purity of the

 is unknown or-Wwhen it can fluctuate unpredictably in a manufacturing process.

in impuritysmass fraction relative to plutonium of 500 mg/kg increases the plutoniu

value by about 0,1.% in nitric acid supporting electrolyte. If the iron impurity mass fraction is b

and equal
then a mat

f0 2 000 mg/kg or less, and the formal potential of pure iron has been measured for
hematical correction for the iron is possible. The fraction of iron that would be electro

with pluto

m quantity
oth known
he system,
ysed along

hitim can be calculated using Formula (6) by substituting the formal potential of th

p Fe3*/Fe2+

couple for E,. See Table 1 for calculations of ffor impurity elements that are reversible couples.

© IS0 2024 - All rights reserved
17


https://standardsiso.com/api/?name=b5bd5d4a9a09d4832b32c78555bd0370

ISO 12183:2024(en)

Table 1 — Fraction electrolysed for impurity elements

Given Ey(Pu) = 0,668 V vs SCE in 0,9 mol/I nitric acid supporting electrolyte

Given T = 298 K

Given plutonium control-potential adjustment at 1/750 of the initial electrolysis currents.

Assuming final plutonium solution potentials: reduction, E3, at 0,500 V vs SCE and oxidation, E,, at 0,836 V vs SCE.

E, (impurity)

Fraction of impurity
reduced during

Fraction of impurity
oxidized during

Total fraction of impurity
electrolysed during

versus plutonium reduction / plutonium oxidation / Pumeasurement,
SCE mol/mol mol/mol Jimpurity /
mol/mol
0,350 0,0029 1,000 0 0,0029
0,35 0,007 6 1,000 0 0,007\6
0,4p0 0,0200 1,000 0 050200
0,4R5 0,0511 1,000 0 00511
0,4p0 0,124 9 1,000 0 0,124 9
0,475 0,274 2 1,0000 0,274 2
0,5p0 0,5000 1,000 0 0,5000
0,5pR5 0,725 8 1,000 0 0,725 8
0,5p0 0,8751 1,000 0 0,8751
0,5[75 0,9489 1,000 0 0,9489
0,6p0 0,9800 0,999.9 0,9799
0,6R5 0,992 4 0,999 7 09921
0,6p0 0,997 1 0,999 3 0,996 4
0,675 0,998 9 0,998 1 0,997 0
0,7p0 0,999 6 0,995 0 0,994 6
0,7R5 0,999 8 0,986 9 0,986 8
0,7p0 0,999 9 0,966 1 0,966 0
0,775 1,000 0 09149 09149
0,8p0 1,000 0 0,802 5 0,802 5
0,8pR5 1,0000 0,605 5 0,605 5
0,8p0 1,000 0 0,367 0 0,367 0
0,8[75 10000 0,179 7 0,179 7
0,9p0 1,000 0 0,076 4 0,076 4
0,925 1,000 0 0,030 3 0,030 3
0,950 1,000 0 0,0117 0,0117
0,975 1,0000 0,004 4 0,004 4
The information in Table 1 is only applicable for a reversible couple, such as iron or neptunium.

The mass of plutonium corrected for iron impurity, mp,, g, is calculated as follows:

_ -1 -1
Mpy,_pe =Mpy —ME, 'fFe 'fPu 'MPu 'MFe

where

Mp,

is the mass of plutonium, in milligrams [from Formula (8)]
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nd the
ique such

electrolysis
u amount of

Mg, is the mass of iron, in milligrams, calculated from the known mass of the test sample a
iron impurity mass fraction, that is determined by an appropriate measurement techn
as spectrophotometry, inductively coupled plasma optical emission spectrometry, or inductively
coupled plasma mass spectrometry
fre  is the amount fraction of iron electrolysed, calculated based on Formula (6), with E; assigned the
value of the formal potential of iron, in moles per mole
fpy  is the amount fraction of plutonium electrolysed from Formula (6), in moles per mole
Mp, is the molar mass of plutonium calculated from its isotopic composition, in grams per mole
My, is the molar mass of iron, 55,845 g mol! + 0,002 g mol™1, k = 1 (according to I[UPAC 200916]; use
most current IUPAC value)
EXAMPLE Given E°(Fe3*/Fe?*) = 0,475 V vs. SCE in 0,9 mol/l HNO3, at 298 K and the same conditiens of
asin Table 1, an iron mass fraction of 2 000 mg/kg (0,002 mg/mg) would lead to an overestimation of the P
substance:
m M 0,274 239
Mre Jie Meu 5 007 Xx—2=0,23%
Mpy foly Mge 0,9997 55,8
Instead of ¢orrecting the mass of plutonium for the mass of iron impurity, the plutonium amount o

may be cor

Npy,_re

where

Npy

Nge

The uncert

limit of th
uncertaint

the plutonijum quantity value.

The uncert

and the for
This effect
potential g

in potentid
0,27 mol/mol @r\0;73 mol/mol, depending upon the direction of the shift.

When the

rected for the iron amount of substance as follows:

-1
=Npy —Npe * fre * fpu

s the plutonium amount of substance, in millimoles [from Formula (7)];

s the iron amount of substance, in millimoles, which is equal to mg./Mg,,

ainty in the mass of iron in the test sample, mg,, depends upon the uncertainty and th
e method used to determine‘the iron impurity mass fraction. For nuclear grade ma
y in the mass of iron in thetest sample should be a minor component in the uncertainty

ainty in fg, is dependent upon the potential difference between the plutonium reductio
mal potential ¢f the iron. The closer these potentials are to each other, the greater the u
is illustrated{m Table 1 by the rapid change in the amount fraction electrolysed when
f an impurity is close to either the final plutonium reduction or oxidation potentials. A
Is of 25-miV will thus shift the fraction of the impurity electrolysed from 0,50 mol/m

Fsubstance

(10)

b detection

kerials, the

budget for

n potential

Incertainty.

the formal
difference
bl to either

L

of tho imnurity olomont ic writhin 70 mVU af tho EF  of Dy tho amaunt fractian o
HApHHEy—eree i s—wWitHh—Aov—e+—+ie—E5o+—+th—taeHReouRHaeHoe

ectrolysed

o oT e T

approaches unity and the interference can be assumed to be quantitative given the typical uncertainties
associated with the concentration measurement of the trace impurity. This situation is observed for iron in
sulfuric acid supporting electrolyte. Refer to Clause 11 for additional details.

Neptunium interferes with plutonium measurements in a nitric acid supporting electrolyte. Np** is
especially problematic since it does not react electrochemically at the same rate as the reversible Np6+/Np>+*
(Np0,%*/Np0,*) couple. The percentage of neptunium in the Np#* oxidation state is dependent on the sample
source and sample pre-treatment, therefore uncertainty in making the neptunium correction depends not
only on the uncertainty in the neptunium impurity measurements and the amount fraction of the neptunium
involved in the reversible reaction of Np®*/Np>* (Np0,2*/Np0,*), but also upon ensuring complete oxidation
of Np#* prior to the oxidation of the plutonium in a manner that does not adversely impact background
current levels during the plutonium measurements.
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In nitric acid supporting electrolyte the presence of U at Pu:U ratios up to 1:100 is known to cause an
indirect interference by introducing sulfate ions (arising from the fuming process wherein the U present in
solution, like the Pu, is converted into anhydrous sulfate salts), which complex with the Pu ions in solution
during analysis and induce a shift in the formal potential of the Pu#*/Pu3* couple. This interference can be
addressed as discussed in 7.1.5 by measuring the formal potential of the test sample being measured and
calculating the amount fraction of plutonium electrolysed, f, using Formula (6).

If Pué* (Pu0,2%*) is present, it should be reduced to Pu#** prior to coulometric measurement. Several options
are available for reducing Pu®* (Pu0,2*):

— Reducing Pu®* (Pu0,%*) with ferrous ion is effective. However, since iron is an interference, it shall be

removed or reduced significantly by anion exchange prior to coulometric measurement. Following the
coulometric measurement, the mass fraction of iron in the test sample solution should be measured

o caldulate the mass of any trace iron after purification and to apply the appropriate corre

Formja (9

Formula (9).
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Gold, iridium, palladium, and platinum interfere quantitatively and are not easily removed by anion-
exchange purification. However, these elements are rarely ever present in sufficient abundance in nuclear
grade plutonium to be of a cause for concern. The presence of these elements at interfering concentrations
can be easily detected using inductively coupled plasma mass spectrometry.

Fuming in the presence of sulfuric acid is an essential step in the plutonium measurement method described
in this document, independent of the dilute mineral acid selected for the supporting electrolyte. The fuming
step helps to eliminate interferences from organic materials and other anions if originally present in the
test sample. Analysis of test samples that have not been fumed is likely to result in degradation of electrode
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performance and may result in induced background current during the plutonium measurement that is not
included in the background current from the blank measurement.

Organic compounds interfere through electrochemical reactions and through coating of the working
electrode resulting in degraded performance. Volatile organic compounds are removed by fuming to
dryness in sulfuric acid. Drying in sulfuric acid also facilitates conversion of some organic material to inert
ash, which does not interfere in the analysis.

The anions chloride, fluoride, nitrate, and nitrite and the inorganic reducing agent hydroxylamine are
removed by fuming to dryness in sulfuric acid.

Nitrite anions in the nitric acid supporting electrolyte and that produced at the working electrode during

the reduction step in nitric acid supporting electrolyte are destroyed by adding amidosulfuric acid.
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common mode failures from the sampling and measurement process or from the individuals providing these
services. Validation measurements such as solution density on replicate test samples, physical inspection
of test samples, and independent verification of the sampling process can be effective tools for identifying
and controlling sampling errors as well as identifying process upsets. Certain applications, especially those
demanding a high reliability such as nuclear criticality prevention, may require verification by a second
plutonium measurement method for example isotope dilution mass spectrometry. Application of two
different analytical techniques helps to identify hidden or unaccounted sources contributing to measurement
errors in either of the techniques.

© IS0 2024 - All rights reserved
21


https://standardsiso.com/api/?name=b5bd5d4a9a09d4832b32c78555bd0370

ISO 12183:2024(en)

11.3 Measurement cell design

The cell design presented in this document is known to be effective for plutonium coulometric analysis.
However, other cell designs may be more efficient or reduce the background current by: minimizing
electrolyte volume; decreasing the working electrode size; increasing ratio of the area of the working
electrode to the volume of electrolyte; and/or positioning of the auxiliary electrode more symmetrically
with respect to the working electrodel221[23],

The smaller the quantity of plutonium taken for the test sample, the more significant is the background
correction and the higher the uncertainty contribution from it. To reduce these sources of uncertainty it
may be desirable to optimize the cell parameters to reduce the background current. It is important to note

that any new cell design should be qualified for plutonium measurement with appropriate testing.
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under routine conditions. If the purging time before beginning any electrolyses is not adequate to remove
oxygen and the flow rate is not sufficient to prevent diffusion of oxygen into the cell then high and erratic
background currents will be obtained, resulting in increased measurement times, inaccurate control-
potential adjustments, and serious measurement biases for both the blank and the test sample.

Dilute nitric acid at a concentration other than 0,9 mol/l may be used provided the formal potential, E,, of
the Pu#*/Pu3* couple is measured in the chosen concentration of nitric acid.

11.5 Test sample size

Using a mass of plutonium in the test sample above 15 mg is acceptable. However, increasing the mass of
plutonium may not significantly improve overall measurement reliability unless background currents are
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unusually high. Achieving low background currents is an important objective and therefore large size test
samples are usually not needed.

Test samples containing less than 4 mg of plutonium can be measured using this document. However,
background current and plutonium solution potential measurements require more stringent controls.
Cell designs should be optimized to minimize the background currents and their variability so that their
contributions to the overall measurement error are not excessive. In addition, the control-potential
adjustments shall be performed more slowly to avoid even small reversals in the polarity of the electrolysis
current. For smaller quantities of plutonium reversals in polarity can cause significant shifts in the plutonium
solution potential that move it close to the formal potential than desired. The uncertainty in determining the
plutonium solution potential from measuring the control potential also increases for smaller test sample sizes.
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significant for the method, as performed by the individual laboratory. These periodically measured values
may be used in place of the measured I; and I, values when calculating the blank correction, B, using
Formula (5) and Formula (7).

11.7 Correction for iron

The procedure presented in this document is for the measurement of test samples containing pure or
purified plutonium. Clause 10, Interferences, provides an option for correcting the plutonium quantity value
for the interference due to iron in the test sample. The correction methodology is valid provided that

— ironis the only significant interfering impurity present in the test sample of nuclear grade material,
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technique, and

ironismeasuredindependentlyand with sufficientaccuracyusinganappropriatetracelevel measurement

— the formal potential of pure iron is measured using the same protocol provided in Annex B for plutonium,
with sufficient reliability to calculate accurately the amount fraction of iron electrolysed during the
plutonium measurement, using the same calculation methodology provided by Formula (6).

If a dilute sulfuric acid supporting electrolyte is selected, the first two requirements remain the same.
However, in dilute sulfuric acid the formal potentials of plutonium and iron are sufficiently close that
their amount fractions electrolysed are approximately the same. Thus, iron impurity contribution can be

subtracted

Mpy,_fe

from the total plutonium on an atom-for-atom basis. Formula (9) simplifies to:

_ -1
=Mpy — Mg, 'MPu 'MFe

(11)

Thus, in sy
iron comps
upon the a

in this acid.

11.8 Conf

The selecti
the contro
to initiate
fraction of]

Ifuric acid supporting electrolyte, a mathematical correction for iron is larger per’m
ired to nitric acid supporting electrolyte, but the uncertainty in this correctjon lis not
mount fraction of iron electrolysed since the formal potentials of plutoniunp-and iron

rol-potential adjustment

on of the electrolysis current level of 1/750 of the initial electrplysis current at whi
-potential adjustment is somewhat arbitrary. Selecting 1/500 of the initial electroly|
this adjustment will increase the standard uncertainty~in the determination of t
plutonium electrolysed to +0,02 %, k = 1, while decreasing slightly the total electr

and thus decreasing the size of the background current correction. Alternatively, selecting 1/1

initial elec
+0,01 %, k
However, i
the electrg
should be {§
fre- This is
is at least §
required t(

Although 4
to clarify t
greater thi
solution p

trolysis current will decrease the standard uncertainty in the amount fraction elec
= 1, or less at the expense of efficiency and an inerease in the total background current
F a correction in excess of 0,05 % will be made*for the interference from iron in the t
lysis current level at which to begin the control-potential adjustment for the samplg
elected to control the uncertainty in the, calculation of the amount fraction of iron el

0 mV away from the formal potential of iron, E(Fe). Values of 1/1 000 or greater are
accomplish this objective.

he following methodology.and calculation is outside the scope of this document, it i
he key components in caleulating the amount fraction electrolysed. If a current cut-o
in the residual current'is chosen, without using the control-potential adjustment to
btential, then the formula for calculating the amount fraction electrolysed is not

illigram of
dependent
are similar

th to begin
Kis current
he amount
plysis time
000 of the
frolysed to
correction.
bst sample,
reduction
ectrolysed,

accomplished by ensuring that the control potential at the end of the test sample reduction, E3,

sometimes

s provided
ff endpoint
locate the
complete.
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is the amount fraction electrolysed, Formula (6);
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is the final electrolysis current, sample reduction cut-off well before reaching residual current;
is the final electrolysis current, sample oxidation cut-off well before reaching residual current;

is the initial electrolysis current, at start of sample reduction, but after charging current
t=0,15s);

is the initial electrolysis current, at start of sample oxidation, but after charging current
(t=0,15).
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