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Evaluation of 316L Stainless Steel Corrosion Resistance in
Solution Simulating the Acid Hydrolysis of Biomass
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The corrosion resistance of 316L stainless steel in 65 wt % ethanol, 35 wt % water, 1 wt % H,SO, solution containing different
NaCl concentrations and at different temperatures was investigated using open circuit potential measurements, polarization curves,
and electrochemical impedance spectroscopy. At 25°C, the minimum NaCl concentration required for occurrence of pitting was
0.58 wt %. In 0.35 wt % NaCl solution, localized corrosion was observed at temperatures higher than 40°C and, depending on the
potential, metastable or stable pits were observed. No pits were observed below 40°C in 0.35 wt % NacCl solution.
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Stainless steels are used as construction materials for key corro-
sion-resistant equipment in most of the major industries, and espe-
cially in chemical, petroleum, processing, and power generation
plants. A very thin film, known as the passive film, which is self-
healing in a wide variety of environments,'™ provides their corro-
sion resistance. Due to environmental concerns, there has recently
been an increase in the demand for ethanol as a road vehicle fuel.
There is therefore, a greater need for studies of the corrosion resist-
ance of materials used in alcohol production plants, and in transpor-
tation and storage facilities.

Among these stainless steels, the 300 series stands out. The 300
series represents compositional modifications of the classic 18/8
(18% Cr—8% Ni) stainless steel, which has been a popular corro-
sion-resistant material for some 70 years, to improve pitting, crevice
and stress corrosion resistance, high-temperature oxidation resist-
ance and strength, and reduce intergranular corrosion in welded
materials. Type 304 is the general-purpose grade, widely used in
applications requiring a good combination of corrosion resistance
and formability. On the other hand, type 316 contains molybdenum
and has greater resistance than type 304 to pitting in marine and
chemical industry environments.

Electrochemical corrosion causes between $8 billion and $128
billion in economic damage per year in the United States alone,’
and pitting corrosion constitutes one of the most important failure
mechanisms. Pits cause failure through perforation, and engender
stress corrosion cracks.' Pitting corrosion has been studied for the
last few decades and, according to Frankel,® fundamental studies
have focused on characterization of the passive film, the initial
stages of passive film breakdown, metastable pitting growth, and the
growth of large and stable pits.

Solution chloride concentration is a very important parameter
influencing pitting formation on stainless steels. Increasing the chlo-
ride concentration significantly increases the possibility of pitting.
The chloride levels that can be tolerated without the onset of pitting
increase with the chromium and molybdenum contents of austenitic
and ferritic stainless steels (for example, the minimum chloride ion
concentration in 1 mol L™! H,SO, for initiation of pitting on pure Fe
is 0.3 mmol L™, while on Fe-18.6Cr-9.9Ni alloy it is 0.1 mol L™")."

Electrochemical studies of pitting corrosion have found the exis-
tence characteristic potentials. Stable pits form at potentials noble to
the pitting potential, E,, and will grow at potentials nobler than the
repassivation one, Eg, which is lower than E;. During upward scan-
ning in a cyclic polarization experiment, a stable pit starts growing
at E,, where the current increases sharply from the passive current
level and, upon reversal of the scan direction, repassivates at Eg
where the current drops back. It is generally considered that materi-
als exhibiting higher values of E, and Eg are more resistant to pit-
ting corrosion, and cyclic polarization experiments are commonly
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used for this purpose.®” A correlation has been found such that met-
als with low experimentally determined pitting potential have a
higher tendency to form pits naturally at open circuit. E;, is in many
cases a function of experimental parameters such as potential scan
rate. Furthermore, so-called metastable pits initiate and grow for a
period at potentials well below the pitting potential, which provides
evidence in contradiction to the definition of the pitting potential as
being the potential above which pits initiate. Metastable pits initiate
and grow for a limited period before repassivating. Large pits can
stop growing for several reasons, but metastable pits are typically
considered to be those of micron size at most, with lifetimes on the
order of seconds or less.’

Temperature is also a critical factor in pitting corrosion since
many materials will not pit at a temperature below a certain value,
which may be extremely sharp and reproducible. This effect can be
seen either by varying the temperature at a range of fixed applied
potentials, or by varying the potential for a range of constant tem-
perature. At low temperatures, extremely high breakdown potentials
are observed, corresponding to transpassive dissolution, rather than
localized corrosion. Just above the critical pitting temperature
(CPT), pitting corrosion occurs at a potential that is far below the
transpassive breakdown potential.6 Laycock et al.® showed that at
the critical pitting temperature for 904L stainless steel, the maxi-
mum amount of metastable pit formation occurred about 300 mV
versus SCE. The morphology of these pits was examined by SEM,
and a model was proposed considering the precipitation of a FeCl,
film inside the pits as being the critical point; above the CPT, this
film is essential for the growth of stable pits. The metastable pits
most likely grow with no salt film and repassivate by virtue of the
violent rupture of the pitting covering, that dissolves the media in
which the pit has been formed. Conditions, for example, tempera-
ture increase, favour formation a salt film, there is a high probability
of the pitting resisting rupture of covering, producing a stable pit
due to the buffering action of the salt, renewing the pitting medium
by dissolution.®

Stainless steels, for example types 304 and 316, contain a variety
of inclusions such as oxides, silicates, aluminates, and sulphides.
These inclusions are often mixed, with the sulphides forming shells
around the oxides, silicates and aluminates. The manganese sulphide
shell is a particularly favourable location for pit initiation.”'°

Refaey et al.'' reported on corrosion studies using polarization
curves from —0.7 to 2 V(Ag/AgCl/KClsat), at 20 mV s~ ", for 316L
stainless steel in different concentrations of NaCl solution (0.01-2.0
mol L™"). They observed that the NaCl concentration did not affect
the shape of the curves, which were characterized by the appearance
of passive and transpassive regions. It was also noticed that the cur-
rent increased suddenly, without any sign of oxygen evolution, indi-
cating the breakdown of the passive layer and pitting corrosion
nucleation.

When 316L stainless steel was exposed to either aqueous solu-
tion or a mixture of 35 wt % water and 65 wt % ethanol, both
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containing 1 wt % H,SO,4 and 0.35 wt % NacCl, it was shown that
the presence of ethanol inhibited steel dissolution, as evidenced by
an increase in the corrosion potential.'* In solution consisting of the
ethanol-water mixture (without acid) and 1.70 wt % NaCl, the cor-
rosion and pitting potentials were similar to those obtained in aque-
ous solution. The oxide film formed potentiodynamically on the
electrode surface presented similar resistivity in both aqueous solu-
tions and ethanol-water mixture containing 1.70 wt % NaCl."?

According to Anna,'® corrosion-protection principles, as they are
known from corrosion in aqueous solutions, are not applicable in
solving materials problems; organic solvents differ from aqueous
ones in their physicochemical and chemical properties. Sekine et
al.' studied the corrosion behaviour of stainless steel in aqueous
ethanol solution containing sulphuric acid. These authors showed
that the corrosion rate increased with decrease of EtOH concentra-
tion and increase of Cr content. It is believed that susceptibility to
corrosion is promoted because both the conductivity of the solution
and the charge transfer increase. In contrast, as the concentration of
EtOH increases, the corrosion reaction is suppressed by an additive
property based on both the increase of the corrosion resistance and
the formation of the stable passive film.

The corrosion studies found in the literature describing the
behaviour of stainless steels in alcoholic solutions and alcohol/
water mixtures mostly concern the 300 series steels, especially the
304 steels.'> % Studies concerning 316 steels have focused on solu-
tions containin% anhydrous methanol and LiCl at high temperatures
and pressures.'>

The augment of ethanol production with no enlargement of plan-
tation area occurs by means of hydrolysis system of the bagasse and
straw of sugarcane. The hydrolysis process of the bagasse is made
from the ethanol/water mixture as solvent and sulphuric acid at tem-
peratures ranging from 170 to 185°C.% To develop it is mandatory
the use of metallic materials that undergo high pressures and tem-
peratures. However, these materials may be corroded owing to high
temperatures, presence of abrasives, and existence of chloride com-
ing from the systems of water distribution, the own sugarcane ba-
gasse and/or residues.

The use of these materials in industrial systems, including etha-
nol plants, is of great interest. However, systematic studies of corro-
sion of 316L stainless steels in solutions comprising ethanol/water/
NaCl mixtures are lacking in the literature. Therefore, the objective
of this work was to evaluate 316L stainless steel corrosion resistance
in ethanol (65 wt %)/water (35 wt %)/H,SO4 (1 wt %) solutions
containing different NaCl concentrations, and at different tempera-
tures, using open circuit potential measurements, polarization curves
and electrochemical impedance spectroscopy. This manuscript
addresses the susceptibility of 316L stainless steel to corrosion
under relatively severe conditions, similar to those used in the acid
hydrolysis of bagasse.

Materials and Methods

Sample preparation— The working electrode was a 316L stain-
less steel (SS), kindly provided by DEDINE S.A., and according to
the ASTM, the nominal composition of this kind of steel is (wt %)
16-18 (Cr), 10-14 (Ni), 0.03 (C), 2.0 (Mn), 1.0 (Si), 0.045 (P), 0.03
(S), 2-3 Mo).! A geometrical area of 1 cm?, delimited by an O-ring,
was exposed to the electrolyte. When an O-ring for assembly of
working electrode is used there is the possibility of having crevice.
No crevice was observed when the potential was swept up to around
0.1 V higher than the pitting one and/or if it was held at the pitting
potential (or at slightly higher values) for less than 1 min. At these
conditions the number and size of pits increased. When the electrodes
were polarized at potentials higher than the pitting one for more than
1 min, pits and crevice were observed near the O-ring.

The electrode surface (2 cm length x 1.5 cm width X 2 mm
thickness) was progressively polished, starting with 600 and 1200
grade emery papers, and finishing with a 1 um diamond suspension,
using a polisher (BUEHLER). The electrodes were then washed and

sonicated with acetone in an ultrasonic bath for 10 min, dried using
oil-free compressed air, and immediately introduced into the elec-
trochemical cell.

Electrochemical cell and equipment— All electrochemical
studies were carried out in a Tait type conventional three-electrode
electrochemical cell. The counter electrode was a Pt network, and all
potentials were measured and referred to an aqueous
Ag/AgCl/KCly, reference electrode connected to the working solu-
tion through a Luggin capillary. For all electrochemical measure-
ments a saturated KCl solution was placed inside the Luggin
capillary, therefore no significant liquid junction potentials are
expected. At the end of the capillary a titania ceramic piece was
welded. Therefore, the ionic contact was done by microcracks formed
due to the different thermal expansion coefficient between the ce-
ramic and glass. To investigate a possible chloride contamination of
the working solution by chloride coming from the the Luggin some
tests were done. For the test, the reference electrode was placed inside
the Luggin capillary containing saturated KCI solution, and the work-
ing solution without chloride ions inside the electrochemical cell.
After 2 h (the mean experimental time) 1 g of silver nitrate was added
to the water and no precipitation or cloudiness was detected. On the
contrary, when silver nitrate was added, for instance, to a 65 wt %
ethanol, 35 wt % water, 1 wt % H,SO, and 6 x 10~ wt % NaCl solu-
tion, the more diluted one, precipitates or cloudiness was observed.
Therefore, it was concluded that the contamination of the working
solution with chloride from the reference electrode did not occur or
was not significant. Another evidence that no significant chloride
leakage occurred can be inferred from the open circuit potential meas-
urements during 5 h in the working solution, since the open circuit
potential, after some immersion time, did not change with time, and
was dependent on the C1™ concentration in the working solution.

Polarization curves (PC) and electrochemical impedance (EIS)
measurements were performed using an EG & G potentiostat
(Model 273 A) and a Solartron-SI1255 system.

Electrochemical procedure — Electrochemical experiments were
performed in aerated and unstirred 65 wt % ethanol, 35 wt % water,
1 wt % H,SO, solution, with different NaCl concentrations, at dif-
ferent temperatures and pH 0.6 (Table I). The solutions were pre-
pared from analytical grade reagents and Milli-Q water (18.2 MQ
cm). Before measuring the polarization curves, the electrode was
immersed in the working solutions for 2 min or 5 h. Finally, the an-
odic potential scan was performed at 0.167 mV s~ starting at —50
mV(Ag/AgCl/KClg,.)/Eocp (open circuit potential) and scanning
towards positive potential, either until the appearance of localized
corrosion or until the transpassive region was reached. The electro-
chemical impedance spectroscopy (EIS) measurements were carried
out after exposing the steel to the electrolyte for different time inter-
vals. The impedance experiments were performed over a frequency
range of 100 kHz to 5 mHz, with a potential sine wave amplitude of
10 mV (rms) and 10 points/decade at 25°C.

Ethanol influence on the potential of the aqueous acid-NaCl-
containing solution and liquid junction potential values at the
aqueous/ethanolic interface— The effect of ethanol was estimated
based on the potential difference measured for at least 18 min using
the electrochemical cells shown in 1 and 2. The salt bridge was

Table 1. Electrochemical techniques, chloride concentration and
temperature used in the corrosion study of 316 L stainless steel in
65 wt % ethanol, 35 wt % water, 1 wt % H,SO, solution.

Electrochemical Chloride Temperature
technique concentration (wt %) (§®)
OoCP 6x 107 and 6 x 1073 25
CP 6x 107710 0.58 25

0.35 25-80
EIS 6x107° 25
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composed of a tube in U form filled with 3 mol L™' KCI aqueous
solution

Ag/AgCl/KClyy. / /65wt % ethanol, 35wt % H,O,

1
1wt % HSO4, xwt% NaCl/Ag/AgCl/KClgy ]

and

Ag/AgCl/KCly, // H,0, 1wt% HyS0y,

xwt % NaCl/Ag/AgCl/KClgy 21

where x was 6 x 107>, 2 x 107 and 0.58 wt % NaCl, respectively.

The potential difference between these two electrochemical cells
(1) and (2) are listed in Table II for different NaCl concentration.
An excess of AgCl was added to the ethanolic acid solution to avoid
the effect of ethanol and sulfate ion on the possible AgCl film disso-
lution. The difference between the potential values of these two
electrochemical cells for a constant NaCl concentration (48 *= 3
mV/Ag/AgCl/KCl,) represents the ethanol influence in the
potentials measured in this system, mainly due to the difference of
the chloride ion activity in both solutions, considering that no influ-
ence of junction potential should be present. In the conditions of the
present work, this potential difference was independent of the NaCl
concentration.

An estimative of the liquid junction potential was obtained based
on the measurement of the potential difference between cells (3)
and (1)

Ag/AgCl/KClgy /65wt % ethanol, 35wt % H,0,

3
1wt % HpSO4, 0.006 wt % NaCl/Ag/AgCl/KCly, 31

Ag/AgCl/KClyy.//65 wt % ethanol, 35wt % H,O,

1wt % HySOy4, 0.006 wt % NaCl/Ag/AgCl/KClgy, 4]
As the NaCl concentration increases the potential values of electro-
chemical cells (3) and (1) decreases due to the increase in the chlo-
ride ion activity. The junction potential values increases negatively
in the ethanolic solutions and decreases in aqueous ones, suggesting
that the ion chloride (and also the sulfate ion) mean activity coeffi-
cient is more influenced in ethanol than in aqueous solutions, prob-
ably owing to the decrease of the salt solubility in ethanol.

Scanning electron microscopy (SEM) analysis— SEM micro-
graphs of the electrode surface were taken using a scanning electron
microscope (JEOL T330A), after scanning up to different potentials
under varying conditions of chloride concentration and temperature.
The inclusions were observed using a scanning electron microscope
with Field Emission Gun (PHILIPS XL30FEG) coupled to the
energy dispersive (EDS) microanalysis system (Oxford Instru-
ments). The microanalyses were performed using 25 kV, and with
100 s acquisition time.

Results and Discussion

Open circuit potential and potentiodynamic polarization—
Figure 1 shows the open circuit potential (Eoc) versus time for
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Figure 1. Open circuit potential values for 316L stainless steel in 65 wt %
ethanol, 35 wt % water, 1 wt % H,SO, solution containing different NaCl
concentrations, at 25°C.

316L stainless steel in 65 wt % ethanol, 35 wt % H,0, 1 wt %
H,SO, solutions containing 6 x 107> wt % and 0.006 wt % NaCl.
The open circuit potential increased fast during the first 25 and 10
min for the solutions containing 6 x 10> wt % and 0.006 wt %
NaCl, respectively. At these times a discontinuity of potential was
observed and afterwards the potential continued increasing expo-
nentially to about 2 h, and therefore only a monotonic potential
increase was noticed for both E-t curves. After 5 h of immersion in
solutions containing 6 x 10~> wt % and 0.006 wt % NaCl the open
circuit potential values were around 0.37 and 0.33
V(Ag/AgCl/KClgy.), respectively. This increase of potential indi-
cates that a protective oxide was formed on the metal surface.

Both Cr and Ni influence the open circuit potential of the stain-
less steel since they can form metallic oxides when immersed in
aqueous solutions, which cause the open circuit potential increase,
mainly in the initial immersion times. Studies performed by P.
Briiesch et al.** showed that open circuit potential of chromium
increases with time when immersed in 0.1 mol L' NaCl aqueous
solution, reaching an almost constant value of —0.175
V/(Ag/AgCl/KClg,). The open circuit potential for Ni also
increased with time when immersed in 0.1 mol L' KCI aqueous so-
lution and stabilizes close to —0.130 V/(Ag/AgCl/KClg,) after
around 30 min of immersion.”> This increase is associated with the
oxide film thickening, and is also related to the nature of the oxide
film which may be altered by the incorporation of species from the
f:lf:ctrolyte.26"29 In addition, El Kader and El Din?® also noticed that
for KCI concentrations higher than 1 x 1072 mol L™" there was a
decrease of E,. (after reaching the steady state potential) with
increasing KCl concentration. Both results indicate the oxide forma-
tion on Cr and Ni. Considering the 316L stainless steel, the open cir-
cuit potential, for instance, around —0.34 V/(Ag/AgCl/KClg,) in
65 wt % ethanol, 35 wt % water, 1 wt % H,SO, solution containing
0.006 wt % NaCl, at 25°C, is higher than pure Cr and Ni, indicating

Table II. Potential values for cells with and without junction potential, junction potential value and potential attributed to the influence of

ethanol.

Solution” [CI]/wWt% Ecen (3)/mV Ecen (1)/mV E; = E(3)-E(1)/mV Ecthanol = E(1)-E(2)/mV
Ethanolic (a) 6x107° 202 202 0 51 (al-bl)
Aqueous (b) 6x107° 231 151 80

Ethanolic (c) 2x1072 143 162 -19 47 (c1-d1)
Aqueous (d) 2x1072 159 115 44

Ethanolic (e) 0.58 54 83 -29 46 (e1-f1)
Aqueous (f) 0.58 89 37 52

* All solutions contain 1 wt% H,SO,. The ethanolic solutions contain 35 wt% water.
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Figure 2. SEM images of polished 316L stainless steel after 20 (A) and 30
(B) min of immersion in 65 wt % ethanol, 35 wt % water, 1 wt % H,SO, so-
lution containing 0.006 wt % NaCl, at 25°C.

the strong influence of these elements on the behavior of the alloy.
When the chloride concentration increased the open circuit potential
decreased because of the attack to the oxide passive film generates
defects, and also due to the chloride adsorption on the electrode
surface.

A discontinuity was also noticed in both Eqc vs. time curves, af-
ter ~10 min immersion in the solution containing 0.006 wt % NaCl,
and after ~25 min immersion in the solution containing 6 x 107> wt
% NaCl, at 25°C. This discontinuity is well-reproducible and it
might be associated with the dissolution of superficial MnS inclu-
sions present in the steel. The dissolution of inclusions exposes a
new surface (under the inclusion) of the base alloy, which is more
active than the surface covered with metallic oxides, leading to an
abrupt decrease in the open circuit potential. This surface is also im-
mediately oxidized to form metallic oxides, and the open circuit
potential increases again, explaining potential discontinuity (points
A and B in Fig. 1). The increase of the steel open circuit potential
probably begins after the total dissolution of inclusions present at
the examined electrode surface, and is due to oxidation of the alloy,
with the formation of a more homogeneous oxide film.

It is well known that MnS is an electronic conductor, and is
polarized to the same corrosion potential as the steel when exposed
to different solutions.' At potentials between —0.197 V and 0.01
V(Ag/AgCl/KClg,), the sulphide has no thermodynamic stability
and tends to dissolve.' The dissolution rate of MnS inclusions, as a

function of the corrosion potentials of 304 stainless steel, was con-
firmed by means of surface analyses.1‘30 In addition, the dissolution
of the inclusions probably begins at the initial immersion times at
open circuit potential, as observed by Lampner’' for 304 stainless
steel in 0.1 mol L' NaCl aqueous solution. Also, it is important to
note that the 316 stainless steel showed an open circuit potential
around 40.3 (V/Ag/AgCl/KClg,) at pH < 3 in 3% NaCl aqueous
solution.! In the present work, for chloride concentrations studied in
acidic medium the values of E,,, (obtained from polarization curves
and open circuit potentials) were between 0.20 and 0.38 V, increas-
ing this potential as the Cl™~ concentration decreased. On the other
hand, the sulphides dissolution might be affected by the ethanol
presence leading to more positive potentials as observed in the case
of steel corrosion potential in solution containing ethanol compared
to that in aqueous solution. In this case, it was noticed changes in
the potential as high as 0.4 V.

For the stainless steel used, in the presence of the water/ethanol
mixture the inclusions dissolution potential (the potential associated
with the discontinuity) appear at around 0.22 and 0.32
V/(Ag/AgCl/KCly, for 0.006 wt % and 6 x 10> wt % NaCl,
respectively. The higher potential values compared to the range
from —0.197 to 0.01 V/Ag/AgCl/KCly,,.," are possibly due to the
inhibition of inclusion dissolution related by the presence of ethanol
in the mixture. The polarization curves obtained for 316L stainless
steel, in aqueous solution and in a mixture of 65 wt % ethanol, 35
wt % water, both containing 1 wt % H,SO,4 and 0.35 wt % NaCl,
showed that the presence of ethanol caused inhibition of steel disso-
lution, as evidenced by an increase in Eeor. 2 Additionally, Elsener
et al.,'® who also showed that in solutions containing the mixture of
ethanol/water/0.5 mol L' HCl, with different water concentrations,
304 stainless steel presented an active-passive transition that was
strongly dependent on the solution water content.

The discontinuity in the Egc curve for the steel in solution con-
taining 0.006 wt % NaCl appears after shorter time intervals, and
the potential is lower than that obtained in the solution with
6 x 107 wt % NaCl. This may be pertaining to the acceleration of
inclusions dissolution owing to the increased NaCl concentration.
To support this hypothesis, the work of Webb and Alkire,*>* con-
cerning pitting initiation in sulphide inclusions present in stainless
steel, showed that an increased NaCl concentration favoured the dis-
solution of MnS inclusions in the steel.

In order to confirm the dissolution of MnS inclusions associated
to the discontinuity noticed in E-t profiles, SEM images (Fig. 2) of
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Figure 3. Polarization curves obtained for 316L stainless steel in 65 wt %
ethanol, 35 wt % water, 1 wt % H,SO, solution containing different NaCl con-
centrations, after immersion for 2 min and 5 h at open circuit and polarized up
to the transpassive region, at 0.167 mV s~ " and 25°C.
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polished stainless steel were taken after 20 and 30 min of immersion
in the ethanolic solutions for 0.006 wt % and 6 x 10~> wt % NaCl,
respectively. It is seen the presence of small pits and the initio of
inclusions dissolution (image A, 20 min immersion). As the immer-
sion time increases the attack to produce both pits and inclusions
dissolution also increases in number and size. Inclusions dissolution
generates regular form while pits are normally observed as irregular
ones (Image B).

Figure 3 displays the polarization curve for 316L stainless steel
in the ethanolic aqueous solution containing different chloride con-
centrations, recorded after 2 min and 5 h immersion, at 25°C. For
6 x 107> wt % NaCl, the corrosion and transpassivation potentials
were 0.37 and 0.9 V(Ag/AgCl/KCly,, ), respectively. For potentials
higher than the corrosion potential, increase of current density is

Inclusion

4

e e

~1080m

Figure 4. SEM images of 316L stainless
steel exposed for 5 h at open circuit and
polarized up to 0.50 V(Ag/AgCl) (A) and
0.70 V(Ag/AgCl) (B) in 65 wt % ethanol,
35 wt % water, 1 wt % H,SO, solution
containing 6 x 107> wt % Na(l, at 25°C.

(B)

due to oxidation of the steel, and was associated with the creation
of defects in the passive oxide film, which had been previously
formed under open circuit conditions. As in the potential range
of the polarization curve no oxygen evolution was observed,
the potential interval of polarization curves for low chloride con-
centrations was extended up to 2 V/Ag/AgCl/KCl,. (Figure not
shown). No oxygen evolution was observed and therefore it was
concluded that the transpassivation region (about 0.9-2.0
V/Ag/AgCl/KClg, ) is not affected by oxygen reaction. For
instance, Song>* showed that the transpassive region for 304 stain-
less steel begins at 0.9 V/SCE in 0.5 mol L' H,SO, aqueous solu-
tion, and the oxygen evolution was only observed at around +1.5
V/SCE. In 0.5 mol L ™! Na,SO, aqueous solution the transpassive
potential was +0.5 V/SCE and oxygen evolution was noticed at

TiKa. 76 AlKa. 36
MWW TiKa. 49
@ CiKa.364 " MnKa, 177 )
< £ CiKa, 231
= E
g 2
g g
2 sika, 81 SKa, 114 E |
2 5 SiKa,59
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FeKa, 832 NiKa. 112 Fots o2
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Figure 5. (Color online) SEM-FEG images and EDS line scan microanalysis of elements Cr, Si, Fe, Ti, Al, Mn, S, and Ni recorded for stainless steel before
(polished stainless steel) (A) and after (B) of the polarization (see along lines direction: from left to right).
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Table III. Parameters for the circuit elements obtained from the adjustment of their responses to the experimental data of impedance for 316L
stainless steel after 2 and 5 h of exposure to 65 wt % ethanol, 35 wt % water, 1 wt % H,SO, solution containing 6 X 10~ wt % NaCl, at 25°C,
applying the open circuit potential. The % errors associated with each estimative are given in parentheses.

Immersion time (h) Eg4c (%) (mV) R, (Q cm?) Rs (MQ cm?) Of (WF ecm 28" 1) n x? L (nm)
96 0.3 47.6 0.94

2 363 (0.49%) (1.70 %) (0.53 %) (0.17 %) 7.8x107* 0.2
107 0.5 38.2 0.94

5 385 (0.41%) (1.55 %) (0.42 %) (0.14 %) 53x107* 0.3

(*) The EIS measurements were obtained polarizing the electrode on its respective open circuit potential.

about +1.0 V/SCE. Hence, we believe that the presence of ethanol
is responsible for the shifting of the oxygen evolution potential to
more positive values.

Figure 4 shows SEM images of steel, potentiodynamically polar-
ized up to both 0.50 and 0.70 V(Ag/AgCl/KCly, ). The cavities
observed on the surface were associated with the dissolution of MnS
inclusions.

Figures 5A and 5B display the SEM images of 316L stainless
steel before polarization (after mechanical polishing) and after
polarization, respectively. Before polarization the presence of an
inclusion which contains the elements Mn, S, Al, Si and an excess
of Ti is observed. The presence of Mn and S along with other
elements shows that the inclusion is composed of a mixture of MnS
and Ti, Al and Si compounds. Stainless steels, such as type 316,
contain a variety of inclusions in the form of oxides, silicates,
aluminates, and sulphides. These are often present as mixed species,
where the sulphides form shells around the oxides, silicates and
aluminates.'*® Following to the steel polarization at +0.5
V(Ag/AgCl/KClg,,), in the region associated to the inclusion pres-
ence, was mainly noticed the decrease of Mn and S content.

For 6 x 1072 wt % NaCl higher E.,,, values were measured after
5 h than after 2 min immersion, suggesting that a thicker oxide film
was formed after a longer immersion time. After 5 h at open circuit,
the E o, value (Fig. 4) was in agreement with that observed in
Fig. 1. In other words, the higher is the chloride concentration, the
smaller the corrosion potential. However, this is not true when the
rest time was 2 min. In this case, the higher the chloride concentra-
tion the higher the corrosion potential, which is related to the elec-
trode pre-treatment prior to exposure to the solution. After polishing
the material, the instantaneous formation of an oxide layer may
occur before exposure to the solution, due to the presence of oxygen
in air. Under these conditions, the oxide thickness cannot be con-
trolled. Hence, in the first 2 min, the value of the open circuit poten-
tial resulting from thickening of the oxide formed on the steel may
be determined by the film thickness and defects in the oxide formed
in air. For longer exposure times (5 h at open circuit), a greater film
thickening occurred compared to that obtained up to 2 min (see
Table III).

For the sample immersed for 2 min, the current densities in the
passive region (~0.3 to ~0.9 V(Ag/AgCl/KCly,)) were practically
constant only for higher chloride concentrations, and higher than
those obtained after 5 h immersion. This suggests that the oxide film
formed under open circuit conditions was thicker for the sample
immersed for 5 h, which explains the lower anodic current densities
observed during its polarization. Additionally, for the steel exposed
for 2 min at open circuit, with polarization, the constant current den-
sity values in the potential region from 03 to 0.9
V(Ag/AgCl/KClg,) indicate that the film growth starts once the
electrical field exceeds a critical value, which is equivalent to the
film thickness formed under open circuit conditions for 2 min. In
general, the drop of the applied potential takes place in the metal/
film interface, own film, and film/solution interface, and the poten-
tials shift to more positives values are only associated to the film
thickening once the main part of the potential drop occurs in the ox-
ide film. Thus, in the passivation region during the anodic polariza-
tion there is no influence of the metal/oxide and oxide/solution inter-

faces (e.g., the double layer). In this case, the film thickness
increases linearly with lpotential, and consequently the electrical
field (~10°-107 V em™!) and the current density remain constant
during the process. Thus, as the potential increases, both the charge
transfer in the interfaces and the film thickness increase, due to the
migration of cations (M"") from the metal/film interface to the film/
solution interface, and migration of anions (O®7) in the opposite
direction.*>=’

For the steel exposed at open circuit potential for 5 h, the polar-
ization curve profile may be associated with greater thickness,
degree of surface roughness and/or ageing of the film that was
formed during exposure for a long period. Blackwood and Peter,®
studying the stability and rupture at open circuit of a passive oxide
film on titanium, showed that some degree of surface roughness and
structural changes of the film (film ageing) might, with film recon-
struction by means of anodic polarization, lead to a slow current
increase as a function of the applied potential. With respect to film
ageing, this process may lead to a more dense crystalline structure
and, consequently, increase the height of the barrier to ion
migration.

In order to determine the minimum NaCl concentration needed for
pitting formation at 25°C, polarization curves for 316L stainless steel
were obtained using solutions containing different NaCl
concentrations (Fig. 6). E., values were between 0.20 and
0.30 V(Ag/AgCl/KClyy), indicating little influence of salt concentra-
tion. Conversely, in the transpassive region a very different I-E profile
was obtained in the solution containing 0.58 wt % NaCl. At around
0.95 V(Ag/AgCl/KClg,), the current density abruptly increased by
about 1 order of magnitude, with respect to the passive current, and
remained almost constant up to 0.5 V(Ag/AgCl/KClg,,) in the reverse
scan, suggesting a strong localized corrosion process. It is well known
that the presence of inclusions in 316L stainless steel is one of the
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Figure 6. Polarization curves for 316L stainless steel obtained in 65 wt %
ethanol, 35 wt % water, 1 wt % H,SO, solution containing different NaCl
concentrations, at 0.167 mV s~'and 25°C.
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Figure 7. Polarization curves for 316L stainless steel obtained in 65 wt %
ethanol, 35 wt % water, 1 wt% H,SO, solution containing 0.35 wt % NaCl,
at different temperatures and at 0.167 mV/s.

main reasons for initiation of pitting corrosion."%'%2%34% Eor Jower
chloride concentrations (<0.35 wt % NaCl), the current density
decreased after switching the potential at 1 V(Ag/AgCl/KCl,.), indi-
cating no pitting formation at a temperature of 25°C or lower.

Since no pitting formation was detected at 25°C in the presence
of 0.35 wt % chloride, the temperature of the solution was increased
in order to determine the CPT.

Figure 7 shows polarization curves for 316L in 0.35 wt % NaCl
at different temperatures from 25 to 80°C. At 25 and 40°C, transpas-
sivation was observed for potentials higher than +40.9

V(Ag/AgCl/KClg, ), and in the reverse scan the current was similar
to that measured during the direct scan. At temperatures >50°C, an
abrupt increase in the current was observed at certain potentials, all
less positive than the transpassive potential (around +0.9
V(Ag/AgCl/KClg,)), indicating that pitting was occurring. When

(1)

3)
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Figure 8. Polarization curves for 316L stainless steel obtained in 65 wt %
ethanol, 35 wt % water, 1 wt % H,SO, solution containing 0.35 wt % NaCl,
up to different potentials and/or temperatures: (1) +0.914
V(Ag/AgCl/KClg,) (transpassive region) at 40°C; (2) +0.500
V(Ag/AgCl/KClg,) (imperfect passive region) at 65°C; (3) +0.570
V(Ag/AgCl/KClgy,,) (pitting corrosion region) at 65°C. v = 0.167 mV s L

this feature was observed, the potential scan was reversed, and the
current measured was higher than that measured in the direct sweep,
confirming that the active area had increased. For each temperature
<40°C, and <0.35 wt % NaCl, at least five polarization curves were
recorded at different regions of the sample to test whether pit forma-
tion was occurring. For chloride concentrations below 0.35 wt %
and temperatures <25°C, no pitting corrosion was observed, even
when different regions of the sample were analyzed. Thus, under
these conditions, the CPT ranged from 40 to 50°C.

Figure 8 shows polarization curves for samples treated up to the
transpassive region at 40°C (curve 1), and up to the potential regions
corresponding to imperfect passivity*' or metastable pits (curve 2),
and stable pit formation (curve 3), both at 65°C. To ensure that

Figure 9. SEM micrographs of 316L
stainless steel after polarizing in 65 wt %
ethanol, 35 wt % water, 1 wt % H,SO, so-
lution containing 0.35 wt % NaCl, up to
(2) different potentials and/or temperatures:
(1) 4+0.914 V(Ag/AgCl/KClg,) (trans-
passive region) at 40°C; (2) +0.500
V(Ag/AgCl/KClg,) (imperfect passive
region) at 65°C; 3) +0.570
V(Ag/AgCl/KClg,) (pitting corrosion
region) at 65°C.
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Figure 10. Polarization curves for 316L stainless steel in 65 wt % ethanol,
35 wt %water, 1 wt % H,SO, solution containing 0.35 wt % NaCl, at 80°C
and 0.167 mV/s.

metastable pitting formation occurred at the potential below the pit-
ting potential, after attainment of the specific pitting potential, the
current was reversed up to the repassivation potential. Metastable
pit formation takes place in the potential region between the repassi-
vation and pitting potentials.® Based on this concept, the results
shown in Figs. 7 and 8 confirmed the formation of metastable pits
on the steel at +0.5 V(Ag/AgCl/KClg,) (curve 2). In Fig. 7, the
polarization curve at 65°C suggests that reversing the potential, the
current tends to diminish to potentials smaller than +0.4
V(Ag/AgCl/KClg,). Therefore, the repassivation potential is
smaller than +0.5 V(Ag/AgCl/KClg, ) which is located in the
region between the repassivation and pitting potentials.

SEM micrographs of these regions are shown in Fig. 9. Metasta-
ble pitting occurs prior to the potential required for pitting. Accord-
ing to Frankel® metastable pits are pits that initiate and grow for a
limited period before repassivating, and that can form at potentials
far below the pitting potential (which is associated with the initia-
tion of stable pits). Before the onset of stable pitting, metastable pits
form at potentials below the pitting potential. At the transpassive
region, the main feature was a higher inclusions dissolution density,
without growth of pitting, while at the localized corrosion region,
where stable pits start growing, a high density of pits and surface
degradation were observed.

Figure 10 shows potentiodynamic curves recorded at 80°C at
three different regions of the stainless steel sample surface, with
only one showing pitting corrosion, characterized by current density
increase in the reverse scan. It seems that the occurrence of local-
ized corrosion is strongly dependent on the sample region chosen
for analysis, in addition to the chloride concentration and tempera-
ture. This result also suggests that the steel surface does not have a
uniform distribution of inclusions. Hence, it can be supposed that
some of the regions randomly chosen on the steel surface could
have possessed inclusions that led to pitting initiation.

Electrochemical impedance spectroscopy analysis— Figure 11
shows experimental and adjusting complex plane and Bode plots for
stainless steel immersed in the electrolyte containing 6 x 10> wt %
NaCl, recorded applying the open circuit potential after 2 and 5 h
immersion, and with the electrical equivalent circuit (EEC) used for
fitting experimental data. For both immersion times only one time
constant was observed, centred at around 0.3 Hz, with a markedly
capacitive behaviour and maximum phase angle of —85°. According
to Park et al.,** a single semicircle described the impedance spectra
obtained for 316L stainless steel in a solution containing 0.5 mol
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Figure 11. Experimental (symbol) and fitting (line) complex plane (a) and
Bode (b) plots for 316L stainless steel recorded after 2 and 5 h of exposure
to 65 wt % ethanol, 35 wt % water, 1 wt % H,SO, solution containing
6% 103 wt % NaCl, at 25°C, applying the open circuit potential.

L~ NaCl and 0.5 mol L™' NaHCO;. The complex plane plots
shown by passive metals correspond to the charge transfer reaction
by means of ionic migration through the passive oxide film.** It can
be noticed from the complex plane and Bode plots that the sample
immersed for 5 h was more resistant than that exposed for 2 h. This
difference was due to the increase of film thickness as a function of
immersion time, since the film thickness after 5 h immersion was
probably thicker than that obtained after 2 h, due to the injection of
cations (Fe*", Cr’*, Ni®* and so on) onto the metal/oxide interface,
and anions (027) onto the solution/oxide interface (Table II). El
Kader et al.** studied the variation of E,. of a previously polished ti-
tanium electrode, as a function of time in different electrolytes, up
to attainment of the steady state potential. In all cases, immediately
after electrode immersion the E,. changed to more positive values,
indicating the occurrence of an increase of the oxide film thick-
ness.*>*® The film thickness increased as a function of time, up to
attainment of the steady state potential.

The electrical equivalent circuit (EEC, see Fig. 11a) fitted the ex-
perimental data for the different immersion times, applying the sinu-
soidal perturbation on the open circuit potential, using the non-linear
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least squares method by means of software developed by Bou-
kamp.*’” The heterogeneity of the studied systems leads to non-ideal
capacitive responses, so the so-called constant phase element substi-
tuted the capacitance.*® Figures 11a and 11b also show the results of
impedance data fitting. The sum of square deviations, x> around
10, the low errors (%) associated with estimation of all the param-
eters (Table III), and the good matching between the fitted and the
experimental diagrams (see continuous lines in Figs. 11a and 11b)
indicate the adequacy of the proposed EEC. This circuit is similar to
the one proposed by Wallinder et al.,*® studying 304L stainless steel
in aqueous solution containing 0.05 mol L™ H,SO, and 0.05 mol
L~" NaCl, after exposing the sample for 90 min at open circuit and
polarizing the electrode at open circuit potential. Park et al.** also
obtained similar results for 316L stainless steel in solution contain-
ing 0.5 mol L™ NaCl and 0.5 mol L™" NaHCO3, applying different
anodic potentials.

In ethanolic aqueous solution containing 6 x 10~ wt % NaCl,
the CPE values of steel decreased as a function of exposure time,
which is another indication of the formation of a new phase, since
the film thickness increased as the CPE values decreased, and the re-
sistivity of the oxide film also increased (Table III). Similar behav-
iour of the metallic oxide parameters (resistance and CPE) were
also observed by Patrito et al.** and Patrito and Macagno,”® studying
Zr in different electrolytes (H,SO,4, NaOH, HNO; and H3PO,). The
n values are greater than 0.9, suggesting near-capacitor behaviour.

Finally, estimation of the film thickness (Table III) was per-
formed, taking into account that these films presented similar behav-
jour to a capacitor, using the equation®'>>

Lo
C
where L is the film thickness, € is the dielectric constant of the pas-
sive film [¢ = 12 (Refs. 51 and 52)], ¢, is the vacuum permittivity
(8.854 x 10~ F/cm) and C is the value of the capacitance of the
film. The passive film thickness values obtained are realistic, and
similar to those determined previously using different
techniques. >~

Conclusions

The Eoc values for 316L stainless steel immersed in 65 wt %
ethanol, 35 wt %water, 1 wt % H,SO, solution containing different
NaCl concentrations were close to 0.4 V(Ag/AgCl/KCly,,) after 5
h in a solution containing 6x 10~ wt % NaCl, and 0.35
V(Ag/AgCl/KClg,,) after 2 h in a solution containing 0.006 wt %
NaCl. The increase of Eoc to more positive values indicated forma-
tion of oxide with protective properties on the metallic surface. The
solution containing a higher NaCl concentration presented smaller
Eoc values. The increase of NaCl concentration might induce rup-
ture and/or increase the film conductivity, provoking localized
attack. The dissolution of superficial MnS inclusions seemed to be
responsible for the discontinuity in both Eqc vs. time curves, which
occurred after close to 15 min immersion in the solution containing
0.006 wt % NaCl, and after 45 min in the solution containing
6 x 107> wt % NaCl. From the complex plane and Bode plots, it
appeared that the sample immersed for 5 h in a solution containing
6x 107> wt % NaCl was more resistant than that exposed for
2 h. The same electrical equivalent circuit was used to fit the
data obtained for stainless steel immersed in the electrolyte for 5
and 2 h.

In conclusion, the conditions necessary for use of 316L stainless
steel in ethanol plant reservoirs are dependent on the chloride con-
centration and temperature. The minimum NaCl concentration for
pitting formation and growth to occur was 0.58 wt % NaCl at 25°C.
In 0.35 wt % NaCl, localized corrosion was observed at tempera-
tures >50°C, and either metastable or stable pits were observed,
depending on the potential.
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