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INDUSTRIAL CONTEXT

B Spent nuclear fuel reprocessing
= Concentrated nitric acid environment
= Use of stainless steel as materials for containing concentrated nitric acid (passive materials
with good corrosion/dissolution resistance in oxidizing media)

Spent nuclear fuel l | (I

Stainless Steel
304L

Areva La Hague
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However, for the prediction of
the lifetime of the equipment,
It iIs essential to know the
corrosion mechanisms and

guantify their kinetics.
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ISSUES

Why do we need to understand cathodic processes in nitric acid solution?

Stainless
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B Anodic
process:
oxidation of Fe Cr Ni
material e
B Cathodic Fe™ Crm NiP*
process:
medium
reduction HNO, HNO,

medium

4 to 8 M HNO3 - highly concentrated
acidic solution
—> oxidizing media
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C2aden OouTLINE

B Mechanisms of nitric reduction:

gold stainless steel

[D. Sicsic et al., Eur. J. Inorg. Chem., 2014] [R. Lange et al., Electrochem. Com. 2013]

[F. Balbaud et al., Eur. J. Inorg. Chem.,2000]

B Kinetics of nitric reduction:

gold stainless steel

[D. Sicsic et al., Eur. J. Inorg. Chem., 2014]
Toxa | June 23rd 2016 | 4



MECHANISMS OF NITRIC ACID
REDUCTION




The study of the medium reduction was done on inert material:

Gold
-
HNO,  HNO,
medium

[F. Balbaud et al., Eur. J. Inorg. Chem.,2000]
[D. Sicsic et al., Eur. J. Inorg. Chem., 2014]
[R. Lange et al., Electrochem. Com. 2013]
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The study of the medium reduction was done on inert material:
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Gold

medium

4 to 8 M HNO3 - highly concentrate
acidic solution
—> oxidizing media
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C2aden MECHANISMS OF NITRIC ACID REDUCTION

Stainless
Steel V. Razygraev [1] + F. Balbaud [2]:
Mechanisms in competition on stainless steel
e o N R. Lange [3]: Schmid dominates on stainless steel
e

Fen* Crm* Nip*

Schmid’s mechanisms:

HNO, HNO,

HNO, ., = HNO, .

2,sol
medium HNO, 4 + € +H* = NO,y + H,0

NO,q, +> H* +2NO3 +-H,0 > ZHNO, 0,

[1] [Razygraev et al.,Zashchita Mettalov, 1990]
[2] [F. Balbaud et al., Eur. J. Inorg. Chem.,2000] Toxa | June 23rd 2016 | 6
[3] [R. Lange et al., Electrochem. Com. 2013]



KINETICS OF NITRIC ACID REDUCTION
ON GOLD
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[D. Sicsic et al., Eur. J. Inorg. Chem., 2014]
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DE LA RECHERCHE A L'INDUSTRIE

C2aden KINETICS OF NITRIC REDUCTION ON GOLD

Modelling of current and EIS
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C2aden KINETICS OF NITRIC REDUCTION ON GOLD

Modelling of current and EIS
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KINETICS OF NITRIC ACID REDUCTION
ON STAINLESS STEEL
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KINETICS OF NITRIC REDUCTION ON STAINLESS

STEEL 304L
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Charge transfer and adsorption are limited steps on stainless steel
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-Im(Z)/ Ohm

Experimental results at 4M 40°C on passivated stainless steel 0.5 cm?

KINETICS OF NITRIC REDUCTION ON STAINLESS

STEEL 304L: EIS
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KINETICS OF NITRIC REDUCTION ON STAINLESS

STEEL 304L: EIS

Experimental results at 4M 40°C on passivated stainless steel 0.5 cm?
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Experimental results at 4M 40°C on passivated stainless steel 0.5 cm?
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KINETICS OF NITRIC REDUCTION ON STAINLESS

STEEL 304L: EIS

Experimental results at 4M 40°C on passivated stainless steel 0.5 cm?
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KINETICS OF NITRIC REDUCTION ON STAINLESS

STEEL 304L: EIS

Experimental results at 4M 40°C on passivated stainless steel 0.5 cm?
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KINETICS OF NITRIC REDUCTION ON STAINLESS
STEEL 304L: HF DOMAIN
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KINETICS OF NITRIC REDUCTION ON STAINLESS

STEEL 304L: HF DOMAIN

Bode representation: Cole & Cole representation:
& n;% 2,0x10* T r I 2-0x165 r I . .
'||llllllllllllllllllllllllll i ]
-i°ll - 80 1,5x10° i
3, i o 0,85V/ENH - “
10* o ogovEnH | L7g —mm > 1,5x10™
e 0, 75V/ENH -5
e 0,70V/ENH B N 1,0x10™
° 0,65V/ENH L 60 IS -
€ - ossven || | m
5 10 o 050V/ENH 50 & o 1.0x10* 5,0x10°*
= o 0,45V/ENH | % g ° <
5 o 040V/ENH £ /
B 0 g 3) 00 , -
10 i ] . 0 1x10°° 2x10°
- 30 5,0x10° o . .
10 N\ 20 ]
\ 10 0,0 J T T I T T T
D § 0,0 5,0x10° 1,0x10" 1,5x10" 2,0x10™
100102 10" 10° 10! 10° 10° 10" ° C real (Ffem?) o
4M 40°C 0.85 V/ENH
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KINETICS OF NITRIC REDUCTION ON STAINLESS

STEEL 304L: HF DOMAIN

Bode representation: Cole & Cole representation:
2,0x10™* T . 2O%30% T : T
° . '"uummmmlmmulmigo _
TH - 80 1,5x10°* i
o 0.70V/ENH - = 1,0x10°+
- e 5 ‘
£ it [ e © S| 5 0x10° .
N o 040V/ENH i § £ -:"_
107 [ = © . 003 /E‘jzx: 0°
30 5,0x10° . u
10 \ \ :-20 ]
\\ 0,0 J' T T T T T T
; o 0,0 5,0x10° 1,0x10* 1,5x10™ 2,0x10™
10 102 10* 10° 10* 102 10° 10* C real (F/cm?) 4AM 40°C 0.85 V/ENH
f (Hz)
At infinite frequencies: — By extrapolation: C,=4.1 10%F.cm
C,, Cy If we consider this value as the capacitance of
‘ ‘ ‘ the oxide we can calculate its thickness:
EE
d=—=—=2.6nm

By XPS: d =3 nm
Assuming C, 30 pF.cm?2,d = 2.2 nm
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KINETICS OF NITRIC REDUCTION ON STAINLESS

STEEL 304L: CIRCUIT EQUIVALENT PARAMETERS

metal oxide medium

CPE
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f (Hz)

— Good fit for all potentials
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KINETICS OF NITRIC REDUCTION ON STAINLESS

STEEL 304L: CPE

25,00
For CPE parameters we ]
used Brugg’s formula to 0% 1 T
obtain capacitance T 1500 - e .,
values: C =Q'R - % 10,00 -
5,00
0,00 |
0,35 0,45 0,55 0,65 0,75 0,85 0,95

E (V/ENH)
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KINETICS OF NITRIC REDUCTION ON STAINLESS

STEEL 304L: CPE

25,00
For CPE parameters we ]
y 20,00 ¢ .
used Brugg’s formula to .
obtain capacitance T 1500 - e .,
values: e B ; '
_ (l-o)/ e =
Ce _Q Re o 10,00
5,00
O,OOZIIrJI —T1 T Tt Tt T 1 T T T T [ T Tt T T T T T T T
0,35 0,45 0,55 0,65 0,75 0,85 0,95
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—>  Verification of Mott Schottky’s law
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KINETICS OF NITRIC REDUCTION ON STAINLESS

STEEL 304L: FARADAIC PROCESSES

metal oxide medium
k .
I-INOZ,soI > HNOZ,ads k'y = k1 [HNO,]
B K o= ko by(E-E°
Re HNO, .y + & +H' 5 NOg+ H,0 Ky = kyaye®E-E)

Ks
Noads +%H+ + %NOE + %HZO - %HNOZ k’3 = k3\/aNaeaH

. | k ky
Stationary solutions: 015 = — 25 = -7 015
;o ky kg , ki
ki + =5t + ke B
Non stationary solutions:
Y _ kl-kz-b2'015> A
AG; 2:b. - 015 ( jw + kj NG, k3.by.015+ k. Fp
AE . C ky. k; AE jo + ki
jop + ki + k5.0 +ja) K]

1 A6,
Impedance: - = —FS <k2 f.—+k;.b,.0. 915>
f
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-Im(Z)/ Ohm

[3] [R. Lange et al., Electrochem. Com. 2013]

KINETICS OF NITRIC REDUCTION ON STAINLESS

STEEL 304L: FARADAIC PROCESSES

10°
—  Fitted kinetic constants: 10
10
k, =0.03 £0.02 cm.s* 10°
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KINETICS OF NITRIC REDUCTION ON STAINLESS

STEEL 304L

Constants used:

k1: 0,03 Cm_s-l
k°2: 6_10-4 S'1
ko= 2.10%s!
0 . L E
. . exp __.,/"""”'
/.///
. //
-10 | /
';EJ _15 / - /
| . is = —FSKk'20:5 B
20 // ,
. _ kl
-,,,,,,..,./ 915 _ §
. ki+ =2+ ky. B
3
_38_4 0.5 0.6 0.7 0.8 0.9 J
E(V/ENH)
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Ccaden CONCLUSIONS & OUTLOOK

B On stainless steel:
== Same mechanism as on gold

==Conversely to gold electrode, the autocatalytic processes play
a minor role

==OXide layer slows down kinetics reduction

==0OXide layer properties can be obtained by EIS (thickness &
dielectrics properties)

== Kinetic constants have been determined and verified by
modelling of stationary current

B To go further: fitting in progress for other experimental conditions
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KINETICS OF NITRIC REDUCTION ON STAINLESS

STEEL 304L : 8M 100°C

j(jLA.sz )

I(l
HN O2,sol — HN OZ,ads
ko

2
HNO, .+ e +H* — NO,4 +H,0

k3
NO,q +5 H +2NO3 +2H;0 - ZHNO,
ke,
Noads te— NO'50|
EIS Simulations : Stationary current simulation :
0—— —
—20! i
%
—60 /
f/f
-80
/ k,;= 100 cm.s?
k°,=1.10%s?
—-100r / ke 1104 51
k°,= 2,8.105 51
~120 f Toxa | June 23rd 2016 | PAGE 50
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DE LA RECHERCHE A L'INDUSTRIE

Ccaden

Er5=0,09 V/ENH

0,35 0,45 0,55 0,65 0,75 0,85 0,95
E(V/ENH)
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— thetals
— theta2s

0.5 0.6 0.7 0.8
F(1// N H)

0.9 1.0
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V. Razygraev [1] + F. Balbaud [2]:
Successive mechanisms (Vetter and Schmid) on gold
Mechanisms in competition on stainless steel

Chronoamperometry
p-electrode Pt (& 25 um)
o @fter 400 s ;

R. Lange [3]: Schmid dominates on stainless steel

HNO NO NO+ NO7 ds.s = 2 um, HNO4 8 mol/L a Tamb.
4 _T u ] ! ] ‘ 1 . ] ' T L I_
= —o—sur acier
—=— sur verre
3+ A
Probe
QIE_ ol ]
( f"_'_\_\"":l+e-
<= | I NO2, HNO2~ ~ NO;NO";
n 1L i MOz ; HN- .
A
_é; \\. T + HNO3
0l \/W i
I \-. \ 7;;‘
—— ]
18 \’1 _

-0,60 -0,35 -0,10 0,15 0,40 0,65 0,90

[1] [Razygraev et al.,Zashchita Mettalov, 1990] ElV Ess
[2] [F. Balbaud et al., Eur. J. Inorg. Chem.,2000] v Toxa | June 23rd 2016 | 4
[3] [R. Lange et al., Electrochem. Com. 2013]




metal

-Im(Z) (©2)

oxide

KINETICS OF NITRIC REDUCTION ON STAINLESS

STEEL 304L : 8M 100°C

medium

powerlaw
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1 1 _ 1 S 3
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NO
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Simulation for 0,55 V/IENH (Q & ay fitted for this potential):
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DE LA RECHERCHE A L'INDUSTRIE

Ceaden

|dentification du mécanisme sur Acier [Razygraev, 2014]

Influence de la géométrie

Diffusion 1D100 -

%

T h-—M_.u__,,_,._ﬂ—__________
§ M
=2 154 -
=
on
o
0 -‘M-M_\-H_V_\_H_”\
0.5 T
T T T T
0.0028 0.0027 0.0028 0.0022

1T(K)

Arrhenius — ~ mécanisme multiple (homogéene)

Toxa | June 23rd 2016

100 4
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Diffusion
2D - 3D 14
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- o NN
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S E S e e o
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P T
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