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Electrochemical and immersion tests were carried out for SS 304L at 80 �C in 2 M nitric acid containing
hydrazine and formaldehyde. The addition of hydrazine resulted in the higher anodic current and no
appreciable change in weight loss. For formaldehyde, the reaction with nitric acid resulted in copious
evolution of NO2 gas and the subsequent dissolution of the gas in the solution. The open circuit potential
(OCP) shifted to anodic direction by 300 mV. The OCP and polarization behaviour are controlled by the
solution chemistry rather than the material surface.
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1. Introduction

Stainless steels generally exhibit good corrosion resistance in
nitric acid owing to the fact that they are passivated forming a thin
oxide film based on Cr2O3. Type 304L stainless steel (SS) is the pre-
ferred construction material for chemical plants and spent fuel
reprocessing and waste management plants where nitric acid is
used extensively. In fuel reprocessing plants, nitric acid is used
from room temperature to boiling point; in dilute to concentrated
solution; and also in the presence of several fission products and
oxidizing ions [1].

The nitric acid solutions of concentrations up to 6 M and tem-
peratures up to 120 �C are encountered in the Purex process fol-
lowed by the reprocessing plant. SS 304L is the most commonly
used material. However, there are also other materials that are in
use such as SS 304L Nitric Acid Grade (NAG) stainless steel,
SS 310L, SS 310Cb, Titanium, Zirconium and Ti–5% Ta, It is evident
that only a few materials can be used for applications involving se-
vere nitric acid environment [2]. It is well known that SS 304L
undergoes several localized type of corrosion namely, end-grain at-
tack, transpassive dissolution, vapour phase attack etc., in addition
to the predominant intergranular corrosion (IGC). The working po-
tential range of SS 304L components in a reprocessing plant are
close to the transpassive potential [3].

In the Purex processing of irradiated fuel, dissolution of ura-
nium metal or uranium dioxide involves oxidation to the hexava-
lent uranyl ion accompanied by the copious generation of NOx

gases The produced NOx gases dissolve in aqueous solution to pro-
duce nitrous acid (HNO2). Hydrazine treatment of the Purex feeds
ll rights reserved.

: +91 22 25505151.
is to reduce tetravalent Pu in order to prevent its extraction into
organic phase (TBP) along with uranium. It has been recommended
for improving the decontamination for ruthenium [4]. In the ura-
nium extraction column, hydrazine is used as a scrub to enhance
the ultimate purity of the uranium product [4]. Hydrazine as a sta-
bilizer removes traces of nitrous acid which initiate the oxidation
of divalent iron and trivalent plutonium in nitric acid systems.
The reaction of hydrazine with nitrous acid gives HN3, N2O and
N2 as shown in Eqs. (1) and (2) [4].
N2Hþ5 þHNO2 ! HN3 þ 2H2OþHþ ð1Þ
HN3 þHNO2 ! N2Oþ N2 þH2O ð2Þ

Formaldehyde is used for decomposing excess nitric acid in
Purex process solution. The decomposition of nitric acid at differ-
ent concentrations of the acid is shown in Eqs. (3)–(5). At lower
concentrations of nitric acid (<0.5 N), the final products of decom-
position are CO2, NO and NO2 [5–8].
4HNO3 þ CH2O! 4NO2 þ CO2 þ 3H2O ð16—8 NÞ ð3Þ
4HNO3 þ 3CH2O! 4NOþ 3CO2 þ 5H2O ð8—2 NÞ ð4Þ
2HNO3 þ CH2O! HCOOHþ 2NO2 þH2O ð2 NÞ ð5Þ

The objective of this study was to examine the effect of addition
of hydrazine and formaldehyde in nitric acid medium on the dis-
solver tank made of SS 304L. Open circuit potential measurement,
potentiodynamic and potentiostatic studies at a temperature of
80 �C were carried out for SS 304L in 2 M HNO3 with different con-
centration of hydrazine and formaldehyde. Also weight loss exper-
iments were carried out for the samples at 80 �C in the same
environment.

http://dx.doi.org/10.1016/j.jnucmat.2009.12.006
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2. Experimental procedure

2.1. Materials

Type 304L stainless steel samples having a composition in wt.%
of 0.025 C, 18 Cr, 9.3 Ni, 1 Mn, 0.017 S, 0.026 P and Balance Fe was
used. The specimens were in the form of coupons having dimen-
sion of 30 mm � 10 mm � 1 mm with stainless wire leads spot
welded to the coupon for electrical connection. The exposed area
of the working electrode was 250 mm�. The specimens were pol-
ished to diamond finish and cleaned with acetone. Type 304L stain-
less steel samples were annealed at 1050 �C for ½ h and water
quenched.

2.2. Environments

Nitric acid solution of 2 M concentration was prepared from
analytical reagent (AR) grade nitric acid using double distilled
water. Hydrazine was added in the form of hydrazine nitrate hav-
ing a 10 M concentration. Formaldehyde added was AR grade of
40% w/v solution. Hydrazine nitrate (N2H5�NO3) and formaldehyde
(HCHO) were added to 2 M HNO3 solution in the ratio 2.5 mL and
5.0 mL of hydrazine nitrate: 600 mL of 2 M HNO3 and 2.5 mL and
5.0 mL of HCHO: 600 mL of 2 M HNO3. Total solution in each elec-
trochemical experiment was 602.5 mL or 605 mL. These corre-
spond to 0.042 mol/L and 0.083 mol/L of hydrazine and
0.055 mol/L and 0.111 mol/L of formaldehyde. The experiments
were carried out at 80 �C.

2.3. Electrochemical testing

The electrochemical set up consisted of a standard three elec-
trode electrochemical cell with platinum as the counter electrode
and saturated calomel electrode (SCE) as the reference electrode.
The SCE was at room temperature and was connected to the cell
via a luggin probe. The cell also had a temperature controlling de-
vice and a condenser to maintain the concentration of the solution.
Electrochemical measurements were performed with Solartron
1287 potentiostat. In this paper VSCE refers to the potential in volts
when measured against saturated calomel electrode.

3. Results

3.1. OCP measurements

The OCP measurements were carried out for SS 304L in 2 M
HNO3 solution, 2 M HNO3 containing hydrazine and 2 M HNO3
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Fig. 1. Open circuit potential of SS 304L in 2 M HNO3 (2 mol/L) with addition of
formaldehyde at 80 �C: (a) addition of 0.055 mol/L; (b) addition of another
0.055 mol/L HCHO; and (c) 0.111 mol/L of HCHO in nitric acid.
containing formaldehyde solution at 80 �C and results are pre-
sented in Figs. 1 and 2. The OCP of SS 304L increased with time
in nitric acid. After the potential reached the steady value, 5 mL
formaldehyde was added to 2 M nitric acid (600 mL) which in-
creased the OCP further (+0.72 VSCE). The second case in which an-
other 2.5 mL (i.e. a total of 5 mL) of formaldehyde was added to
2 M HNO3 (600 mL), it increased the potential further but to a
smaller extent (+0.78 VSCE). In the same figure (Fig. 1), variation
of potential is shown, when the formaldehyde (5 mL) was mixed
with nitric acid before immersion of the sample. In this case, the
increase was sharp but the final potential was roughly the same
as in the previous case. Thus, the final potential was not affected
by prefilming of the alloy surface in nitric acid. The OCP measured
in 2 M HNO3 solution containing hydrazine was quite different
from this (Fig. 2). In this case, there was initial increase in potential
followed by a decrease and a plateau at about 0.5 VSCE and final set-
tlement of potential at the value as found in nitric acid without any
addition (Fig. 1). The initial increase in the potential is the result of
adsorption of hydrazine on the sample surface while the drop in
value of OCP is due to the oxidation of hydrazine by nitric acid to
nitrogen. This is supported by the Latimer diagram in acid solu-
tions [9] which shows that the redox potentials shift in cathodic
direction when N2Hþ5 is reduced to N2.
3.2. Polarization studies

The potentiodynamic polarization experiments were carried
out in the potential range of �0.2 VOCP to +1.6 VSCE. The scan rate
used was 0.5 mV/s and the polarization run was stopped after
attaining the transpassive dissolution. Polarization runs were ta-
ken after stabilization of potential (approximately 1 h). Fig. 3 rep-
resents the polarization curve of SS 304L in 2 M HNO3 at 80 �C and
in 2 M HNO3 containing hydrazine (600 mL of 2 M HNO3 + 5 mL of
hydrazine nitrate of 10 M concentration). As shown in Fig. 3,
SS 304L showed a polarization curve in nitric acid with low anodic
current and no active/passive transition. The currents were higher
in presence of hydrazine (Fig. 3b). The polarization in presence of
2.5 mL hydrazine was similar to that with 5 mL hydrazine and
was not included for clarity in Fig. 3. The corrosion potential (Ecorr)
is low (more cathodic) in presence of hydrazine as compared to
that in pure nitric acid. The polarization behaviour of SS 304L in ni-
tric acid in presence of formaldehyde is shown in Fig. 4. The corro-
sion potential (Ecorr) shifted systematically in the anodic direction
with increase in formaldehyde concentration (Fig. 4a–c). As can
be seen from the Fig. 4, the transpassive potentials are lowered
(in the cathodic direction) in presence of formaldehyde. The pla-
teau current was not seen in the presence of formaldehyde. The
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Fig. 2. Open circuit potential of SS 304L in 2 mol/L HNO3 including 0.083 mol/L
hydrazine.
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Fig. 4. Polarization curve for SS 304L in 2 mol/L HNO3 including formaldehyde at
80 �C: (a) 2 mol/L HNO3; (b) nitric acid with 0.055 mol/L HCHO; and (c) nitric acid
with 0.111 mol/L HCHO, scan rate 0.5 mV/s .
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Fig. 5. Current–time plot of SS 304L in 2 mol/L HNO3 and hydrazine at 0.5 VSCE and
80 �C: (a) 0.042 mol/L; (b) 0.083 mol/L; and (c) 0.083 mol/L at 0.8 VSCE.
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Fig. 6. Current–time plot of SS 304L in 2 mol/L HNO3 including HCHO at 0.8 VSCE

and 80 �C: (a) 0.055 mol/L HCHO and (b) 0.111 mol/L HCHO.
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Fig. 3. Polarization curve of SS 304L in 2 mol/L HNO3 including hydrazine at 80 �C:
(a) 2 mol/L HNO3 and (b) 0.083 mol/L N2H4, scan rate 0.5 mV/s.
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current was higher in presence of 2.5 mL formaldehyde than in the
presence of 5 mL formaldehyde at corresponding potentials.
3.3. Potentiostatic studies

In this study, the potentiostatic experiments are done at 80 �C.
The potentiostatic experiments were carried out at 0.5 VSCE and
0.8 VSCE. These potentials were selected as these were well inside
the passive potential region of SS 304L in nitric acid and less than
the transpassive potential. For these experiments, samples were
scanned after attaining a steady OCP (about an hour after immer-
sion), from �0.2 VSCE (vs. OCP) to the specific potential and then
held there for up to 10,000 s. The samples were weighed before
and after the tests for weight loss. The resulting current time plots
are given in Figs. 5 and 6. Fig. 5 shows the i–t curve for SS 304L in
nitric acid and nitric acid containing hydrazine at 0.8 VSCE. The cur-
rent was positive (anodic) in all the cases at this potential. The ano-
dic current, charge consumed and weight loss were low when the
potentiostatic study was done in nitric acid. There was increase in
current and charge on addition of hydrazine but weight loss was
not affected much. Fig. 6 shows the i–t plot obtained at 0.8 VSCE

in solution containing nitric acid and formaldehyde. The charge
consumed as well as the weight loss was high in presence of
2.5 mL HCHO than in the presence of 5 mL HCHO. During the scan-
ning to attain the desired potential, the current measurements ob-
served were as high as 40 mA/cm2 in first part of the scan with a
corresponding charge of 4 C/cm2. After about 1000 s, the current
was of the order of 10 mA, still one fold higher than in presence
of 5 mL HCHO. This was in accordance with the polarization behav-
iour mentioned above. When the experiment was carried out at
0.5 VSCE, the i–t curves show negative (cathodic) current, as in
Fig. 7. Magnitude of charge consumed as well the weight loss in-
creased with increase in the concentration of HCHO as shown in
Table 1. Fig. 8 shows micrograph of the sample after the potentio-
static experiments in 0.8 VSCE presence of 2.5 mL formaldehyde in
2 M nitric acid at 80 �C. The grain boundary etching is very clear
in the microstructure which goes to show that the stainless steel
surface is in a potential region that is close to the transpassive
region.
3.4. Immersion tests

Immersion tests were performed on SS 304L in 2 M HNO3 con-
taining formaldehyde and hydrazine separately. The duration of
the experiments was 2 weeks. Results of these tests are included
in Table 1. In all, the corrosion rate was less and was not affected
significantly by addition of hydrazine. However, there was some
increase in the weight loss in presence of formaldehyde.



Fig. 8. Micrograph of SS 304L etched in 2 mol/L HNO3 + 0.055 mol/L HCHO
(0.8 VSCE) at 80 �C for 6000 s.
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Fig. 7. Current–time plot of SS 304L in 2 mol/L HNO3 including HCHO at 0.5 VSCE

and 80 �C: (a) 0.055 mol/L HCHO and (b) 0.111 mol/L HCHO.
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4. Discussion

4.1. Corrosion in nitric acid: mechanism

According to Razygraev et al. [10], the global reaction of reduc-
tion of nitric acid is

HNO3 þHþ þ e� ! NO2 þH2O ð6Þ

and it is followed by a heterogeneous mechanism (at anodic poten-
tials/acid concentration above 8 M).

NO2 þ e� ! NO�2 ð6iÞ
NO�2 þHþ ! HNO2 ð6iiÞ
HNO2 þHNO3 ! 2NO2 þH2O ð6iiiÞ

In parallel, the following reactions (as per the homogeneous
mechanism, at lower potentials/concentrations of acid) also occur

HNO2 þHþ ! NOþ þH2O ð6ivÞ
NOþ þ e� ! NO ð6vÞ
NOþHNO3 ! HNO2 þ NO2 ð6viÞ

The electro active species in reduction of nitric acid is nitrous
acid. The nitric acid reduction is an autocatalytic mechanism which
constitutes a charge transfer step and a chemical reaction which
regenerates the electroactive species as shown by the above reac-
tions. This result in the formation of an extra half mole of nitrous
acid for each mole of nitrous acid destroyed. The self passivation
of the stainless steel is attributed to the autocatalytic reduction
of nitric acid (Eqs. (6) and (6i)–(6vi)) [16]. The heterogeneous
mechanism, has been shown to occur at more anodic potentials
Table 1
Weight loss in immersion tests and charge consumed in potentiostatic etching experimen

Environment Immersion test (2 weeks at 80 �C)
(mpy)/(mm/y)

Pote

Char

0.5 V

(a) 2 M HNO3 (600 mL) 12.5/0.32 0.0
(a) +2.5 mL HCHO 208/5.28 �0.0
(a) +5 mL HCHO 217/5.12 �0.1
(a) +2.5 mL N2H4 14.0/0.35 0.0
(a) +5 mL N2H4 13.5/0.34 .0

a Charge normalized for 5000 s.
* Including high current value.
(>0.5 VSCE) and both the mechanisms occur simultaneously at low-
er potentials. The present system consists of HNO3, HNO2, NO, NO2.
Reduction of nitric acid in presence of NO and NO2 may be [13]

NO2 þH2O! NO�3 þ 2Hþ þ e ð7Þ
NOþ 2H2O! NO�3 þ 4Hþ þ 3e ð8Þ

In presence of these species, the potential of �0.8 VSCE is the
thermodynamic potential of reaction (7) and (8). Hence, nitric acid
containing NO, NO2 actually increases the potential of stainless
steel to positive (anodic) potential. Potential of 1 VSCE has been re-
ported [13] in15.8 M HNO3 at 100 �C. The redox potentials of the
solution are dependant on the HNO2/HNO3 ratio. In the lower con-
centration regime of nitric acid (<8 mol/l) the HNO2 regeneration is
controlled by the presence of NO while at higher concentrations
NO2 play a role in regeneration of the electroactive species. This
makes the medium excessively oxidizing and passive film dissolu-
tion takes place as the stainless steel potentials are shifted to the
transpassive region where oxidation of Cr(III) to Cr(VI) takes place.
The N2 and N2O are other possible products but are electrochemi-
cally inert in the potential range 0.5–1.5 VSCE. HNO2 is also formed
by reduction of NO2 and NO from the reaction.

NO2 þ NOþH2O! 2HNO2 ð9Þ

In presence of nitric acid alone the corrosion potential for
SS 304L was about 0.5 VSCE showing a continuous passivation
trend. The corrosion potentials attained are low due to the lower
concentration of nitric acid taken which results in the slower rate
of regeneration of HNO2. The NO2 formed in this case is unstable
and hence is drawn back towards HNO2 formation. In these polar-
ization experiments there was no clear active–passive transition
ts in nitric acid + formaldehyde and nitric acid + hydrazine environment.

ntiostatic studies at 80 �C for 10,000 s

ge consumeda (C/cm2) Weight loss (mpy)/(mm/y)

SCE 0.8 VSCE 0.5 VSCE 0.8 VSCE

03 0.004 49.7/1.26 51/1.295
3 4.0*/0.1 218/5.54 250/6.35
64 0.028 639/16.2 103/2.62
07 0.012 47/1.194 52/1.32
15 0.03 55/1.397 53.35/1.35
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seen at potentials slightly anodic to OCP. However, a transpassive
potential of 0.9 VSCE is clearly observed in 2 M nitric acid at 80 �C.
In the potentiostatic studies the weight loss and the anodic cur-
rents were low for the samples exposed in nitric acid as the regen-
eration rates for HNO2 were slow for the present concentration as
the by product is NO since NO2 is thermodynamically unstable.

4.2. Corrosion in presence of hydrazine: mechanism

The reaction of hydrazine with nitrous acid gives HN3, N2O and
N2 as seen in Eqs. (1) and (2). The OCP value did not change much
for hydrazine addition to nitric acid due to the reaction products
which do not have much effect on the potentials and the addition
of hydrazine results in scavenging of HNO2 (Eqs. (1) and (2)) and
reduces the reduction reaction of nitric acid. The formation of NO
and NO2 will be less as the HNO2 concentration in the solution is
reduced. In the polarization studies the corrosion potential shifted
to the cathodic side in presence of hydrazine (Fig. 3). Hence, the
oxidation of hydrazine results in HNO2 scavenging which changes
the HNO2/HNO3 ratio and thereby reduces the corrosion potential.

In presence of hydrazine, the current was more as compared to
that in nitric acid (in the potential range of 0.5–0.9 VSCE as seen
from Fig. 3) but weight loss was not affected significantly. The in-
crease in the current can be attributed to the oxidation of hydra-
zine in the solution. In presence of higher concentration of
hydrazine, secondary passivity behaviour was found wherein there
is a distinctive region near to the 1 VSCE that shows a pseudo pas-
sive behaviour probably because of the adsorption of the reduction
products of Cr(VI) ions by hydrazine on the surface of the specimen
in the transpassive region [11]. The hydrazine reduction takes
place by a two electron transfer to N2 while the chromium(VI) fre-
quently behaves as a two electron oxidant with an initial formation
of a Cr(VI)–hydrazine complex. The reaction of hydrazine with
Cr(VI) can be represented by Eq. (10) [13]

4CrO4H� þ 3N2Hþ5 þ 13Hþ þ 8H2O! 4½CrðOH2Þ6�
þ3 þ 3N2 ð10Þ

As seen from Fig. 5, i–t curve indicates different mechanism
working in plain nitric acid solution and in presence of hydrazine.
According to Cames [12], hydrazine gets oxidized to nitrogen by a
four electron transfer or to nitrogen and ammonium ion with one
electron transfer. At 0.65 VSCE, hydrazine can be selectively oxi-
dized to nitrogen by four electron transfer. Hydrazine oxidation
proceeds with electrochemical yield of 100%. The current values
though higher in case of the potentiostatic experiments the weight
loss is less due to scavenging of nitrous acid by hydrazine which
eventually stops the autocatalytic reduction reaction in the
solution.

4.3. Corrosion in presence of formaldehyde: mechanism

Formaldehyde reduction action is much stronger than hydra-
zine. It reduces nitric acid to HNO2, NO and NO2. There is a finite
incubation period for this reaction. Dark brown fumes were ob-
served over the solution and got cleared after some time. The
reduction products of nitric acid, such as nitrous oxide, nitrogen
dioxide and HNO2 lead to an increase in reduction rate. With the
increase in reduction rate, the current density in reduction in-
creases and cathodic part of the current–potential curve shifts in
the anodic direction. Hence there is a shift in the corrosion poten-
tial. Both NO and NO2 favor an anodic shift in the corrosion
potential. The potential of SS 304L found in nitric acid in presence
of HCHO in the present study was in the same range of 0.8 VSCE as
reported earlier [14].

Armstrong and Cleland [15], Takeuchi and Whillock [16] ob-
served a decrease in solution redox potentials of nitric acid on
bubbling NO through solution while the Ecorr of stainless steel in-
creased when NO2 or NO was bubbled through the nitric acid;
more so in case of NO2. The NO2 purging acts as an oxidizing agent
for SS and also the anodic current increases in presence of NO2.
However, there was no enhancement of corrosion rate but it could
be attributed to the oxidation of nitrate to nitrite ions in the solu-
tion. In the present case, both NO and NO2 may be generated on
addition of formaldehyde. No attempt was made to detect NO
but presence of NO2 was clear by its deep brown colour. In nitric
acid solution containing formaldehyde, the shift in potential was
very large. Potential rise particularly in presence of formaldehyde
and the polarization curves can be explained in terms of autocata-
lytic/catalyzed reduction of nitric acid by NO and NO2 [15–18]. The
OCP of steel has been reported to increase with temperature and
concentration of nitric acid. Cr(VI) and Cr(III) ions also play a role
in determining OCP as Cr(VI) ions are powerful oxidants their pres-
ence in the solution containing NOx will be beneficial in reducing
the corrosion potential thus reducing the transpassive corrosion
rate. In the present study the effect of these ions could not be seen
as duration of electrochemical experiments were short. The system
SS 304L in nitric acid containing formaldehyde or hydrazine be-
haves as an unstable system in the early period of immersion.
Polarization curves taken immediately after immersion were very
noisy and reproducibility was poor. On stabilizing, it was much
more stable and reproducible.

It appears that the complete polarization in experiments re-
ported for this study consists of two separate polarizations; one
at the lower potential (primary OCP at cathodic potentials) and an-
other at the observed or stable OCP (secondary OCP). The mixed
potentials obtained from different slopes determine the observed
OCP. The exact nature of the secondary OCP is not clear. It is taken
that the secondary OCP results from a mixed potential of anodic
passive dissolution and cathodic reduction of NO�3 and/or NO2.

However, as explained by Kolman et al. [17], the heterogeneous
mechanism occurs at more anodic potentials while the homoge-
nous mechanism, in parallel with the heterogeneous mechanism,
occur at lower potentials. The cathodic reaction is probably the
reduction of nitrogen oxides. Thus, it appears that the secondary
OCP arises from the mixed potential comprising of anodic dissolu-
tion and cathodic reduction of nitrogen compounds. In potentio-
static experiments at 0.8 VSCE, the current was positive (anodic)
while at 0.5 VSCE, the current was negative (cathodic) and its mag-
nitude varied with concentration of formaldehyde. This potential
was slightly negative (cathodic) to OCP in presence of 2.5 mL form-
aldehyde, but more negative (cathodic) to OCP in presence of 5 mL
of formaldehyde. Hence the negative (cathodic) charge was high at
this potential. There should be no weight loss at a negative (or
cathodic) potential. But corresponding weight loss indicates loss
of metal due to forced cathodic reaction mentioned above. Partic-
ularly high current in case of 2.5 mL formaldehyde, is due to scan-
ning the sample from a potential �0.2 VOCP. Only in this case, some
grain boundary etching was observed as shown in Fig. 8. The grain
boundary etching indicates that the potentials have reached the
transpassive domain of the steel due to the reduction of nitric acid
by formaldehyde and formation of NO2. As earlier stated, this shifts
the potential to the transpassive regime resulting in the forced me-
tal dissolution. The corrosion rate is less but if slightly reducing
atmosphere is generated, the metal loss will increase.
5. Conclusions

The effect of the addition of hydrazine and formaldehyde in ni-
tric acid has been studied. Polarization and weight loss experimen-
tal data have been reported. The corrosion rate of SS 304L was low
in 2 M HNO3 and not effected significantly by addition of
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hydrazine. The addition of formaldehyde in nitric acid makes the
environment more aggressive for SS 304L. The OCP of stainless
steel becomes more positive (anodic) in presence of formaldehyde.
The electrochemical behaviour as well as weight loss of stainless
steel is controlled by solution chemistry rather than change in
the surface state. This has been explained on the basis of autocat-
alytic reduction of nitric acid.
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