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environments, demanding highly efficient and sustainable corrosion
inhibitors. Conventional inhibitors often pose environmental and health
risks, underscoring the urgent need for green, non-toxic alternatives. This

study investigates the efficacy of carboxymethyl cellulose (CMC) as an

environmentally friendly corrosion inhibitor for mild steel in seawater. The
Keywords:
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mild steel, EIS

methodology involved Fourier Transform Infrared Spectroscopy (FTIR) to
classify functional groups while Electrochemical Impedance Spectroscopy
(EIS) and Potentiodynamic Polarisation (PdP) to evaluate corrosion inhibition
efficiency. FTIR confirmed critical molecular interactions enabling cellulose
dissolution and enhanced inhibitor performance in CMC, lonic Liquid
(IL), and Cellulose Ionic Liquid (CIL), highlighting molecular interactions
that help cellulose dissolution in IL, facilitated by hydrogen bonding and
metal complex formation through nitrogen atom’s lone-pair electrons. EIS
revealed outstanding inhibition efficiency of up to 94%, marking a significant
inhibitory effect. PdP validated the dual anodic-cathodic suppression,
achieving up to 92% efficiency with optimal performance at 40 to 60 ppm.
Predictive analysis using Recurrent Neural Networks (RNN) indicated that
GRU outperforms LSTM as the RMSE is lower by approximately 3.81 units.
It emphasises the suitability of this model for modelling impedance behaviour
in this study. Overall, these findings establish CMC as a highly promising
sustainable inhibitor, offering substantial protection for mild steel in marine
application and advancing the integration of green chemistry with intelligent
computational modelling.

© UMT Press

Introduction

Mild steel is a widely employed material in components. However, a major limitation

marine industries and equipment manufacturing
globally such as shipbuilding, offshore, and
power plant. Its affordability, durability,
hardness, and ease of fabrication, make it a
preferred choice for producing equipment

of mild steel in industrial applications is its
tendency to undergo corrosion (Habeeb et al.,
2018). This issue continues to pose a significant
challenge for corrosion specialist (Abdel-
Gaber et al., 2020). Corrosion in seawater

Journal of Sustainability Science and Management Volume 21 Number 6, June 2026 1354-1369



INVESTIGATION OF CMC AS CORROSION INHIBITOR

environments is  particularly  aggressive
attributable to the chloride ions, which
accelerate the electrochemical reactions, leading
to metal degradation. It is a major concern
for industries like shipping, offshore oil and
gas, and coastal infrastructure due to the high
salinity, oxygen content, and biological activity
in seawater. Several studies have confirmed
that chloride ions in seawater accelerate both
anodic and cathodic reactions, leading to rapid
deterioration of mild steel surfaces. Khamis et
al.(2016) demonstrated through electrochemical
impedance spectroscopy that seawater exposure
results in significant charge transfer processes.
To mitigate this problem, corrosion inhibitors
are widely used in the marine industry as an
economical and environmentally friendly
approach to corrosion control (Haque et al.,
2023).

These inhibitors are chemicals introduced
into a corrosion system to mitigate the corrosion
rate of metal equipment (Olajire, 2017). Several
categories of corrosion inhibitors exist including
organic inhibitors, inorganic inhibitors, and
mixed inhibitors. Inorganic inhibitors are
frequently applied to control corrosion, but they
are typically associated with toxicity (Hossain et
al., 2021). A significant issue with conventional
inhibitors is their potential harm to both the
environment and human health, as many are
nondegradable and poisonous. To mitigate
these risks, strict international regulations
must be enforced to control the use of harmful
inhibitors (Koch et al., 2016). Organic green
corrosion inhibitors, which should match the
efficacy of conventional inhibitor in reducing
corrosion rates and protecting metal, offer a
more sustainable alternative (Reza et al., 2021;
Nik et al., 2023). Biopolymers such as starch,
chitosan, and cellulose derivatives have been
widely investigated as eco-friendly inhibitors
due to their biodegradability and strong
adsorption capacity. Abdel-Gaber et al. (2020)
reported that natural polysaccharides effectively
reduce corrosion rates of mild steel in chloride-
rich environments, while Huang et al. (2022)
highlighted that cellulose-based inhibitors
provide comparable efficiency to conventional
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synthetic inhibitors without environmental

drawbacks.

Carboxymethyl cellulose (CMC) is an
effective organic corrosion inhibitor, widely
recognised for its environmentally friendly
properties (Verma et al., 2024). CMC has
attracted significant interest due to its unique
chemical structure, which features several polar
functional groups such as carboxyl and hydroxyl
groups, enhancing its adsorption capacity
(Rahman et al., 2021). Additionally, CMC, as an
anionic environmentally friendly polymer, offers
further advantages such as low cost, non-toxicity,
and water solubility (Akhlaq er al, 2023).
CMC is also known for its biodegradability,
enhancing adsorption onto metal surfaces and
functions as both thermodynamic and kinetic
inhibitor, depending on its molecular weight
and formulation (Macedo ef al., 2019; Voloshin
etal.,2021).

Machine learning serves as a valuable tool
for predictive analysis, offering significant
advantages over relying solely on experimental
data (Zhong et al, 2021). For instance, a
specific type of artificial neural network
known as Recurrent Neural Networks (RNNs)
are established to cater time series data or
sequential data. RNNs are trained to generate
predictions at each time step by utilising current
input and information from previous time
steps. For example, RNNs have been utilised
to predict polarisation resistance trends (Huang
et al., 2022), while Thiyagalingam et al. (2022)
emphasised the role of deep learning in reducing
experimental workload.

In this study, CMC was chosen as a
corrosion inhibitor, mild steel was used as a
substrate, and seawater was opted as a corrosion
media. Mild steel was selected as the substrate
in this study because of its widespread use in
shipbuilding, offshore structures, and power
plant components where cost effectiveness and
mechanical strength are critical while seawater
was opted as a corrosive medium due to its
aggressiveness towards steel corrosion. The
inhibitive behaviour of CMC was characterised
via Electrochemical Impedance Spectroscopy
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(EIS). The EIS data were then used to predict
real impedance through the application of
Recurrent Neural Networks (RNNs). Two
specific architectures, Long Short-term Memory
(LSTM) and Gated Recurrent Unit (GRU)
were employed in this predictive analysis. The
novelty of this work lies in the integration of a
sustainable corrosion inhibitor with advanced
recurrent neural network architecture (LSTM
and GRU) to predict real impedance behaviour
from EIS data, underscoring its importance
in bridging green materials research with
intelligent computational modelling.

Materials and Methods
Mild Steel Preparation

The test specimens, composed of mild steel with
dimensions of 25 mm X 25 mm x 3 mm were
employed as substrates in the solution. Mild
steel surfaces were polished using a grinding
and polishing machine with emery papers of
grit sizes 80, 120, 240, 360, 600, and 1,000.
Subsequently, the specimens were cleaned with
acetone and rinsed with distilled water. Finally,
the samples were dried and stored in a desiccator.

Preparation of CMC as a Corrosion Inhibitor

Numerous researchers have proposed methods
that combine environmentally friendly solvents
with biodegradable materials to benefit both
the environment and consumers (Zhang et
al., 2021). In this experiment, CMC, a natural
polymer was dissolved in the ionic liquid
solvent, 1-ethyl-3-methylimidazolium acetate
(EMIMAC) to enhance its solubility in seawater.
The resulting compound, hereafter referred to as
carboxy methylcellulose-ionic liquid (CIL) was
subsequently employed as a corrosion inhibitor
for mild steel in seawater. CMC powder was
sourced from a local company, while the
EMIMACc ionic liquid was procured from Sigma
Aldrich without further processing. CMC was
continuously stirred with EMIMACc at 60°C for
30 minutes. The final product was employed
as a corrosion inhibitor for mild steel, tested in
seawater at concentrations ranging from 20 to
80 ppm.

1356
Fourier  Transform  Infrared  (FTIR)
Spectroscopy
In this study, Bruker-INVENIO Fourier

Transform Infrared (FTIR) spectroscopy was
used in identifying the functional groups of
CMC, EMIMAc, and the CMC product after
dissolution in EMIMAc. The compound was
placed in the sample holder, and the instrument
was initialised to allow infrared light to pass
through the sample over a wavelength range
of 400 to 4000 cm™ with a spectral resolution
of 4 cm. This process generated a spectrum
representing the molecular composition of the
tested compounds. Specific peaks and patterns in
the resulting spectrum were analysed to identify
the functional groups present in the compound.
A molecular structure of CMC and EMIMACc
were constructed using Chemical Sketch Tool
which available freely on the following website,
rcsb.org.

Electrochemical
(EIS)

Impedance  Spectroscopy

Electrochemical Impedance Spectroscopy (EIS)
is an instrument used to analyse electrochemical
systems by examining their responses to a
repetitive, low-amplitude Alternating Current
(AC) signal. Analysing the system’s response
yields important insights into the structure
and behaviour of the interface (Lazanas &
Prodromidis, 2023). The electrochemical
analysis of corrosion inhibition on the mild
steel interface, both in the presence and absence
of CMC in seawater was conducted using the
Gamry 1010E EIS. Prior to EIS characterisation,
the specimens were immersed in seawater with
and without CMC for two hours to achieve a
steady-state potential. A standard three-electrode
configuration was used, with mild steel as the
working electrode, a silver wire coated in Ag/
AgCl as the reference electrode, and a platinum
rod as the counter electrode. The EIS frequency
range was set from 0.1 to 100,000 Hz, and the
alternating current voltage perturbation was
set to 10 mV (PourghasemiHanza ef al., 2021).
Electrochemical circuit fitting was performed
once the Nyquist plot obtained from the
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experimental procedure using Gamry 1010E
EChem Analyst software. A simple Randles
circuit was used to fit the electrochemical data
to achieve polarisation resistance, R, (Zhang et
al., 2024). The Rp value was used to calculate
the Inhibition Efficiency (IE) based on the
following equation (Wadhwani et al., 2016).

Rpinhibited — Rpuninhibited

oY —
IE (%) = Rpinhibited

x 100% (1)

Potentiodynamic Polarisation (PdP)

A scan rate of 1 mV/s was used to scan the
potential for PdP from -250 mV to +250 mV.
This scan rate was chosen because it provides a
balance between accuracy and stability, allowing
sufficient time for the system to reach a steady
state, which ensures reliable measurements of
corrosion parameters.

Recurrent Neural Network (RNN)

The obtained Nyquist data from EIS was used
as an input and output for prediction purposes
using MATLAB R2023a software, the dataset
was divided into training and test data with
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90% of the sequence allocated for training
and the remaining 10% for testing. To enhance
compatibility and avoid divergence during
training, the training data were standardised to
have zero mean and unit variance. To predict
future time step values in a sequence, the
responses were defined as the training sequences
with values shifted by one time step. At each
time step of the input sequence, the LSTM/
GRU network was trained to forecast the next
time step’s value, using the training sequences
excluding the final time step as predictors. Before
utilising Deep Network Designer for training the
dataset, the training data were transformed into
a datastore object. Deep Network Designer was
then utilised to create the LSTM/GRU network
architecture, as depicted in Figure 1 (a) and (b).
The properties of the layers were adjusted to
suit the impedance dataset. The solver for the
network architecture was set to Adam, with an
initial learning rate of 0.005 and a maximum of
500 epochs. The gradient threshold was fixed at
one to avoid gradient explosion (Ghimire ef al.,
2022; Lipu et al., 2022).
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Figure 1: Network architecture employed in deep network designer for (a) GRU and (b) LSTM
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Results and Discussion

Fourier  Transform
Spectroscopy

The FTIR spectra for pure CMC were observed
in the fingerprint region and matched those in
the Spectra Library. The broad peak at 3,445
cm’! is attributed to the hydroxyl group (-OH)
as depicted in Figure 2 (a). A strong, sharp
absorption peak was noted at 1,586 cm’,
indicating the anti-symmetric and symmetric
stretching vibrations of the carboxylate group
(COO-). An absorption band at 1,412 cm
corresponds to the bending vibration mode of the
hydroxyl group (OH). The peak at 1,322 cm™ is
assigned to the stretching vibration of the C-H
bond, while the peak at 1,061 cm™ corresponds
to the C—O—C stretching vibration (El-Sakhawy
et al., 2018; Sohaimy et al., 2022).

The IR spectral bands for EMIMAc ranging
from 2,893 to 3,161 cm™ correspond to the C—H
vibrational modes of the imidazolium ring as
depicted in Figure 2 (b). The IR spectral bands
at 1,573 cm™ correspond to the C=N aromatic
group (Kim, 2023). The IR spectra at 1,326
cm™” and is due to C-N stretching vibrations
from acetate, respectively. The IR bands seem
at 1,174 cm and 1,040 cm™ are due to ring
in-plane asymmetric stretching of [Emim]*
cation (contributions from the (N)CH,, CH;(N)
CN, and C-C stretching) and C-O stretching
vibrations, respectively. The spectral IR bands
obtained at 900 cm and 625 cm™ correspond
to aromatic C—H bending vibrations and C-H
bending vibrations (Yesudass et al., 2016).

Infrared (FTIR)

The cellulose ionic liquid is the combination
of carboxymethyl cellulose and 1-ethyl-3-
methylimidazolium acetate, which is an ionic
liquid. It displays a notable peak at 3,346 cm™
corresponding to a stretching vibration of the
O-H (hydroxyl) group as depicted in Figure 2
(c). The IR spectral at 1,560 cm™ is due to the
C=N aromatic group which shifted from the
original EMIMACc at 1,573 cm™. The IR bands
at 1,380 cm™ and 1,170 cm™ are due to the C-N
stretching and symmetric stretching vibration of
C—OC-in CMC. The IR spectra at 759 cm™ and
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612 cm™ correspond to C—H rocking vibrations
and C-H bending vibrations, respectively
(Ariffin et al., 2024).

The molecular framework of cellulose as
illustrated in Figure 2 (a), highlights the presence
of hydrogen and oxygen atoms which involve
in donor-acceptor interactions with the charge
components of imidazolium Ionic Liquids
(ILs). These interactions predominantly occur
at the C-6 and C-3 hydroxyl groups of adjacent
cellulose chains. As a result, the hydroxyl
group become dissociated, which promotes the
dissolution of cellulose in imidazolium-based
ILs. The remarkable solubility of cellulose in
these solvents stems from the ability of ILs to
break apart the extensive hydrogen-bonding
network that stabilises the cellulose structure.
This process can be further enhanced by the
high chloride concentration found within the
imidazolium IL framework. As illustrated in
Figure 2 (b), the nitrogen atom’s lone-pair
electrons act as coordination sites for metal
complex formation, facilitating interactions
with the metal ions in the studied material.
Consequently, the adsorption process of CIL
onto the metal substrate can be elucidated
through the lens of these metal complexation
formations (Arora, 2019; Saheed et al., 2022). A
summary of the IR spectra for CMC, EMIMAc,
and CIL is tabulated in Table 1.

Electrochemical
(EIS)

By examining the curve shapes of the Nyquist
plot, as illustrated in Figure 3, we observed
that the curves can be approximated by a
single capacitive semicircle. The plot exhibits
a nearly perfect semicircle, suggesting that the
electrochemical process is primarily controlled
by the charge transfer mechanism (Ariffin et al.,
2024). Charge transfer refers to the disparity
in the real impedance axis between low and
high frequency domains for all samples, the

Impedance Spectroscopy
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Figure 2: IR spectrum obtained for (a) CMC, (b) EMIMAc, and (c) CIL
Table 1: Summary of IR Spectra for CMC, EMIMACc, and CIL
. Wavenumber Functional Group/ ..
Material (cm™) Vibration Description
CMC 3,445 O-H stretching Broad peak indicating hydroxyl groups
1,586 COO~ asymmetric/ Carboxylate group
symmetric stretching
1,412 O-H bending Hydroxyl bending mode
1,322 C—H stretching Aliphatic stretching vibration
1,061 C-O-C stretching Ether linkage from cellulose backbone
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EMIMAc 2,893-3,161 C—H stretching Vibrations from imidazolium ring
1,573 C=N aromatic stretching Imidazolium ring signature
1,326 C—N stretching (acetate) Indicates IL side-chain bonding
1,174; 1,040 Ring in-plane asymmetric [Emim]* cation ring and acetate anion
and C-O stretching contributions
900; 625 Aromatic C—H bending Imidazolium ring bending modes
CIL 3,346 O-H stretching Slightly shifted hydroxyl group due to
interaction with IL
1,560 C=N aromatic stretching Shifted from original EMIMAc,
indicating complexation
1,380 C—N stretching Corresponds to EMIMAc interaction
1,170 Symmetric C-O-C Indicates CMC backbone preserved
stretching within IL matrix
759; 612 C—H rocking and bending Additional shifts due to complexation

and hydrogen bond disruption
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Figure 3: Nyquist curve of inhibited and uninhibited mild steel

curve shapes remained consistent throughout
the testing period, indicating that neither the
immersion duration nor the addition of the
inhibitor significantly altered the corrosion
process (Pruthviraj, 2016).

At 0 ppm, the polarisation resistance (Rp)
value is measured at 72.31 Q cm?, establishing
a baseline for mild steel in seawater without
any corrosion inhibitor as tabulated in Table
2. When the concentration is increased to 20
ppm, the R value rises significantly to 903.30
Q cm?, demonstrating a marked enhancement

in corrosion resistance due to the introduction
of a modest amount of the inhibitor. At 40
ppm, the R, value peaks at 1,196.10 Q cm?
indicating that this concentration offers the
most effective corrosion inhibition within the
tested range. However, at 60 ppm, the R, value
experiences a slight decline to 833.31 Q cm?,
suggesting a potential decrease in corrosion
inhibition efficiency at higher concentrations.
This phenomenon could be attributed by several
reasons such as the film may become unstable or
less effective due to saturation or agglomeration
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of inhibitor molecules, leading to a drop in R
(Anita et al., 2023), complex electrochemical
interactions, including the formation of
secondary phases or precipitates that may not
contribute effectively to corrosion protection
(Pine Research Instrumentation, 2016), and
formation of a more stable and effective
protective film, or the inhibitor molecules may
reorganise into a more efficient configuration,
causing R to rebound (Umoren et al., 2018).

Conversely, at 80 ppm, the R, value rebounds
to 1,003.50 Q cm?, reflecting an improvement in
corrosion resistance, although it remains lower
than the level observed at 40 ppm. In summary,
the data indicate that the concentration of the
corrosion inhibitor substantially affects the R
value. The greatest resistance to corrosion is
recorded at a concentration of 40 ppm, while
higher concentrations exhibit varying degrees
of effectiveness. This suggests the existence of
an optimal concentration range for the corrosion
inhibitor to attain the most favourable outcomes.

The CPE value is measured at 8 mF at 0
ppm, establishing a baseline for mild steel in
seawater without any corrosion inhibitor. When
the concentration is increased to 20 ppm, the CPE
value slightly decreases to 0.7 mF, indicating a
reduction in the system’s capacitive behaviour
with the introduction of a low concentration of
the inhibitor. At 40 ppm, the CPE value further
declines to 0.3 mF, suggesting a significant
alteration in the electrochemical behaviour and
an enhancement in corrosion inhibition. At 60
ppm, the CPE value increases to 0.60 mF and by
80 ppm, the CPE value further increases to 0.9
mF. A slight increase at higher concentrations
could occur due to the rearrangement of the
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adsorbed layer on the metal surface (El-
Housseiny et al., 2022). The observed decreases
in CPE with increasing CMC concentration
indicates effective adsorption and protective
film formation on mild steel, thereby reducing
the active surface area for charge transfer. This
trend is consistent with previous finding by
Abdel-Gaber et al. (2024) who demonstrated
that eco-friendly inhibitors lower CPE values
by enhancing barrier properties and capacitive
behaviour at the steel-solution.

Equivalent circuit models offer
valuable insights into the significance of
impedance parameter variations derived from
Electrochemical Impedance Spectroscopy (EIS)
spectra. The circuit model utilised for fitting
the experimental data of the inhibiting system,
as illustrated in Figure 4, comprises a parallel
element of charge transfer resistance (R ) and a
Constant Phase Element (CPE), representing the
adsorption mechanism of the inhibitor and the
metal substrate. A single-loop semicircle plot
was fitted with an RRQ circuit model, consisting
of a resistor in series with a parallel arrangement
of another resistor and a constant phase element,
as frequently reported in earlier studies (Umoren
etal., 2018, Zulkifli e al., 2021).

A slight reduction in effectiveness was
observed, potentially due to the destabilisation
of the protective film at elevated concentrations.
The variation in concentration suggests that the
electrochemical changes indicate a suppression
of'the corrosion process at higher inhibitor levels
(Aslam et al., 2022). This takes place when
the inhibitors adsorb onto the metal surface,
consequently decreasing the active surface area
in contact with aggressive corrosive electrolytes.

e -9
RE Rs Ret | b
CPE
apha |

Figure 4: Randle’s circuit used for electrochemical data fitting
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The molecular structure and adsorption
characteristics of lonic Liquids (ILs) are
significant factors in the adsorption process.
CILs composed of ions can strongly adsorb onto
metal surfaces due to electrostatic interactions
between the charged species and the metal. This
strong adsorption leads to the development of a
stable, compact protective layer that effectively
shields the metal from corrosive agents,
including air and chloride ions in seawater (Liu
et al., 2023). Increased adsorption correlates
with enhanced inhibitory efficacy.

In the absence of inhibitor, |Z| shows its
lowest point at low frequency, consistent with
active corrosion as depicted in Figure 5. The
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phase angle lies in more positive region and
narrower phase region, indicating faster kinetics
and a more resistive interface. The addition of
CMC altered the electrochemical response of
mild steel. The value of |Z| rised consistently
with the increasing of concentration, indicating
the formation of barrier layer and significant
charge transfer suppression and the similar trend
has been reported by El-Housseiny et al. (2022).
The phase angle shows a more negative value
and broader bandwidth as CMC is added into
the system which indicates that CMC has started
to form a protective film and has improved
capacitive behaviour (Khamis ef al., 2025).

Bode Plot
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Figure 5: Bode plot of inhibited and uninhibited mild steel

Table 2: Electrochemical parameters obtained from EIS method

Concentration R, R, CPE Goodness of IE
(ppm) Q.cm?)  (Q.cm?) (mF) Fit (%)

0 72.31 3.19 8.0 8.86x10* -

20 903.30 18.05 0.7 7.97x10* 92

40 1196.10 18.39 0.3 6.33x10* 94

60 833.31 18.64 0.6 2.56x10* 91

80 1003.50 18.04 0.9 1.11x1073 93
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Potentiodynamic Polarisation Resistance

Figure 6 depicts the anodic and cathodic
polarisation behaviour of a metal substrate in the
absence and presence of varying concentrations
of CMC. This electrochemical technique helps
quantify the corrosion rate and elucidate the
inhibition mechanism.

With the addition of CMC (40 to 80 ppm),
the corrosion potential (E_ ) shifted slightly
in the active region (697.2 to 693.5 mV)
compared to the uninhibited sample (682.2 mV),
suggesting that the inhibitor primarily influences
the cathodic reaction such as hydrogen evolution
rather than the anodic metal dissolution (Solmaz
et al., 2023). In essence, when CMC adsorbs
onto the metal surface, it selectively retards the
cathodic sites, thereby reducing their kinetics.
As a result, the mixed potential theory predicts
a new corrosion potential that’s more negative,
reflecting a shift in the balance between the

-0.60
-0.62
-0.64

-0.66

Potential, V Vs Ref.

-0.68

-0.70

-0.72

1.0E-08 1.0E-07

OO0 ppm A20ppm +40ppm X60 ppm

1.0E-06
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anodic and cathodic partial currents. However,
despite this negative shift, the overall corrosion
current density (i) still drops, indicating
improved corrosion resistance. A shift towards
noble direction is noted for the 20 ppm
sample, likely due to the inhibitor primarily
affecting the anodic reaction. It may adsorb
on anodic sites, delaying metal dissolution
more than it suppresses cathodic activity. This
suggests anodic inhibition dominance at lower
concentrations, where the inhibitor partially
blocks oxidation sites but has not formed a
uniform surface film yet (Zheng et al., 2023).

Corrosion current density, i _shows a clear
reduction with increasing CMC concentration
as tabulated in Table 3. The i, at 80 ppm is
significantly lower than at 0 ppm, confirming
superior inhibition performance. This trend
indicates that CMC forms a protective barrier,

O 80 ppm

1.0E-05 1.0E-04 1.0E-03

Current density, A/cm?

Figure 6: Tafel curve of inhibited and uninhibited mild steel

Table 3: Potentiodynamic polarisation data of inhibited and uninhibited mild steel

Concentration (ppm) m 1:7’;112) (n;“\']') (ﬁ’) Corrosion Rate (mpy) IE (%)
0 314 -682.2  82.96 143.50
20 41.96 -639.8 620.8 19.17 87
40 25.72 -697.2 1013 11.75 92
60 24.03 -687.2 1084 10.98 92
80 32.49 -693.5 801.9 14.85 90
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hindering both anodic metal dissolution and
cathodic hydrogen evolution. CMC likely
adsorbs onto the metal substrate via its oxygen-
containing functional groups (—COO-, —OH),
forming a physical barrier that blocks electrolyte
access to reactive sites. A qualitative estimation
of Inhibition Efficiency (IE) reveals that the
efficiency increases progressively from 20 ppm
to 80 ppm.

The polarisation resistance (Rp) and
corrosion rate data clearly demonstrate the
effectiveness of CMC in mitigating mild steel
corrosion in seawater. In the absence of inhibitor,
Rp is very low (82.96 Q) and the corrosion rate is
extremely high (143.50 mpy), reflecting severe
corrosion. With the addition of CMC, RP increases
sharply to 620.8 Q at 20 ppm, accompanied by a
drastic reduction in corrosion rate to 19.17 mpy.
Further increases in concentration to 40 to 60
ppm yield the highest R values (1,013 to 1,084
Q) and the lowest corrosion rates (11 to 10.98
mpy), indicating optimal inhibition efficiency.
At 80 ppm, however, R, decreases to 801.9 Q
and the corrosion rate rises slightly to 14.85
mpy, suggesting that excessive dosage may
reduce stability of uniformity of the protective
film.

The potentiodynamic polarisation plot
conclusively demonstrates that CMC acts as an
effective corrosion inhibitor in a concentration-
dependent manner. The optimal performance
appears at 40 to 60 ppm, where corrosion is
most significantly mitigated. The data suggest
that CMC functions as a mixed-type inhibitor,
primarily through adsorptive film formation,
reducing both anodic and cathodic reactions
without drastically altering the underlying
mechanisms.

Recurrent Neural Network (RNN)

The Recurrent Neural Network (RNN) model
utilises Z real and Z imaginary data, which
consists of single time series data, as the input
layer for this prediction model. Here, time steps
correspond to Z real, while values relate to the
number of Z imaginary. Predictions for real
impedance are generated based on this data as
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depicted in Figure 7. From these predictions,
the Root Mean Square Error (RMSE) value
is calculated. RMSE serves as one of the two
fundamental performance metrics, measuring
the average difference between expected and
actual values, and providing an estimate of
the model’s predictive accuracy. According to
the RMSE values as tabulated in Table 4, the
Gated Recurrent Unit (GRU) architecture seems
to outperform the Long Short-term Memory
(LSTM) architecture in this scenario. The lower
RMSE value is, the better a given model is able
to fit the dataset. Determination of RMSE value
depends on the range of the observed value. In
other words, RMSE represents the square root
of the variance of the residuals. The GRU yields
a RMSE of 57.7840, compared to the LSTM’s
RMSE of 61.5968. The GRU model exhibits a
lower error rate than the LSTM model. Overall,
the GRU architecture consistently achieves
lower RMSE wvalues, indicating superior
prediction accuracy for the dataset in question.
This advantage may stem from the simpler
structure of GRUs, which could be more
effective for this particular task.

GRU has a simpler architecture compared to
LSTMs or Long Short-term Memory networks,
as they feature fewer gates specifically, update
and reset gates. This streamlined structure
allows GRUs to train faster and require less
computational power. Despite their simplicity,
GRUs can perform as well as LSTMs on certain
tasks, particularly when the dataset is not overly
complex (Zhang et al., 2018). LSTM has a more
complex structure compared to other neural
networks, featuring three gates: Input, output,
and forget gates along with a cell state. The
complex structure of LSTMs enables them
to excel at capturing long-term dependencies
within data. This capability is essential for
tasks where context from earlier points in the
sequence plays a significant role. Therefore,
LSTMs generally achieve better performance
on complex tasks and datasets because of their
capability to preserve information over long
sequences (Shi et al., 2015; Mendizabal et al.,
2025).
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Figure 7: A forecast and observe plot with RMSE for (a) LSTM (b) GRU
Table 4: Performance indicator value of LSTM and GRU training architecture
Training Architecture RMSE
GRU 57.7840
LSTM 61.5968
Conclusion Acknowledgements

This study establishes CMC in combination
with ionic liquids as an effective corrosion
inhibitor meant for mild steel in seawater,
offering practicality for both environmental
and industrial field. Spectroscopic analysis via
FTIR confirmed strong molecular interactions
that underpin the stability of the inhibitor film.
Electrochemical evaluations revealed the highest
inhibition efficiency up to 94% at 40 to 60 ppm,
validating the protective capability of CMC-
based inhibitor. Beyond this concentration, a
slight decline in efficiency was noted, likely
due to destabilisation or oversaturation effects.
Importantly, predictive modelling using RNNs
demonstrated GRU’s  superior accuracy,
underscoring the novelty of integrating machine
learning with corrosion science. These findings
validate both the experimental outcomes
and the applicability of machine learning in
corrosion science. Overall, this work bridges
green chemistry and intelligent computation
modelling, paving the way for future sustainable
solution against marine corrosion.
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