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Abstract In a wet supercritical carbon dioxide atmosphere, carbon dioxide is dissolved into water

and causes corrosion of zinc-coated steel. The first corrosion products appeared in singular nano-

scale initiation sites, which gradually grew in number and size and ultimately covered the whole sur-

face. Zinc hydroxy carbonate was detected as a rapidly forming needle-like corrosion product,

which prevailed at short exposure times (from minutes to hours). A prolonged exposure caused con-

version of zinc hydroxy carbonate to anhydrous zinc carbonate with high crystallinity and a stable,

dense layer was formed on zinc. The chemical transition from zinc hydroxy carbonate to anhydrous

carbonate was reported for the first time and is in the light of current literature unique for wet

scCO2 atmosphere.
� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Zinc is commonly used to provide cathodic protection to steel
(Zhang, 1996; Marder, 2000; Veleva et al., 2003). Hot dip gal-

vanized steel construction elements are cost-efficient and can
offer decades of prolonged corrosion resistance compared to
bare steel. Corrosion phenomena of zinc-coated steels have
been documented at least since 1837 (Morral, 1940), and today

an abundant knowledge on zinc corrosion in various natural
atmospheres, simulated environments, and accelerated labora-
tory exposures is available (Veleva et al., 2003; Morral, 1940;

Anderson and Fuller, 1939; Falk et al., 1998; Diler et al.,
2014; Yoo et al., 2014; Lindström and Odnevall Wallinder,
2011; Lindström et al., 2000; Prestat et al., 2017; Ohtsuka

and Matsuda, 2003; Thomas et al., 2012; Kaesche, 1964).
Recently, increased environmental concerns and global warm-
ing have initiated engineering efforts on sustainable technolo-

gies and regulation of CO2 levels. CO2 capture plants have
been built and an interest to study metal corrosion in new arti-
ficial atmospheres has arisen (Choi et al., 2010; Cui et al.,
2019). Furthermore, there is increased interest in
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environmentally sustainable technologies to protect metal
from corrosion (Milošev and Frankel, 2018).

In natural outdoor environments, corrosion or patination

of zinc is a long-term process that involves multiple dry and
wet periods, various temperatures and interference of air impu-
rities or trace element level gases. At first, humidity induces

white rust formation, i.e. development of simple zinc oxides
and hydroxides (Anderson and Fuller, 1939; Maeda, 1996).
Even at very low carbon dioxide levels, the natural patination

process bonds carbonate ions to the simple zinc oxides and
hydroxides, and results in precipitation of more complex zinc
hydroxy carbonates. Although exact chemical composition of
these carbonates can vary, and several subgroups of precipi-

tates are commonly found in environments containing SO2

and NaCl, within a couple of years these complex, stable pre-
cipitates have mostly suppressed the electrochemical activity

that occurs on bare, unprotected zinc surfaces (Mor and
Beccaria, 1975).

Artificial supercritical carbon dioxide (scCO2) environ-

ments contain significantly higher carbon dioxide concentra-
tions than natural environments. A pure scCO2 atmosphere
is not detrimental to any metals, but even small amounts of

impurities or water in a scCO2 system are sufficient to initiate
aggressive corrosion (Choi et al., 2010; Falk et al., 1998). The
corrosion of steel pipeline systems of CO2 capture plants is well
documented and an ongoing research theme (Cui et al., 2019;

Halseid et al., 2014; Dugstad et al., 2010; Dugstad and
Halseid, 2012). However, the corrosion of galvanized steel in
wet scCO2 systems is not yet thoroughly studied.

The reaction steps that have been suggested to occur for
zinc-coated steel in wet scCO2 systems are composed of follow-
ing reactions. Zinc corrosion is initiated by electrochemical

activity on the surface: anodic zinc dissolution is balanced with
cathodic oxygen reduction and hydrogen evolution reactions
(Zhang, 1996). Hydrogen evolution is prominent and increases

as a function of CO2 dissolution into water (Kaleva et al.,
2020). Dissolved Zn2+ ions are combined with hydroxyl
groups, which may cause partial precipitation (Kaleva et al.,
2020; Zaraska et al., 2017; Bockelmann et al., 2017;

Mokaddem et al., 2010; Rayner-Canham, 2000). CO2 dissolu-
tion into water also leads to the presence of carbonate ions
(CO3

2– and HCO3
–) in the aqueous medium (Davis and Oliver,

1972). These ions are readily attracted to the zinc hydroxy
complexes and as a result, zinc carbonates start to precipitate
on the surface (Zaraska et al., 2017; Kannangara and Conway,

1987; Gaur et al., 2010; Bozbaʇ and Erkey, 2015). It has also
been suggested that in addition to direct reactions with Zn2+

and OH– ions, simple zinc oxide can be a reaction intermediate
prior to carbonate formation (Kaleva et al., 2020).

In previous investigations, wet scCO2 atmosphere has been
thoroughly studied as a reactive medium for zinc-coated steel
with in-situ and ex-situ experiments (Kaleva et al., 2020;

Saarimaa et al., 2018; Kaleva et al., 2017). These previous
studies report zinc hydroxy carbonate and zinc carbonate as
the primary zinc corrosion products in wet scCO2. The reac-

tion parameters chosen for the current study were chosen
based on the previous studies. The main aim of this study
was to shed light on the reaction kinetics of corrosion product

formation. However, an abrupt, exposure time-dependent
change in chemical composition of the formed corrosion prod-
ucts was observed, and the main focus was shifted to detailed
analytical determinations and discussions around the chemical
transition that has not previously been reported.

2. Materials and methods

2.1. Material and pretreatment

Hot dip galvanized steel was obtained from SSAB Europe. The
zinc bath contained about 0.2 wt-% Al, and the final zinc coat-

ing weight was 275 g/m2. The zinc sheet was cut to 10 � 15 cm
pieces and the specimens were cleaned with a two-stage labora-
tory cleaning process using Gardoclean 338 (Chemetall) at a

free alkalinity of 4–5 meq/L in both baths. The temperature
was 55–60 �C, the holding time 4 s per bath and the panels
were rinsed in subsequent two-stage water spray chambers,

operating at the same temperature as the alkaline cleaning
baths. Finally, the samples were dried in a furnace at 60 �C
for 10 min.

2.2. Supercritical carbon dioxide exposure

The cleaned panels were exposed in a reactor (volume 1.57 L,
width 106 mm, height 268 mm, material: 316L grade stainless

steel) that was pressurized with CO2 gas. The reactor temper-
ature was 40 �C and the pressure was 100 bar. 30 mL of deion-
ized water was put into the reactor with the specimen at the

start of each exposure to create a corrosive wet scCO2 atmo-
sphere. The amount of water was higher than the CO2 dissolv-
ing capacity. There was no initial physical contact between the

water and the panel in the reactor. Parallel samples were pre-
pared. The exposure times were: 0 min (unexposed reference),
5 min, 10 min, 30 min, 1 h, 2 h, 3 h, 4 h, 8 h, 16 h and 1 week.

2.3. Quantification of corrosion products

The corrosion products were quantified by glycine extraction
and XRF measurement according to a previously developed

procedure (Saarimaa et al., 2018). The quantification was per-
formed with an XRF (Epsilon 3XL, PANalytical) using a
50 kV voltage, a 109 mA current, a 180 s measurement time,

and an Ag filter.
2.4. Surface analyses

SEM imaging was carried out with a ZEISS Gemini 450 field
emission scanning electron microscope. A Bruker QUANTAX
FlatQUAD EDS system was employed for element analysis at
3 kV acceleration voltage. A Bruker eFLASH FS electron

backscatter diffraction detector (EBSD) was employed for zinc
crystal orientation determination. EBSD was run at 20 kV and
5nA, with a 160x120 EBSP resolution and 15 ms exposure

time. Cross sections for SEM imaging were prepared by broad
ion beam milling (Ilion + Advantage Precision, Model 693,
Gatan Inc) using a 6 kV voltage. FTIR measurements were

done with a Spectrum two spectrometer equipped with single
reflection diamond (Perkin Elmer). Raman measurements were
carried out with a Renishaw InVia Qontor confocal Raman
microscope with a 532 nm laser paired with an 1800 L/mm

grating.
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3. Results

3.1. SEM images of exposed samples

An unexposed hot dip galvanized steel surface had a mostly
flat appearance with some skin passing-induced roughness

(Fig. 1). The zinc surface became partially covered by patina
already at very short (5–30 min) exposure times (Fig. 1). Cor-
rosion product formation was initiated from multiple singular

sites featuring nano-scale rods (Fig. 2). Similar initial nanos-
tructures have been reported to form during zinc anodization
(Zaraska et al., 2017). The initial nano-rods grew in size and
showed a needle-like appearance until 2-hour exposure

(Fig. 1, Fig. 3). The surface coverage of the corrosion products
increased as a function of exposure time, indicating that the
nano-scale growth initiation sites gradually developed macro-

scopic corrosion products. The length of the needles was great-
est at the 2-hour exposure, which indicates that the length of
the needles increases by a dynamic, stepwise whisker growth

mechanism once the corrosion has been initiated on the reac-
tive sites of the surface (Fig. 1, Fig. 3) (Zaraska et al., 2017;
Saarimaa et al., 2018; Pillai and Ittyachen, 1978; Wang
et al., 2011; Gong et al., 2017). In other words, the corrosion

mechanism transitions quickly from corrosion initiation site
formation to growth of the already-formed corrosion
products.

The needle-like corrosion products prevailed up to 2-hour
exposure, after which the needles disappeared (Fig. 1,
Fig. 3). Cross section imaging shows how the porous surface

layer is with time replaced with a dense patina layer (Fig. 3).
A compact layer of corrosion products is less permeable to
metal dissolution and slows down further dissolution and
Fig. 1 Backscattering electron images (at 10 kV acc
precipitation both physically and chemically (Mor and
Beccaria, 1975; Saarimaa et al., 2018; Liang et al., 2013;
Zhang et al., 2016). Close-up SEM images revealed the smooth

surface of the protruding needles at short exposure time
(Fig. 4, left). Above 2-hour exposure the shape of the needles
was still visible in low magnification images, but they were

now aligned in the plane of the zinc surface and not protruding
from the surface (Fig. 4, right). Furthermore, the fine structure
of the needles was disturbed. Instead of straight and narrow

orientation they became distorted, and their fine structure
was built up of fragmented layers. The residual transformed
needles were visible on the surface at 4 h – 16 h exposures
but could not be distinguished at 1 week exposure (Fig. 1).

This is presumably because of extended patina layer thickness
growth that covered the initial corrosion products.

3.2. Molecular spectroscopy of exposed samples (FTIR and
Raman)

Raman spectra were recorded on scCO2-exposed specimens at

different exposure times. The CO3
2– symmetric vibration (v1) is

the most prominent Raman stretching signal for zinc carbon-
ate corrosion products. It is clearly seen that the center of

the vibration is shifted to slightly lower wavelength when going
from 2 to 4-hour exposure time (Fig. 5). It has been reported in
previous reports that the shift is related to presence of hydro-
xyl groups (Saarimaa et al., 2018). The symmetric stretching

vibration for both anhydrous and hydrous zinc carbonate is
centered at 1090–1100 cm�1, the anhydrous form close to the
low end and the hydrous form close to the high end of the

range (Adler and Kerr, 1963; Burgio and Clark, 2001;
Carbucicchio et al., 2008). The result are in line with earlier
elerating voltage) of exposed samples (top view).



Fig. 2 Backscattering electron image (at 10 kV accelerating voltage) of corrosion initiation sites on 5 min exposed galvanized panel (left)

and close-up secondary electron images (at 1 kV accelerating voltage) of a nano-scale initiation site (right).

Fig. 3 Backscattering electron images (at 10 kV accelerating voltage) of cross sections from exposed samples.
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Fig. 4 Secondary electron images (at 10 kV accelerating voltage) of exposed specimens before (10 min) and after (16 h) transition of

surface morphology.

Fig. 5 Raman spectra of the CO3
2– symmetric stretching
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investigations with similar structures (Kaleva et al., 2020;
Saarimaa et al., 2018).

The data was further processed to produce v1 vibration
peak widths (Fig. 6). The hydroxyl group containing carbonate
(short exposure time) has broader peaks than the anhydrous

form (long exposure time). The peak width is associated with
material crystallinity. A single crystal appears as a symmetric
and narrow peak. Asymmetry and tailing of Raman peaks

indicate that a sample contains a mixture of various crystal
sizes. Zinc hydroxy carbonate is suggested to be a mixed phase
compound, while the anhydrous carbonate has a single phase
final crystal structure (Saarimaa et al., 2018; Miles et al.,

2015). Thus, the crystallinity of the wet scCO2 induced zinc
corrosion products is significantly increased by a prolonged
exposure and conversion to anhydrous patina.

FTIR spectroscopy confirmed the chemical transition
(Fig. 7). The strongest FTIR mode related to the CO3

2– group
is the v3 antisymmetric stretching, which for zinc hydroxy car-

bonate is manifested by two absorbance modes at 1383 and at
1520 cm-1 (Frost et al., 2008; Hales and Frost, 2007). These
modes were clearly seen at exposures until 2 h. Furthermore,
OH– stretching modes were present as a broad peak at 3000–

3500 cm-1 (Ghose, 1964; Loring et al., 2011). The two v3
antisymmetric stretching modes changed to one mode at
1390 cm�1, and the OH– stretching modes disappeared after

2-hour exposure, which confirms transition to anhydrous zinc
carbonate (Frost et al., 2008). Fast preparation of nanocrys-
talline hydrozincite in water-CO2 phase has been reported ear-

lier, which supports the findings in this study (Turianicová
et al., 2016). A zinc hydroxy carbonate named hydrozincite,
Zn5(CO3)2(OH)6 is probably the most common complex zinc
corrosion product formed in unpolluted environments

(Almeida et al., 2000). Anhydrous zinc carbonate is rarely
vibration mode (v1) at different exposure times.



Fig. 6 Peak width of CO3
2– symmetric stretching vibration of corroded samples at different exposure times.

Fig. 7 FTIR spectra of exposed samples before and after

chemical transition from OH– group containing carbonate to

anhydrous carbonate.
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found in outdoor exposed or laboratory exposed zinc sheets,
which makes it a unique end product in wet scCO2 exposure
(Alwan and Williams, 1979).

3.3. Extraction and quantification of zinc corrosion products

A summary of selective extraction and quantification data of

zinc ions bonded to hydroxy carbonate and to anhydrous car-
bonate is shown in Fig. 8. An unexposed sample had very little
oxidized zinc on the surface. Wet scCO2 exposure caused a
rapid increase in the concentration of corroded zinc, zinc

hydroxy carbonate being the main corrosion product at short
exposure times. The growth of zinc hydroxy carbonate layer
was systematic up to 2-hour exposure. After that, the dominat-

ing corrosion product was anhydrous zinc carbonate. Individ-
ual exposures were independent from other exposures, which
means that a certain sample was kept under exposure the

whole specific exposure time without removal or addition of
other samples in the reactor. This confirms that the zinc
hydroxy carbonate was converted to anhydrous zinc carbonate
after the 2-hour exposure time. During the transition

(2 h ? 4 h), the total amount of Zn2+ in the corrosion prod-
ucts remained on a same level and further increase was
obtained only after a greatly increased exposure time

(16 h ? 1 week). The continuous increase in the amount of
early, hydroxyl group containing corrosion products was dis-
rupted once the anhydrous zinc carbonate started to dominate.

This indicates that the growth rate for the hydroxy carbonate
is much faster than the growth rate of anhydrous carbonate.

3.4. Discussion on transition mechanism

Zinc hydroxy carbonates are stable at low temperature and
CO2 pressure, as indicated by their great abundancy on zinc
exposed to natural atmospheres or artificial atmospheres with

low to moderate CO2 partial pressure (Jambor, 1964;
Vágvölgyi et al., 2008), but clearly in a supercritical system
with sufficient exposure time the anhydrous zinc carbonate is

the prevailing form. The hydroxyl groups in zinc hydroxy
carbonates are bonded as structural OH groups and as crystal-
lization water. Mineralization studies in the literature have
shown that some hydroxyl group-containing minerals are

metastable and ready to exchange their OH groups for carbon-
ate groups when a necessary energy barrier is exceed (Loring
et al., 2012). Based on the results of this study the supercritical
conditions together with a mild temperature drive the dehydra-

tion process of the initial hydroxyl group containing corrosion
products to an end within a few of hours. Anhydrous carbon-
ate has been reported to form also on simple steel elements

(without galvanizing) (Carbucicchio et al., 2008; Hua et al.,
2015).

Thermal decomposition of various hydroxy carbonates is a

well-known phenomenon (Vágvölgyi et al., 2008; Wahab et al.,
2008; Kolodziejczak-Radzimska and Jesionowski, 2014;
Kaleva et al., 2018; Joshi et al., 2019; Hartman et al., 2001).



Fig. 8 The amount of oxidized zinc bonded to zinc corrosion products at different exposure times.
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Dehydration (removal of non-structural water by heating) of

zinc hydroxy carbonate can take place even at low temperature
(38 �C), but further removal of structural water requires an
energy sufficient to reorganize the hydrogen bonds and is nor-
mally not achieved without simultaneous removal of CO2

(Vágvölgyi et al., 2008; Ihli et al., 2014). The decomposition
of zinc hydroxy carbonate typically requires an initiation tem-
perature greater than 150 �C (Kanari et al., 2004) and is termi-

nated at much higher temperatures (�250–600 �C) (Vágvölgyi
et al., 2008). Decomposition can also take place at a lower tem-
perature in the presence of a chemical mediator but a substan-

tially longer reaction time is then required (Joshi et al., 2019).
Apart from removal of adsorbed (non-structural) water from
zinc hydroxy carbonate, decomposition takes place as a

single-step transition to zinc oxide, and no intermediates have
been reported (Vágvölgyi et al., 2008; Joshi et al., 2019). The
formation of zinc hydroxy carbonate and anhydrous zinc car-
bonate has been shown to depend on the partial pressure of

CO2 (Vágvölgyi et al., 2008), the latter being more prominent
at elevated partial pressures, but this finding cannot explain
why zinc hydroxy carbonate was first formed in wet scCO2

atmosphere and later converted to ZnCO3 (the pressure being
stable). In another study, dehydration and crystallization of
amorphous calcium carbonate has been proposed to occur

via a dissolution-reprecipitation mechanism, where the struc-
tural water lowers the energy barrier and functions as a medi-
ator (Ihli et al., 2014). The crystal lattices of a metastable phase
were destroyed by the structure conversion process (Ihli et al.,

2014), which provides a plausible explanation for the degrada-
tion of the needle-like corrosion products in this study (Fig. 4).

Based on the existing literature, the observed transition of

zinc hydroxy carbonate to zinc carbonate has not been
reported earlier and may be exclusive to supercritical carbon
dioxide atmosphere. It should be noted that transition of

amorphous intermediates to crystalline compounds are not
fully understood (Ihli et al., 2014), and clarification of the
exact transition mechanism reported in this study requires

more investigation.

3.5. Observations on corrosion product formation

Wet scCO2 is a very corrosive environment to zinc, as shown

by the exposures. The main corrosion initiation reactions in
such atmospheres have been reported to be: (i) zinc dissolution

(anodic reaction) and (ii) hydrogen evolution, oxygen dissolu-
tion (cathodic reactions) and carbon dioxide dissolution (re-
sults in formation of carbonic acid) (Kaleva et al., 2020). In
Fig. 9, zinc dissolution sites can be seen as hexagonal cavities

on the metal surface. Such hexagonal forms have been
observed earlier when zinc corrosion products have been
extracted from a zinc surface (Zhang, 1996; Saarimaa et al.,

2018). Remarkably, the zinc carbonate deposits in Fig. 9, that
is the carbon and oxygen-rich sites in the element map, do not
cover all the zinc dissolution sites. This indicates presence of a

thin aqueous layer on the metal surface during the dissolution
and precipitation process. The importance of an aqueous sur-
face film on zinc carbonate formation has been highlighted in

the literature (McGrail et al., 2009; M. O´Connor, 30b (1975)).
This reaction medium allows mobility of ions (Zn2+, OH–,
CO3

2–, HCO3
–) (Kaleva et al., 2020), and precipitation of corro-

sion products at the sites nearby zinc dissolution sites is possi-

ble. The presence of the reaction medium is also indicated by
the relatively even thickness of the corrosion product layers
independent on the exposure time (Fig. 3). The increase in

the length of the needle-like corrosion products proceeds close
to the surface, where the ions participating in the growth are
available.

Zinc crystal orientation is defined during zinc solidification
and skin passing processes at the end of the hot dip galvanizing
process (Marder, 2000; Leidheiser and Kim, 1978). Zinc crys-
tals may grow in basal planes parallel to surface or perpendic-

ular to surface, and also in orientations between these extremes
(Kim et al., 2019; Chilton et al., 1969). Individual zinc grains
grow in one crystallographic growth direction. Zinc dissolu-

tion pattern reveals the crystal orientation. In Fig. 10, exam-
ples of various zinc dissolution patterns are shown. The
cross-section images in Fig. 10 show sites with zinc crystal ori-

entation parallel to the surface (a and b) and sites with crystal
orientation perpendicular to the surface (c) and sites with a
tilted crystal orientation (d). The crystallographic zinc orienta-

tions were measured by EBSD and the simplified orientations
are shown in the lower left corners of the images (Fig. 10).
Based on these results the corrosion product growth in wet
scCO2 take place on all grains independent on the local zinc

crystal orientation. However, in the literature the crystal
orientation has been stated to affect the local grain reactivity



Fig. 9 SEM EDS element maps (at 3 kV accelerating voltage) of an exposed sample after 4-hour exposure.
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(Kim and Leidheiser, 1978; Mataigne et al., 2007; Gentile
et al., 2010; Ruff, 1974).

In Fig. 11. the arrow ‘‘100 points to a zinc dissolution pattern
where the original zinc crystals have oriented perpendicular to
the surface, while the arrow ‘‘2” points to a dissolution site on
Fig. 10 Backscattering electron images (at 10 kV accelerating volta

Simplified zinc crystal orientations, measured by EBSD, are shown in
the adjacent zinc grain with crystal orientation parallel to the
surface. In the literature the planes parallel to the surface have

been indicated to be less reactive than the planes perpendicular
to the surface (Mataigne et al., 2007; Gentile et al., 2010; Ruff,
1974), which is also seen in Fig. 10 when comparing the vol-
ge) of exposed samples showing various zinc dissolving patterns.

lower left corners of the images.



Fig. 11 Backscattering electron image (left, recorded at 10 kV accelerating voltage) and EDS element maps (at 3 kV accelerating voltage)

of a corroded site after 30 min exposure.
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ume of the dissolved zinc voids in adjacent grains (‘‘1” showing
a site with perpendicular and ‘‘2” showing a site with parallel
zinc crystal orientation). This topic, however, requires more

investigation. It can be further seen that the needles (oxygen
and zinc containing corrosion products) grow from a singular
initiation point to all directions, even deeper into the zinc coat-
ing into the void where zinc dissolution has taken place, ulti-

mately filling the void (Saarimaa et al., 2021). The hot dip
galvanized zinc coating contains inherently some aluminum
precipitates, which are seen as individual islands on the surface

and within the coating. The dissolution of the perpendicularly
grown zinc crystals has stopped at the aluminum inclusions
(Fig. 11) (Saarimaa et al., 2020).

4. Conclusions

Wet supercritical CO2 is a very corrosive atmosphere to zinc,

and nano-scale corrosion initiation sites start to grow instantly
when a zinc surface is exposed to it. Zinc is dissolved and sub-
sequently precipitated as two main carbonates on hot dip gal-
vanized steel: rapidly forming zinc hydroxy carbonate and

slowly forming anhydrous zinc carbonate. Hexagonal dissolv-
ing patterns on zinc surface adjacent to carbonate precipitates
indicate that a thin aqueous film is present on the metal surface

and enables mobility of the anion and cations during the reac-
tion. Zinc dissolution is a dynamic process and facilitates with
time growth of initial nano-scale corrosion products to macro-

scopic crystalline materials. During the first minutes and
hours, the amount of zinc hydroxy carbonate grows steadily.
The physical appearance of the corrosion products abruptly

changed after prolonged exposure to a denser layer without
protruding needles. Electron microscopy and molecular spec-
troscopy confirmed that the zinc hydroxy carbonate is a meta-
stable form that under prolonged supercritical exposure

releases its hydroxyl groups and converts to anhydrous zinc
carbonate. Ultimately, a dense, stable carbonate layer with
even surface coverage is formed. This anhydrous carbonate

layer is not formed in natural atmosphere and can suppress
the electrochemical activity of the underlying metallic zinc
coating.
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