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ABSTRACT: We present the first study of the effect of acetohydroxamic acid (AHA) on the corrosion
behaviour of stainless steels. Particularly, studies have been performed using steels and physico-
chemical conditions equivalent to those proposed for use in advanced nuclear reprocessing platforms. In
these, AHA has been shown to have little effect on either steel passivation or reductive dissolution of
both SS304L and SS316L. However, under transpassive dissolution conditions, AHA while in part
electrochemically oxidised to acetic acid and nitroxyl/hydroxylamine, also complexes with Fe*,

inhibiting secondary passivation and driving transpassive dissolution of both steels.
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1. Introduction

The PUREX (Plutonium and URanium EXtraction) separation process is used worldwide to recover
uranium and plutonium from dissolved spent nuclear fuel (SNF). It is based on the selective
liquid/liquid extraction and separation of uranium and plutonium from nitric acid solutions of dissolved
SNF by use of a tri-n-butylphosphate (TBP) extractant in odourless kerosene (OK) [1].

As part of an Advanced PUREX process (Adv-PUREX), the use of acetohydroxamic acid (AHA) has
been proposed as a means to hold back Pu and Np in the aqueous phase, thus allowing U(VI) to be
extracted into the TBP without Pu/Np contamination [2-6]. This has led to the development of a variety
of advanced fuel cycle concepts that incorporate AHA, such as URanium EXtraction Plus (UREX+)
[7,8] and Grouped ActiNide Extraction (GANEX) [9,10], which do not extract pure plutonium but
rather a mix of Pu, Am and Np, providing a non-proliferation advantage over the traditional PUREX
process [11].

Importantly, with regards to safety, little is known about the influence of AHA on the corrosion
behaviour of the steels that typically make up process pipework, tanks and centrifugal contactors in each
extraction step. It has been reported that di- and long chain mono-hydroxamic acids at concentrations <5
mmol dm™® may act as corrosion inhibitors through self-assembled monolayer formation [12,13].
However, hydroxamic acids have seen no study at concentrations higher than 0.1 mol dm™, typical of
those suggested in UREX, GANEX and Adv-PUREX flowsheets. Further, hydroxamic acids
themselves, while known to have high affinities for e.g. Fe** (present in all steels) [14,15], have not
specifically been studied in a corrosion context.

Thus, here we present preliminary electrochemical corrosion studies that have been performed on the
nuclear process steels, 304L and 316L stainless (SS) in the presence of AHA concentrations up to 0.5
mol dm™ in the presence of HNO; concentrations typical of those expected in the aqueous phase of a

UREX+/GANEX/Adv-PUREX process.



2. Experimental Section

2.1. Materials

All chemicals were of AnalaR grade or better and supplied by Sigma Aldrich (Gillingham, Dorset,
UK). All H,O used was Ultrapure from a Direct-Q 3 UV Millipore water purification system (Millipore,
Watford, UK) to a resistivity of 18.2 MQ.cm.

2.1. AHA Preparation

A 20 ml stock solution of 0.54 mol dm™ AHA was prepared in deionised H,O and used for both LSV
and EQCM studies. The stock solution was kept refrigerated up to a maximum of five days and
colourmetrically checked daily for AHA degradation using UV-vis spectrophotometry [14].

2.2. Linear Sweep Voltammetry (LSV) Studies of SS304L and SS316L in the Presence of AHA

All LSV experiments were conducted in a small volume (200 pl) electrochemical cell in order to
achieve high AHA concentrations while minimizing teratogenic risk [16]. LSV measurements were
performed using a PGSTAT120N potentiostat (Metrohm Autolab B.V., Utrecht). Working electrodes
were constructed using 1 mm diameter SS316L (wt.%: C-0.015%, Si-0.38%, Mn-1.5%, P-0.035%, S-
0.002%, Cr-17.0%, Mo-2.5%, Ni-10.0% and the remainder Fe) and SS304L (wt.%: C-0.03%, Si-0.75%,
Mn-2.0%, P-0.04%, S-0.015%, Cr-18.0%, Ni-10.0% and the remainder Fe) wire (Advent, Oxford, UK)
in glass Pasteur pipettes, backfilled with epoxy resin and polished using decreasing SiC paper grades
and 6, 3 and 1 um diamond polishing pastes. To complete the three electrode cell a Ag/AgCI reference
(RE-5B, Bioanalytical Systems Inc., USA) and coiled platinum wire counter electrodes were inserted
via a simple PTFE manifold.

Aliquots of the AHA stock were taken and diluted to the desired concentration before being acidified
using concentrated HNO3 to a concentration of 1.13 mol dm™ (5% wt.). Current measurements were
then recorded from 0.5 to 1.5 V at a scan rate of 10 mV s™.

2.2. Electrochemical Quartz Crystal Microbalance (EQCM) Studies of SS2343 in the Presence

of AHA



EQCM experiments were conducted using a RQCM frequency counter (Inficon Ltd, Blackburn UK)
and Q-sense open module (Biolin Scientific, Cheshire, UK) connected to a PGSTAT20 potentiostat
(Metrohm Autolab B.V.). QCM piezoelectrodes were comprised of polished SS2343 (wt.%: C-0.020%,
Si-0.38%, Mn-1.5%, P-0.041%, S-0.025%, Cr-16.5%, Mo-2.5%, Ni-10.5% and the remainder Fe) and
were supplied from Biolin Scientific. SS2343 is a compositional analogue of SS316L with almost
identical electrochemical/potentiodynamic properties as SS316L [17].

QCM crystal substrates were AT-cut quartz with a nominal resonant frequency of 5 MHz.
Piezoelectrodes were created using physical vapour deposition (PVD) of SS2343 onto a thin Ti/Au
adhesion layer (front and rear). The thickness of the steel layer is 100 nm with a surface roughness of
1.4 nm (£ 0.2 nm) with little reduction in the fundamental frequency of 5 MHz. Frequency change to
mass conversion was conducted assuming the applicability of the Sauerbrey equation [18] and a
conversion factor of 0.0557 Hz/ng/lcm®. This conversion factor was determined by the standard Cu
deposition and stripping method [19,20].

Experimentally, 2 ml aliquots of the AHA solution were prepared as above. Simultaneous LSVs and
voltamassograms were then recorded from 0.5 to 1.5 V at a scan rate of 10 mV s using a platinum wire
counter and Ag/AgCl reference electrode. Ex situ SEM images and roughness measurements using a
Phenom desktop SEM (Phenom-world, Eindhoven) were taken before and after each electrochemical

experiment to assess any associated changes in surface morphology.



3. Results and Discussion

3.1. Linear Sweep Voltammetry Studies of SS304L and SS316L in the Presence of AHA

Linear sweep voltammograms and associated polarisation curves for SS304L and SS316L in AHA
concentrations from 0.1-0.5 mol dm™ are shown in Fig 1.

Considering first the polarisation curves of Fig. 1b and 1d, it can be that there is little change in Ecor,
icor and the range of passivity with increasing AHA concentration for both steels. The primary
difference in the polarisation curves is an increase in transpassive current with increasing AHA
concentration.

From the LSVs of Fig. 1a and 1c, it can be seen that AHA at concentrations from 0.1-0.5 mol dm™
significantly increases the oxidation current in the transpassive region for both steels. A larger
transpassive current is observed for SS316L compared to SS304L, presumably due to the decreased
silica content in SS316L which protects against intergranular corrosion in oxidative acidic environments
[21,22]. However, it is interesting to note that while secondary passivation is inhibited by AHA for
SS304L at potentials > ~1.2 V, it appears to be maintained in SS316L samples.

A large increase in transpassive current would initially suggest that extremely rapid dissolution of the
steel is occurring. However, visual inspection of both steel wire electrodes revealed no significant
changes in surface morphology. Electrochemical studies of AHA oxidation using platinum electrodes
[23,24] have reported irreversible oxidation of a range of mono-, di- and tri-hydroxamic acids at 0.555
V vs. Ag/AQCl at pH 4 (0.791 V at pH 0). Thus, this suggests that the transpassive currents of Fig. 1 are
not purely due to transpassive dissolution but are rather a convolution of both AHA oxidation and steel
dissolution.

3.2. Microgravimetric Studies of SS2343 Dissolution in the Presence of AHA

In order to deconvolute steel dissolution from AHA oxidation, simultaneous linear sweep
voltammograms and voltamassograms of SS2343 (as a compositional analogue of SS316L)

piezoelectrodes were recorded using the EQCM. Prior to scanning, the open circuit potential of SS2343



was recorded for both 5% wt. HNO; alone and in the presence of 0.5 mol dm™ AHA and found to be 0.5
and 0.55 V respectively. Simultaneous linear sweep voltammograms and voltamassograms of SS2343
are shown in Fig.2a and Fig 2b respectively.

Considering first the data for 5% wt. HNOj3 only, it can be seen that the current trace does not mirror
the mass trace. Specifically, the voltamassogram of Fig. 2b suggests that there is no secondary
passivation in the transpassive region, while the LSV data of Fig. 2a shows a levelling off of the current
typical of passivation. To analyse this region in more detail the mass change was differentiated with
respect to voltage. The resulting dAm/dV vs. potential plot (not shown) reveals a plateau at E > 1.1V,
i.e. mass loss continues at a constant rate in this potential region despite the presence of secondary
passivation, suggesting that the secondary passive layer is porous in character. Such a layer has been
previously observed on 304 stainless steels in sulphuric acid solutions by Song et al. [25,26]. They
determined that this layer is predominantly non-stoichiometric Fe,O3, Cr,03 and NiO with some other
constituents such as stoichiometric FesO4 and metal hydroxides. Importantly, Song et al. also find that
the Cr content of this layer is significantly lower than that found in the passivating film produced in the
primary passivation region of SS304. The comparative lack of Cr in this secondary passivation layer
results in a low breakdown potential, explaining the porous character identified from our results above.

Based on the above, the LSV for 5% wt. HNOj3 at potentials > 0.7 V can be divided into the
following regions as indicated on Fig. 2: (i) Initial onset of transpassivity as Cr®" is converted to higher
valency Cr®" in the passive layer [27,28]. (ii) Complete breakdown of the Cr passive film and
uninhibited dissolution of underlying iron as Fe**. (iii) Secondary passivation, initiated through O*
anions and Fe**/Cr¥*/Ni* cations meeting at a suitable lattice site [25]. (iv) Oxygen evolution [29]. The
observed O, evolution current is low in region (iv), with only a slight increase in current apparent.
Presumably this last observation is due to the secondary passivation layer restricting solution access to
the underlying metal electrode, its porosity notwithstanding.

Considering now the voltamassogram and LSV data for $52343 in 5% wt. HNO3 with 0.5 mol dm



AHA, it can be seen from Fig. 2a that in the presence of AHA there is a larger increase in current with
potential at the onset of transpassivity (region (i)) than in the absence of AHA. However, comparison
with the simultaneously recorded voltamassogram, Fig 2b, reveals that there is no change in the rate of
mass loss from the electrode surface. As discussed above, the larger currents seen in Fig. 2a in the
presence of AHA compared to those recorded in its absence are likely associated with AHA oxidation to
nitroxyl/hydroxylamine and acetic acid [23,24,30,31]. With regards to Fig. 2b, the electrochemical
oxidation of AHA has been previously suggested by Shackleford to occur in solution rather than via a
surface adsorbed species [32], explaining why there is no observed difference mass change recorded in
this region compared to that seen in HNO;3 only.

Region (iii) shows the greatest difference between experiments conducted in the presence and absence
of AHA. From the voltamassogram and LSV of Fig. 2, AHA appears to inhibit secondary passivation at
E >1.1 V, most likely by formation of well-known Fe**-AHA complexes [14] from oxidatively
generated free Fe®" at the electrode surface, so interrupting secondary passivation formation and driving
transpassive dissolution. Further, dissolution of the steel continues up to 1.5 V, Fig. 2b, the marked
change in current at ~1.3 V in Fig. 2a being due to the onset of O, evolution at the exposed metal
electrode.

SEM images and associated surface roughness values of the SS2343 coated piezoelectrodes employed
in Fig. 2 are shown in Fig. 3. Fig.3c reveals no observable changes in morphology upon cycling in the
presence of AHA compared to its absence, Fig. 3b, or even no cycling at all, Fig. 3a. However,
comparison of concomitant roughness values for Figs. 3a-c shows a decrease in average surface
roughness (R,) and maximum surface roughness (R;) in the presence of AHA compared to uncycled
piezoelectrodes and those cycled in HNO3 only, suggesting any corrosive action is uniform in nature
and akin to electropolishing of the surface (i.e. removing any surface deposits).

Cycling in AHA also produced a visible pink solution colouration at the piezoelectrode surface. To

determine the origin of this colouration, the working solution was sampled after electrochemical



scanning, diluted and analysed using UV-vis spectrophotometry (not shown). Comparison with
absorbance peak values for acetohydroxamatoiron(lll) complexes reported by Andrieux et al. [14],
revealed the presence of the monoacetohydroxamatoiron(l1l) complex suggesting that electrogenerated
Fe(I11) is sequestered from the electrode surface in this form.

It is important to note that when iron is freely dissolving with no secondary passivation, region (ii), the
rate of mass loss in the presence of AHA is the same as in its absence. Thus, the corrosion accelerating
behaviour of AHA is limited to situations where solution redox potential >+1.1 V. However, few studies
exist on the solution potential that obtains in aqueous reprocessing streams. From the scant literature
that does exist, the solution potential may potentially be up to 1.15 V, depending on actinide species
present, acidity and temperature [33-35]. From our own studies on non-active thermodynamic simulants
for Pu(lV) containing systems, potentials as high as 1.1V can be observed at simulant metal ion
concentrations as low as 0.1 mmol dm™ [36], a value that would only be expected to be higher at
concentrations more typical of reprocessing streams (especially, as may occur in the near future, during
the recycle of higher burnup fuels) and under certain maloperation conditions such as low pH
excursions or high temperature. According to Fig. 2b this would place the solution potential in an area
where AHA would significantly increase the rate of SS316L dissolution, suggesting that the use of
higher grade steels (e.g. SS310) or transpassive corrosion inhibitors may be necessary if AHA based

reprocessing flow sheets are adopted for full scale nuclear fuel recycling in the future.



4. Conclusion

The electrochemical corrosion behaviour of acetohydroxamic acid (AHA) on the nuclear process
steels SS304L and SS316L has been investigated using linear sweep voltammetry and electrochemical
microgravimetry.

AHA has been shown to have little effect on either steel passivation or dissolution at applied
potentials < 1.1 \V. However, at transpassive dissolution potentials > 1.1 V, AHA complexes with Fe**,
inhibiting secondary passivation and driving transpassive dissolution of both SS304L and SS316L.

Such an observation may have important implications for next generation nuclear fuel reprocessing
flow sheets (GANEX, UREX, Adv-PUREX) that may use AHA, as potentials >1.1V could be
accessible at higher actinide loadings or under maloperation conditions. As such additional safety
measures may be required if AHA based reprocessing flow sheets are adopted for full scale nuclear fuel

recycling in the future.
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Figure Captions

Figure 1. Linear sweep voltammograms (a and ¢) and polarisation curves (b and

d) for SS304L and SS316L in 5% wt. HNO3 and AHA concentrations from 0.1 to 0.5 mol dm’,

Figure 2. Linear sweep voltammogram (a) and simultaneously recorded voltamassogram (b) for 5% wt.

HNO; and 0.5 mol dm™ AHA on S$S2343 piezoelectrodes.

Figure 3. 3000x SEM backscatter images and measured maximum surface roughness (R;) and average

surface roughness (R,) values of SS2343 piezoelectrodes. (a) Untreated crystal, (b) 5% wt. HNOs, (C)

5% wt. HNO3 + 0.5 mol dm™ AHA.
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