lodine speciation in nuclear industry.

Presented by D. Doizi.

CEA, DEN/DANS/DPC/SECR/LRMO, Saclay, France.
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Outline of the talk:

e Introduction.

e Back to basics on the element I.

« Speciation of iodine in solution.

« Speciation of iodine in the gaseous phase.
» Speciation of iodine in the solid phase and imaging.

e Conclusions.
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Introduction.

Thistalk isareview of iodine speciation in the nuclear industry and presents some
experimental work done at the Nuclear Energy Division and especially in our laboratory.

e lodine : 257953 references on SciFinder (3/05/2012) which 76103 references for stable
I-I (CAS number 7553-56-2).
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Introduction.

lodine is a very important element which is present in numerous ag various
domains of our life.

e Environmental domain:

From the geosphere to the biosphere : soils, air, se450 nM [I,], brown algae Laminaria
Digitata, strongest accumulator of iodine among all liitng systems).

* Medecine and physiology:
Tissues, urine, colon, thyroid where it plays an impdant role in the endocrine system.

The body of a healthy adult contains up to 20 mg iodiemwhich 70-80% is in the thyroid.
It is used as a disinfectant in agqueous solution (tinare of iodine).

* Nuclear industry:
lodine is a fission product released in the case of sene nuclear accidents.

It is present under volatile forms (molecular iodine, oganic iodides) or under the form of
aerosols (metal iodides).

lodine is released at the dissolution of irradiated nuaar fuels.

lodine is involved in the massive hydrogen production sing iodine sulphur water
splitting cycle.

The knowledge of iodine chemistry as well as its speciation are ofmost
iImportance. Analytical techniques for iodine speciation are trasverse.
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€=9 Physical properties of the element:

Back to Basics on the element |

lodine element belongs to the halogen family. Groupflihe PTable
Discovered by B. Courtois in 1811, from the graeldnc (violet).

53 electrons (55p°)
e numerous isotopes: 108 a 144

The more stable isotopes

Isotope Period Decay mode Energy, MeV B
TR A
1231 13.2235h a,y 0.16 o
1
26904t
1251 594 a,y 0.0355 . . .
«— Medical applications
(labeling, curietherapy,...)
1271 stable
1291 15.7 Ma - 0.194
: T~ Nuclear domain
1311 8.0207] By 0.971 —

Similar to the other halogens, the valence electron configuration repaeoseicule
the stable state of the element with a direct and single I-1 bond.
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Isotopic abondance of iodine

Table of the Isotopes 11-113
Elem. Natural Atomic Mass or Half-life/ Decay Mode/  Particle Energy/  Spin Nuclear Flect. y-Energy /
or Isot.  Abundance Weight Resonance Energy Intensity (h/2m)  Magnetic  Quadr. Intensity
(Atom %) Width (MeV) (/MeV) (MeV /%) Mom. (nm) Mom. (b) (MeV /%)
0.7228/10.3
1.6910/11.2
(0.31-1.73)
= 124.904630 5944 EC/0.1861 5/2+ 2.82 -0.89 Te k x-ray
0.0355
6] 125.905624 13.0d EC/ 2- 1.44 ann.rad./
B+ /2.155 1.13/ Te k x-ray
B- /1.258/47 0.87/ 0.3887
1.25/ 0.6622
i 100. 126.904473 5f2+ +2.8133 -0.79
b ,127.905809, 25.00 m B-/2118 213/ Te k x-ray
hitp /AW, ’mcmfnemaqe Com/ 044287
0.52658
| 128.904988 1.7 x 107y - /0.194 0.15/ Ti2+ +2.621 -0.55 Xe k x-ray
0.0396
e | 9.0m I.T./83/0.048 2+ 1k x-ray
B- 117/ 05361
o 129.906674 12.36 h B- /2949 1.04/ 5+ 3.35 0.4180
0.62 0.5361
0.6685
0.7395
iy 130.906125 8.021d - 10971 0.606/ 7/2+ +2.742 -0.40 0.08017
0.28431
0.36446
0.63699
e | 1.39h IT 8-
] 131.90800 2.28h B- /14/3.58 0.80/ = 3.09 0.09 Ik x-ray
L.T./86/ 1.03/ 0.0980
1.2/ 0.5059
1.6/ 0.52264
2.18a/ 0.63019

0.6506



lodine, a « sticky » molecule.

Black solid with metallic blue grey reflet&rown algae have been used as the raw

material for iodine production at the origin. Toddye production comes from Chile (2/3) caliche degosit
and Japan (1/3) brines from natural gas).

eSD Fusion P: 113,7C

Boiling T°: 184.24C
It sublimates at the ambiant temperature.

o - ; i )

Violet vapors of ioine observed around $20
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lodine in solution: an extensive chemistry.

lodine solubility in water is low: 2.68.1®mol.L 1 at 25°C.
lodine molecule dissolves in organic solvents and givefedint colored solutions, |
accepts electrons from the solvent molecule into its LUM®@GisTowers the energy of

eSd the transition HOMO-LUMO thereby changing the color.

From Atkins, Jones
Principles of chemistry

CcCl, H,0 KI Kl + starch

lodine molecule solubility is increased in the presence abris thanks to

the reaction:
I, + I'——=15 Polyiodates formation.

lodine electronegativity is lower than the one of the other halogens.

Oxydant reagent which can also be oxydized.
lodine has many oxydation states ranging from -1 to +7.
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The different oxydation states of iodine in solution

Oxidation state Species State Name
-1 HI gaseous hydroiodic acid
I- dissolved iodide anion
Py dissolved Triodide anion
ls dissolved Pentaiodide anion
solid lodine
0 I, dissolved
gaseous
+1 I+
HOI gaseous Hypoiodous acid
dissolved
H,Ol* dissolved Hypoiodous acidium
cation
Ol- dissolved Hypoiodite anion
+3 HIO, dissolved lodous acid
Thermodynamically 10, dissolved
stable valences +4 1,0, solid diiodinetetroxide
1,0¢ solid Tetraiodine
nonaoxide
+5 HIO, dissolved lodic acid
solid
105 dissolved lodate anion
10,* dissolved
1,04 solid Diiodine pentoxyde
+7 HIO, dissolved Periodic acid
solid
10, dissolved Periodate anion
HIO > dissolved
103 dissolved
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Some basics on oxydo reduction reactions

Initially, an oxydation reaction is the combinationasf element with oxygen (oxydant).
Ex : 2Na +1JO, —Na,0

A similar result is obtained with other compounds suchasCl,, S.

Ex: Na + 1CIl, —NaCl

More generally, an oxydation reaction leads to a tdsdectrons.

An oxydant is a substance which accepts electrops@g ...).

Areductant is a substance which gives electrons (NaCH...).

The reaction Na + 1Cl, — NaCl can be written:

1/,Cl,+ e~ Cl or ox, + n,eg < red,
Na<—Na*+ eor red < ox+ ne

E
The final balance is:
n,0%, + N, red, <> n,ox, + nyred, 0X, red 2
0X, | red;
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Standard Potentials for iodine and its major derivatives at 25C vs HSE.

Couple redox Equation redox E® (V/ESH)
eSP LT Ly + 26 =+ 2T 0,535
o L T2 =21 0,621
I,/T Iy +2e =31 0,536
L/, IL+2e =2k 0,782
HOLT HIO_+H +2¢ — [+ HO 0,985
H.OI'(T HOI'+2¢ =1+ H,O 0,940
O [O+HO+2¢e =T +20H 0,472
HOIL/, 2HIO+2H +2¢ - L+2H.0 1,351
H, 011, 2HO0I'+2e =, +2H,0 1,261
011, 2I0+4H +2e =, +2H,0 1,354
10,71, 210, +12H +10e = 1, + 6 H,O 1,195
200, +12H" + 10 & = Ly, ey + 6 HO 1,195
10471 0, +3HO0+6e 2T +60H 0,257
10,707 0y, +4H +4e¢ = 10°+2H,0 0,972
[0,/HOT 10, +5H +4e - HIO+2H,0 1.134

From C. Cau Dit Coumes, phD Thesis.
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Potentiel pH diagram of iodine

11
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Pourbaix diagram of iodine at 1atom gram/|
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From M. Pourbaix, atlas d’équilibres électrochimiguehap 4, section 20.4, 614-626, (1963).
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lodine Species predominance diagrams pH, in water

Predominant and stable iodine species are, |1, 13, HOI, 10 5
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Figure [1-5 : Courbes de répartition 3 2590 des sspéces formées par hydrofyse de Piode
en fometion du pH du miliew.

A - concentration initiale d'fode @ 10° ol L
B : concertration initish d"jode 107 moLL*

From C. Cau Dit Coumes,phD Thesis
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Major reactions of iodine and iodates.

lodine is only stable in acid slightly oxydant solutions.
When the pH reaches neutrality, iodine hydrolyses.

SS9 The dismutation (disproportionation, hydrolysis) of iodine in

walter:
IL+H,O0=HOI+1 +H"

Hypoiodous acid HOI is a non stable thermodynamic amphoter
compound:

3HOI - 105 + 21" + 3H"
In alcaline media, (pH>8), iodine dismutes rapidly and totally:

3L+53H,0< 10, +5T+6H" (inverse Dushman reaction)

The slow oxydation of | by dissolved oxygen:

2" + 10, +2H" & I, + H,0
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Analytical techniques for iodine speciation.

Analytical technigues to study iodine species:
0

* Classical spectrophotometric techniques
 Precipitation titrations

« Atomic Absorption Spectrometry

* Neutronic Activation

« X ray absorption (XANES, EXAFS) and fluorescence
* ICP mass spectrometry and hyphenated techniques
 Electrochemical and potentiometric technigques
 Scintillation measurements for radiotracers

» MOssbauer spectroscophy)

Recent review Review of analytical methods for the quantification ofiodine in complex matrices,
C. P. Shelor, P. K. Dasgupta, Anal., Chim., Act&;02 (2011) 16-36.

Comprehensive Handbook of iodine, Edited by Victor Predy, Gerard Burrow, Ronald Watson. (2009) .
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Analytical determination of iodine species in solution.

Optical spectrometry : UV —Visible absorptiop

&0

Species

Wavelengths (g,molar
extinction coefficient)

Absorbance

-

1?7
213715 0T

l, 470 nm (€=790)
205 nm (€=20000)
HOI 207,5 nm (g= 9680)
|5 350 nm (e= 25700) 12 f—X
- _ | 196m - /227 nm \
|- 225 nm (e= 14400) L \ 7 \
0.6 m—EOJ \"‘ A A\
& — ;‘:‘::'\:\ - 74 o -
0.2 193 ‘I’i‘m\.'f:’:_;-.-}..___h “‘\\
“le=5850mollLem™——«___ = N\
l:'1-90 260 2:}0 2I20 21I30 240
longueur d'onde (nm}
In nitric medium
DEN /DANS/DPC/SECR/LRMO 16



Analytical determination of iodine species in solution.

Optical spectrometry: Raman diffusion

Table 2. Raman vibrational frequencies observed experimentally for I3, Isand I; in various

samples
compound mode designation sample examined "‘::_nml:l-h“ i
(_H} v2, bending deformed linear 1,-[14] various solutions T0-R0
vI-I stretching (D2 'bond) of H1,* [£] HI-I; solutions {1:1) in water A4
¥l, symmetric stretching lingar Is- [14] [23] various solutions 103-114
energie atomique « energies alfemnatives [21 | [22'
’ w3, agymmetric stretching linear I,-[7] (dber)I3 in the solid state 125
(RI5)13 solid2 145
various solutions 143-152
I~ 2v2, Fermi Resonance [#] HI-T; sohations (1: 1) in water 150
vl streiching (D1 "bond) of HI.* [§] HI-I; solutions {1:1) in water 170-172
vlz-1s mode in 15- (I~ disproporticn) [7] (R3ASH3 liguid 170
2vl, Fermi Resonance [#] various solutions 220
vlgTs, stretching of Ty in L-shaped 1;- [7] {dberls’ 112
¥I3-1s, stretching of 13- moiety in L= [14] VACHOLLS surr,:les 104-120
vly-ls, asymmetric stretching of 13- in L- (dbcr)ls 143
shaped I4- [7]
I w5, bent 15- [7] Polyvinylalceol thin film 140
w15, linar [5-[7] indine doped PVA 158
VI, linear 15-[24] various solutions 164
vlz=ls, siretching of I; unit in - (RASHS liguid3 170
(dher)I51 168
various solutions [16] 160-187
Iy in Me280 189
I; in CHC13 207
I wl; stretching of free 1; molecule [ 16] I in benzens 208
pure I, solid [25) 180
pure [2 molten [21] 194
pure I vapor [25] 216

1 (dber)= dibenzo- | B-crown-6; 2,{R35)3= alkylsulfur triodide; 3 (RIS)[5= alkylsulfur pentaiodide

From lodine compounds speciation in HI-I2 agueous solutions by Raman spectroscopy, Spadoni et al., IJHE, vol37, issue2, (2012), 1326-1334.
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Analytical determination of iodine species in solution.

Quantitative Analytical Chemistry:

G. Charlot, D. Bézier, méthodes modernes d’anajysatitative minérale, Masson éditeurs.
P. Jaulmes, précis de chimie analytique, tome 6519

Titration of iodine by volumetric methods: with sodium thiosulfate (with

starch, formation of a blue compound) :
1ml of thiosulfate 0.1N is equivalent to 12.69 mgaxfine.

Titration of iodide anions by volumetric methods using dver.
Precipitation of silver salts.

» \Volhard method,
 Mohr method,
* Fajans method.

lodide anions titration by potentiometry:
Titration using a1 selective electrode.
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Determination of total iodine concentration by ICP-MS.

The use of a plasma torch coupled with a magnetic mass spest&o
(ICP-MS) or optical emission spectrometry (ICP-OES) eesbthe

mesurement of iodine traces.
¢S

~ e Importance of the sample preparation.
* The choice of an alcaline medium increases the sensitivity.

* lodine is difficult to ionize, use of ascorbic acid, redugiagent to
study iodide anions (phD Thesis B. Langlois, DEN, 2001).

« Caution to memory effect in the nebulizer

« Review article:
lodine determination by ICP spectrometry, A.A OlieiL. C. Trevizan,
J. A. Nobrega, Appl. Spect. Rev., 45:6, (2010),-443.
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lodine speciation in the gaseous phase

Violet colored vapor easily detectable in optical absorpspectrometry: UV Visible for example.

@J I(ZPm) + pk(2pU2)
A b
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A
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A
1 Pression de vapeur de la molécule d'iode
T 10000 1 : _
. It
.\-"; 1000
Dy D
\ / I
=3\ ]I 2
=2 § =
L =1
o -V 1V =0 }L-—___.-__.._.‘___"___"_________" _____
f ' T - f== S0 ik il = S —
r (internuclear separation)
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lodine specie in the iodine sulfur thermochemica cycle

Liquid vapour equilibrium measurements are made usig optical « online » techniques, to
avoid tedious experiments and prevent any vapour coposition changes.

»HI (and H,0): FTIR spectrometry
- UV-Visible spectrometry
»HI, (H,0 and H,): Evaluation of Raman techniques.

Regulated temperature
atmnsphere_

8 mm diaphragm on
Inert gas atmosphere

R Spectrometer
ert gas atmosphere

[ - . e —
Temperature Control Argon heating

Spectral regions for the HI and H,O vapours.

' TN
: . * N Pl
i i 20 z=00 300 4500 o 4500
UV/Visible absorption FTIR spectrometry Raman techniques
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lodine speciation in the gaseous phase

Violet colored vapor detectable in emission: laseucetl fluorescence, spontaneous Raman diffusion.
But low concentration only, otherwise fluorescencerghing.

Todine molecules time-resolved fluorescence
0.002
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Gaseous iodine detection by colorimetry

Colorimetric method developped by Iwasaki (1952):

Reduction of iodine in iodide anions after bubbling reelgas in a 1N NaOH solution.

energle atomique « energles altemnatives

A New Microdetermination of
Iodide by its Catalytic Reaction

By Iwaji Iwasa®y, SBatori Tresumi
and Takejire EAWA

(Recedved August 26, 1952

The suthors found that the orange ecolor of
ferric thiocyapate which was lormmed by dilote
potasinm thiceyanate and an exeesm of forric
salt in dilube mitrle aeld solotion, feded very
slowly owing to the uxidstion of thiocynnote,
bt rapidly in ibe preseees of minots amoonts
of kndide.

The eatalytio aetion of jodide on this reactio
wins siudind colorimetrienlly, sod b onew mi=
artdetermination of fedide was ascomplished.

Iodine also catslyeod the fading of ferric
ihireyanate in ezaetly the same way as iodide,
buc chlpelde end bwomide did oot. In peali-
mioary experiments it wes found that this
catalvthe martlon was grostly alocted by the
prosonee of small smeoonta of oitrite, The
resction mis depended not only on the con-
eontrationa of Jodide present, but nlso on the
copnentrations of thiceyanate and nieric acid,
and sspecially on the temporstare (Fig. 1).

Tharnfare theen favtoms mont be lkopd sonnont
for jodide determinstion,

The determinstion of iodids oonld be made
by memeurhng the absorbancy in o definite
period of time and aaing the salibrsiion earves
(Fig. 1) previously obtoined nnder the asmn
e it o,

Frosedone npod Hesglo:

Ty 10 22, af thesgnanple salation, Lies, of mixed
rengent [xil-* or 10-7m In potsssinm thioeyas
maty;, 3x10x in sodinm niteltel ond 20 ce, of
farric xlum moagent (prepared by dinsolving 6 g.
of forric alum in 100 oe. of 5.7x nitrio seid) woeen
nddel. The sbecrbancies wers plotted osgainst

Turysin] o8-
Curees HI (22 [ 1] L] 1] ]
Concemipatim of k=1ie, FPE

Fig. L—Oalibration curves of iodide.
Cupves [1-08! Sl u BON-
Chirve [ 10-7 w S0X-

Al concemtrationg of jedide a2 ghewn in Fig L

The absorhaney was detarmiosd by o Beckmas
Maode]l DO spectrophotometer ot 4060 mat asing
I, cell, The calibration corves shoen in
Fig. 1 wers mprodistible wilhin & 5%,

T deierminaiion of Iedids s contairRiiong
of &3 — 10 pp.m, sonll be made onder cho fod-
lowing  oonditions: G 10-m BON-, &S00, @
minutes (Curve 5. The determination of jodide
in domtemtrationa of BOE—05 popom. could be
made under the fellvwing conditions: 10m
B0N-, 4050, B0 meisdes (Curys 4,

It waa also pssible to deformibes (001006
PP o of jodlde ueder the following eonditiona:
100y BON-, 4590, 30 mdnobes.

By thiz metbod 0001—L0 ppom. of Godide
ponll be determined in the presence of chlorids
and beomlde,

Ladoratory of Awalybtion] Chemdslmy and
{}l’l,ﬂ'l.?m;.lll?‘r Takgo Soatitule of
Tephmotomy, Takpo
(13 1. Veasskl, §. Tisgms snd T Ogeses, Thie Bulletin,
25, 1 (18T
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Special attention to organic iodides

Ex : Methyl iodide is very volatile: CH is formed by the interactions between iodine and
organic compounds such as oils, paints,...: Tbh =42.4

(=) - Species observed in the gaseous flux released at thalutisn of irradiated fuels,
——— e Species observed in the measurement of the efficiehiodme traps,
pememmnere o Species observed in the containment of a PWR in dasevere accidents,
» Species also observed in marine chemistry.

'Iﬂ I Qzone destruction P -
-— hotolysis (1
DD \ / Aerosel formation " :
Wet and dry deposition
Volatilization

CH.I, » CH,CIT * I, CH,I Algre
e Phytoplanktons
Oxld.aijon. \":1-'1{?:5 bactena
. . & volatilization
1’03- Sorption on soils 3
4 l Rieovariis P \ Reduction
and unidentificd I(-1) 1
i { Animal uptake (T; & T,) aeprosechacieris | i
n Alral L e
A HOT ‘}.?0 p R ledination (Org-1) ‘ Pisucrinonas sp. SCT
— P i —
I ~———y 2 4 MH ) l L) 105 (+5)
¥ r 3 l 2 Remineralization
OH" Desindination
A
i9:0 .l Accumulation
HIO
v Ag ﬁ'OH Back to the ocean through Spostanaus (1) Spuntanens " Algae .
141 eT8 d & ndwﬂt g v Maring animal
AgI (4) Agqueous EE M T ooty 8
v Phase

Simplified diagram of iodine transformations within Amachi, S., Microbes Environ. Vol 2394 269-276 (2008)
the containment
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Analytical technigues for organic iodine species determination

FTIR: mid IR range,

LD<ppm.

!

i
L bl

il s Akl
e

u.l
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|
M
o e mo e

0 e awwe W0 ww TR

o o0 w7

CRDS (Cavity Ring Down Spectroscopy): Optical absorption techque

very selective, sensitive, in the NIR.

Tunable
cw laser

Optional

switch

Ringdown
cavity

A

Photo-
detector

Optical cavity: L=1m ; Lq,e= 10 km
Theoretical DL ~ 10 ppb.

o Light intensity —

A. Pailloux, DPC/SECR/LRMO
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Speciation of solid iodine and imaging.

Evaluation of DESI-TOF technique.
(Desorption — ionisation by electrospray coupled witimae of flight
mass spectrometer).

Application of an intense electric
potentiel on capillaries containing the
solvent and the vector gas.

» solvant nebulizing

» the droplets desorb the surface
molecules

Advantages:
= Direct analyses on the sample without any preparation

= Soft ionization process which produces a lot of molesw@nd enables speciation studies.
= 2D imaging is possible.

D. Lebeau, DPC/SECR/LRMO
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Examples of DESI-TOF potential for solid iodine speciation

100%

0%

Application to waste storage LCT XE Premier (Waters)
Source DESI 2D (Prosolia)

— Example: 4 mg d’EDTA on 10 g of concrete (400 ppm)

Image ionique
lon m/z 344

Image optique

, _ i _ Localisation spécifique de
Appllcatlon to marine chemlstry I'ion [EDTA/Fe'"]

— Example: speciation and localization of iodind.aminaria digitata
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Examples of DESI-TOF potential for solid iodine speciation

Evaluation of the efficiency of iodine traps:

e Filters with activated charcoal (high specific surface) +KI + TEDA

Isotopic exchange:

K127| + 131|CH3 _____ K 131| + 127|CH 3

C6H 12N2 + ICH3 """ C8H18N++ + 2|_

In the case of severe accidents, comparative efficiency fordnd CHjl
— Influence of moisture

— Influence of temperature

— Influence of NOXx
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Conclusions

lodine is a very important element in our life. It appears under numerous
and various chemical species which offers an extensive chemistry acdorg

(&) to the potential and the pH conditions.

In the nuclear domain, it is a very important fission product especialy in the
gaseous phase, through the radioactivity of its isotopes.

Its detection at low level and its speciation are still the subject ohumerous
studies.

The continuous evolution of analytical tools enables speciation studiest
traces level.

The knowledge of iodine speciation is not well known, particularly inthe
case of complex matrices.
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