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A B S T R A C T

Formation of corrosion products on zinc was investigated with in-situ Raman and FTIR when exposed to wet
supercritical carbon dioxide (scCO2) and subsequent depressurization. Zinc oxide (ZnO) and smithsonite
(ZnCO3) formed on zinc in scCO2. The dissolved water precipitated as liquid water in the reaction cell during
depressurization. Formation of ZnO, ZnCO3 and a needle-like zinc hydroxy carbonate species on zinc was ob-
served inside a sessile water droplet during conditions simulating the depressurization phase. Addition of oxygen
accelerated the formation of the carbonate species due to higher cathodic activity that increased zinc dissolution.

1. Introduction

Zinc is widely used for corrosion protection in galvanized steels by
providing sacrificial protection. The surface of galvanized steel typi-
cally has poor adhesion to organic coatings and requires an adhesion
layer that is currently obtained by chemical surface treatments of zinc
within the industry [1,2]. However, the chemicals used in the treat-
ments are harmful for the environment, which has led to the search of
alternative methods [3,4]. Carbonates formed on zinc surfaces due to
atmospheric corrosion have shown exceptional improvement in corro-
sion resistance of zinc, as well as better adhesion for organic coatings
that are later applied [5–9]. Therefore, artificially grown carbonate
layer produced with a scCO2-treatment method would provide ad-
vantageous surface properties as shown in our previous studies [10,11].
The present study aims to investigate in detail the interactions of zinc,
CO2 and water that occur in the wet supercritical and subcritical CO2

conditions during the treatment.
Zinc carbonates are insoluble corrosion products that form when

metallic zinc is exposed to atmospheric CO2 and humidity. Examples of
these carbonates are, e.g. hydrozincite (Zn5(CO3)2(OH)6), other zinc
hydroxy carbonates and smithsonite (ZnCO3) [12,13]. The formation of
the naturally grown carbonates starts by reactions between zinc,
oxygen and water that form initial corrosion products such as zinc oxide
(ZnO) and zinc hydroxide (Zn(OH)2) [14]. As atmospheric CO2 dis-
solves into rainwater and air humidity, it reacts with water to form

carbonic acid (H2CO3). Carbonic acid further dissociates into bicarbo-
nate (HCO3

−) and carbonate (CO3
2-) ions that react with the initial

corrosion products to form zinc carbonates when the water is in contact
with the zinc surface [7,14]. The water layer will then dry in air and
subsequently wet again in a repeating cyclical process and results in
better coverage of the carbonate layer on zinc [7,15]. However, this
process could take up to two years for a fully-developed carbonate layer
to form before the application of organic coatings is viable [5]. Con-
sequently, an accelerated carbonate formation process would be effec-
tive.

The concentration of CO2 is one of the limiting factors in zinc car-
bonate formation [16]. When CO2 is heated and pressurized, it becomes
supercritical with a vastly higher concentration of CO2 compared to the
atmosphere [17]. Supercritical CO2 (scCO2) is also capable of dissolving
water which allows water to react with substances in the entire volume
of the reaction cell. Furthermore, carbonates are shown to form on
mineral surfaces, i.e. magnesium silicates, as well as steel surfaces when
exposed to scCO2 saturated with water [18–20].

We previously observed the formation of carbonate structures on
galvanized steel in a wet scCO2 treatment and showed its viability as a
pretreatment method before organic coating application [10,11]. While
the applicability of this treatment has already been demonstrated, more
information on the formation process needs to be obtained for a fun-
damental understanding of the treatment process. This study in-
vestigated the interactions between zinc, water and pressurized CO2 in
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the wet scCO2 phase as well as in the presence of a liquid water layer
under subcritical CO2 conditions. The formation of zinc carbonates on
the zinc surface was measured during the wet scCO2 treatment by in-
situ Raman and FTIR methods. The interactions of a liquid water layer
on zinc was studied with sessile droplet tests with in-situ Raman. Fur-
thermore, the effect of oxygen on corrosion product formation was
investigated.

2. Materials and methods

The substrate material used was zinc sheet (99,9 m-%. Alfa Aesar)
that was cut into circular specimens (d=12mm). Two holes
(d= 1mm) were drilled into the specimens to allow CO2 to enter be-
tween the sample and window in the cell setup. The specimen surfaces
were ground and polished with silicon carbide paper to a mirror finish
and ultrasonically cleaned in ethanol to prevent oxidation. CO2 (99.95
%) and O2 (99.99 %) were obtained from Air Liquide. All experiments
were conducted in a stainless-steel cell with a volume of 5.4 mL [21].

2.1. Wet scCO2 tests (in-situ Raman and FTIR)

Raman and FTIR are distinguished methods for in-situ investigation
of carbonate formation [22,23]. The schematic of the sample setup of
the scCO2 experiments can be seen from Fig. 1. The samples were fixed
into the cell parallel to the measurement window. In-situ Raman and
FTIR measurements were done for the scCO2 experiments. Signals were
recorded through the window, as presented in Fig. 1. Water and a
magnetic stirrer were placed in a container at the bottom of the cell.
The amount of water (0.2 mL) used in the experiments was in excess of
what scCO2 can dissolve at the chosen treatment conditions [24]. The
water in the scCO2 tests was placed in a distant container inside the cell
to ensure no liquid water emulsion droplets could contact the sample
surface. The setup of the cell was the same for measurements in both
Raman and FTIR except for different window material. Sapphire was
used for the Raman experiments and Calcium fluoride (CaF2) for the
FTIR measurements because of sapphire’s high absorption of infrared
radiation in the measurement range.

The treatments were conducted under a CO2 pressure of 100 bar
with two different sample temperatures of 40 °C and 60 °C. Specimens
were kept in static conditions for 120min after which the reaction cell
was slowly depressurized for 15min. Separate samples were exposed
for in-situ Raman and in-situ FTIR measurements. The total amount of
samples was four, as seen in Table 1.

The in-situ spectra for the FTIR measurements in Fig. 8 were pro-
cessed due to multiple overlapping peaks between reaction species.
Consequently, the influence of CO2 and dissolved water was mitigated

by subtracting the 10-minute spectrum from the subsequent measure-
ment spectra. The subtraction helps to detect the time-dependent
structural changes on the zinc surface without the influence of the
surrounding scCO2 phase.

2.2. Sessile droplet tests (in-situ Raman)

The sample schematic for the sessile droplet experiments can be
seen in Fig. 2. In-situ Raman measurements and optical imaging were
conducted for the droplet experiments. The sample was fixed to the cell
similarly to scCO2 experiments except for a longer distance between the
sample and window to eliminate contact between droplet and window.
The experiments were conducted by placing the droplet on the sample
surface before transferring it to the cell setup. The sample with the
droplet was quickly moved to the experimental setup to start the ex-
periment to prevent oxidation before introducing the gases. The surface
of the zinc under the droplet was measured with Raman prior to the
experiment to ensure no oxidation had occurred. The droplet size used
in all experiments was 3 μL (D=2.19 ± 0.06mm). The optical images
were taken from the middle of the droplet for each test. Sapphire
window was used for the experiments.

The experiment conditions of the droplet tests was temperature of
22 °C (room temperature) in 5 bar CO2 pressure. The tests were per-
formed without extra oxygen (Sample A) and with additional 2 bar of
O2 (Sample B) as shown in Table 2.

2.3. Characterization

Scanning electron microscopy (SEM) characterization was per-
formed with JEOL JSM-IT500 together with integrated EDS detector
(JEOL, silicon drift detector). The samples were also characterized with
XRD (Panalytical Empyrean, monochromatized CuKα radiation,
5 < 2θ<80) by using grazing incidence measurement (GIXRD) to
focus the analysis on the topmost layer of the samples.

The Raman experiments were done using Jobin-Yvon Horiba
XploRA confocal Raman microscope equipped with a 50X objective and
a laser diode with a maximum power of 45mW [21]. The spectral range
of 200 – 1900 cm−1 was recorded with a grating of 1800 l/mm and
resolution of 4 cm−1. The measurements used λ =532 nm wavelength

Fig. 1. Schematic of the sample setup in the wet scCO2 tests.

Table 1
Sample conditions for the scCO2 tests.

100 bar CO2

40 °C Raman FTIR
60 °C Raman FTIR
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and 100 % laser power. Two 60 s spectra acquisitions were taken for
each measurement to improve the signal-to-noise ratio.

The infrared experiments were performed using an FTIR microscope
working in transflection mode coupled with a high-pressure cell [25].
The FTIR microscope consists in a ThermoOptek interferometer (type
6700) with a globar source and KBr/Ge beamsplitters coupled to an
infrared microscope (NicPlan, Nicolet) equipped with a 15X cassegrain
objective and an MCT (Mercury Cadmium Telluride) detector to in-
vestigate the spectral range from 400 to 7500 cm−1. Single beam
spectra recorded with a 2 cm−1 resolution were obtained after the
Fourier transformation of 32 accumulated interferograms.

3. Results and discussion

3.1. In-situ wet scCO2 tests (Raman and FTIR)

The optical images that were taken during the in-situ Raman tests in
wet scCO2 (Fig. 3) show the appearance of dark spatters on the Zn-
surface due to the wet scCO2 treatment at both treatments performed in
40 °C and 60 °C. The zinc surface is rapidly covered with the spatters at
40 °C in the first 30min, and continue to significantly increase in

quantity by the end of the treatment. The 60 °C sample showed a similar
behaviour as the 40 °C sample but with considerably less change on the
surface. The dark spatters indicate the early stages of corrosion on the
zinc surface, which is initiated by the dissolved water in the scCO2

phase as no free water is present.
The Raman spectra taken from designated spots shown in the optical

images (white circles) can be seen in Fig. 4. The weak peaks observed
between 400 – 500 cm−1 and at 730 cm−1 that are present in all in-situ
spectra (5–120minutes) are due to the sapphire window used in the
experiments. There is no noticeable Raman signal during the first
90min in either sample even though there was an apparent visual
change on the surfaces as seen from Fig. 3. At 120min, the Raman
spectrum of the 40 °C sample indicates the presence of ZnCO3 due to ν1
symmetric stretching mode at 1093 cm-1 and lattice mode at 300 cm−1

[26]. In the 60 °C sample, no carbonate peaks could be detected in the
in-situ spectra, but a broad and small intensity peak at 570 cm−1 ap-
pears at 120min. Earlier studies suggest that this peak corresponds to
nanosized zinc oxide (ZnO) [14,27,28]. ZnO is generally considered to
be an intermediate reaction step before the formation of carbonate
species or other zinc corrosion products [7,17]. The ZnO formation in
these experiments could be due to the reaction between zinc and dis-
solved oxygen that forms ZnCO3 in subsequent reactions with CO3

2- and
HCO3- ions. The oxygen could derive from the remaining dissolved
oxygen in the water or the air confined inside the cell.

The ex-situ spectra were taken after the experiments from the
sample surfaces without the measurement window. Both samples show
peaks at 1093 cm−1, 300 cm−1 and a new peak at 730 cm−1 which is
the ν4 antisymmetric bending mode of ZnCO3 [26]. The samples also
show a broad peak at around 570 cm−1 with an intensity that varied

Fig. 2. Schematic of the sample setup in the droplet tests.

Table 2
Sample conditions for the sessile droplet tests.

5 bar CO2 5 bar CO2

2 bar O2

22 °C Sample A Sample B

Fig. 3. In-situ optical images of Zn samples in wet scCO2 at 100 bar pressure and treatment temperatures of 40 °C and 60 °C. The circles indicate the area where the
Raman signal was measured (2 μm Raman spot size).
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independently compared to other peaks when measured from multiple
places. The presence of the peak is likely due to residues of the initial
corrosion product, ZnO, that did not react further to form carbonates.

The dark spatters that initially grew on the surface (Fig. 3) could be
corrosion pits where initial zinc corrosion products formed. It is un-
ambiguous from the 40 °C sample that ZnCO3 does eventually form in
the dark spatters either directly or through intermediate species, e.g.
ZnO, as a result of corrosion in wet scCO2. The growth of the carbonate
is also supported by the carbonate seen in the 60 °C sample even though
no signal was detected during the in-situ experiment. The amount of the
reaction products could likely be negligible for Raman to detect the
carbonate species until a sufficient amount formed.

The SEM images in Fig. 5 show the morphology of the carbonate
structures after the treatments in 40 °C (a) and 60 °C (b). Irregularly
shaped carbonate structures formed on the 40 °C sample similar to the
spherical structures with fine cubic features that we reported in our
earlier studies [11]. The 60 °C sample shows dark spatters on the sur-
face, which could indicate the initial stages of corrosion product for-
mation. Both the structures seen in 40 °C and darker areas in 60 °C were
identified with ex-situ Raman measurements as ZnCO3 with traces of
ZnO (Fig. 4). The EDS measurements showed the presence of only zinc,
carbon and oxygen in the structures in both samples (not shown).

Based on the SEM and optical images as well as the in-situ Raman
data, it is evident that the amount of reaction products is higher in the
40 °C sample compared to the 60 °C sample, which could be due to the
differences in the amount of dissolved water at different temperatures.
The absolute amounts of dissolved water in scCO2 (Fig. 6) in our
treatment conditions were calculated by implementing EOS-equations
derived by Spycher et al. [24].

The increased amount of dissolved water in the scCO2 phase will

likely enhance the formation of reaction products on zinc, which is
shown to be the case for steel in wet scCO2 atmosphere [29,30]. The
reaction dynamics of the carbonate formation could be affected by
thermodynamic considerations as well due to the temperature differ-
ence. However, corrosion studies of zinc at atmospheric conditions
show more corrosion in higher rather than lower temperatures, oppo-
sitely as observed in the scCO2 tests [7,31]. Therefore, the effect of
dissolved water amount is likely a more significant factor for the car-
bonate formation, although temperature itself might still have an

Fig. 4. In-situ and ex-situ Raman spectra of Zn samples in wet scCO2 at 100 bar pressure and treatment temperatures of 40 °C and 60 °C.

Fig. 5. SEM images of the Raman samples a) 40 °C and b) 60 °C.
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Fig. 6. The absolute amount of dissolved water in the scCO2 according to the
EOS-calculations using equations derived by Spycher et al. [24].
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impact on the reactions.
The in-situ FTIR experiments were performed with the same treat-

ment parameters and in the same pressure cell as the in-situ Raman
experiments. The goal of the FTIR measurements was to measure a
larger representative area (100μm×100μm) of the sample surfaces in
contrast to the single point measurements (2μm×2μm) done in the
Raman studies. Furthermore, the presence of dissolved water and liquid
water could be determined much more accurately. The FTIR spectra
were recorded in the range of 1150 – 2150 cm−1 for the treatments in
both temperatures. The measurement spectra after 10min can be seen
from Fig. 7. The peaks of CO2 shown in the spectra at 2000 – 2150 cm-1

are assigned to a combination mode of the OCO bend (ν2), and the
symmetric stretch (ν1) and the Fermi resonance peaks at 1387 cm−1

and mode 1281 cm−1 are respectively assigned to the symmetric
stretching mode (ν1) and the overtone of the OCO bending mode (2ν2).
The peak at 1607 cm−1 is from HOH bending mode of dissolved water
in the scCO2 phase [32]. At 10min treatment time, only CO2 and dis-
solved water were detected in the FTIR spectra.

The intensity of the dissolved water peak correlates directly with the
amount of dissolved water in CO2 [32]. It can be seen that the amount
of water is more significant at 40 °C compared to 60 °C, as discussed
earlier in the Raman results. By the same token, the intensity of the CO2

peaks put in evidence the lower density of CO2 at 60 °C (ρ(CO2, 60 °C)
=290 kg/m3) compared to 40 °C (ρ(CO2, 40 °C) =630 kg/m3) at the
same pressure. The 10-minute measurements were chosen as references

for the rest of the in-situ spectra since no other species were detected at
this point in the treatment. It was also a sufficient time to ensure
homogeneous mixing of the water into the scCO2. The final processed
spectra for the in-situ measurements at 40 °C and treatment times of 30,
60, 90 and 120min are shown in Fig. 8.

The 40 °C sample shows the emergence of a peak at 1390 cm−1 that
is typical for ν3 antisymmetric stretching of CO3

2- for ZnCO3 [26]. The
measurements show that the carbonate formation started between 60-
and 90-minutes holding times. Although FTIR or Raman signal of the
corrosion products was not detected in the early stages of the treatment,
the formation likely started earlier as visually observed from the in-situ
images (Fig. 3). Liquid water was not detected on the surface during the
treatment period. However, it is likely that a small water layer is pre-
sent on the zinc surface to enable carbonate growth. Due to prior ob-
servation about the insensitivity of Raman and FTIR to small amounts
of carbonates, the signal from a minute liquid water film on the zinc
surface could also be challenging to detect. The 60 °C sample did not
show any significant formation of carbonates in the FTIR spectra si-
milarly as in Raman tests (Fig. S1, supporting information). The FTIR
results are in good agreement with the earlier Raman measurements
and confirm that the carbonate forms similarly even on a larger scale on
the zinc surface.

In-situ FTIR spectra were also recorded during the depressurization
after the 120-minute treatment (Fig. 9). The influence of CO2 or dis-
solved water was not eliminated in these spectra so that the total be-
haviour of depressurization could be observed. Along with the wave-
number range 1150 – 2150 cm−1 also the OH-region between 3000 –
3500 cm−1 is presented.

The 40 °C spectrum shows a decrease in CO2 pressure as the peaks
2070 cm−1 and 1300 cm−1 reduce in intensity. The overlapping peak of
CO2 and ZnCO3 at 1390 cm−1 decreases in intensity when CO2 pressure
decreases. However, the peak remains after CO2 removal showing
ZnCO3 presence. The intensity of the dissolved water peak at
1607 cm−1 is decreasing accordingly, and a slight peak at 1650 cm−1

can be seen during 5−15min of depressurization. This peak corre-
sponds to the presence of liquid water which is further confirmed by the
emergence of a broad peak at 3200 cm−1 which is the vibration of OH-
groups in water [23]. Liquid water appears when the dissolved water in
the scCO2 phase starts to precipitate as water [33]. The precipitation of
water is a result of the decreasing solubility of water in scCO2 as the
pressure and temperature drop, especially below the supercritical point
(74 bar, 31 °C). As the saturation level of the dissolved water drops, it
starts to precipitate inside the pressure cell. Towards the end of de-
pressurization, the liquid water peak and OH-vibration have

1 1501 4001 6501 9002 150

60°C

40°C

Dissolved 
H2O

CO2
CO2

Fig. 7. In-situ FTIR spectra at 10-minute holding time of Zn samples in wet
scCO2 at 100 bar pressure and treatment temperatures of 40 °C and 60 °C.

Fig. 8. In-situ FTIR spectra at 30, 60, 90 and 120min holding times of Zn
samples in wet scCO2 at 100 bar pressure and treatment temperature of 40 °C.
The spectra have been processed by subtracting the 10-minute spectrum.
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Fig. 9. In-situ spectra of FTIR 40 °C sample during depressurization. Letter “D”
denotes dissolved water, and “P” precipitated water.
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disappeared. Water could not be detected after all CO2 had been re-
moved, and therefore no significant amount of the precipitated water
came in contact with the zinc surface. Consequently, the majority of the
precipitated water likely stayed in between the window and the sample
and had a negligible effect on the zinc surface. However, a thicker water
layer that forms with higher amounts of precipitation might affect the
zinc surface more significantly, which is studied in the following
chapter.

The XRD results of the Raman samples are shown in Fig. 10. The
XRD peaks indicate the presence of ZnCO3 and metallic zinc from the
substrate in all samples, which confirms the earlier Raman and FTIR
results. XRD measurements of the FTIR samples showed identical re-
sults. Since no other carbonate species was observed, the formation of
anhydrous ZnCO3 on zinc is the prevalent reaction in wet scCO2 phase.

3.2. In-situ sessile droplet tests (Raman)

We previously observed a needle-like zinc hydroxy carbonate spe-
cies in similar treatment conditions which did not form in the scCO2

tests performed here [10,11,34–36]. Higher amounts of water pre-
cipitation compared to this study have shown to impact the corrosion of
the sample surface in other studies during depressurization of scCO2

[29,37,38]. Therefore, the effect of a water layer on zinc in pressurized
CO2 was investigated further with sessile droplet tests. As dissolved
oxygen in water has been shown to affect the corrosion of zinc con-
siderably due to its significant role in cathodic action [7,39], the effect
of O2 gas addition was investigated as well.

The SEM images of the in-situ tests performed at 5 bar of CO2 and
22 °C (room temperature) are shown in Fig. 11. Sample A is without
extra oxygen and sample B with the addition of 2 bar of O2. Ad-
ditionally, the same tests were performed at 40 °C temperature. The
reaction conditions simulated the end of the depressurization phase of
the scCO2 treatments. A needle-like structure arranged in flower shapes
is observed in both samples. The needle-structure covers the entire
droplet area in sample B with oxygen, whereas some areas of the sur-
face of sample A remain exposed. The partial pressure of oxygen in the
reaction for sample B is ten times higher than for sample A that is only
exposed to one atmospheric pressure of air that remained in the cell
after CO2 addition. Consequently, the availability of the dissolving
oxygen in sample A diminishes, resulting in decreased reactivity due to
insufficient cathodic action. Sample A also shows the presence of
spherical structures on the zinc surface which might be hidden under
the needle structure in sample B. The needle structure was much more
prevalent compared to the spherical structure. The main difference in
the 40 °C samples (Fig. S3, supporting information) compared to the

22 °C samples was more presence of the spherical structure instead of
the needle structure. The morphology of the structures observed here in
this study is identical to species shown in our previous studies, where
the structures formed under scCO2 conditions [10,11,34–36]. Corrosion
products are not observed outside the droplet area without the presence
of water in the CO2 phase. As discussed earlier, the water dissolved in
scCO2 induced growth of ZnCO3 in the immediate proximity of the zinc
surface. Conversely, CO2 dissolved in a thick water layer resulted in the
growth of the needle-like structure. The needle-like structure protrudes
significantly from the surface [11] but not outside the droplet. There-
fore, a thick water film is required for the needle-like structure to grow,
which further explains its absence in the scCO2 phase.

Fig. 12 shows the in-situ optical images for samples A and B taken
from the middle of the droplet. Dark deposits appear rapidly on sample
B during the first 10min. In contrast, only small changes occurred in
sample A at the same time. Raman spectrum taken at 5min from the
middle of the image of sample B corresponds to ZnO (Fig. 13). Conse-
quently, the oxygen addition accelerated the corrosion process con-
siderably in the early stages of the test. However, both samples showed
considerable reactivity at 60min based on visual appearance.

The in-situ spectra of sample B are presented in Fig. 13. ZnO has not
formed without the presence of CO2 or O2 as seen from the first spec-
trum (No CO2) which is taken just before the introduction of the gases.
However, ZnO forms rapidly within the first 5 min of the experiment.
The presence of ZnO continues until 45min into the treatment without
the presence of other species. Subsequently, a peak at 1099 cm−1

emerges that was identified as the needle structure. The in-situ tests
confirmed that the formation of ZnCO3 also occurred in the later stages
of the experiment (Fig. S4, supporting information). The delayed for-
mation of the carbonates is consistent in all samples, which is likely due
to insufficient CO2 concentration early in the experiment. The diffusion
of CO2 is relatively slow in water [40] and limits the reaction for the
carbonate formation. The ZnO peak diminishes as the reaction pro-
gresses and disappears when the needle structure starts to grow. The
conversion of ZnO to carbonate indicates that ZnO acts as an inter-
mediate corrosion product, as was discussed earlier in the scCO2 sec-
tion.

The ex-situ Raman spectra of the structures in sample A are pre-
sented in Fig. 14. The results show the presence of peaks 300 cm−1,
730 cm−1 and 1093 cm−1 which correspond to ZnCO3 and a peak at
570 cm−1 previously identified as nanosized ZnO. The needle structure
had a different spectrum as the spherical structure with only a single
distinct peak at 1099 cm−1 that had a shoulder peak at 1049 cm−1 as
well as lower intensity peaks at 235 cm−1 and 390 cm−1. The spectra of
both structures were well in accordance with our earlier study on the
same structures [11].

The XRD of the needle structure and hydrozincite reference are
shown in Fig. 15. The spectrum does not match to any common zinc
hydroxy carbonates, i.e. hydrozincite. However, the spectrum closely
resembles structures zinc hydroxy carbonates synthesized by various
techniques in other studies [41–44]. These studies, as well as our earlier
characterizations, expect the chemical structure of the needles to be
hydrated zinc hydroxy carbonate of form Zna(CO3)b(OH)c·dH2O. How-
ever, the exact stoichiometric composition remains unknown.

Illustration of the reactions occurring inside the droplet is presented
in Fig. 16. Three main reactions take place in the formation of the re-
action products.

1 Zn2+ dissolution (Anodic reaction)
2 O2 dissolution (Cathodic reaction)
3 CO2 dissolution resulting in the formation of carbonic acid

Zinc dissolution is required for any zinc corrosion product forma-
tion. This anodic activity must be balanced by a cathodic reaction that
could be either hydrogen gas evolution or dissolution of oxygen from
the surroundings. The common cathodic reaction for corrosion of zinc is

Fig. 10. XRD spectra of in-situ Raman samples. The unmarked peaks are
characteristic of metallic zinc.
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typically oxygen dissolution according to earlier studies [7,8,45,46]. As
the oxygen dissolves, it reacts with water and produces hydroxyl-ions
(OH−). The drastic effect of oxygen seen in sample B supports the ac-
celerative effect on the reactions as a result of increased cathodic action
that leads to Zn2+ ion dissolution. Some hydrogen evolution could also
be possible due to acidic conditions and much lower availability of
oxygen in sample A. The oxygen dissolution in the droplets occurs at the
outer edge which usually results in higher cathodic activity and

alkalinity at the edge of the droplet. Conversely, oxygen depletion and
its insufficient diffusion rate to replace the oxygen causes higher anodic
activity in the middle region of the droplet [45–47]. As was seen from
the SEM images (Fig. 11), more needle structure concentrated at the
edge areas rather than the middle of the droplet. As the oxygen content
in sample A is limited, the reaction is likely to occur at the edges where
is better availability of all reaction constituents, CO2 and O2.

As the Zn2+ ion concentration increases inside the droplet, they

Fig. 11. SEM images of the droplet experiment of sample A and sample B. The upper droplet image (Sample A) shows where the middle and edge droplet images were
taken. The left and right images show the higher magnification images of the middle and edge of the droplet, respectively.

Fig. 12. In-situ optical images of sample A and sample B from the middle of the water droplet.
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start to react together to form ZnO. It is commonly known that also zinc
hydroxide (Zn(OH)2) is one of the main corrosion products of zinc that
could form either before, after or simultaneously with ZnO [7,48,49]. In
a study by Ohtsuka et al., they detected the formation of both ZnO and
Zn(OH)2 by in-situ Raman investigations in atmospheric conditions
[14]. However, the measurements in our study did not detect Zn(OH)2.
Since high CO2 concentration leads to acidic conditions with approx-
imate water pH of 3–4 [50], the absence of Zn(OH)2 precipitates could
be due to high CO2 concentration as it is more stable at alkaline con-
ditions [51,52]. After the formation of ZnO, it likely reacts with the
dissociated carbonic acid to form ZnCO3 and Zna(CO3)b(OH)c·dH2O.
The conversion of ZnO to carbonates is further supported by a study
where ZnO powder was converted into zinc hydroxy carbonate under
humid CO2 atmosphere [53]. The reaction could proceed by either re-
dissolution and precipitation, or directly with the HCO3

− and CO3
2-

ions [54].
The needle structure was the prevalent reaction product compared

to ZnCO3 in room temperature. Similar zinc hydroxy carbonate struc-
tures have been shown to be more stable compounds in lower tem-
peratures [42]. Furthermore, Hu et al. showed the formation of similar
needle structures in lower temperatures but resulted in spherical
structures, similar to ZnCO3, in higher temperatures when anodizing

zinc foils [55].
Diffusion of the gaseous species, CO2 and O2, crucially affects the

supply of the ionic species required for the formation of the corrosion
products in the droplet experiments. The initial reactivity of the surface
was significantly accelerated when O2 was added due to increased
cathodic activity that facilitated Zn2+ dissolution. Nevertheless, mainly
ZnO was present in the early stages of the experiments with only little
carbonates formed. The diffusion of CO2 limits the carbonate formation
and only in the latter part of the experiment, the carbonates started to
fully develop. Although diffusion is an essential factor in the droplet
experiments, it has less effect in the depressurization phase of the scCO2

treatments where the precipitation of water could result in carbonate
formation as well. During depressurization, the droplets forming from
the precipitated water are immediately saturated by the surrounding
gases because of their small size [56]. Consequently, more rapid for-
mation of the carbonates as seen in our previous studies is possible
during the depressurization phase of the scCO2 treatment compared to
the droplet experiments shown in this study [11,34–36].

Fig. 13. In-situ Raman measurements of sample B from the middle of the water
droplet (centre of Fig. 12).

Fig. 14. Ex-situ Raman spectra of sample A (22 °C with CO2).

Fig. 15. XRD spectrum of the needle structure (with residual metallic zinc)
separated from the surface. The spectrum of hydrozincite is presented as a re-
ference.
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4. Conclusions

The effect of wet scCO2 treatments on zinc surfaces was investigated
with in-situ optical imaging, Raman and FTIR. The study aimed to
obtain an overview of the reactions involved in the formation of cor-
rosion products in scCO2 phase and the following depressurization in
the pretreatment. It was also shown that Raman and FTIR suited well
for the in-situ characterization of the corrosion products and reaction
kinetics.

The tests in wet scCO2 showed the growth of ZnCO3 and a presence
of ZnO on the zinc surface during the treatments. According to the
optical images, distinct dark spatters appeared on the zinc surface as
initiation points for the corrosion products and gradually increased in
quantity as the treatment progressed. ZnCO3 eventually formed on
these areas. This behaviour was homogeneous throughout the surface,
which was confirmed by the FTIR results and SEM observations. The
ZnCO3 formation was more prevalent in 40 °C compared to 60 °C due to
the higher amount of dissolved water in the scCO2.

The dissolved water in the scCO2 phase precipitated as a liquid
water layer during the depressurization of the cell. Thus, in order to
simulate the depressurization phase in the scCO2 treatment, the effect
of liquid water on the zinc surface was investigated further by sessile
droplet tests at lower temperatures and pressures. ZnO formed in the
initial stages of the experiments. As the experiment progressed, the
droplet tests showed the growth of ZnCO3 and a needle-like structure
that was not observed in scCO2. Initial ZnO formation followed by
carbonate formation could indicate the conversion of the ZnO to the
carbonate structures. The role of oxygen was important for the reaction
as it significantly increased the rate of zinc ion dissolution by enhancing
cathodic action. The carbonate species formed only in the later stages of
the experiments, which was likely due to a limited rate of CO2 diffusion.
However, the diffusion rate is not expected to be a limiting factor in the
depressurization phase of scCO2 treatment due to much shorter diffu-
sion lengths and continuously increasing droplet size.

The presence of a water layer is paramount for the formation of both
carbonate structures. Although the role of scCO2 phase is less pro-
nounced for the actual carbonate formation, it enables the growth of the
carbonates as well as the contact of the precipitated water to reach all
surfaces throughout the cell volume during the depressurization.
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