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Introduction

Periodic aggregation patterns of oxide particles
on corroding metals: chemical waves due to
solution feedback processest

Youn G. Shin, Dan Guo, Nicholas A. Payne, {2 Brianna K. Rector,
Kwang G. O'Donnell, 2 Giles Whitaker, Jiju M. Joseph and Jungsook C. Wren (&) *

Chemical waves that produce periodic patterns are common occurrences in nature. The underlying
processes involved have been studied in many disciplines of science, but rarely reported in the
chemistry of corrosion. In this study of carbon steel corrosion, iron oxide crystals are observed to
deposit in concentric wave patterns or in discrete bands, known as Liesegang patterns. We demonstrate
that oxide growth in these patterns is preceded by the formation of a hydrogel network, which consists
of a semi-stationary phase of loosely connected metal-hydroxide colloids and a mobile phase of
solution saturated with metal cations. Once the hydrogel network covers the metal surface, a metal
cation produced by corrosion reactions at the metal surface must diffuse through the layer into the
bulk solution. While diffusing through the porous network, the metal cation undergoes adsorption—
precipitation as metal-hydroxide colloids which later can dissolve back into the solution. When the
kinetics of precipitation and dissolution of the metal cation can be effectively coupled with the transport
flux of the dissolved metal cation, the precipitation—dissolution—diffusion cycles can be sustained over time
which can lead to periodic aggregation patterns of metal-hydroxide colloids at a specific time. We also
establish that for transition metal cations the precipitation—dissolution—diffusion process can couple with
reversible redox reactions between the soluble and less soluble metal cations, which can affect the overall
transport of banded aggregates of metal-hydroxide colloids and the growth and transformation of metal-
hydroxides into crystalline oxides. If systemic feedback between different elementary processes is sustained
over long durations, iron-oxide crystals of different chemical compositions and shapes aggregate in
Liesegang patterns. This work demonstrates unequivocally that non-uniform deposition of metal oxides
during corrosion can occur via strongly coupled solution reactions and transport processes, and not simply
as a result of metallurgical non-uniformity and/or localized solution environments.

feedback cycles shut down, the periodic patterns eventually
dissipate. However, these wave patterns can manifest in a semi-

Chemical waves in space and time domains are a well-known
phenomenon. Some familiar examples are oscillating reac-
tions (e.g., chemical clock reactions) and Turing pattern
formation.™ In the presence of transport processes such as
diffusion and convective flow, chemical systems that undergo
temporal oscillations can also exhibit a spatial periodicity.*>
The Belousov-Zhabotinsky (B-Z) reaction is a famous chemical
oscillation reaction that results in a non-homogeneous spatial
distribution of products in solution.® In such systems, the
products diffuse and become uniformly distributed; once the
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permanent form if adsorption on solid surfaces or precipitation
of solid species is involved in the reaction-diffusion system.
The periodic formation and/or aggregation of adsorbed or
precipitate products is known as the Liesegang phenomenon,
and it typically occurs when dissolved species diffuse through a
slow-transport medium such as a gel or a porous material,
causing solid products to periodically precipitate and re-dissolve
(and/or adsorb or desorb).” ™

In nature, periodic patterns are observed over vast ranges
of size and duration, from fungal colonies to banded rock
formations.'*™* Here, we show clear examples of chemical
waves induced by systemic feedback during the corrosion of
carbon steel (CS). The chemical wave phenomenon described
here involves concentric circular bands or discrete layers of
aggregated iron hydroxide and oxide particles. We compare the
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oxide waves formed on corroding metals with those formed by
the reaction of Fe** at near saturation with OH ™ in gelatin when
the two aqueous solutions containing Fe** and OH~ diffuse
into each other.

Oxide formation in concentric ring patterns on corroded
surfaces has been previously observed but never fully explained
or erroneously interpreted as a localized corrosion pheno-
menon arising from spatial variations in redox activity across
metal surfaces.’*™'® In this work, we establish for the first time
that the oxide formation in periodic patterns is a Liesegang
phenomenon that arises from the sustained cyclic feedback
between the chemical reactions and transport processes of
metal cations in solution. While systemic feedback involving
the formation of a membrane-like metal hydroxide or a salt
layer over the metal surface has been suggested for spatio-
temporal phenomena observed in various electrochemical
studies of corrosion,"”"® this study is the first to demonstrate
unequivocally that the formation of a metal-hydroxide hydrogel
network is the key condition for systemic feedback. The hydro-
gel network consisting of a semi-stationary phase made of
loosely connected metal hydroxide colloidal particles provides
a slow transport medium that allows the kinetics of diffusion
and precipitation of metal cations dissolved in solution to be
strongly coupled, resulting in metal cations oscillating between
different quasi-stable states, dissolved ionic and solid colloidal
states. We also propose a mechanism based on the reaction-
diffusion kinetics of ferrous and ferric ions coupled with the
kinetics of a newly identified process which we refer to as
“redox-assisted Ostwald ripening”, for oxide formation and
growth in Liesegang patterns during corrosion.

The mechanism proposed here for oxide growth during
corrosion is a significant departure from the current under-
standing of corrosion behavior. The findings of this work
challenge the existing methodologies and practices for corro-
sion testing and modelling but also have wider implications for
other processes involving metal/solution interfaces, such as
nanoparticle growth,'®?® solid electrolyte degradation®' and
remediation of metal-contaminated wastewater.”>?

Experimental

The oxide-wave patterns on corroded CS surfaces presented in
this paper are a compilation of those formed during corrosion
under several different exposure conditions.>* In this section,
the conditions and procedures of the corrosion tests are pre-
sented. The specifics of other supporting tests such as the
diffusion of OH™ in gelatin prepared using solution containing
FeSO,, and hydrogel formation and the development of oxide
bands in solutions are given when the results are presented.

Materials and solutions

Carbon steel (CS) used in corrosion studies was SA-106 Gr. C.
A rod of this material was cut into circular discs of 1 cm in
diameter and 3 mm in height (referred to as ‘“coupons”). Prior
to each test, the coupons flat circular surfaces were abraded
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using a series of fine SiC papers up to 2500 grit, then polished
using a 1 pm diamond suspension, washed with Type 1 water,
and dried under flowing argon gas. Each disc was sealed with
Teflon or Parafilm and only one circular face with a surface area
of 0.785 cm” was exposed to the test solution.

All solutions were prepared with Type 1 water purified using
a NANOpure Diamond UV ultra-pure water system (Barnstead
International) to give a resistivity of 18.2 MQ cm. The hydrogen
peroxide solutions used in some of the corrosion tests were
prepared by diluting a 3 wt%, stock H,O, solution (Fisher
Chemical) with Type 1 water to desired concentrations.

The saturated FeSO, solution was prepared from reagent
grade FeSO,-7H,O (Sigma-Aldrich). The gelatin used for gen-
erating hydroxide waves was prepared by dissolving 1.5 wt% of
Type B gelatin (EMD Chemicals Inc.) in Type 1 water at 40 °C.
To this mixture, FeSO, was added to give a Fe>* concentration
of 0.03 M. The solution was then poured onto a Petri dish and
allowed to set for 24 h at room temperature. The 2 M sodium
hydroxide solution was prepared from reagent grade NaOH
(Fisher Chemical) and Type 1 water.

Coupon exposure test procedure

The freshly polished and argon-dried CS coupons were placed
in individual vials and exposed to the test solution (pure water
or H,0, solution) for the desired time. The solutions were
naturally aerated, prepared under air, with no other aerating
gases used. Thus, there was no convective flow of solution
(solutions were stagnant). At the end of each experiment, the
coupons were carefully removed from the test solution and
dried under vacuum.

Irradiation

Some corrosion tests were performed using a ®*°Co gamma cell
irradiator (220 Excel, MDS Nordion), which provided an
absorbed radiation dose rate of 2.5 kGy h™* at the time of the
tests (where 1 Gy = 1 J absorbed per kg of water). The individual
vials containing the CS coupons were placed in a circular
sample holder to ensure that all samples received a uniform
dose. We use y-radiation to generate redox active species
(e.g., *OH, H,0,) at low but steady state concentrations without
affecting the solvation properties of water.

Post-test analyses

Following each corrosion test in a specific solution and radia-
tion environment, the corrosion products, both dissolved in the
solution and present on the metal surface, were analyzed.
Although the solution analysis results are not reported here,
the dissolved iron content was determined by first digesting the
solution using TraceMetal™ grade nitric acid (Fisher Chemical)
followed by analyzing the metal content using a PerkinElmer
Avio 200 Inductively Coupled Plasma Optical Emissions Spec-
trometer (ICP-OES). The concentration of H,0, was determined
using the Ghormley tri-iodide method.?

The oxide composition was analyzed using a Raman spectro-
meter (Renishaw model 2000) with a laser excitation wave-
length of 633 nm and a spatial resolution of ~1 um. The
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morphology of the oxide particles was examined using optical
microscopy (Leica DVM 6A digital microscope) and scanning
electron microscopy (SEM: LEO (Zeiss) 1540XB) equipped with
a focused ion beam.

Computational simulations

Numerical simulations were performed using the transport of
diluted species and chemistry modules in COMSOL Multiphy-
sics™ v5.0.2° The time-dependent diffusion of a droplet of 2 M
NaOH into a gel consisting of 0.03 M FeSO, was simulated
using Fick’s second law of diffusion as implemented in
COMSOL Multiphysics®.

Results and discussion
Oxide wave patterns observed on corroded surfaces

We have observed the aggregation of metal-oxide crystals of
different chemical compositions and shapes in wave patterns
during the corrosion of carbon steel in different solution
environments. The corrosion environmental parameters studied
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include the solution volume to surface area ratio, the presence or
absence of y-radiation, stagnant or with continuous gas purging
(Ar or air), varying concentrations of hydrogen peroxide, and the
corrosion duration.** Examples of oxide-wave patterns observed
from these studies are shown in Fig. 1, with further examples
presented throughout this paper.

The oxide-wave patterns were investigated primarily by
optical microscopy. Transition metal oxides/hydroxides have
characteristic colours, depending on the oxidation state of the
metal cation and the oxide crystal structure.?” For iron species,
ferrous hydroxide is green, ferric hydroxide is brownish
yellow, mixed Fe"/Fe'" oxide/hydroxide, magnetite (Fe;O,)
and maghemite (y-Fe,O;) are black, lepidocrocite (y-FeOOH)
is yellow to orange, and hematite (a-Fe,O;) is red.>” Although
the formation of a pure single-phase oxide during CS corrosion
is not likely, the oxide colour still provides qualitative informa-
tion on the main oxidation state of iron and the extent of
hydration and hydroxylation (i.e., hydroxide, oxyhydroxide, or
oxide).

The Raman spectra of areas with different colours confirmed
that compounds identified by their characteristic colours

[ ©7d,2mL 05mMH,0, || (d)2d,500mL, 0.1 mM H0, |
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Fig. 1 Optical micrographs of the surfaces of CS coupons (1 cm in diameter) corroded for different durations in naturally aerated solutions, showing
circular wave patterns (a—h). The key corrosion parameters (duration, solution volume, H,O, concentration, and y-radiation (RAD)) are noted at the top of
the optical images. For each corroded surface, two optical images are shown, lower magnification images in the upper rows and higher magnification
images in the lower rows. The areas marked with squares in the low-magnification images indicate where the higher magnification images were taken.
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Fig. 2 Optical and SEM micrographs of various magnifications of the oxide bands present on CS (1 cm in diameter) corroded for 5 h in 500 mL of
stagnant solution initially containing 0.1 mM H,O, solution. The Raman spectra of the black and yellow bands are compared with those of the standard

magnetite and lepidocrocite powder samples.

observed under an optical microscope are the accurate charac-
terstics of the oxide chemical compositions and phase
structures. One example of the Raman analysis of oxide bands
is presented in Fig. 2. A comparison with the Raman spectra of
standard iron-oxide powder samples shows that the black
bands consist mostly of magnetite (Fe;O,4) crystals and the
yellow bands consist mostly of lepidocrocite (y-FeOOH).

The SEM images of the oxides of different-coloured bands
are shown in Fig. 2. The SEM images show that the bands of
distinct colours in the optical images represent areas where
oxide crystals have aggregated, not only of the same chemical
composition and oxide phase, but also of the same crystal
shape and size. The black band is the area where magnetite
crystals in the octahedral shape of similar sizes have aggre-
gated, whereas the yellow band is the area where mainly
lepidocrocite crystals in the needle-like shape of similar sizes
have aggregated. These are characteristic morphologies for
these crystalline compounds,”” and further confirm their char-
acterization. The boundary region between the black and yellow
bands consists of approximately equal numbers of magnetite
and lepidocrocite crystals, but the average sizes of individual
crystals are smaller than those in the black or yellow bands.

The results presented in Fig. 2 clearly show that the oxide
wave is a result of the aggregation of Fe;O, crystals and
v-FeOOH crystals at alternating distances from the centre
(i.e., an initiation point) of the wave. This aggregation of
Fe;0, and y-FeOOH crystals occurs through dissolution/
precipitation, coupled with oxidation/reduction of ferrous and
ferric species, see discussion later.

As shown in Fig. 1, the oxide wave pattern diameter and the
type and size of individual oxide crystals in the individual

This journal is © the Owner Societies 2023

bands of each wave vary with not only corrosion conditions
but also duration. The wave patterns contained discrete bands
of 2-3 different but repeating colours. The colour combination
also varied with corrosion conditions and duration. In the
early stages of corrosion (Fig. 1(a, f, and h)), the repeating
band colours were green, black and pale yellow, representing
ferrous hydroxide (containing ferric species at an impurity
level), mixed Fe'/Fe™ oxide/hydroxide, and ferric hydroxide.
In the later stages of corrosion (Fig. 1(c, d, e and g)), the band
colours were mostly black, orange and red, consisting of the
aggregated crystalline particles of Fe;0,/y-Fe,O; (magnetite/
maghemite), y-FeOOH (lepidocrocite) and o-Fe,O3; (hematite),
respectively.

As the conversion of ferrous and ferric hydroxides to more
crystalline oxides and oxyhydroxides occurs with time, the
oxide rings, which initially propagated as perfect concentric
circles, became less discrete and more disordered, with some
oxide waves intersecting and creating interference patterns over
longer durations. At longer times, some of the circles were as
large as hundreds of microns in diameter.

The aggregation of solid metal oxide particles in periodic
discrete bands is a Liesegang phenomenon, which is a common
occurrence in rock formations, such as banded agates.'®'*?®
Although the mechanism by which Liesegang bands develop in
rocks is not completely understood, it is generally accepted that
bands of repeating colours are formed when there is a lack of
convection (slow transport) of water carrying dissolved metal
cations (e.g., ferrous or cupric ion), and by a process involving
the diffusion of the metal cations in solution coupled with the
adsorption-desorption and/or precipitation-dissolution of the
metal cation.®?°

Phys. Chem. Chem. Phys., 2023, 25, 2110-2130 | 213
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We propose here a similar mechanism for the development
of metal oxide wave patterns during corrosion, but with some
key differences. These differences arise primarily from the
nature of corrosion. Aqueous corrosion is an electrochemical
process; the metal oxidation half-reaction is coupled with
oxidant reduction half-reaction(s) via exchange of electrons
through an electron conducting medium, the metal. For example,

Ox half-reaction:

2Fe’(m) 2 2Fe*’ (gopn) + 4€~ (1a)
Red half-reaction:
0, + 2H,0 + 4e~ 2 40H" (1b)
Overall reaction:
2Fe’(my + O, + 2H,0 2 2Fe*’(jopy) + 40H™  (10)

In corrosion, metal cations are continuously injected into the
solution phase at the metal-solution interface, and then diffuse
from the interface to the bulk solution. Without the removal of
the metal cation from the interfacial solution into the bulk
solution, the net metal oxidation cannot continue because the
metal cation can as easily reduce back, reaching metal/metal
cation redox equilibrium.

In the initial kinetic stage of corrosion, the main cation
removal process is diffusion along its concentration gradient.
What complicates the corrosion dynamics of transition metals
or alloys is that the oxidant reduction half-reaction (eqn (1b))
can alter the pH of the solution, affecting the solubility of the
metal cation and inducing the precipitation of the metal cation
(with OH ") as metal hydroxide/oxide particles.***°"** Precipita-
tion of colloids and/or crystalline particles can have a signifi-
cant effect on the diffusion rate of the initial corrosion product,
dissolved metal cations. That is, a cyclic feedback loop can be
established between different chemical processes (reactions,
precipitation/dissolution and solution transport). Hence, we
propose that when such cyclic feedback is sustained for an
extended period, solid particles can aggregate in a Liesegang
pattern.

The oxides formed at later stages of corrosion are crystalline,
with clearly defined facets and distinctive shapes. In addition,
the shape and size of the oxide crystals vary with corrosion
time. The fact that the shape and size of individual crystals
change over time suggests that the oxides grow via diffusion-
precipitation-dissolution-diffusion cycles, a process known as
Ostwald-ripening.** In our studies on corrosion of various
metals and alloys,>*3*733*33¢ we have also observed that oxide
crystals continually undergo transformation with time in their
chemical composition (the Fe" to Fe" ratio, and the OH™ to
0”" ratio) and oxide-particle phase (e.g., from colloids of Fe"" to
mixed Fe"/Fe™ hydroxides to crystalline magnetite and/or
lepidocrocite).

The Liesegang banding, combined with the Ostwald-ripening
of metal hydroxide/oxide particles, requires a slow diffusion
medium for the dissolved crystal constituent ions, metal cations
and OH . The diffusion of Fe** and OH ™ from the metal-solution

2114 | Phys. Chem. Chem. Phys., 2023, 25, 2110-2130
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interface, where they are produced, into the bulk solution through
aqueous solution would be too fast for these ions to precipitate
and grow into solid oxide and oxyhydroxide crystals and to
aggregate in Liesegang patterns. Hence, we propose that:

e A slow transport medium is formed by the reaction of the
initial corrosion products, Fe** and OH™, in the interfacial
volume between the metal and the bulk solution, while they
are diffusing from the interface to the bulk solution.

e This slow transport medium is a hydrogel network
consisting of a semi-stationary phase made of loosely con-
nected (aggregated) metal hydroxide colloidal particles and a
mobile phase of solution containing metal cations at their
saturation level.

We performed two sets of experiments to confirm these
hypotheses:

1. Iron-oxide ring pattern formation in gelatin to confirm
that the initiation of oxide wave patterns observed on corroded
metal requires a slow transport medium for Fe>" and OH .

2. Formation of a metal hydroxide hydrogel layer that serves
as a slow transport medium by adding aqueous OH™ solution to
the solution containing Fe** at near saturation level.

37-39

Oxide wave initiation

Initiation of iron hydroxide waves in gelatin. The oxide wave
patterns formed in the gelatin and on the surfaces of CS
corroded for short durations are compared in Fig. 3. The gelatin
used in this study was prepared using an air-saturated solution
containing Fe>*. Gelatin has a structure consisting of a bio-
polymeric (polypeptide) stationary phase and a solution mobile
phase.*®*! In the gelatin used in this study, Fe>", OH™ and O,
are initially distributed homogeneously throughout the gel
medium.

A chemical wave was initiated by placing a droplet of
solution containing OH™ on a thin layer of the gelatin in a
Petri dish. In this test, the total amount of OH™ available was
limited by the droplet size. In comparison, corrosion involves
the oxidation of one Fe’, to one Fe*>" coupled with oxidant
reduction to two OH™ (independent of type or the concen-
tration of oxidant on CS) at the metal-solution interface
(eqn (1)). That is, on the corroding surface, Fe** and 20H™
are produced simultaneously at the metal-solution interface,
and then diffuse out in a 3-D hemispherical direction into the
bulk solution.

The oxide wave patterns formed in the two different reaction
media have common characteristic features. In both systems,
the individual oxide waves have propagated in perfect circular
patterns which consist of concentric rings of green ferrous
hydroxide and orange to brown ferric hydroxide.

The Liesegang rings and bands that are more commonly
observed and discussed in the literature are monochromatic;
rings or bands consisting of one type of solid (and/or adsorbed)
species are separated by areas void of these species, in a
repeating pattern. What we observed in the gelatin experiments
is that each ring consists of distinct bands of two different
colloidal species, ferrous hydroxide and ferric hydroxide,
even at the very early stages of wave development. Due to the

This journal is © the Owner Societies 2023
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Fig. 3 (a) Comparison of Liesegang rings formed on carbon steel corroded in 2 mL of 0.5 mM H,O, for 30 minutes (where 1, 2 and 3 are the high

magnification images of the boxed areas on the image shown on the far left-hand side) and (b) Liesegang rings simulated by placing drops of 2 M NaOH
solution on the gelatin prepared using 0.03 M FeSO,4 solution (where t = 0 min refers to the time of addition of the two 10 pL drops, 5 min after the

20 plL drop).

one-time addition of a small amount of OH ™, each wave formed
within 20 minutes contained only three concentric rings with
two alternating colours, green, brownish orange, and green,
from the centre outwards. While the widths of each of these
rings increased with time, the colours and their intensities of
the individual rings also changed; the initially green bands
became reddish orange while the initially brownish orange
bands became orange-black. These colour changes indicate
that ferrous and ferric hydroxides are changing to ferric oxy-
hydroxide and mixed ferrous and ferric oxide.

In the case of CS corrosion, the oxide ring patterns formed
in the early stages also have repeating bands of green ferrous
hydroxide and yellowish-orange ferric hydroxide, but the
colours are not as intense as those formed in the gelatin. The
SEM images of the differently colored rings of one of the waves
shown in Fig. 3a are presented in Fig. 4. The metal hydroxides
formed in early stages of corrosion are nano-sized, non-
crystalline particles. The green colored ring consisting of
mostly Fe(OH), shows that the small particles are connected
via a semi-stationary network, whereas the yellowish orange
colored ring consisting of mostly Fe(OH); shows the aggrega-
tion of small spherical particles, and the boundary region
shows a smoother surface with less grainy particles.

The larger ring patterns, which had grown over longer
corrosion durations, no longer contained green rings, but
contained black and yellowish to reddish orange rings; and
the black bands of mixed Fe"'/Fe™ hydroxide/oxide were clearly
separated from the orange bands of Fe™ oxyhydroxide/oxide.
These observations indicate that hydroxide nucleates formed in
the early stages of corrosion continue to go through dissolution
precipitation cycles, growing in size while slowly transforming
into crystalline oxides as shown in Fig. 2.

Liesegang phenomena are often described as involving the
propagation of an adsorption-diffusion and/or a reaction-
diffusion front.® The chemical waves observed in the early
stages of CS corrosion under conditions that promote metal
hydroxide precipitation involve two reactions-greenish ferrous-
hydroxide production and orange ferric-hydroxide production.
In the discussion that follows, we propose a mechanism for the
initiation and early stages of the wave propagation of the two
iron hydroxides.

Mechanism of the initiation and early stages of iron-
hydroxide wave propagation. The diffusion of two dissolved
species into each other through a slow transport medium such
as gelatin is much slower than that through an aqueous
solution. Upon placing a droplet of OH™ solution on the gelatin

Fe(OH), Boundary Fe(OH),

Fig. 4 SEM micrographs of the areas of differently colored rings in the optical image shown in Fig. 3.
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containing Fe**, the OH™ solution began to diffuse through the
mobile phase of the gelatin creating concentration gradients.
In the thin gelatin, the diffusion of OH ™ can be considered to
occur radially on the horizontal plane of the gelatin layer.
Consequently, the concentrations of Fe>” and OH™ dissolved
in the mobile-phase solution change with the radius r from the
centre of the OH™ droplet and time ¢:
Solution transport:

OH™ (l'()7 [()) ~— OH™ (I”7 I) (Za)

Fe?* (ro, o) ~w— Fe?(r,1) (2b)

where OH ™ (r,t) and Fe*'(r,t) represent OH™ and Fe** dissolved
in the mixed solution at radius r and at time ¢ and r, and ¢, are
the radius of the initial OH ™ droplet and the time of the droplet
addition. The overall transport of Fe*" is much slower than
that of OH™, as Fe®' was initially distributed uniformly in
the gelatin, whereas OH™~ experiences a steep concentration
gradient, as its concentration in the gelatin is initially very low.
As discussed in more detail later, in corrosion, the transport of
the supersaturation front of Fe>* (with OH ™) at early stages can
be adequately described by the radial diffusion on the hori-
zontal plane next to the metal surface.

The increase in [OH | promotes the hydrolysis reactions of
Fe”":

Hydrolysis:

Fe>* +3 OH™ = Fe(OH)" + 20H™ = Fe(OH), + OH~
= Fe(OH);~ (3)

where all the species in this chemical equation are dissolved or
solvated species, including the neutral molecule Fe(OH),.
Being acid-base reactions, the forward and reverse hydrolysis
reactions are much faster than the transport of the dissolved
species through the porous medium. That is, Fe** and OH ™ in
the mixed solution at radius r and time ¢ can be considered to
be always in hydrolysis equilibrium, even though the concen-
trations of Fe*" and OH™ at a given r may change slowly with
time ¢ due to the diffusion of Fe** and OH . That is, the ferrous
ions dissolved in solution, represented by Fe%(soyn), actually
comprise all the different chemical forms listed in eqn (3):

[Fe**(sorm)] = [Fe*'] + [Fe(OH)'] + [Fe(OH),] + [Fe(OH); ]
(4)

The relative fractions of the different dissolved ferrous species
depend on the concentrations of FeZJ’(SOpn) and OH™ in the
solution, and the pK, values of the hydrolysis reactions are
shown in eqn (3).*°

When the total concentration of Fez+(50]’n) in the solution at
radius r and time ¢ ([Fe”(sopn)]r‘t) remains below the solubility

limit of Fe(OH), (C?et(OH)z

The solubility of a transition metal cation varies significantly
depending on the pH and the oxidation state of the metal
cation.”® The gelatin was prepared using a solution containing
0.03 M Fe2+(solvn) at pH ~ 6.0, which is more than two orders of

magnitude lower than C;"‘e‘(OH)7 at the initial pH. However, as

), no precipitation of Fe(OH), occurs.

2116 | Phys. Chem. Chem. Phys., 2023, 25, 2110-2130

View Article Online

Paper

OH™ diffuses into the mobile-phase of the gelatin containing
Fe*, the pH of the mixed solution at radius r changes with

time ¢. Accordingly, the CF“;(OH)Z value at radius r and time ¢

decreases from its initial value, and the mobile-phase becomes
supersaturated with Fe2+(solvn) while the supersaturation level
varies with r and ¢.

As [Fe' (o))« exceeds C;ael(OH),’ the dissolved neutral spe-
cies Fe(OH),, which is in hydrolysis equilibrium with other
dissolved ferrous ions (eqn (3)), begins to precipitate as solid
Fe(OH), on the surface of the stationary-phase of the gelatin.
Fe(OH), precipitates initially as nano-sized colloidal particles,
Fe(OH),(comoia)- The colloid particles adsorbed on the surfaces
of the stationary phase also easily desorb and dissolve back into
the solution phase as Fe2+(501,n) and OH :

Liquid-solid phase partitioning:

FE(OH)Z = Fe(OH)Z(couoid) (5)

where Fe(OH), represents the solvated ferrous hydroxide mole-
cule, which is in hydrolysis equilibrium with other dissolved
ferrous species as shown in eqn (3). Note that colloidal particles
carry surface charges (ie., Fe2+(solvn) and OH™ adsorbed on
their surfaces while maintaining overall charge neutrality)*?
and easily disperse in non-porous aqueous solution.

The liquid-solid phase-partitioning of a ferrous ion (Fe") is a
reversible process. However, the forward process (precipitation)
and the reverse process (dissolution) are slower than homo-
geneous solution reactions. Hence, unlike the reversible hydro-
lysis reaction (eqn (3)), the phase-partitioning is not at
equilibrium. Instead, it oscillates from net precipitation to
net dissolution. Thus, when OH™ is added into the gelatin
medium and begins to flow downstream, the mobile-phase
solution becomes supersaturated. As the supersaturation front
moves along the 2-D radial diffusion path of OH ™, Fe(OH), that
is in hydrolysis equilibrium with Fe2+(501,n) and OH™ precipi-
tates as Fe(OH),(coloid) ON the surface of the stationary phase at
radius r and time ¢. As a result, the solution in contact with the
surface at that position and at that time is temporarily depleted

of Fe*'(sorn) and OH ™ (below CSF3§<OH>2). As the OH™ solution

continues to flow downstream, the supersaturation front moves
from r to r + Ar over duration At¢, while the previously pre-
cipitated Fe(OH),coli0ia) at 7 dissolves back into the mobile
phase as Fe2+(solyn) and OH ™ at that position but at time ¢ + At.
The dissolution, in turn, results in the stationary phase
temporarily depleted of Fe(OH)yconoiay While the solution
temporarily supersaturated again at radius r and time ¢ + At.
The cycles of the diffusion-precipitation—-dissolution—
diffusion of Fe2+(sol«n) and OH™ continue, resulting in the
aggregation of Fe(OH)(colioia) iN a repeating band pattern. That
is, rather than reaching the phase partitioning (quasi-) equili-
brium at all 7 and ¢, Fe" in the gelatin network at a specific
distance r oscillates with time ¢ between the two chemical
phases (dissolved Fe”(solvn) and solid Fe(OH)y(colioia)), While
the oscillation with time results in the Fe(OH),(coo0ia) aggre-
gated in a periodic pattern along r at a specific time ¢. The
chemical oscillation and periodic pattern formation as a

This journal is © the Owner Societies 2023
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Fig. 5 Schematics of chemical oscillation and periodic pattern formation by (a) diffusion—precipitation—dissolution—diffusion cycles of ferrous species
and (b) diffusion—precipitation—oxidation-reduction-dissolution—diffusion cycles of ferrous and ferric species. Fe(OH), and Fe(OH)sz are represented by

the green- and orange-coloured dots, respectively. CSF“‘S‘(OH)
to CSLI[ 2
Fe(OH),

function of distance r and time ¢ are schematically illustrated in
Fig. 5(a).

Thus, when the elementary steps, from eqn (2)-(5), occur at
rates that promote strong coupling between these steps, the
cycles of diffusion—precipitation-dissolution—diffusion of Fe'
can be sustained over long-time and wide-space domains. If no
other elementary steps are involved, the overall consequence of
the sustained cycles following the initiation of OH™ diffusion in
the 2-D radial direction in the Fe**-containing gelatin would
be that

e The aggregates of Fe(OH)Z(conoid) are transported as a
discrete band along the diffusion path of OH™.

¢ The bands of Fe(OH),(co110iq) aggregates would be separated
by gaps depleted of the colloids in a periodic pattern.

That is, if no other elementary steps are involved, the
corrosion product deposits would have formed a monochro-
matic periodic pattern; rings of greenish Fe(OH)y(colioids) Sepa-
rated by bands void of the colloidal species in a repeating
pattern. What we observed in the gelatin experiments is that
each wave consists of distinct bands of two different colloidal
species, ferrous hydroxide and ferric hydroxide, even at the very
early stages (<20 min). We attribute this to coupling of redox
reactions between ferrous and ferric ions with the diffusion-
precipitation-dissolution-diffusion of ferrous ions.

The oxidation of Fe*' (551 to Fe*'(so1m) by dissolved O, in the
homogeneous solution phase is known to be very slow; it
requires a much stronger oxidant such as *OH.**** However,
the oxidation of ferrous to ferric species occurs more readily on
surfaces such as those of the stationary phase of the gelatin
and/or solid colloidal particles. Thus, the precipitation of
Fe(OH),(coloia) along the OH ™ diffusion path through the

This journal is © the Owner Societies 2023

is the saturation limit of Fe2+(50yn). The blue lines show the fluctuation of [Fe2+(som)] relative

gelatin medium promotes its oxidation to Fe(OH);colioid)-

As the ferric species accumulate, they can also reduce back

to Fe(OH)y(oloia)» That is, the redox process between

Fe(OH),(colioia) and Fe(OH);(col0iq) iS also a reversible process.
Redox reactions of Fe'" and Fe™:

Oxidation of Fe(OH),:

2Fe(OH)x(colioid) + 2H20 + Oy — 2Fe(OH);3(colloia) + H20:
(6a)

2Fe(OH),(colioid) + H202 — 2Fe(OH)3(colioiay  (6b)

Reduction of Fe(OH),:

2Fe(OH)3(colloid) + H202 — 2Fe(OH)x(colioia) T 2H20 + O,
(6¢)

The oxidation product, Fe(OH);(colioia), Undergoes its own pre-
cipitation-dissolution cycles, similar to those of Fe(OH),(colioid)
(eqn (5)), and the dissolved ferric ion (Fe*'(sorn) undergoes
its own hydrolysis equilibrium reactions, similar to those of
Fe2+(solyn) (eqn (3)). However, Fe(OH);(con0iq) has the stronger
Fe-OH bonding and a significantly lower solubility in solution
than Fe(OH)y(conoia).”° Hence, although ferric species may
undergo the diffusion-precipitation-dissolution-diffusion
cycles, the overall transport of Fe3+(soyn) is much slower than
that of Fe2+(solvn) and hence, it will have a negligible influence
on the overall rate of oxide wave propagation. (That is, the main
carrier for the metal cation transport through the solution
phase is Fe' (sorn).)

Under certain solution redox conditions, such as in aerated
and/or gamma-irradiated solutions, the Fe"-Fe'" redox reac-
tions occur at rates such that they can couple strongly with the
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diffusion-precipitation-dissolution-diffusion of Fe"". The over-
all transport of Fe**(;orn) and OH ™ (eqn (2)) through the gelatin
now consists of cycles of the diffusion-precipitation of
Fe-oxidation of Fe" to Fe'™, followed by the reduction of Fe™
to Fe' and the dissolution-diffusion of Fe". If the formation of
the ferric-hydroxide colloids had a negligible effect on the
overall transport of Fe' through the gelatin, the Fe speciation
in the gelatin network at a specific radius r oscillates with time ¢
between Fe2+(501'n), Fe(OH);(colloia) and Fe(OH)3(colioia). However,
because the transport through the gelatin network is primarily
carried out by Fe”(solyn), once Fe(OH);col0ia) Particles aggregate
into a band, the overall transport of Fe" through the band is
very slow. Hence, the phase-partitioning of Fe"' species (eqn (5))
is at (quasi-) equilibrium, and chemical oscillation occurs
primarily due to the cyclic feedback between the net oxidation
of Fe(OH)y(colloid) t0 Fe(OH)(coloia) and the net reduction of
Fe(OH)g,(Couoid) back to Fe(OH)Z(colloid) (eqn (6))

The overall consequence is the aggregation of Fe(OH)ycolioia)~
Fe(OH); colioidyFe(OH)colloiay in alternating bands (without the
gaps void of colloids), while the supersaturation front of Fe*" sopn)
is moving ahead of the alternating bands of two solid products,
as schematically illustrated in Fig. 5(b). (Note that when the net
oxidation of Fe(OH),(colioia) t0 Fe(OH);(conoia) is faster than the
net precipitation of Fe2+(solyn) and OH™ to Fe(OH)y(coloia) the
oxide-wave propagation would resemble that of monochro-
matic Liesegang banding shown in Fig. 5(a) but with bands of
Fe(OH);(colioia) aggregates, see further discussion later).

Thus, under the right combinations of solution redox and
mass transport conditions, the Fe"-Fe™ redox reaction steps
(eqn (6)) can couple strongly with the steps involving Fe'
species (eqn (2)-(5)), and the cycles of the diffusion-precipita-
tion-oxidation-reduction-dissolution-diffusion of Fe' can be
sustained over some time. The overall consequence of the
sustained cycles following the initiation of OH™ diffusion in
the 2-D radial direction in the Fe**-containing gelatin would
be that

e The aggregates of Fe(OH)s(onoia) are transported as a
group (band) along with the overall transport of the band of
Fe(OH)(colloia) aggregates.

e The band of Fe(OH);(on0ia) aggregates is transported at a
slightly lower rate than that of Fe(OH),(coli0id), Tesulting in more
clear separation of the two hydroxide colloidal bands over time.

In the gelatin experiments, due to the limited amount
of OH™, the propagation of oxide waves was limited to
the formation of only 2-3 bands; from the centre outwards, a
band depleted of Fe(OH),(cotoia), to @ band of mixed Fe'/Fe'
hydroxide colloids, to a band of mostly Fe(OH),col0ia) at early
times (<20 min). As these bands broadened with time, hydro-
xides in these bands slowly underwent phase transformation
to oxide or oxyhydroxide particles, ranging from anhydrous
Fe(OH);, mixed Fe''/Fe™ oxide (Fe;0,), and ferric oxy-hydroxide
(y-FeOOH), respectively.

The hydroxide-wave patterns on CS surfaces corroded over
short durations contained more than 2-3 bands (Fig. 3). During
corrosion, Fe** and OH~ are continuously produced at
the metal-solution interface, which then diffuse out of the
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interfacial solution to the bulk solution. Hence, the steady state
concentration of Fe2+(solvn) in the interfacial solution depends
on both the rate of metal oxidation at the interface that injects
Fez+(sol,n) into the interfacial solution and the rate of diffusion
that removes Feﬁsol’n) from the interfacial solution. Fe** and
OH™ injected into the interfacial solution diffuse hemi-
spherically from the injection point into the bulk solution.
However, the diffusion spheres of Feﬁsol’n) and/or OH™ overlap
quickly near the interface. Their interference patterns result in
a 1-D or planar diffusion of Fez*(solvn) and OH™ in the direction
perpendicular to the metal surface (z-direction). Hence, for
corrosion over a large surface area (or planar electrode), the
diffusion of the metal cation into the bulk solution is often
considered to occur perpendicular to the metal surface plane.
However, the 1-D diffusion does not mean that the Fey(sopn)
concentration is the same across the horizontal plane at
distance z.

Depending on the redox, pH and transport conditions of the
solution, the average [Fe”(sopn)] in the interfacial solution can
quickly reach its solubility limit. If and when this occurs, the
overall metal oxidation (or corrosion) can occur only at the rate
of movement of the saturation front. The movement of the
saturation front can be also considered as a 1-D mass transport
problem. However, because many elementary chemical steps
are involved leading to the saturation condition, the Fe2+(sopn)
concentration across the interfacial solution plane varies about
the saturation level. That is, pockets of supersaturated solution
begin to appear, randomly distributed across the interfacial
solution. The number density of the pockets of supersaturated
solutions is initially small, and they are far apart from each
other, as schematically shown in Fig. 6. While the saturation
(or the supersaturation) front continues to move in the
direction, perpendicular to the metal surface, Fe%(sopn) and
OH™ also diffuse radially from the supersaturated region to the
near-saturated region within the interfacial solution. As a
result, the pockets of supersaturated solution act as the
initiation points for the diffusion-precipitation-oxidation—-
reduction-dissolution—-diffusion cycles of ferrous and ferric
species, as shown in Fig. 5b. The cyclic feedback thus propa-
gates radially on the horizontal plane of the interfacial solution

v

X

A
4
/
4 b
#
top view w
]
)
side view

Fig. 6 Schematic representation of the supersaturated pockets of
solution appearing far apart from each other, at early time frames, acting
as initiation points for the diffusion—precipitation—oxidation-reduction—
dissolution—diffusion cycles of ferrous and ferric species. From the top
view, a Liesegang ring, aligning with t;, is shown in Fig. 5b.
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that contains Fe2+(soyn) near the saturation level, resulting in
alternating aggregation of Fe(OH), and Fe(OH); colloids in the
concentric ring patterns.

As Fe** and OH ™ are continuously produced at the metal-
solution interface, they continue to transport, through the
interfacial solution into the bulk solution. However, the
diffusion in the direction, perpendicular to the metal surface,
will not induce the systemic feedback cycles when the Fe2+(solvn)
concentration in the bulk solution is far below the satura-
tion level.

The propagation of the hydroxide wave initiated from a
pocket of supersaturated solution will stop and the wave will
dissolve and disappear, while new pockets of saturated solution
appear at different times as corrosion progresses. However, at
later stages of corrosion, the concentration of Fe>* in the bulk
solution can approach its saturation level. If and when this
condition arises, the diffusion of Fe*' and/or OH™ in the
direction, perpendicular to the metal surface, can induce
the diffusion-precipitation-oxidation-reduction-dissolution—-
diffusion cycles of ferrous and ferric species in the z-direction.
In this case, the overall transport of ferrous and ferric species can
be treated as a one-dimensional mass transport problem, see
discussion later.

With time the hydroxide wave propagates, i.e., the number
of alternating bands of Fe(OH)y(col0ia), mixed Fe''/Fe'' hydro-
xide, and Fe(OH);(co0ia) aggregates increases while the indivi-
dual band widths also increase. While the hydroxide wave
propagates, hydroxide colloids will slowly convert to bands of
more stable crystalline oxyhydroxides and/or oxides with time.
The oxide wave propagation at later times is discussed in detail
later, following the discussion on the computational simula-
tion of oxide wave propagation in the gelatin over a short
duration.

Computational simulation of early stages of oxide wave
propagation in the gelatin. The mechanism of metal hydroxide
wave propagation involving more than one reaction-diffusion
front was explored by computational simulation using COM-
SOL Multiphysics®.>® A one-dimensional, axisymmetric geo-
metry was employed to simulate spherical symmetry in the gel
experiment. The droplet was drawn as an interval extending
from a radius of 0 to 2.5 mm. The total geometry was 50 mm
long in radius. Radial symmetry was implemented at radius 0,
while a no flux boundary was enforced at the edge of the
simulation length (Fig. 7).

The diffusion and reaction rate equations and the values of
the rate constants used for the simulations are provided in the
ESLA.f As the experiments were performed in the gelatin,
apparent diffusion coefficients were implemented in the
model. When considering the systemic feedback, the diffusion
coefficients of OH~ and Fe®" were replaced with apparent
diffusion coefficients that were further reduced, based on the
permeability (e([Fe,(OH),])) of gelatinous ferrous and ferric
hydroxides.*>*

The simulation results for oxide wave propagation in the
gelatin over a short duration (<20 min) are presented in Fig. 8.
For short-term propagation, the processes considered in the
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Fig. 7 Schematic descriptions of (a) the simulation geometry and physics
(not to scale) and (b) the net transport direction of the reacting species and
chemical reactions.

model are the diffusion of Fe*’(orn) and OH ™ (eqn (2)), their
reaction to produce Fe(OH)ycoloia) (€qn (5)) and oxidation of
Fe(OH)(colioia) t0 Fe(OH)(coloia) (€qn (6)). Because of the fast
establishment of hydrolysis equilibria, the hydrolysis (eqn (3))
and the phase-partitioning process (eqn (5)) were treated as one
rate-determining step.

In the model, the diffusion coefficients of Fe2+(50pn) and OH™
through the gelatin were formulated as a function of the
concentrations of Fe(OH),(coli0ia) and Fe(OH);(col10ia) to account
for the systemic feedback between the elementary steps leading
to the diffusion-precipitation-oxidation-reduction-dissolu-
tion—-diffusion cycles of Fez+(501'n). The computational simula-
tion of the same system with constant diffusion coefficients of
Fe*'(sorn) and OH ™ resulted in the diffusion fronts of Fe*' (sopn)
and OH™ propagating at much faster rates without developing
the clear separation of the Fe(OH)y(colioia) and Fe(OH);(colioid)
bands, further confirming that the oxide waves would not be
formed without the systemic feedback (i.e., constant diffusion
coefficients).

The simulation results demonstrate that the Fe(OH),(colioia)
precipitation front propagates radially from the center into the
Fe**-containing volume as OH™ diffuses out and reacts with
Fe*". Fe** diffusion in the opposite direction also occurs but at
a much slower rate. As the OH™ diffusion front continues to
propagate radially (followed by the Fe(OH)ycol0ia) Precipitation
front lagging behind), the oxidation of Fe(OH), to Fe(OH);
also takes place. That is, the secondary reaction front, that of
Fe(OH);(conoia) production, follows the Fe(OH)y(colioia) produc-
tion front with an even greater lag. The net result is oxide wave
propagation by two different reaction fronts moving at different
rates: the outer ring consisting of mainly Fe(OH), colloids
(green) and the inner ring consisting of mainly Fe(OH); colloids
(brownish orange).

The two hydroxide rings are not clearly separated at very
early reaction times. However, as the Fe(OH)yol0ia) CONCEN-
tration increases, the ferrous species oxidizes to the less soluble
Fe(OH);(colioia). This slows down the overall diffusion of OH™
and Fe2+(solvn) into each other to progressively slower rates,
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Fig. 8 COMSOL Multiphysics® simulation showing the (a) changing concentrations of OH™, Fe?*, Fe(OH), and Fe(OH)s, (b) concentrations of Fe(OH),
and Fe(OH)s as a function of radius after 10 and 20 min and the simulated concentration surface map (the dotted vertical lines indicate the initial interface
between OH™ and Fe?*) and (c) radius of the circular diffusion fronts of Fe(OH), with and without the feedback effect (“With FB"/“No FB") compared to

the experimental results.

which further slows down the propagation of the Fe(OH),(colioid)
and Fe(OH);(colioia) Production fronts. The Fe(OH);colioid) Produc-
tion front slows down faster than the Fe(OH)y(col0ia) Production
front, resulting in clearer separation between the two oxide rings
with time. The progression of the oxide-band separation can be
seen from the simulated concentration profiles of Fe(OH), and
Fe(OH); as a function of time presented in Fig. 8.

The numerically simulated surface map showing the con-
centrations of Fe'" and Fe' species at 20 min is compared with
a snapshot of the pattern observed in the gelatin test as shown
in Fig. 9. The two patterns show very similar progressions of
the differently coloured reaction fronts - the faster green
Fe(OH), propagation front, followed by the brownish orange
Fe(OH); formation fronts. These patterns are consistent with
the mechanistic description of band separation due to different

Simulated concentration
surface map

20 min

Initial drop
Fe(lll
Fe(ll)

2 mm
=

Experimental

diffusion-dissolution-precipitation-dissolution cycles of ferrous
and ferric ions schematically shown in Fig. 5(b).

The computational simulation of the diffusion of
Fe(OH);(colioia) and Fe(OH);(coi0ia) SPecies clearly indicates that
a slow transport medium is critical for the formation of
Liesegang bands in corrosion systems, and describes how the
Fe** and Fe®" reaction fronts propagate differently through the
gel medium, resulting in distinct bands of corrosion products.
While this simulation of metal cation diffusion demonstrates
the need for a slow transport medium, it is not intended to
model the complex corrosion processes and elementary steps
that occur before the accumulation of the corrosion products at
the electrode-solution interface.

The empirical simulation of iron-oxide waves in gelatin
(Fig. 3) and the computational simulation of the separation

Band separation due to
different diffusion rates

Fig. 9 Comparison of the COMSOL Multiphysics® simulated surface map with the oxide wave pattern observed in the gelatin experiment. Also, the
schematic of the separation of Fe(OH), and Fe(OH)s bands is shown in Fig. 5b.
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of the Fe(OH),(col10ia) bands from the Fe(OH);(co110ia) bands with
time (Fig. 5) confirm that the development of oxide waves
requires a slow transport medium for Fe2+(solyn) and OH™ so that
the cyclic feedback between the diffusion of Fe”(sopn) and OH™
(eqn (2)), hydrolysis (eqn (3)), precipitation-dissolution (eqn (5))
and redox reactions of Fe(OH),(coli0ia) and Fe(OH);conioia) (€GN (6)),
can be sustained over a long duration. In the gelatin, the overall
transport of OH™ into Fe2+(501vn) occurs at slow enough rates to
sustain the cyclic feedback. The next question is then what acts as
the slow transport medium in corrosion.

Hydrogel formation

Hydrogel formation on corroding metals. In aqueous corro-
sion, Fe2+(soyn) and OH ™ are produced by the electrochemical
redox reaction listed in eqn (1) at the metal-solution interface,
and then diffuse to the bulk solution. As described earlier, the
average [Fe”"(sorn)] in the interfacial solution can quickly reach
its solubility limit depending on the redox, pH and transport
conditions of the solution. If and when the concentration of
Fe®"(sorn) reaches its solubility limit (or above), Fe(OH), begins
to precipitate, initially as colloidal particles. If the interfacial
solution remains as aqueous solution, the colloids will quickly
disperse into the bulk solution, resulting in a negligible effect
on the subsequent production of Fe2+(sol»n) and OH™ at the
interface and their transport into the bulk solution. The overall
transport of ferrous species would be too fast to produce
Fe(OH),colloiqy at sufficiently high concentrations to aggregate
in distinctly separated bands or rings, as shown in Fig. 1. Thus,
we propose that a slow transport medium is formed as a result
of the reaction of the initial corrosion products, which spreads
uniformly across the CS surface (or at least over the areas
covering the emerging waves) before the oxide waves are
initiated and propagate. We propose that this slow transport
medium is a hydrogel network of loosely connected metal-
hydroxide colloidal particles.

Under certain combinations of solution redox and transport
conditions, the interfacial solution becomes quickly saturated
with Fe*'(spn), triggering the precipitation of Fe(OH)xcolioid)
due to the hydrolysis and phase-partitioning reactions
(eqn (3) and (5)). Because the precipitation of Fe(OH),(colioid)
removes Fe2+(soyn) from the solution phase, the metal oxidation
coupled with the oxidant reduction (eqn (1)) can continue to
produce Fe2+(solvn) and OH . The colloids can also disperse into
the bulk solution but at a much slower rate than dissolved
Fe*' (sorn). Due to the continuous production of Fe*' (o) and
OH ", coupled with the slower transport rate of colloids, once
Fe(OH),(colloiq) begins to precipitate the Fe(OH),(colioia) produc-
tion accelerates. The colloidal concentration in the interfacial
solution increases very rapidly, which triggers the aggregation
of the Fe(OH)ycol0ia) Particles. The aggregates become loosely
connected via weak chemical bonding, such as hydrogen
bonding, to grow a semi-rigid chemical network, known as a
hydrogel:*"°

Hydrogel

PFe(OH)y gopioiq) >~ hydrogel network (7)
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Fig. 10 Schematic representation of the metal-hydroxide hydrogel net-
work, and the overall transport of ferrous species through the network.

Thus, the metal-hydroxide hydrogel network can be described
as a macroscopic gellike structure consisting of a semi-
stationary phase of the metal-hydroxide colloidal framework,
and a mobile phase of solution containing metal cations near
their saturation limit, as schematically shown in Fig. 10.

When Fez+(5011n) and OH ™ are continuously injected into the
solution, as in corrosion, the metal-hydroxide hydrogel is not a
stationary structure. The concentration (the number density) of
Fe(OH),(comoiq) Particles increases at an accelerated rate with
time, the band of the Fe(OH),(omoia) aggregates widens with
time, and the oxidation of Fe(OH)ycolioia) t0 Fe(OH);(colioid)
(eqn (6a) and (6b)) begins to occur which further helps the
aggregation of the colloids.

The near-stepwise formation and the rapid change of the
hydrogel network during aqueous corrosion is nearly impossi-
ble to detect using in situ techniques, although various post-
corrosion test analyses can show what remains of the hydrogel
layers after preparing the samples for analysis.>* Thus, the
hydrogel formation in the solution that becomes supersatu-
rated with FeZJr(sopn) was studied by mixing two aqueous solu-
tions, one saturated with Fe2+(solvn) and the other containing
OH ", and observing the formation of hydrogel at the interface
of the two solutions.

Hydrogel formation from 2-D diffusion of OH™ droplets into
Fe’*-saturated solutions. The rate of precipitation as colloids,
followed by the aggregation of the colloids, increases with the
increase in the degree of supersaturation. Hence, hydrogel
formation is expected to be rapid (on a mass transport time
scale) when mixing two solutions, one saturated with Fe2+(301'n)
and the other containing OH™ at a higher concentration. This
hypothesis was tested, and the results are shown in Fig. 11.
In this test, a droplet of 2 M NaOH solution was added every
30 seconds onto a 2 mm thick layer of water saturated with
FeSO,, with four droplets in total added. The development of
the greenish gel-like layer was monitored by taking an optical
image at 5 s after each droplet addition. After the addition of
the final droplet, the change in the gel-like layer was continu-
ously monitored by taking optical images every 30 s for another
2 min. The green color indicates that the layer consists
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’ (a) Hydrogel formation following dropwise addition of OH- solution on Fe?*-saturated solution |

Os
1stdrop

30s
2" drop

60 s

3 drop

Fig. 11 Optical images of hydrogel formation by the dropwise addition of 2 M NaOH solution on a thin layer of saturated FeSO, solution showing (a)
transport of the Fez*(solvn) saturation front and Fe(OH), colloid formation and (b) continuous accumulation and oxidation of Fe(OH),cocia) t0 Fe(OH)s.

primarily of Fe(OH)y(colioia)- Due to the turbulence generated
during the addition of the OH ™~ droplets, the green bands did
not spread in perfect concentric circles. Nevertheless, the figure
shows that discrete Fe(OH),(col0ia)y Production fronts develop
from the successive additions of OH™. The colloid production
fronts spread along the OH™ diffusion path in the 2-D radial
direction with time. The green colour of the individual circles
becomes more intense with time and a brownish colour begins
to appear near the outer edges of individual circles.

The results indicate that Fe(OH)y(conoia) is formed very
quickly when the OH™ solution diffuses into a solution contain-
ing Fe2+(solvn) at or near the saturation level, and Fe(OH);colioid)
is formed from the precipitated Fe(OH),co0ia)- The precipita-
tion rate of Fe(OH),(con0iq) increases with the degree of super-
saturation and hence, it will depend on [Fe*'(sorn)] and [OH ],
Accordingly, after the first droplet was added, the concentration
(the number density) of Fe(OH),(conoia) Particles was highest at
the interface of the two solutions where the supersaturation
level was highest, but its concentration at any given distance z
would decrease with time as Fe2+(solvn) and OH™ continue to
diffuse out, and the successive addition of the OH™ solution at
30 s interval would induce another wave of the Fez+(solvn)
saturation front, followed by the Fe(OH)y(coloia) production
front. However, if the colloidal particles had not aggregated
to form a semi-rigid hydrogel network, the colloidal

2122 | Phys. Chem. Chem. Phys., 2023, 25, 2110-2130

concentration would be expected to decrease gradually with
distance from the centre (more of a smooth gradient, as in an
aqueous reaction).

What we observed, however, was that although the number
of green (quasi-) rings increased with each addition of OH™, the
boundaries of the rings that had formed prior to the subse-
quent addition were not disturbed, but only their intensities
were increased (Fig. 11(a)). When Fe**(;,1,) and OH™ are con-
tinually injected and diffuse out, the hydrogel network struc-
ture continues to change; the colloidal concentration changes
with distance z and time ¢ and so the rigidity of the hydrogel
network. The increase in the colloidal concentration effectively
decreases the pore size and the volume of the mobile phase,
further impeding the diffusion of Fe2+(solvn) while promoting
Fe(OH),(conoia) Production. Hence, the colloid production from
the supersaturated solution continues even long after OH ™
addition was terminated as F62+(501'n) and OH " diffuse through
the hydrogel network at progressively slower rates (Fig. 11(b)).

These observations clearly demonstrate that when OH™ and
Fe2+(5011n) at or near the saturation level diffuse into each other,
they can quickly precipitate as metal hydroxide colloids, which
then aggregate into a semi-rigid hydrogel network.

The in situ monitoring of gel-layer formation and growth
during corrosion was not possible. However, translucent
wafer-like layers (thickness typically less than 1 pm) were often
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Translucent wafer-like layer formed on corroded CS

Underside

Fig. 12 Translucent wafer-like layers present on a CS coupon corroded for 3 days in pure water in the presence of y-radiation. The two images on the

left are optical images and the two on the right are SEM micrographs.

present on corroded CS. The optical and SEM images of one of
these layers presented in Fig. 12 show that cracks expose
extensive formation of granular oxides, separated by a void
volume from the thin layer. The underside of the layer is also
covered with granular oxides. Although the wafer-like layers are
no longer viscous by the time we examine them under SEM, this
morphology requires a viscous liquid precursor.

Hydrogel formation from the 1-D diffusion of Fe>* and OH~
solutions into each other. The formation and growth of the
hydrogel network, and its effect on oxide wave propagation over
long durations were further investigated by allowing an OH™
solution to diffuse into a saturated Fe** solution in an upright
glass tube, ie., in a 1-D diffusion geometry. The results are
shown in Fig. 13. The hydrogel network formation within

15 min is discussed first. The oxide-phase transformation at
longer times is discussed in the later section.

As observed in the 2-D diffusion test (Fig. 11), a mass
transport barrier was formed almost immediately at the inter-
face of the two solutions, preventing the two solutions from
mixing homogeneously. Nevertheless, the colours of the upper
and lower solutions at early times (<15 min) were different,
indicating that the hydrogel networks in the two solutions
consist of different colloidal compositions. In the upper
solution, a network of a mostly green substance with a slight
tint of brown spreads from the interface to the bulk of the
upper solution nearly immediately (~0 min), indicating that
the formation of Fe(OH)(coli0iq) is very fast and quickly spread
into the entire volume of the upper solution. Fe(OH)(coltoid)

(a) Transformation of oxide phases from 1-D diffusion of Fe?* and OH" solution |

Before addition 0 min 15 min

Lower solution

.\\__’ \—.—-—: S~ 4" t

Felll
Mixed Fe'/Fe!"

Fe!

Fell!

Clear gap

Felll

I (b) Comparison of the simulated oxide bands and the oxide bands formed on corroded carbon steel surfaces |

Peaﬁue
Phase

Metal

a-Phase

Fig. 13

(a) Hydrogel formed by mixing 2 M NaOH solution and saturated FeSO,4 solution and the evolution of oxide bands, and (b) comparison of the

simulated oxide bands and the oxide bands formed on corroded carbon steel surfaces. Different oxide bands form in the upper and the lower solutions
due to different production ratios of Fe(OH)xcoloia) t0 FE(OH)3(cotoia)- IN the upper solution, the concentration gradient of Fe(OH),(couoiq) changes
drastically with distance from the interface, resulting in the formation of distinct bands of Fe(OH)z(couoia) and Fe(OH)2conoid). represented by orange and
green dots, respectively, and mixed Fe''/Fe" oxide bands, represented by black dots, between the orange and green bands. In the lower solution, the
hydrogel consists mainly of Fe(OH)souoia). resulting in the formation of monochromatic orange bands separated by a clear and colourless gap as
described by the schematics on the right as shown in (a).
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begins to aggregate and grow a hydrogel network primarily
made of Fe(OH),coli0ia) With a very low Fe™ content.

On the other hand, the colour of the lower solution, which
was initially a very pale greenish-brown, changed to yellow by
15 min. Precipitation of colloids or ionic-salt particles depends
on supersaturation levels of constituent ions.”” The concen-
tration of OH™ is significantly lower in the lower solution than
that in the upper solution. Hence, the solubility limit of
Fe(OH),(colloiq) is significantly higher. Accordingly, the super-
saturation level (not the absolute concentration) of F82+(s01vn) is
significantly lower in the lower solution, leading to slower
precipitation of Fe(OH)y(colioid)- AS Fe(OH)xcoloia) Precipitates
and aggregates, it oxidizes to Fe(OH);(coloia)- The net produc-
tion of Fe(OH)y(comoiay is the difference between the rates of
the precipitation and the oxidation of Fe(OH),(ouoia)r Hence,
the overall consequence of the slower precipitation of
Fe(OH)y(colioiay is that the concentration of Fe(OH)(colioia) 1S
lower, while the Fe™ content is higher, in the hydrogel network
formed in the lower solution.

In this 1-D mixing experiment, OH  and Fe2+(sol,n) diffuse
into each other (eqn (2)) continuously over extended duration,
albeit at progressively slower rates, through the hydrogel
network that has been formed and propagated ahead. While
diffusing through the hydrogel network, Fe*'(on) and OH ™
continue to undergo diffusion-precipitation-oxidation-reduction—-
dissolution-diffusion cycles (eqn (2)-(6)). This, in turn, changes
the colloidal composition and rigidity of the previously formed
hydrogel network. The different evolutions of the colloidal
composition in the upper and lower solutions are due to the
different evolutions in the concentration ratio of OH™ to
Fe*' (sorm) I the two solutions.

Oxide-phase transformation and crystalline oxide growth

Propagation and transformation of hydroxide colloidal
aggregates in the 1-D diffusion test. The results presented in
Fig. 13 further show that the ferrous and ferric hydroxides in
the hydrogel network are also gradually transforming into more
stable crystalline oxide particles with time. As the Fe2+(solvn) and
OH™ solutions continue to diffuse into each other through the
hydrogel networks, the concentration of Fe(OH),(coli0iq) and the
Fe'™ content in the colloidal networks continually change.
As more hydroxide colloids precipitate, the colloidal aggregates
also transform into more stable crystalline oxide particles.

In both the upper and lower solutions, as Fe2+(501,n) and OH™
continue to diffuse into each other through the mobile phase of
the hydrogel network formed ahead, Fe(OH),(coloiq) iS continu-
ally produced. As Fe(OH)ycoloia) continually precipitates, it
oxidizes to Fe(OH);(colioia)- The development of different oxide
bands in the upper solution versus the lower solution is due
to difference in the production ratio of Fe(OH),(coloia) tO
Fe(OH)3(colloid)-

In the lower solution, as OH™ continues to diffuse through
the hydrogel network formed ahead, Fe”(sol»n) and OH™ con-
tinue to precipitate as Fe(OH)x(colioia). AS FE(OH)x(colloia) Preci-
pitates, it quickly oxidizes to Fe(OH)z(colioia), and the Fe''/Fe™
redox equilibrium (eqn (6)) is established. The Fe®'(spn)
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supersaturation level is lower due to the lower OH™ concen-
tration in the lower solution than that in the upper solution,
as described above. Hence, although Fe(OH)ycoloiq) and
Fe(OH);conoiq) are continually produced, the ratio of the pro-
duction rate of Fe(OH);(colioia) t0 FE(OH)y(colioiay in the hydrogel
network is significantly higher in the lower solution than that
in the upper solution. As the hydrogel network in the lower
solution consists of mainly Fe(OH);conoia) Particles, the colloi-
dal aggregates slowly transform, via the Ostwald ripening
process, to thermodynamically more stable ferric oxyhydrox-
ides, a-FeOOH and y-FeOOH.

Oxide phase transformation of Fe(OH);colioia) into FeOOH:

Fe(OH)S(colloid) — — o-or Y'FeOOH(crystal) + H,O
(8)

The sequential arrow in eqn (8) refers to the multiple inter-
mediate elementary steps that occur to form the product. In the
upper solution, the Fez+(501’n) supersaturation level is higher,
leading to the faster precipitation of Fe(OH)y(oloia) The
Fe(OH),(cooia) concentration in the hydrogel network also
changes more rapidly with distance from the interface at a
specific time. However, the relative ratio of Fe'" to Fe also
changes along the Fe(OH)ywcoloiay concentration gradient
(i.e., along the Fe2+(s(,1vn) diffusion path), being the lowest at
the solution interface and gradually increasing with distance
from the interface. Thus, at a specific time (within the studied
duration), Fe(OH)y(colioia) Teémains the dominant species, result-
ing in the green colored band, in the region closest to the
interface (Fig. 13). The Fe'" content increases with the distance
from the interface. Hence, slightly further away from the inter-
face where both ferrous and ferric hydroxides are present
at comparable levels, the Fe(OH)(conoia) and Fe(OH);(colioid)
aggregates gradually transform into black mixed Fe'/Fe™ oxide
(magnetite) crystals:

Oxide phase transformation of mixed Fe"/Fe™ hydroxide to
Magnetite:

Fe(OH)Z(colloid) + 2Fe(OH)B(colloid] - = Fe304[crystal) + 4H,0
©)

In the region furthest away from the interface where the Fe
content is highest, the Fe(OH);(onoia)y aggregates gradually
transform into ferric oxides, the same process as the bands of
ferric oxides formed in the lower solution (eqn (8)). The
production rate of Fe(OH);z(colioiq) in the hydrogel network also
influences the phase of the FeOOH crystal (a-FeOOH versus
y-FeOOH) that Fe(OH);(colioiq) €an transform to.*8

The transformation of hydroxide colloids to different crystal-
line oxides (eqn (8) and (9)) further affects the evolution of the
composition and concentration of colloids in the hydrogel
network. That is, the growth of individual oxide particles (by
the Ostwald ripening) and the aggregation of these crystals
(Liesegang banding) are strongly coupled with the diffusion-
precipitation-oxidation-reduction-dissolution—-diffusion cycles
of Fey(sopn). The overall consequence of this systemic feedback
over a longer test duration is the aggregation of solid oxide
crystals in periodic patterns. In the upper solution, the bands of

111
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bluish-green hydroxide, black magnetite and yellow goethite
(0-FeOOH) become more clearly separated with time. In the
lower solution, magnetite formation is negligible. Instead,
distinct yellowish orange bands develop, separated by clear
solution bands. The clear gaps between these ferric hydroxide
bands widen with time. This pattern, orange bands separated
by clear bands, is a classic monochromatic Liesegang pattern,
described earlier (see Fig. 5(a)).

Comparison of the oxide bands formed during 1-D solution
mixing versus corrosion. Development of different oxide wave
patterns depending on solution redox and transport conditions
and duration is also observed during CS corrosion. Two exam-
ples of oxide waves observed on corroded CS are compared with
those observed in the lower and the upper solutions in the 1-D
diffusion test as shown in Fig. 13(b). The example on the left-
hand side shows distinct solid oxide layers with uniform
thicknesses separated by void volumes in the vertical direction
from the metal surface corroded for one day in 0.5 mM H,0,,
air-saturated solution at room temperature (solution volume to
metal surface area = 2 mL/0.785 cm?). The thin wafer-like layers
were typically observed under a collapsed or cracked surface
layer that had covered a much wider area, where the cracks
occurred along the boundaries of the pearlite phase (having a
lamellar structure of alternating cementite and ferrite) and the
a-Fe phase. We could not unequivocally determine whether
the cracks occurred during corrosion or during drying for the
surface analysis preparation. The layered structure, consisting
of thin wafer-like solid layers with voids in-between, is similar
to that of the repeating ferric-oxide bands observed in the lower
solution of the 1-D diffusion of the Fe2+(solvn) and OH ™ solutions
(Fig. 13(a)).

Also, compared to Fig. 13(b), the oxide rings on corroded CS
are shown in Fig. 2 and the oxide bands are formed in the
upper solution of the 1-D diffusion test. In both cases, black
magnetite crystals and orange lepidocrocite crystals are aggre-
gated in discrete bands in a repeating pattern. However, in the
1-D diffusion test, the reaction-diffusion fronts are traveling in
one direction, whereas in the corrosion case, the reaction-
diffusion fronts are traveling in a 2-D radial direction.

As discussed earlier, the diffusion-precipitation-oxidation—
reduction-dissolution-diffusion cycles of ferrous and ferric
species can propagate in either 1-D direction, perpendicular
to the metal surface, or in a 2-D radial direction along the
horizontal plane of the interfacial solution (Fig. 6). The 2-D
radial propagation occurs if and when the pockets of super-
saturated solutions can form in the interfacial layer containing
the Fe' sorn) Near saturation level, while the Fe*' (s, concen-
tration in the bulk solution is far below the saturation
level. This will result in alternating aggregation of Fe(OH),
and Fe(OH); colloids in the concentric ring patterns at early
times. Depending on the solution environment, the cyclic
feedback loop within the saturated interfacial solution can be
sustained over a long duration, long enough for the systemic
feedback to expand to include the conversion of hydroxide
particles to crystalline oxyhydroxide or oxide particles as
discussed below.
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The 1-D propagation occurs if and when the concentration
of Fe** in the bulk solution approaches its saturation level.
The diffusion of Fe** and/or OH™ from the supersaturated
interfacial region to the near saturated bulk solution will
induce the  diffusion-precipitation-oxidation-reduction—
dissolution-diffusion cycles of ferrous and ferric species in
the direction, perpendicular to the metal surface, resulting in
solid oxides in the layered structure at longer times.

The comparisons indicate that in corrosion solid oxide
particles can be formed and grown in periodic patterns when
the hydrogel network can be formed and spread uniformly
(in a macroscopic scale) across the metal surface. Fe2+(soyn) and
OH™ produced subsequently at the metal-solution interface
and then must diffuse though the already uniformly spread
hydrogel network. The oxide aggregation and growth in differ-
ent patterns, concentric rings versus wafer-like layers, can be
attributed to different rates of progression of cyclic feedback
processes.

The redox activity of metal atoms may vary across the surface
of CS, the Fe in the cementite phase is very stable while the Fe
in the o-Fe phase can easily oxidize to Fe*' (o) and dissolve in
the interfacial solution. In the solution, the metal cation then
diffuses in the 3-D hemi-spherical direction. Mass diffusion in
the solution is a much faster process than the net interfacial
transfer of mass (Fe atoms) by the electrochemical process.
Hence, the metal surface activity may vary across the surface
but the concentrations of Fe2+(solyn) and OH™ in the interfacial
solution are quickly distributed uniformly across the metal
surface. Hence, once the interfacial solution becomes saturated
and Fe(OH)coll0ia) begins to precipitate, the hydrogel network
can spread near instantly in a 2-D radial direction, covering a
very wide area of the corroding surface. That is, the coverage of
the hydrogel network is not sensitive to variation in surface
activity. Hence, the fluid-like hydrogel layer spreads over the
pearlite structure as well as the pure o-Fe phase.

Different surface activities can lead to different metal dis-
solution fronts, which can create pits, inducing further spatial
variation in the metal cation diffusion rate. For example, as the
Feo(m) from o-Fe phase continues to oxidize to Fez+(501'n) and
diffuse into the bulk solution, the metal-solution interface
(the metal dissolution front) moves deeper into the metal
substrate from the position of the original metal surface,
whereas the metal atoms in Fe;C (cementite) do not dissolve
and the cementite-solution interface does not change. Over an
extended period, the different rates of the movement of the
metal dissolution front result in stagnant water pools between
cementite layers, which can further accelerate the progression
of corrosion to the production of solid crystalline particulates.
On the other hand, the diffusion of Fe2+(soyn) from the pure o-Fe
phase having wider surface areas is less affected, and the
overall corrosion process to solid oxide particle formation is
slower, growing a larger (in 2-D) oxide structure. (Slower oxide
growth conditions produce larger crystals.)

The concentric ring patterns are typically observed at the
early stages of corrosion, and the initiation points of the oxide
waves are randomly distributed across the metal surface. At the
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early stages of hydrogel network growth, the concentration of
mixed hydroxide colloids and the Fe™ content in the hydrogel
are low. The oxidation of Fe’y,) to Fe*' (s at the interface,
followed by the diffusion of Fez+(sol,n) from the interface,
through the hydrogel layer, to the bulk solution still occurs at
a relatively fast rate. While diffusing through the hydrogel,
Fe*"(sorn) Will undergo hydrolysis and continuously precipitate
as Fe(OH),(colloia), Which is then oxidized to Fe(OH);(colioia)- The
ratio of and the overall production rates of Fe(OH)y(colioid) tO
Fe(OH);(colioia) is highest at the initiation points of the oxide
waves but the ratio decreases along the Fey(solvn) diffusion path.
This corrosion situation mimics the upper layer of the 1-D
addition experiment (Fig. 13(b)). Accordingly, what we observed
on the corroded surface is clearly separated black magnetite
and y-FeOOH rings in a periodic pattern, similar to the discrete
bands of magnetite and o-FeOOH observed in the upper
solution in the 1-D solution addition test. Note that the diffu-
sion rates of Fe2+(solvn) and OH™ during corrosion are different
from those in the 1-D test (giving rise to a different FeFOOH
phase) and the oxide wave pattern has propagated for longer
times (and hence, there are more repeating bands) on the
corroded surface.

The colloidal concentration and the Fe'™ content in the
hydrogel network increase with time. The overall transport of
Fe*’(sorn) from the metal (o-Fe)-solution interface, through the
hydrogel layer, to the bulk solution progressively slows down.
On the other hand, the overall transport of OH™ is less affected.
(Note that [OH7] is determined by not only the oxidant
reduction and hydrolysis, but also various acid-base equili-
bria.) Hence, once a hydrogel network fully covers the surface of
the pure o-Fe phase and the metal-solution boundary moves
further into the metal substrate from the hydrogel layer creat-
ing a pit, the relative concentrations of Fe2+(solvn) and OH™ in
the pit at longer times become more closely resemble the
solution environment in the lower solution in the 1-D mixing
experiment (Fig. 13(b)). The same Liesegang banding coupled
with the Ostwald ripening results in the aggregation of discrete
oxide bands separated by the solution void of solid oxide
particles.

The transformation of hydroxide colloids and oxide particles
observed over extended periods, both in the solution mixing
experiment and on corroded surfaces, indicates that the

(a) Typical Ostwald Ripening

View Article Online

Paper

individual oxide crystals grow and aggregate also by the con-
tinuous cycle of the diffusion-precipitation-oxidation—-
reduction-dissolution-diffusion of Fe™. It is well established
that the growth of ionic-salt crystals in solution occurs via
the similar cycles of the diffusion-precipitation-dissolution—-
diffusion of ions between different crystals, the process known
as Ostwald ripening.** In corrosion, the crystal growth by the
Ostwald-ripening is coupled with the precipitation-dissolution
and redox cycles of ferrous and ferric species as Fe2+(sopn) is
continuously injected into the solution and diffuses into the
bulk solution, through the hydrogel network that has already
formed. The sustained cyclic feedback results in the aggrega-
tion of oxide crystals in Liesegang bands.

Multi-reaction-diffusion front propagation via redox-assisted
Ostwald ripening

Ostwald ripening is a crystal growth phenomenon in which
larger crystals grow larger at the expense of smaller crystals.***”
The driving force for this process is the minimization of the
interfacial energy of the particles. Small particles have a larger
surface area to volume ratio than large particles and hence have
higher interfacial energy.***

In a closed chemical system, the total mass of the particles
in the crystal growth medium would be maintained during
Ostwald ripening. The cycles of the diffusion-adsorption/pre-
cipitation-desorption/dissolution-diffusion of crystal constitu-
ent ions occur at the crystal-solution interfaces. However, the
desorption/dissolution is slightly faster than the adsorption/
precipitation on the smaller crystals, while it is the opposite on
the larger crystals. The overall result is the continuous transfer
of the salt crystal ions from the smaller to larger crystals,
as schematically shown in Fig. 14(a).

Typically, Ostwald ripening is used to describe the growth of
crystals of same compositions. In this work, we observed the
aggregation of oxide crystals of different chemical compositions
and/or different shapes and sizes in alternating bands. This
observation indicates that the oxide crystals that are trans-
formed from nano-sized hydroxide colloidal particles (eqn (5))
continue to grow by the Ostwald-ripening coupled with the
redox cycles between soluble Fe" and insoluble Fe'™, which we
term “‘the redox-assisted Ostwald ripening”’. The redox-assisted

(b) Redox-Assisted Ostwald Ripening
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Fig. 14 Schematic representations of (a) typical Ostwald ripening in a closed system and (b) redox-assisted Ostwald ripening in an open (corroding)

system.
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Ostwald-ripening process is schematically compared with the
typical Ostwald-ripening in Fig. 14.

In an open system, as in the case of the interfacial solution
volume during metal corrosion described here, the crystal
constituent ions are continuously injected into the crystal
growth medium (aqueous solution). Small colloidal particles
are continually formed and precipitated which then slowly
undergo oxide-phase transformation, while the hydroxide/oxide
particles formed earlier continue to undergo Ostwald ripening.
That is, the redox-assisted Ostwald ripening occurs in the
presence of the concentration gradient of colloidal particles.
The overall consequence of the redox-assisted Ostwald ripening
coupled with the transport of metal cations (and OH") in the
colloidal concentration gradient is that the aggregation of oxide
crystals of different compositions and/or sizes in Liesegang
patterns.

Implications of the oxide wave formation and propagation to
the corrosion mechanism

Corrosion continuously transfers metal atoms from the solid
metal to the solution phase, making the solution phase or the
metal oxide growth medium an open system. In corrosion,
Mm(solyn) and OH ™ are continuously produced at the metal-
solution interface (eqn (1)), and then transported from the
interface to the bulk solution (eqn (2)). Many existing corrosion
rate analysis methods and/or corrosion models of active metals
consider an electrochemical kinetic stage, either when the
metal oxidation produces mainly the soluble metal cation
dissolving into the solution,”~>* or mainly the insoluble metal
cation transporting through a solid metal-oxide layer.”>>®

Spatiotemporal pattern formation during the corrosion of
iron under potentiostatic conditions,>” current oscillation at
the limiting current region during iron electrodissolution,>® %
oscillations in corrosion product concentrations at a zinc/
polymer interface,”" and temporal potential patterning of
passive iron oxide in the presence of chloride®*®* have been
previously reported. These studies have proposed the existence
of a feedback loop between electrochemical/chemical reactions,
diffusion, convection and electrical coupling between active
areas and salt layer covered area on the electrode surface to
explain the nonlinear spatiotemporal phenomena. We have
also previously reported the oscillatory behaviours of corrosion
potential and corrosion current during carbon steel corrosion
in aerated solutions at near neutral pH.®* This study builds on
the existing work and provides unequivocal evidence for the
systemic feedback in corrosion. This work is the first to clearly
show that the non-uniform deposition of metal oxides during
corrosion can occur via strongly coupled solution reactions and
transport processes, and not simply as a result of metallurgical
non-uniformity or localized solution environments.

The results from this study clearly demonstrate that if and
when the [M™ (o] in the interfacial solution reaches its
saturation limit, it will begin to precipitate as metal hydroxide
colloids, which then aggregate and begins to form a hydrogel
network. The precipitation of colloids facilitates the oxidation
(e.g., from Fe** to Fe*") or reduction (e.g., from Cu*" to Cu®) of
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the soluble to the nearly insoluble metal cation, which further
accelerates the precipitation and aggregation of mixed hydro-
xide colloids. However, as the insoluble metal cation concen-
tration increases, it can reduce (or oxidize for Cu case) to the
soluble metal cation. This induces the cycles of diffusion-
precipitation-oxidation-reduction (or reduction-oxidation)-
dissolution-diffusion. Under certain combinations of solution
redox and transport conditions, these cycles can continue for
an extended period. However, while these cycles continue, the
hydroxide particles slowly transform to thermodynamically
more stable oxyhydroxide or oxide crystalline particles.

This study has shown that the formation of a hydrogel
network is critical in changing the corrosion path from primar-
ily dissolution to primarily oxide deposition. Accordingly, the
overall corrosion (metal loss) rate also changes. The amount of
oxide deposits on the surface does not necessarily correlate to
the metal loss rate when dissolution is the dominant corrosion
path. Nor the changes in the oxide morphology and chemical
composition at the later stages of corrosion necessarily indicate
that metal oxidation still occurs at a substantial rate at these
late stages. At these stages, the oxide growth and transforma-
tion occurs via solution processes.

Hydrogel formation strongly depends on [Fe®'] and [OH].
In corrosion, Fe?* and OH ™ are simultaneously produced at the
metal surface and diffuse to the bulk solution. Their concen-
trations in the solution adjacent to the metal surface are
determined by the rate of interfacial charge transfer at the
metal surface (eqn (1)), and transport of Fe** and OH™~ from the
metal surface into the bulk solution (eqn (2)). The diffusion
rates of Fe** and OH™ depend on their concentration gradients
and mass transport coefficients. In addition, the concentration
of Fe*" cannot exceed its saturation capacity. Hence, hydrogel
formation strongly depends on the oxidizing and transport
conditions of the solution. Once the hydrogel has formed, net

| (a) 1 d, 2 mL Pure water, Air, Rad

Fig. 15 Elevation profiles of Liesegang bands formed on CS corroded (a)
submerged in 2 mL of pure water for one day in the presence of y-
radiation at 2.5 kGy h™* (upper images) and (b) hanging upside-down in
500 mL of pure water for two days (lower images).
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metal oxidation, metal dissolution, and oxide growth and
conversion are all strongly coupled.

Hence, small changes in the oxidizing and transport condi-
tions can lead to the long-term production of oxides that differ
greatly in composition, thickness, and uniformity. Slight differ-
ences in the surface morphology and topography that can affect
solution diffusion can then be amplified via prolonged redox-
assisted Ostwald ripening to create striking patterns, as shown
in Fig. 15. This spatial variation in the oxide thickness is often
misinterpreted as a localized phenomenon caused by differ-
ences in the redox reactivity of the metal surface resulting from
microstructural variations.®>™®” This study demonstrates that
the phase composition and morphology of oxides change with
time in a given solution environment and that their evolution
depends on solution parameters, rather than metallographic
structures.

Conclusion

The aggregation of iron oxide crystals of different chemical
compositions and shapes in concentric wave patterns or in
discrete bands during corrosion of carbon steel was presented.
We have demonstrated that these patterns are a Liesegang
phenomenon, arising from the sustained cyclic feedback
between strongly coupled reaction-transport kinetics of the
initial corrosion product, soluble Fe>" cations. For chemical
waves to propagate, the chemical system requires a slow trans-
port medium. We have shown that the formation of metal-oxide
Liesegang bands during CS corrosion is preceded by the
formation and growth of a hydrogel network. We describe
this hydrogel network as a biphasic structure similar to that
of organic- or bio-polymeric gels: a semi-stationary phase
composed of loosely connected or aggregated metal hydroxide
colloidal particles, and a mobile phase of solution containing
dissolved metal cations (Fe*' (sopn)).

Corrosion continually injects metal cations into the metal-
solution interface. As the corrosion progresses, the interfacial
solution becomes saturated with metal cations, which precipi-
tate as metal hydroxide, initially as colloidal particles. As their
concentration increases, the colloidal particles aggregate,
forming a hydrogel network. Once a hydrogel layer has spread
across the metal surface, it serves as the slow transport
medium. With the continuous injection of metal cations into
the hydrogel layer, the diffusion kinetics of metal cations can
effectively couple with the precipitation-dissolution and oxida-
tion-reduction kinetics between Fe™ and Fe™ species. This
results in an increasing colloidal concentration in the hydrogel
layer and an increasing ferric content in the mixed hydrogel.

As metal oxidation continues, diffusion coupled with the
precipitation-oxidation-reduction-dissolution of metal cations
slowly transforms the hydroxide colloids into crystalline oxides
via an Ostwald-ripening process. While the oxide crystals grow
by Ostwald-ripening, the main diffusing metal cation is the
more soluble ferrous ion. Hence, diffusion and the precipita-
tion-dissolution cycles of ferrous ions are coupled with the
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redox cycle between Fe' and Fe'" on the crystal surfaces during
the growth of solid oxyhydroxide or oxide crystals. We refer to
this novel phenomenon as ‘“‘redox-assisted Ostwald ripening”’.
The aggregation of oxide crystals of different compositions and
phases in alternating or periodic Liesegang patterns is the
result of oxide growth by this redox-assisted Ostwald-ripening
as the soluble metal cation diffuses along its concentration
gradient (diffusion path) through the hydrogel network.

In conclusion, we have presented experimental evidence of
systemic feedback in corrosion, which results from the accu-
mulation and subsequent reactions of the initial corrosion
products in the solution phase near the metal surface. This
work demonstrates that strong coupling between the solution
reactions and transport processes can result in non-uniform
deposition of metal oxides and are not simply a result of
localized surface or solution phenomena. The findings of this
work challenge the existing methodologies and practices for
corrosion testing and modelling, but also have wider implica-
tions for other processes involving metal/solution interfaces,
such as nanoparticle growth, solid electrolyte degradation and
remediation of metal-contaminated wastewater.
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