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Abstract

Climate change is always attributed to the rise in temperature and emission of gases like CO2,
and the latter is largely responsible for ocean acidification. The impact of ocean acidification
is widely studied on marine organisms but not on the fate of marine materials exposed in the
ocean. The present study aimed to assess the electrochemical characteristics of BIS 2062 boat
building carbon steel due to the acidification of seawater. Electrochemical characteristics of
steel were studied using acidified natural seawater (pH 8.05 to 6.50) as an electrolyte. Severe
degradation of steel has occurred when the pH of seawater decreased from 8.05 to 7.90 thereby
shifted the corrosion rate by 0.61 to 1.56 mm yr™. This was further aggravated with the severity
of acidification. Results of the electrochemical impedance spectroscopy corroborated the
findings of linear polarisation and also proved the formation of varied forms of FeOOH layers.
The results strongly suggest the need for detailed study and redesign of marine materials in

tune with ocean acidification.
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1. Introduction

Climate change to a greater extent is attributed to the rise in temperature and emission of gases
like carbon dioxide. The rise in temperature leads to global warming and emission of carbon
dioxide to ocean acidification. The rapid dissolution of carbon dioxide in seawater decreases
the pH of the seawater by increasing the H* ion concentration thereby reducing the carbonate
ion formation, and hence saturation of biologically important calcium carbonate [1,2]. The
whole process is described as ocean acidification. Fossil fuel combustion in the post-
industrialization era has increased the proportion of carbon dioxide in the atmosphere and this,
in turn, resulted in the drastic reduction of pH of oceanic surface waters [3-5]. Oceans act as a
sink for 50% of the atmospheric CO. after post-industrialization and the same situation is still

continued thereby rising the atmospheric CO2 (pCO3) level [6,7]. Marine ecosystems are
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sensitive towards increased H* ion concentration, as it is distinctly evident from the dissolution
of calcium carbonate from calcareous marine animals [8,9]. The secondary and tertiary impact
is the changes in organic matter fluxes and the development of oxygen minimum zones [10].
Increased H* ion concentration not only enhances the dissolved HCOs™ ions and reduces CO3z*
but also decreases the unprotonated ligand-binding sites in the oceanic waters, this will
decrease the binding of toxic and nutrient metals [11]. The reduction in carbonate ion
concentration is normally associated with the decrease in buffering capacity and biologically

available calcium carbonate in the ocean.

The post-industrialization era had added anthropogenic CO: in the ocean leading to a decrease
in pH of 0.1 units throughout the globe [12], and this trend is being continued by a decrease in
pH at the rate 0.002 unit yr! [13]. The rate varies in different regions depending on the
buffering capacity of the seawater [14]. Fossil fuel and agriculture waste burning will enhance
the production of strong acids like nitric and sulfuric acids in the atmosphere and also slightly
influence the rate of ocean acidification [15]. LeQu’er’e et al. [12] described the pCO; after
post-industrialization has reached a value of 400 patm, out of which 120 patm was added within
the last 150 years. Interestingly, 50% of pCO2 was emitted during the last 40 years. This was
considered as the highest change in the atmosphere for the last 800000 years. The current
addition of pCO2 in the atmosphere is > 2 patm yr ! and never expected to bring down the
pCO: level to 400 patm [16]. Land and ocean plays an important role in attenuating the CO>
generated anthropogenically and it was about 50% [17]. The largest reservoir is ocean surface
which takes down to deeper layers due to ocean currents. Sea surface CO; equilibration takes
about 6 months which is faster when compared with that was before 100 years. The major
impact of ocean acidification, on calcified organism is the loss of shell thickness, density and
strength [18-21]. The impact varies with organisms, shell parts and age of the shell [21]. Not
much study has been conducted to understand the impact of ocean acidification in man-made

structures like floating vessels and underwater structures.

Fishing boats are constructed mainly using BIS 2062 carbon steel, currently. The life of a
fishing vessel is about 20 to 25 years. The fishers started experiencing the shortage of fish to
harvest due to the impact of climatic changes and they are not much aware about the recent
topics like ocean acidification, which is also a part of climate change. Material degradation due
to acidification is an important challenge before them as most of the marine-grade steels were

developed and designed to withstand the seawater pH ranging 8.00 to 8.50. It is important to



investigate the impact of ocean acidification on marine materials like steel. Liao et al [26]
studied the fatigue due to pH and temperature and showed that the corrosive pH will decrease
the fatigue life of Q345qD steel. Metal glassy alloys exposed in artificial seawater with varying
pH inferred that the Cr content in the metal alloy has higher corrosion resistance than non-Cr
alloys [23]. The hydrogen embrittlement study on TMCP 80 pipeline showed the hydrogen
diffusion coefficients were increased with the increasing negative shift of potential in natural
and acidic seawater [24]. Pitting corrosion was more evident in acidic seawater than natural
seawater. Acidic pH and negative shift of potential helped to diffuse more hydrogen to the
inner layers of the metal [24]. Acid-producing bacterial influence on corrosion over Q235 steel
was studied and found that these bacteria form thick biofilm over the steel surface which
enhanced the corrosion of the steel by forming an inner layer of Fe3O4 film [25]. Impact of
ocean acidification on marine organisms was studied by flowing carbon dioxide gas to large
tanks containing natural seawater. Mass flow controllers were used to optimize the CO> flow
to attain the required pH in tanks. The oceanographic researchers relied on spectroscopic pH
measurement in most of their experiments and it provides higher sensitivity than usual bulb pH
measurement. Limited studies has been conducted by modifying the pH of natural seawater
using COz on corrosion characteristics of marine-grade metal alloys. The present study is
carried out to understand the electrochemical characteristics of BIS 2062 carbon steel by

exposing it in the natural seawater with varying pH.

2. Materials and methods
2.1. Materials

Surface seawater was collected from 10°00.557°N, 076°10.184"E off Cochin. Reagents like m-
cresol purple dye and acetone were procured from Merck India Ltd. The carbon steel BIS 2062
was purchased from KSINC Boat yard Ernakulam. The carbon dioxide with 95% purity was
sourced from Ernakulam. The steel coupon was polished by using SiC papers serially upto
1000 grits.

2.2. pH of sea water using spectrophotometer

The pH of the seawater was measured through spectrophometric method outlined by Dickson
et al [26]. The pH of the seawater was determined by adding m-cresol purple in the seawater.

The reaction is expressed as



Hl'(aq) = H*(@q) + 17(ag) ~  .eeevereeeenenen 1

pH = pK(HI) + log[1Z)/[HIT]  ceeeeeeenenene 2

Where | is the indicator dye. A detailed description of the principal and method is available in
Dickson et al [26]. The spectrophotometric measurement of seawater is done by using
Shimadzu 2450 double beam UV visible spectrophotometer by scanning the seawater in three
wavelengths, viz., 730 nm form cresol purple, 578 nm as absorption maxima for the base and
434 nm absorption for the acid forms. Measured the UV-Vis absorption of the seawater without
adding the dye and with 0.05 ml of 2 mmol I dye solution having pH 7.9 + 0.1 in a 10 cm long
path cell. The absorption ratio of base and acid component (A1/A2) provides information on
the extent of protonation due to dye. The spectrophotometer analysis was done after baseline
correction and all measurements were carried out at 25 + 2°C. The pH of the seawater was
calculated using the equation

pH = pKat+logio(A1/Az- X)I(Y — ((A1/A2) Z)) ceevevninennne 3
Where
X = g1(HI/e2(HI) =0.00691
Y = e1(1?)/e2(HI) = 2.2220
Z = £(1?)/ea(HI)  =0.1331
pKz = (1245.69 (T / K)) + 3.8275 + 0.00211(35 -S)

¢ is the extinction coefficient of different ionic species. A1 and A; are the absorption maxima
of base and acid forms. The equilibrium constant pK: is the function of salinity and
temperature. Corrected (AyA2) value to zero dye effect using equation 4. V is the volume of
the dye solution pipetted. T/K is the temperature in K and S is the salinity in psu.

(Ar/A2)corr = (A1/A2) - V[a + b(A1/A2)]ceeeeernrennnnnnns 4

= (A1/A2) — 0.05[0.125-0.147(A1/A2)]

Final pH was calculated using the equation by incorporating the constants and corrections using
Microsoft Excel spreadsheets.
Seawater collected from the 10° 00.557°N, 076°10.184'E of Kerala coast is used in this

experiment. Salinity of the original seawater was determined to be 35.58 by using conductivity
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meter. Seawater is acidified by passing the CO2 gas from the carbon dioxide cylinder. Prepared
the seawater having varied pH, viz., 7.9,7.8, 7.7, 7.6, 7.5, 7.3, 7.0, and 6.5. and maintained by
controlling the flow of CO» gas manually. Spectrophotometrically the pH was measured and
the same was compared by using CRM calibrated glass electrode pH meter (Eutech Instruments
Model. PC 2700). All the experiments were conducted at 25+2°C.

2.3. Electrochemical studies

Electrochemical measurements were carried out by using Metrohm 302N Potentiostat with
FRAZ2 impedance spectroscopy module. Ag/AgCl (3M KCI), platinum rod and BIS 2062 steel
were used as reference, counter, and working electrode for measurement. Natural seawater with
varied pH was used as the electrolyte. The linear polarization studies were carried out by
exposing the steel in electrolyte for an hour and scanned 0.5 V + of open circuit potential with
a potential scan rate of 0.001 V s*. Tafel plots were drawn and data were derived by using
Metrohm Nova software. Electrochemical impedance spectroscopic evaluation was carried out
at open circuit potential after 30 min exposure in the electrolyte. The EIS scan was done from
100 kHz to 0.1 Hz at 6 decades. The resultant data were analyzed by using Nova software after
fitting with the Randles equivalent circuit model. The whole experiment was repeated at least
three times with fresh coupons at 25 + 2°C.

3. Results and discussion
3.1. Optimisation

The challenge was the acidification of natural seawater and optimization of CO> gas flow rate
for getting the desired pH. The natural seawater pH used in the present study was 8.05 and the
same water was used throughout the study. Prepared three different pH modified seawater,
namely 7.90, 7.50, and 6.40. Monitored the change in pH with time due to the buffering
capacity of seawater (Fig 1). The rate of change of pH was 0.004, 0.008 and 0.02 units per hour
respectively for pH 7.90, 7.50 and 6.40. When pH was near to the original seawater pH (8.05),
returning to the initial pH was a slow process, whereas the acidic pH, it quickly returned to the
original pH. This indicated that the experiments carried out under low pH scenarios should be
conducted with care due to faster pH variation. Compared the pH values of acidified seawater
by using spectrophotometric and glass electrode pH meter methods. The pH recorded by the
spectrophotometer and glass electrode pH meter covaried (Fig 1) and the pH value obtained

from the spectrophotometer showed a little lower value than that obtained from glass electrode
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pH meter. The linear relationship between the above instruments was y = 0.8761 x + 0.8726.
In all our preceding experiments the reference pH was taken from spectrophotometry. It was
not successful to optimize the CO> flow rate to maintain the specific pH for longer days in a
smaller tank (5-10 liter), since the pH difference between the original seawater pH and

experimental pH required was very narrow.

3.2. Linear sweep voltammetry

Corrosion of boat building, carbon steel BIS 2062 under varying pH was studied through linear
polarization studies. The steel samples of 1 cm? area were exposed in the seawater having pH
8.05 to 6.5 with an accuracy of £0.02. The linear sweep voltammetric data were presented in
Fig 2. The corrosion potential (Ecorr), corrosion current density (Icorr), polarization resistance
(Rp) and corrosion rate was ranged from -0.879 + 0.009 to -0.829 + 0.045 V, 5.287 x 10° +
5.32x107° to 1.74x10* + 7.15x10° A cm™, 2850 + 1217 to 658 + 359 Ohm cm? and 0.614 +
0.618 to 2.420 + 1.587 mm yr? respectively. The Ecorr values shifted towards the more
cathodic side on decreasing the pH of the seawater. The lowest corrosion current density was
shown at pH 8.05, it was increased with decreasing pH. The highest corrosion current density
was exhibited at pH 7.00. Polarization resistance also followed a similar reverse pattern since
they are inversely related. This indicated that the decrease in pH or ocean acidification makes
the steel more stressful and susceptible to higher corrosion rate. 0.15 unit of pH decrease from
8.05 pH made about a 50% increase in corrosion current density and a 45% decrease in
polarization resistance. This shows that the material will undergo severe corrosion by a small
unit change of pH. The corrosion rate was also shown in a similar pattern. The corrosion rate
was related to the corrosion current density and it was found that the rate of corrosion was
increased from 0.61 mm yr to 1.56 mm yr! by decreasing the pH from 8.05 to 7.90. Similarly,
at pH 7.5 the corrosion rate increased to 2.26 mm yr, and the value was 3 times higher than
the current corrosion rate. The result showed an alarming scenario of marine materials under
changing ocean pH. Since the pH of oceans already underwent 0.10 units lower after the post-
industrialization era and currently, it has changed from 0.002 to 0.003 or higher unit per year
[13, 27]. This implies that there will be an expected a change of seawater pH about 0.10 units
in the next 1 to 2 decades. Generally the materials for marine purpose was designed to work
the pH between 8.0 to 8.5. It is to note that the life of a steel boat is 20 to 25 years. The steel
will undergo increased degradation year by year due to ocean acidification, since the pH was

decreasing at the rate of pH 0.002 units. The changing climate scenario stressed to redesign



marine-grade steels to combat degradation. Electrochemical impedance spectroscopy

evaluation can provide the mechanism of reaction due to ocean acidification.

3.3. Electrochemical impedance spectrometry

Electrochemical impedance spectroscopy of materials enables to understand the
electrochemical characteristics of complex systems. The impedance experienced over an
electrode is expressed as a complex number represented by a Nyquist plot where imaginary (-
Z”) vs real (Z’) part can be plotted. Electrochemical impedance spectral characteristics of
carbon steel were studied by exposing it in different seawater pH. The resulted data was fitted
with simple Randle’s equivalent circuit model (Rs (C1 [R1(R2C2)]) where Rs is the solution
resistance, R1 and R2 was the polarization resistance at high and low-frequency domain and
Cl and C2 are constant phase element (CPE) at high and low-frequency domain
(Supplementary Fig S1). The CPE was incorporated for best fitting instead of an ideal

capacitance. The CPE is expressed by
Zcpe =1/ A(jo)"

Where j = (-1)¥?2, angular frequency o=2xf, and A and n are frequency independent fit
parameters. The n is CPE power, which varied from 0.5 to 1. When n = 0.5, it is Warburg
impedance and n=1 implies an ideal capacitance. All impedance plots in the current experiment
exhibited n value almost equal to 1, which indicated an ideal capacitance. The high frequency
(HF) domain of the Nyquist plot highlighted the charge transfer process and the low frequency
(LF) domain was responsible for the mass transfer process. The results of the impedance
spectra is presented in Fig 3. HF domain polarization resistance, R1, and constant phase
elements, C1, varied from 45.23 + 26.78 to 105.63 + 25.25 Ohm cm? and 1.53x10% + 6.45x10°
10 to 1.80x10® + 1.52 x10® F respectively. Whereas in the LF domain, the R2 and C2
respectively ranged from 156 +57.7 t0 564 + 171 and 1.1x10 + 4.15 x10° t0 5.14 x10° +2.79
x102 F. Two distinct semi-circle representing high and low-frequency domain showed the role
of outermost and inner layers of the steel matrix. The higher diameter of low-frequency domain
signifies the polarization resistance of the internal layer. Internal layer characteristics have a
prominent role in corrosion inhibition. The fitted data highlighted that the outermost layer of
the matrix exhibited higher polarization resistance and lowest capacitance. The increased
polarization resistance in HF domain is due to the thickening of the outermost metal oxide film

present in the matrix. This may be due to the effect of reduced pH and increased H* ion



concentration in the electrolyte solution [28]. The outermost layer tries to protect the matrix by
preventing the attack of corrosives to the internal layers. The charge transfer and diffusion
process are more simplified in the outermost layer because this layer was very weak, porous
and highly susceptible to corrosion in aggressive environment [29].

Highest polarisation resistance (R2) in the low-frequency domain was showed at pH 8.05 and
on acidification of the seawater, the steel exhibited decreased polarization resistance. Similarly,
the capacitance was lowest for metal exposed in pH 8.05 and on acidification, the C2 was
increased except in the case of metal exposed in pH 7.0 electrolyte. On decreasing the pH, the
internal layers of the steel matrix underwent higher stress due to the presence of increased H*
ions and hence the lower polarization resistance. This may probably due to increased thickness
of the outermost layer, however, the layer has more cracks and pores [29]. This enabled the
penetration of corrosives into the internal layers leading to degradation. The results were
corroborating with the results of linear sweep voltammetry data. Nyquist plots of all the
samples in different pH exhibited interesting Nyquist curves (Fig 4). The pH 8.05, 7.90, 7.80
and 7.70 exhibited Nyquist plots with two distinct HF and LF domains. The intersection of HF
and LF showed a V-shaped curve with wider angles than pH 8.05. Among them highest was
55°, exhibited at pH 7.90, and this showed the internal layer and outer layer has low interaction
and independent behavior (Supplementary Figure S2). Further reduction of pH to 7.6 and 7.5
exhibited the development of a medium frequency domain immediately after the HF curve
apart from HF and LF. The angle between HF and LF was 60 and 52° respectively and the
intersection was V-shaped with a wider tilt towards the LF region side, due to the formation of
a medium frequency domain. This showed the development of a new corrosion product layer
with different molecular characteristics formed along with the internal layers. This layer might
be denser with continuous low-density cracks and pores [29]. This led to the accumulation of
chloride ions near this layer and hence the internal matrix layer was highly susceptible to
corrosion [30]. The HF region exhibited two fragmented curves due to further decrease of pH
to 7.30, 7.00, and 6.50 and these indicated two different molecular characteristics in the
outermost layer. The angle between HF and LF was 65, 43 and 54° respectively. The HF and
LF intersection were not conical instead a wider base (U shaped), which clearly inferred that
the two outermost thin film layers are independent and have no interaction with the internal
matrix (Supplementary Fig S2). Probably the above said new medium frequency domain layer
in the internal matrix was moved up and joined with the outermost layer [29,30]. The Nyquist

plot of pH 7 was specific and it was different from the other pH. The medium frequency domain
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and inductance behavior represented the adsorption of the oxygen-derived intermediate on the

cathode or CO poisoning on the anode® due to the lower pH.
3.4. Mechanism of corrosion

The boat building steel BIS 2062 underwent increased corrosion on acidification of seawater.
The steel surface has a natural mill scale comprised of iron (11 and I11) oxides. This outermost
layer has cracks and pores, and highly susceptible to corrosion in aggressive marine
environments. On reducing the pH of the seawater OH™ ion concentration decreases and
increases the H* ion concentration in the seawater electrolyte, this enabled the thickening of
outermost layer with B-FeOOH and partly y-FeOOH [32]. The electrochemical process
involved was anodic liberation of Fe ion and cathodic reduction of H" ion. The steel matrix
was covered with Fe (111 or 11) oxides FesO4 or Fe,O3 and then Fe?* was hydrolyzed to FeOOH,
mainly B and y forms. This layer has prevented the intrusion of corrosive CI™ ion which was
clearly evidenced by the higher polarization resistance [29], and the phenomenon has shorter
life. Further lowering of pH of seawater, led to the formation of a thin inner layer of a-FeOOH
was—formed just above the internal matrix due to the increased H* ion concentration.?® Its
composition was similar to akageneite [29]. The result needs further studies to understand the
exact composition. This layer facilitated the increased accumulation of CI” ions in the vicinity
through slow penetration into the internal layer and hence increased corrosion. These results
highlighted the unique behavior of carbon steel below pH 8.00 and it needs more attention as

the ocean pH is decreasing year by year.

3.5. Impact of ocean acidification

Post industrialization era witnessed a decrease of 0.1 pH unit and expected a change of 0.1 unit
from the next 1-2 decades [13,28]. Linear polarization studies showed a decrease in pH of 0.15
unit from the natural pH of seawater and exhibited 2.5 times higher corrosion rate than the
present scenario. Similarly, 2.01, 1.58, 3.20, 3.70 and 3.30 times higher corrosion rate were
obtained at 7.80, 7.70, 7.60, 7.50 and 7.30 pH respectively. This study implies that 1 cm thick
carbon steel will disappear after 4 years if pH decreased from 0.15 to 0.30 units. Further
decrease in pH can deteriorate of carbon steel faster. These results showed the urgent need to
undertake research on the development of new materials, which can combat changing climate

and ocean acidification. A large number of materials holding sensors, underwater pipelines,
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cables, and artificial underwater habitats has already been deployed in World Ocean and

stability of these materials are under risk in the coming decade due to ocean acidification.
3.6. Conclusions

Climate change is largely attributed to the rise in temperature and the emission of gases like
carbon dioxide. The rise in temperature leads to global warming and emission of carbon dioxide
to ocean acidification. The impact of ocean acidification in BIS 2062 was evaluated by
exposing the steel in varied seawater pH conditions. The results showed the corrosion rate was
increased 2.54 times by changing pH from 8.05 to 7.90. The results were further affirmed by
electrochemical impedance spectral studies. The corrosion rate of steel was increased due to
the thickening of outer layer and further lowering in the pH can increase the interaction of H*
ion with internal layers resulting in the formation of a-FeOOH. The study highlighted the
immediate need for redesigning the marine steel alloys to mitigate ocean acidification. Further
studies should be undertaken on the impact of ocean acidification on various metal alloys, and

polymeric materials which are already been deployed in the ocean.
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8.5 Change in pH vs time
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Fig 1. a) Change in pH of seawater under different pH. B) Linear relationship of the seawater
pH recorded under different pH through pH meter and spectrophotometer.
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Fig 2. A) Linear sweep voltammetric data of steel under different pH conditions. B) Tafel plots
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Fig 3. A to D) EIS data derived from Randles equivalent circuit model . R1 and R2 signifies
the polarization resistance in the high and low frequency domains of Nyquist plot. The C1 and
C2 shows the constant phase element of High and low frequency domains. E) The Nyquist
plots of steel exhibit under different pH seawater. F) the high frequency domain of Nyquist
plot.
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Simple Randle's equivalence circuit model
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Supplementary Figure S1. A) Randle’s equivalent circuit model and B) Fitted circuit in the
Bode plot. The dotted line is bode curve and the line represent fitted curve as per Randle’
equivalent circuit.
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Supplementary Figure S2. Response of HF domain under varied pH.
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