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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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Reactor technology — Power reactor analyses and
measurements — Determination of heavy water isotopic
purity by Fourier transform infrared spectroscopy

1 Scope
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trans
heav
proc

The
powd

2

The
cons
undg

ISO 3

Fort
[SO 4
I
I

3.1

heay
wate)
with

Note
when

document specifies an analytical method for determining heavy water isotopic purit
form infrared spectroscopy (FTIR). It is applicable to the determination of the wh
y water concentration. The method is devoted to process controls at the different
bss systems in heavy water reactor power plant or any other related areas.

method can be applied for heavy water isotopic purity measurements, in a heavy w
r plant or research reactor, heavy water production factory and heayvy water related 4

Normative references

following documents are referred to in the text in suchyaway that some or all of t
[itutes requirements of this document. For dated references, only the edition cited
ted references, the latest edition of the referenced deciiment (including any amendme

696, Water for analytical laboratory use — Specification and test methods

Terms and definitions

he purposes of this document, the follewing terms and definitions are applied.
nd IEC maintain terminological ‘ddtabases for use in standardization at the following ¢

SO Online browsing platforin: available at https://www.iso.org/obp

EC Electropedia: avajlable at https://www.electropedia.org/

y water
r which contains a higher than normal proportion of the heavy isotopes of hydrogen in
oxygen

1 to entry: HDO exists whenever there is water with hydrogen-1 and deuterium in the mix. H
hydrogen and deuterium atoms are rapidly exchanged between light water and heavy water 1

y by Fourier
ple range of
steps of the

ater reactor

reas.

heir content
applies. For
hts) applies.

ddresses:

rombination

DO is formed
nolecules.

Note 2T0 entry: fdeavy water here does not mean heavy water whnich 1s enriched 1n the heavier oxygen isotopes

170 and 180.

Note 3 to entry: The ice point of heavy water is as high as 3,8 °C, care should be taken to avoid heavy water from
freezing.

[SOURCE: ISO 6107:2021, 3.272, modified — Notes 1 to 3 to entry were added.]

3.2

light water

water that contains natural abundance of protium and deuterium
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3.3

Fourier transform infrared spectroscopy

FTIR

method in which a sample is subjected to excitation of molecular bonds by pulsed, broad-band infra-red
radiation and the Fourier transform mathematical method is used to obtain an absorption spectrum

[SOURCE: ISO/TS 80004-6:2021, 5.8]
3.4

D,0
molecular formula of deuterium oxide

3.5
heavy wate

Catom
percentage

and tritium

r isotopic purity
bf deuterium atoms in the total number of all hydrogen atoms including deuterium, prdtium
atoms

Note 1 to entty: Expressed as atom%.

3.6
D,0 concen

Cmass
percentage

of D,0

tration

pf the mass of D,0 in total water mass, assuming that allofthe deuterium exist in the fform

Note 1 to ent}y: Expressed as mass fraction.

Note 2 to enti
mean the ma

y: The mass percentage of D,0 is deduced from heayy water isotopic purity which does not pre
5s percentage of D,0 in water because deuteriurfexists both in the form of HDO and D,0.

Cisely

3.7
precision
closeness 0
stipulated c

ff agreement between independent test results/measurement results obtained ynder

bnditions

[SOURCE: IS0 3534-2:2006, 3.3.4]
4 Principle
HDO, D,0 and H,0 co-exist inheavy water, with Formula (1):

H,0 + D}0 < 2HDO @8]
The O-H bond ahd'the O-D bond have each different infrared spectroscopy. Heavy water isotopic purity
is proportiopalto the absorption strength of characteristic region in infrared spectrum within ceftain

range of heavy water concentration.

Almost all protium in high isotopic purity heavy water, like a mass fraction from 98,500 to 100,000
in %, exists in the form of HDO, in which O-H has the biggest absorption at infrared wave number
about 3 400 cm™! (A is 2,94 um). The absorption strength of this specified infrared wave number is
proportional to protium isotopic purity and proportional inversely to the deuterium isotopic purity in
heavy water. Almost all deuterium in low concentration of heavy water, like a mass fraction from 0,05 to
2,00 in %, exists in the form of HDO, in which O-D has the biggest absorption at infrared wave number
about 2 500 cm™ (A is 4,00 um). The absorption strength of this specified infrared wave number is
proportional to deuterium isotopic purity and proportional to heavy water concentration.

For heavy water concentration in the range of a mass fraction from 2,00 to 98,50 in %, different ranges
could be subdivided according to different interested regions of the spectra respectively.
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5 Reagents and materials

Use only reagents of recognized analytical grade, unless otherwise specified.

5.1 Demineralised light water, in accordance with the requirements of grade 1 as defined in ISO 3696.

5.2 High isotopic purity heavy water reference standards, a series of heavy water standards
with precisely characterized D,0 concentration, acquired from a certified laboratory and are free from
impurities and organic matters. Their conductivity should be less than 2 puS/cm.

5.3

5.4

5.5

6 !

The fisual laboratory apparatus and, in particular, the following:

6.1

6.2
samf
Diffe
meth

NOTH
liquid

6.3

6.4

6.5

6.6

6.7

Acetone or absolute ethyl alcohol.
Helium, with a purity of 99,999 % in volume.

Dry nitrogen or compressed air, with a dew point less than -30 °C.

Apparatus

FTIR spectrometer, with a resolution of 4 cm~! and a.spectral range of 1 000 cm~1 to

Infrared liquid cell, super-sealed liquid cells with Luer-Lock fittings for syringe f

rent path lengths of cells like 0,5 mm, 0,3 mm}0,2 mm, 0,1 mm, 0,05 mm may be preg
od.

Liquid cells without temperature control are used in this standard method. A temperatu
cell can be used for this method if necessary.

Hypodermic glass syringes, with Luer-Lock tips, clean and dry, always kept in a desi
Disposable syringes.

Needles, with slip tips and suitable outer diameter.

Polyethylene or Polypropylene bottles, clean and dry, with tight caps.

Fuméhood, with the inlet air flow in the range of (0,3 to 0,6) m/s.

6.8

6.9

6.10

6.11

6.12

© ISO

Oven, with a temperature control model; the oven can heat up to 120 °C
Desiccator.

Electrical analytical balance, which can be read to the nearest 0,1 mg.
Syringe filter, with the pore size of 0,45 pm.

Tissue paper, lint-free tissue paper for cleaning the cell window.

2021 - All rights reserved
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water reference standard preparation

7.1 General requirements

High isotopic purity heavy water reference standards (5.2) should be procured from a certified
laboratory. Heavy water reference standards of lower concentration may be prepared by mixing a high
isotopic purity heavy water standard and demineralized light water (5.1) in the laboratory according to

ge of high isotopic purity heavy water reference standard

7.3.
7.2 Stora
7.21 Am

High isotopi
ampoule bo

7.2.2 Spe

Specially de
reference st|
water from

heavy wate
Annex A for

If a contain

analysed until two consecutive samples deviate within a mass fraction of 0,005 in %.

7.3 Lowse

The relative
preparation
the standar

Lower D,0 ¢

boule bottle

c purity heavy water degrades easily. The reference standards shall be enclosed in s
'tles and each shall be used only once.

cially designed stainless steel container

signed stainless steel container is recommended for the storagecofihiigh purity heavy v
nndard, which is able to hold a relatively big amount of heavy water and prevent the h
legradation for a long time by covering the heavy water surface with pure helium (5.4)
" in the container can be extracted through a sampling/port with rubber diaphragm
reference.

er has not been sampled for several weeks, successive samples should be withdrawr

r D,0 concentration reference standard preparation

humidity should be controlled under 40 %, preferably as low as possible, in the stan
area of the laboratory. The bottles, pipettes or any other apparatus which will be usg
 preparation should be dry and'‘of constant weight before the standard preparation.

oncentration of heavy watérreference standards can be prepared in a clean and dry b

by mixing
of deminera
need to be
the prepare

alpropriate volume of a high-purity heavy water reference standard with appropriate vo

ized light water (5.1)-The masses of the heavy water reference standard and the light v

1 heavy water reference standard can be referred to Formula (2):

Wp +WH XCH

Wp +WH

baled

vater
eavy
. The
. See

and

dard
d for

ottle
lume
vater

curate to 0,1 mg weighted by the electrical analytical balance (6.10). D,0 concentration of

(2)

mass fraction in %;

CH

NOTE

is the mass of the high purity heavy water reference standard, expressed in grams;
is the mass of the light water (5.1) added, expressed in grams;

is the D,0 concentration of the light water (5.1), expressed as mass fraction in %;

is the target D,0 concentration of the lower reference standard, expressed as mass fraction in %;

is the D,0 concentration of the high purity heavy water reference standard expressed as

¢y, the D,0 concentration of light water (5.1) which is approximately a mass fraction of 0,0173 in %,

while it varies in different areas around the world. This value can be measured through mass spectrometers by a
qualified institute.
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The maximum duration is 3 weeks when the lower D,0 concentration heavy water reference standards
stored in a polyethylene or polypropylene bottle with a tight cap. The reference standards should be re-
prepared once introduction of light water is suspected.

8 Sampling

8.1

General requirements

WARNING — Heavy water is not radioactive. However, heavy water in nuclear power plant may
contain a large amount of tritium and other radionuclides. Proper protection measures shall be

take)
cell 1

Heav
aften

8.2

Hypd
heav
wate]
polyqd
prov
prov

To t4

Syrirn
the f

8.3

Once
Imm

9 1

9.1

Tabld
diffe

n when sampling and analysing heavy water samples in nuclear facilities. All,sy
illing of the test should be carried out in a fume hood (6.7).

y water degrades easily when open to atmosphere. It is very important to keep.the s3
sampling.

Sampling with syringes
dermic glass syringes (6.3) with Luer-Lock tips and matched meedles (6.5) are wid

r reactor power plants. The sampling station is a stainless steel pot with the dia
hloroprene disc, and the connections are welded to the sample tubing. A small isola
ded on each side of the sample pot for normal isolation and for diaphragm changing
jded to permit continuous flow during isolation of thethypodermic pots.

ke a heavy water sample from the station, a flow through the station shall be esta

ow has been established for more than 2 min.

Sampling with bottles

syringe sampling is not applicable, clean and dry bottles (6.6) should be used fq
bdiately tighten the bottle cap.after sampling.

Preparation of calibration curves of the method

General

b 1 gives 5ttypical calibration curves of different D,0 concentration ranges of heavy
Fent test’conditions based on the test of a CaF, infrared liquid cell (6.2) with a same p{

0,2 mm. Thespectra with regions of interest of different D,0 concentration ranges are giver

'ringes and

mple sealed

ely used for

y water sampling in industry. Specially designed syringe sampling station is provitled in heavy

hragm of a
tion valve is
A bypass is

blished. Dry

ge (6.3) and dry needle (6.5) are used to extract the sample through the rubber diaphragm after

r sampling.

water with
ith length of
in Annex B.
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Table 1 — Calibration curves for different D,0 concentration range

Curve D,0 concentra- | Cell mate- | Background Region of in- | Baseline sug- | Linear coef-
number tion range? rialb terest suggest- gested® ficient
ed
mass fraction in cm1 cm1
%
98,500 to .
) > 0,
1 100,000 CaF, Air 3200to 3600 | around 3 100 >99,99 %
2 80,0 to 98,5 CaF, Air 285003050 | 2rOUnd3850 1 59990,
or 4500
3 20,0 to 80,0 CaF, Air 200002100 | 2rOUnd3850 | g5
or 4500
4 2,0 to 20,0 CaF, Air 5050to 5300 | around 5500 299,9 o
demineralized
5 0,05to 2,00 CaF, light water 2530to 2600 | around 2800 >99,99|%
(5.1)/Air
a  D,0 concentration range can be changed according to the choice of different path lengths.of'eells.
b The windpw material of the cell could be ZnSe for all the curves. SiO, could be used for‘curve 1 only.
¢ Abaseling shall be specified to draw the curves. For curve 1, 4 and 5 which are platted by peak area integration, 4 one-
point baseling is suggested, which means a horizontal baseline will be drawn through'the specified point of each spedtrum
where all spe¢tra have a minimum absorbance. A two-point baseline may be selected for curve 1, 4 and 5, in which cage the
baseline will be drawn through both points. For curve 2 and 3, which are plotted by peak height integration, a fixed ¥-axis
location wherp all spectra have a minimum absorbance shall be selected for thebaseline integration.

Both curve
reproducibi

Curve 2, cu
98,5 in %) 11
coefficient ¢
be used for

suitable for
reactor pow
better resul
results of cu

Different op
the method
difference o

EXAMPLE

be further sy
mass fraction
98,100 to 99,

1 and curve 5 have a linear coefficient above 99,99 % and show good repeatability
ity.

Fve 3, and curve 4 for mid-range concentration heavy water (mass fraction from 2
neasurement do not have as good repeatability as curve 1 or curve 5, although their |
an reach above 99 %. There are maybe some other acceptable regions of interest that

D,0 concentration analysis of the'mid-range concentration heavy water. These 3 curvg
rapid and routine analysis and nieet the process control requirements of the heavy v

and

,0 to
near
rould
s are
vater

er plant. For more precise results, subdivide the curves into several narrower ranges to get

s or dilute the samples to.the range of curve 1 or curve 5 according to the preliminary
rve 2, curve 3 and curve4.

tical path length of the infrared cell like 0,5 mm, 0,3 mm, 0,1 mm or less can also be usq
in which casetlie’'D,0 concentration range of each curve will be changed according t
f the absorption/strength of the spectra.

To measure D,0 concentration of the high isotopic purity heavy water more precisely, curve

lit into"2-curves with one using a 0,3 mm cell (6.2) for higher part of this range (e.g. higher t

0f99,200 in %) and one with a 0,1 mm cell (6.2) for lower part of this range (from a mass fract
P005in %). Curve 5 can be further splitinto 2 curves in a similar way.

v test

d for
o the

1 can
han a
on of

9.2 Preparation of the apparatus

9.2.1 FTIR spectrometer

The temperature of the laboratory should be in the range of 18 °C to 25 °C and maintained at a constant
operating room temperature within +1 °C. For example, the temperature is kept at (22 + 1) °C.

The non-condensing relative humidity of the laboratory should be in the range of 30 % to 60 %,

preferably a

s low as possible.

Make sure the humidity indication of the instrument is in normal status.
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Turn on the instrument and wait for the instrument stabilization according to the instrument

instr

uctions.

9.2.2 Infrared liquid cell

The cell should be clean and dry. If the cell is kept filled with heavy water sample, make sure to rinse
the cell thoroughly with the next sample.

Once the cell is contaminated with oil or any other solvents, use acetone or absolute ethyl alcohol (5.3)
to clean the cell (6.2) in the fume hood (6.7), and flush the cell with demineralised light water (5.1).
Then purge with dry nitrogen or compressed air (5.5) and keep it dry.

9.3
Acco

Choo
Tabld
for c

NOTH
stren|

baselfine point in the suggested area which is recommended in Tabled.

9.4

Scan

9.5

Makd
temp

Extr
into
the d
inser
and 1

Placd
the 1
spec

Each

Editing of the method
rding to Table 1, edit the parameters of the curves through the instrument software.

se the integration region and the baseline point in the suggested baseline region 4
1. Integrate the interested region by area for curve 1, curve 4 and curve’5 and integra
irve 2 and curve 3. Normally 16 scan times are set for one spectrum;

Integration by area has the priority for the test method. If the intérested region is only th
oth of a characteristic wavelength, integrate the height of the characteristic wavelength wi

Background spectrum

air or demineralised light water (5.1) for background spectrum according to Table 1.

Heavy water reference standard spectra

e sure the temperature of the heavy water reference standards reach the constant ope
erature.

ict heavy water reference standard using clean and dry syringe (6.3). Inject the referer

iccording to
te by height

e absorbance
th a selected

rating room

ce standard

the infrared liquid cell (6.2)sih*an amount at least 5 times that of the cell volume to make sure that

ell is thoroughly rinsed;-and insert the cell outlet with a plug and remove the syring
t another plug into the cell inlet. Make sure there are no air bubbles or suspended di
he outside of the celllwindow is free of lint.

the cell (6.2)4n the sample chamber of the Fourier transform infrared spectromete
eference standard immediately after it has been put into the instrument chamber
f'rum. Repeatthe above steps and get all the spectra of the reference standards.

curve,should have 5 or more spectra.

e (6.3), then
rt in the cell

r (6.1). Scan
and get the

9.6

5 he calibrati cor-difs B-o :

Choose the spectra of the standards, draw the curves respectively.

Thel

© ISO

inear coefficient of the curves shall meet the requirements in Table 1.
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10 Procedure

10.1 Sample preparation

10.1.1 Sample temperature adjustment

The sample temperature should be consistent with the temperature of the reference standards with
which the curves are plotted. Wait until the temperature of the sample reaches the constant room
temperature before performing the test.

10.1.2 San

If the sampl
affected. Ay

10.1.3 Sam

Check the s4
the curve ad

If there is nd
spectrum fi

10.2 Samgp

a) Choose
cell, injd

b) Extract
inject ti
thoroug
syringe
suspeng

c) Place th
has bee

d) Read th|
the sele

10.3 After

a) The san
other di

jple filtration

e is not clear or there is oil or any organic solvents or lint in the sample, the results'w
vays filter the sample with the syringe filter (6.11).

iple source check

mple source and understand the approximate D,0 concentration of the heavy water. §
cording to the D,0 concentration range specified in Table 1.

information about the D,0 concentration of the sample, scafithe sample and determin
"st, then choose the proper curve according to the region-of interest in the spectrum.

le load and scan

the proper liquid cell (6.2). When performing the test of a series of samples with the
ct the samples from high D,0 concentration ta1ow D,0 concentration.

the sample using the hypodermic glass syringe (6.3) or disposable syringe (6.4)
le sample into the cell (6.2) at least 5, times of the cell volume to make sure that the
hly rinsed, and insert the cell outletwith a plug and remove the syringe (6.3) or dispo
(6.4), then insert another plug(into the cell inlet. Make sure there are no air bubbl
led dirt in the cell and the outside of the cell window is free of lint.

e cell (6.2) in the samplelchamber of the FTIR (6.1). Scan the sample immediately af

h put in the instrument ehamber and obtain the sample spectrum.

cted curve, choese’another curve and repeat the test.

measurement

hple left should be collected in a suitable container for later purification and up-gra
sposal.

ill be

elect

e the

bdaime

and
ell is
sable
S or

ter it

e D,0 concentrationiresult of the sample from the curve. If the result is not in the range of

e or

b) Wash the glass syringe with demineralized light water (5.1) and dry it in an oven (6.8), take the

syringe

out after it was dried and put it in a desiccator (6.9).

c) Used needles (6.5) and disposable syringe (6.4) should be flushed with demineralized light water
(5.1) and collected and treated in a suitable way.

d) The cell (6.2) could stay filled with the heavy water sample. If the infrared cell (6.2) is not to be
used for some time, it shall be blown dry with dry nitrogen or compressed air (5.5) and store in a
dry place.
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11.1 Calculation method
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D,0 concentration and the integral value of the interested region of the sample can be fitted linearly
by the least square method for all the 5 typical curves. The D,0 concentration can be determined with

Formula (3).

Crnass = aX+b

(3)

where

¢ isthe slope of the curve;

b is the intercept of the curve.

D,0 Jsotopic purity can be converted from D,0 concentration by Formiffa (4):

o

0,9%c
atom =| — 25— | x 100%
1-0,1X ¢ a6

where ¢ isin fractioni.e. 10 % is 0,1;

mass

Repdrt the result in form of ¢ orc

atom mass

11.2 Precision

X istheintegral value of the interested region of the sample spectra;

according to-the client’s requirements.

(4)

A planned trial of this method was carried-out by 6 laboratories. Five parallel samples|in different
rangp of D,0 concentration were prepared by one laboratory and sent to all 6 laboratories.[The six sets
of data were produced by different gperators, using different apparatus under the identicpl operation

condjiitions and in a minimum period of time.

The results obtained were statistically treated in accordance with ISO 5725-1 and ISO 5725-2, which

are listed in Table 2.

Table,2'— Standard deviation of the test results from 6 laboratories

Test results of 6 laborato-
Curves ries
(mass fraction in %)

Average D,0 concentration

(mass fraction in %)

Absolute stanglard devia-
tion

(mass fraction in %)

99,797

99,799

99,798

99,803

99,802

99,798

99,800

0,002 43

88,258

88,360

88,335

88,240

88,300

88,290

88,297

0,045 3
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Table 2 (continued)

Test results of 6 laborato- . Absolute standard devia-
. Average D,0 concentration -
Curves ries tion

(mass fraction in %) (mass fraction in %) (mass fraction in %)
30,571
30,683
30,489

3 30,594 0,296

30,090

30,770

30,960

15,108

15,080

15,066

4 15,107 0,071 8

15,010

15,180

15,200

1,006

1,004

1,008

5 1,003 0,004 08

1,001

1,000

0,997

11.3 Uncertainty

The uncertdinty of this method mainly includes'the following factors:

a) The sagnple temperature: The reference standard and the sample should reach the conptant
tempergture within *1 °C beforé:being scanned to reduce the uncertainty brought by the
temperqture variation.

b) Laboratory humidity: The laboratory relative humidity should be kept in the range of 30 % to 60 %,
preferably as low as possible’for the high isotopic purity sample analysis.

c) The preparation of heavy water reference standards: Diluting process and the isotopic purity ¢f the
local light water (5:4) can introduce uncertainty.

d) The stability.ofthe FTIR (6.1).

12 Interferemnces

12.1 Contaminated samples
Contaminated samples with colour, oil or solvents could lead to erroneous results by extraneous

absorption at the chosen wavelength in the infrared method or by altering the light transmittance in
the method. Always filter the sample with syringe filter (6.11) before performing the test.

12.2 Air bubbles

Air bubbles in the cell will disturb the analysis results. Care should be taken not to introduce air bubbles
into the cell.
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12.3 Foreign materials on the outside of the cell window

Foreign materials like water, dirt on the outside of the cell window could lead to erroneous results. Use
lint-free tissue paper (6.12) to make the cell window dry and clean before sample scanning.

13 Test report

The test report shall specify the followings:

a)
b)
‘)
d)
e)
)

g)
h)
i)
j)

areference to this document, i.e. ISO 23468:2021;

1

1

1

1

q

1

q

q

he sample identification;
he sample appearance;
he client and contact information;

he method used by reference to this document;

gny operation not specified in this document or any optional operation which might in

esults;

he test result(s) obtained;

gny unusual features (anomalies) observed during the determination;

gignature of the responsible;

he date of the determination.

fluenced the

© IS0 2021 - All rights reserved
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Annex A
(informative)

Specially designed stainless steel container for D,0 reference
standard

The speciall

The heavy Water standard is stored in a stainless steel container, under a blanket of helium:gas| The
standard cah be sampled through a rubber diaphragm by means of hypodermic syringes. The contpiner
is pressurizpd to about 34,5 kPa with helium gas to prevent introduction of moist air and to facilitate
sampling. The sampling rubber diaphragm could be changed immediately once there j$)leakage and the
folded outlef tube provides a long diffusion path barrier if a trace of H,0 should enter-the diaphragm.
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Figure A.1 — Specially designed stainless steel container
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Annex B
(informative)

Interested region suggested for typical curves
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B.1 — Interested region of curve 1 (mass fraction from 98,500 to 100,000 in %)
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Figure B.2 — Interested region of curve 2 (mass fraction from 80,0 to 98,5 in
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