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Abstract

In oil and gas industry, under-deposit corrosion (UDC) of metallic pipelines is a major problem,
especially in sour environments. Not much research has been done on the effectiveness of
commercial inhibitors with potent interfacial qualities in reducing UDC. In order to prevent sand
(S102)-induced UDC on CS in simulated sour conditions, two different commercial inhibitors,
CRONOX-CRWS85719 (CR1) and CRONOX-CRW85282 (CR2), were thoroughly tested over a
concentration range (5 — 400 ppm). Performance was evaluated using electrochemical studies,
physicochemical characterizations, and machine learning (ML) modeling. The results showed that,
at optimal concentrations of 50 ppm and 200 ppm for CR1 and CR2, respectively, there were
nearly total inhibition efficiencies (IE), outperforming the corrosion resistance of untreated CS.
Nevertheless, after 24 h, the IEs of CR1 and CR2 were reduced by 14.7% and 4.0%, respectively,
due to the presence of totally covered SiO> deposits on the CS surface, suggesting that deposit
coverage reduces inhibitor efficacy. Because of the reduced molecular bulk and improved ability
of CR2 to penetrate Si0, deposits, it performs better and provides better access to the metal surface
relative to CR1. The random forest technique was shown to be the most appropriate predictive ML
model, with an optimized mean coefficient of determination (R = 0.85 + 0.05), a root mean square
error (RMSE = 3.6%), and a mean absolute error (MAE = 2.7%), amongst the various machine
learning models. This study emphasizes how important inhibitor molecular properties are in
preventing SiO2-induced UDC of CS in sour conditions, especially penetrating ability and strong

interfacial contacts.
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1. Introduction

Under-deposit Corrosion (UDC) is a critical threat to the integrity of oil and gas facilities, due to
their high corrosion kinetics, leading to a loss in mechanical properties and contribute to 20% of
damage or failure in pipelines [1]. This localized corrosion is initiated underneath the precipitated
sludge deposits on the pipeline metal surface with minimal flow velocity [2]. The most common
pipeline sludge deposits present in oil and gas industries are barium sulfate, calcium carbonate,
iron sulfide, asphaltenes, sand and other debris, which are mixed with brine containing high
concentration of chloride ions with saturated acidic gases (i.e., CO; and H>S) [3-5]. The
precipitation of the materials breaks down the interior of the pipelines at extreme circumstances of
souring of shafts/wells over time, fluid structures, pressure and temperature [6, 7]. The UDC causes
localized attack and forms pits, an extremely harsh galvanic corrosion of steel occurs under the
sludge deposits in the pipelines during operations [8-10]. For instance, a galvanic corrosion study
in sweet conditions showed that the surfaces of mixed-deposited CS and bare CS acted as cathode
and anode, respectively. The polarization of those electrodes reversed at a later stage due to the
formation of corrosion product (FeCO3) on the bare CS and revealed severe localized corrosion
rate at the deposited CS [11]. Also, several researchers independently studied comparative
corrosion properties of CS surfaces completely covered with deposits and deposit-free CS surfaces,
which showed that the occurrence of UDC of CS is mainly influenced by the local operating
conditions such as temperature, flow velocity, pH environment, nature and thickness of deposits
[12-14], but the exact mechanism is yet unknown.

The use of potent corrosion inhibitors has proved to be the most economically viable
practice to impede the internal corrosion of carbon steel, including UDC in sour conditions [15-
18]. Organic compounds (OCs) with one or more hetero-atoms (N, O, P and S) are particularly
potent corrosion inhibitors for preventing internal deterioration of pipelines [19-21]. The chemical
nature and structural architectures of the OC-based inhibitors determine the corrosion inhibition

efficiency, and applying the appropriate amount of the inhibitors leads to optimal protection of CS



surface. However, the presence of deposits reduces the tendency of OC-based inhibitors to getting
adsorbed on the surface, which lowers their corrosion inhibition efficiency and eventually
increases the UDC of the affected pipelines [22, 23]. For instance, a study of three imidazoline
derivatives, i.e., 2-(4,5-dihydro-1H-imidazol-1-yl)ethan-1-amine (YM-1), 2-(4,5-dihydro-1H-
imidazol-1-yl)ethan-1-0l (YM-2) and 1-(2-aminoethyl)-1-(2-(1-(2-aminoethyl)-2,3-dihydro-1H-
pyrrol-1-ium-1-yl)ethyl)-4,5-digydro-1H-imidazol-1-ium chloride (YM-3), on CaCOs deposited
mild steel revealed highest penetration for YM-3. On the other hand, YM-1 had the most optimized
adsorption capacity of CaCOs deposit that provided the best corrosion LE. of 92.3% after 16-days,
due to its strong anodic dissolution with the formation of Fe-N protective layers [24]. Also, the
LE. of the various OC-based corrosion inhibitors (i.e., thiourea (TU), alkyl imidazoline (IM) and
thiourea imidazoline (TAI)) toward SiO;- and CaCOs-deposited X65 steel demonstrated high
penetration and low adsorption of TAI and TU through SiO»- and CaCOs-deposits, but both were
strongly adsorbed on the X65 steel surface, due to their coordinate covalent bonds with empty d-
orbitals of Fe atoms [25]. This resulted in an outstanding /.E. for TAI through Si0- (90.23%) and
CaCO:s- deposits (96.40%) and TU (72.65%; 92.45%), unlike IM (50.49%; 57.20%) that showed
strong deposits adsorption. The mechanism of UDC and hygroscopic features of ammonium salt
(NH4Cl) on CS were investigated by in-situ electrochemical tests and ab initio molecular dynamics
(AIMD) calculations, which showed that the hygroscopic nature of NH4Cl enabled its strong
adsorption on Fe{l110} facet of accumulated passive film and weak hydrogen bonding [26].
However, the hydrolysis of NH4" increased H' ions concentration, which was the driving force for
corrosion through promoting anodic adsorption and hydrogen evolution reaction (cathodic).
Previous literature have confirmed the significance of molecular size, heteroatoms and chemical
structure of the OC-based corrosion inhibitors on their adsorption on the surface of under-
deposited carbon steel (UDCS), such that the weakly adsorbed OC-based inhibitors on UDCS
exhibited relatively lower corrosion rate compared to those strongly adsorbed on UDCS [27-29].
Thus, the less adsorption and high penetration capacity of the OC-based corrosion inhibitors
through deposits facilitates maximal protection of carbon steel surface. Great efforts are currently
directed towards adopting the combination of two or more OC-based corrosion inhibitors with low
adsorption and strong interfacial interaction, but high penetration capacity on the under-deposited
carbon steel with excellent corrosion inhibition efficiency in the oil and gas industries [30-32].

However, the corrosion inhibition efficiency with robust interfacial merits of commercial
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corrosion inhibitors used in the oil and gas industries for UDC is not yet reported from
electrochemical perspectives and machine learning models.

The application of machine learning (ML) in corrosion science that is driven by the need
to accelerate material discovery and optimize corrosion mitigation strategies is rapidly gaining
traction [33, 34]. The traditional experimental and theoretical approaches to corrosion
measurements are time-consuming, while ML offers the potential to analyze large datasets,
identify complex patterns, and develop predictive models with improved accuracy [35]. Recent
trends have demonstrated the successful implementation of ML in various corrosion related tasks
such as predicting corrosion rates [36]; evaluating inhibitor performance [37]; and identifying
corrosion resistance [38]. Although corrosion datasets are high quality but they often have limited
samples, which lead to overfitting and poor generalizability for ML models [39]. A comprehensive
review on machine learning in corrosion datasets presented model ensembles as suitable
approaches for best performance prediction within corrosion datasets [34]. A prior study emphasized
the importance of robust, time-dependent electrochemical data for developing machine learning models in
corrosion inhibition research, like using multi-parameter modeling to determine the inhibitor efficiencies
and corrosion rates [40]. For instance, Winkler et al. highlighted the limitations of traditional high-
throughput experimentation and emphasized the role of data-driven methods for discovering effective
corrosion inhibitors [41]. Pham and co-workers explored the development of quantitative structure-property
relationship (QSPR)-based models for predicting the corrosion inhibition efficiency of OC-based
corrosion inhibitors on CS, which demonstrated their potential for screening and developing next-
generation corrosion inhibitors [42]. Aghaaminiha et al. employed machine learning to model the time-
dependent corrosion rates of CS in the presence of corrosion inhibitors and revealed the accuracy of the
random forest algorithm in predicting the entire time-profile of corrosion rates [43].

These studies lay the groundwork for a paradigm shift in corrosion research, where machine
learning models, trained on high-quality experimental and/or computational data, guide the discovery and
design of novel corrosion inhibitors. This data-driven approach promises to accelerate the development of
durable, eco-friendly coatings for long-term corrosion protection, reduce maintenance costs, and streamline
the design and development process. The trend of using machine learning for corrosion datasets is not just
a passing fad, but a fundamental shift on how corrosion research is conducted, paving the way for a future
where material design is faster, cheaper, and more efficient. Despite the advantages of ML models for
corrosion research, it is yet to be studied for UDC of CS in simulated sour conditions. Hence, it is

imperative to present the efficacy of the commercial corrosion inhibitors on the UDC inhibition of
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CS with studied electrochemical techniques by applying different ML models. This helps to direct
the attention of corrosion experts in both academia and industries towards designing new protocols
for improving their performance for UDC inhibition in pipelines.

Motivated by this, corrosion inhibition efficiency of two distinct commercial inhibitors
(i.e., CRONOX-CRWS85719 (CR1) and CRONOX-CRW85282 (CR2)) was examined. The CR1
and CR2 were used at concentrations between 5 — 400 ppm on J55 carbon steel (CS), in the
presence and absence of sand (SiO2) deposit (full and partial coverage). The experiment was
conducted in simulated sour conditions (CO;-saturated NaCl containing sulfide ions at 60 °C, and
1000 rpm). An electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization
(PDP) testing were run for 24 h at conditions closely replicating the real-life operational
conditions, particularly in the oil and gas industries. Various surface and bulk characterization
techniques, including scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDX), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS) were utilized to
probe the morphology, elemental compositions, crystal structures, and surface chemistry of the
pristine CS and corroded CS samples of different conditions. The electrochemical data collected
from the EIS and PDP techniques were adopted as datasets and were utilized in the ML models,
including random forest (RF) regressor and extreme gradient boosting (XGB) regressor, to predict

the inhibition efficiency of the commercial inhibitors toward UDC of carbon steel.

2. Experimental section

2.1. Chemicals, materials and deposit preparation

All chemicals, including sodium chloride (NaCl), sodium sulfide (NaS), isopropanol (C;H70H),
acetone ((CH3)>CO), Nafion perfluorinated resin solution (Nafion, 5 wt.% in lower aliphatic
alcohols), and carbon dioxide (COz) were analytical-grade reagents, procured from Sigma Aldrich
(St. Louis, MO, USA). Ultra-pure water (Milli-Q system, resistivity 18.2 MX cm). Laboratory
sand deposit (S102, = 62 um size) was purchased from Sigma Aldrich (UK). The tested samples
were J55 carbon steels (CS) of 5 mm rod shape with elemental compositions: C (0.29 wt.%), Si
(0.33 wt.%), Mn (1.30 wt.%), Cr (0.06 wt.%), Mo (0.04 wt.%), S (0.001 wt.%), P (0.009 wt.%),
Ni (0.02 wt.%), Cu (0.02 wt.%) and Fe (97.93 wt%). Samples were mounted in cold epoxy resin

and surface area of 0.2 cm? was exposed to sour solutions. The CS rod surfaces were polished up



to 2000 grits. The tested CS has the elemental Prior to each corrosion test, the mounted CS rod
surface was degreased with acetone and cleaned with de-ionized water. The electrolyte or test
solution contained NaCl (3.5 wt.%) and Na,S (1000 ppm). The use of Na,S simulates the presence
of HoS and a concentration of 1000 ppm was used because the sulfide residue created on the oil
and gas pipelines ranges from 200 to 500 ppm. The test solution was heated to 60°C and it was
saturated with CO,. The CS rod was mounted on conductive shaft and rotated at 1000 rpm. The
two commercial inhibitors (i.e., CRONOX CRW85719 (CR1) and CRONOX CRW85282 (CR2))
were purchased from Baker Hughes: CR1 is a liquid formulation of amine salts in a glycol-aqueous
solvent; meanwhile CR2 is a highly effective amine-based, film-forming corrosion inhibitor. The
commercial corrosion inhibitors were used as received without further purification. The
commercial corrosion inhibitors were implemented at various concentrations (5 — 400 ppm) in the
sour test solution. Laboratory SiO> deposit was utilized to imitate the formed deposit in the
pipeline, which was prepared by dispersing 300 mg of SiO; in a mixture of 0.6 mL isopropyl
alcohol and 0.4 mL Nafion (5 wt. %), then sonicated for 2 h to achieve homogeneous mixture. A
10 uL of the prepared deposit mixture was dropped cast onto the cleaned J55 steel rod surface and
dried for 2 h. Then, the deposited electrode was heated to 80 °C in the oven for 4 h to form a dense
film of the deposit that is fully or partially covering the CS surface.

2.2 Electrochemical measurements

The corrosion measurements were carried out using GAMRY 3000 potentiostat. A three-electrode
double-jacketed cell, connected to a Julabo F12 thermostat was used to maintain the solution
temperature during electrochemical testing. The J55 CS rod, Ag/AgCl saturated KCl, and graphite
rod served as the working electrode, reference electrode, and counter electrode, respectively. The
reference electrode was placed in a lugging capillary to maintain an appropriate geometry of cell
electrodes and to minimize potential and ohmic drop. A schematic representation of the
experimental set-up is illustrated (Scheme 1). The experiments were done in 3.5 wt. % NaCl with
1000 ppm NaxS added to the solution, and CO2 purged continuously to ensure saturation with COs».
The pH of the solution was measured to be 6.1. To realize the chemical interaction between the
working electrode and electrolyte, the CS rod was inserted in the tested solution for 30 s before
each measurement. After reaching open circuit potential (OCP), the EIS analysis was performed

in the frequency range (0.1 Hz to 100 kHz) at a 10 mV AC amplitude [44-46]. Each EIS test was
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triplicated for reproducibility. The EIS experimental data were collected, analyzed, and fitted using

the suitable electrical equivalent circuits (EECs).
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Scheme 1 The experimental set-up for electrochemical corrsoion testing of carbon steel in sour

conditions.

The surface coverage (6) and inhibition efficiency (LE. %) were determined according to

equations 1 and 2, respectively [47, 48].

9 = Ret (;nhC:S)_Rct(CS) (1)
ct (inh CS)
LE. % =0 X100 2)

where Rt (inn cs) and Re; (cs) are the charge transfer resistances of the inhibited carbon steel and
the pristine carbon steel, respectively.

Moreover, the corrosion rate (CR) in millimeters per year (mmpy) was computed using equation

3 [49, 50].
3.28 Icorr M
p.n

CR = 3)

where CR, Leorr, M, p and 7 denote the corrosion rate (mmpy), corrosion current density (mA/cm?),
molar mass (Miron = 56 g/mol), volume density (piron =7.87 g/cm?), and quantity of electrons
released during corrosion, respectively. The I.orr Was calculated using Stern-Geary model (equation

4)[51].
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where B and R represent the Stern constant (0.026 V), and charge transfer resistance (Q.cm?),
respectively.

The PDP measurements were conducted in a potential range of £250 mV vs. OCP at a scan rate of
0.30 mV/s to acquire the anodic and cathodic polarization curves. For consistency and
reproducibility, every test was tripled. The corrosion inhibition efficiency (I.E. %) was calculated

using equation 5.

IE% — icorr(C.S")_icorr(inh CS) % 100 (5)
Lcorr(CS)

where icorr(cs) and icor(inh) correspond to the corrosion current densities for the pristine CS and the
inhibited CS, respectively.

Moreover, the efficiency of CRW11 corrosion inhibitor, from theoretical perspective, is measured
by the inhibition power (Pinn), which compares the corrosion rates (CR) of inhibited and

uninhibited systems, as given in equation 6.

CRyninh
Pt = log(Shamim ©

Where CRuninh and CRinn are corrosion rate of uninhibited and inhibited systems, respectively.

2.3 Surface morphology and characterization

The different CS coupons are examined using different advanced surface and bulk characterization
techniques. The morphologies and elemental composition of uninhibited and inhibited CS
coupons, with and without SiO>-deposit, were examined using a SEM Nova (NanoSEM 450,
Thermo Fisher Scientific, Eindhoven, The Netherlands) equipped with energy-dispersive X-ray
spectroscopy (EDX, Bruker detector 127 eV, Bruker, Leiderdorp, The Netherlands).
Hydrophilicity and hydrophobicity of the inhibited CS with and without SiO;-deposits was
measured utilizing contact angle equipment. The XRD was employed to verify the crystalline
natures and phases of pristine CS, inhibited CS and SiOz-deposited counterparts with CR1 and
CR2 inhibitors. The XPS analysis (ESCALAB 250X, ThermoFisher Scientific, Waltham, MA,
USA, with AlKa excitation radiation (25W, hv = 1486.5 eV) and 1 eV energy resolution) was
conducted to probe the surface chemistry of the various CS coupons, in the presence of the

corrosion inhibitors with and without SiO»-deposits to study the adsorption of corrosion products.
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2.4. Dataset construction and machine learning model development

2.4.1 Data collection and preparation

The dataset was built by combining data from two electrochemical evaluation methods, i.e., EIS
and PDP. This ensured a sufficiently large dataset for robust model training. The dataset included
categorical variables such as the electrochemical method used, the extent of SiO> deposit (partial
or full coverage), and the type of corrosion inhibitor (CR1 or CR2). These were converted into
numerical "one-hot vectors" to be compatible with machine learning algorithms. The final dataset
consisted of 60 data points, with 30 from each electrochemical method.

2.4.2 Feature and target selection

The dataset was then divided into input features and output targets. Inhibitor efficiency (L.E.) was
chosen as the output target variable, while all other variables (electrochemical method, deposit
extent, inhibitor type, and other numerical measurements from EIS and PDP) served as input
features.

2.4.3 Data splitting

The total dataset was split into training and testing sets using an 80/20 ratio, i.e. 80% of the data
was used to train the machine learning model, and the remaining 20% was used to evaluate the
model's performance on unseen data. The split was done while maintaining the same ratio of data
points from each electrochemical method in both training and testing sets.

2.4.4 Model selection, evaluation and training

Since the dataset consisted of categorical and numerical data points, various regression models
were explored to predict inhibitor efficiency and power. These included: Linear Regression (LR),
K-Nearest Neighbor (KNN) Regression, Random Forest (RF) Regressor, Decision Tree (DT)
Regressor, Gradient Boosting (GB) Regressor, and Extreme Gradient Boosting (XGB) Regressor.
The performance metrics of each model were evaluated using the coefficient of determination (R?),
root mean square error (RMSE) and mean absolute error (MAE). The R? value measures how well
the model fits the data; RMSE quantifies the average difference between the predicted and actual
values; and MAE is the errors between predicted and actual inhibition efficiencies, as

mathematically determined in equations 7-9.
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Where IE},, and IE[,, are predicted and experimental IE of the ith sample, [E = %21’}1 IEL,, is

the mean value of the predicted IE.

The initial results on the training data set indicated that that the RF and XGB regressors performed
well. To further assess the models and prevent overfitting (where the model performs well on
training data but poorly on new data), a 4-fold cross-validation (CV) was performed to guide
hyperparameter tuning. This involved splitting the data into four subsets and training the model
four times, each time using a different subset as the testing and the remaining three as the training

set. The test set was strictly held out and used only once for final performance evaluation.

3 Results and discussion

3.1 Electrochemical measurements

The corrosion inhibition properties of the commercial inhibitors with and without SiO2-deposit on
CS were extensively investigated utilizing sophisticated electrochemical techniques, including
electrochemical impedance spectroscopy (EIS) and potentiodynamic polarization (PDP).

3.1.1 Electrochemical impedance spectroscopy

3.1.1.1 Inhibitors addition to the CS samples

To assess the corrosion inhibition capabilities of CR1 and CR2 inhibitors on CS in simulated sour
conditions (i.e., CO2-saturated 3.5 weight percent NaCl + 1000 ppm NazS electrolyte at 60°C under
hydrodynamic conditions (1000 rpm)), EIS measurements were carried out. A concentration-
dependent increase in semicircle diameter was shown by Nyquist plots for pristine CS, CS/CR1,
and CS/CR2 at inhibitor concentrations (5-400 ppm) (Fig. 1(a, b)), with maximal diameters
observed at 50 ppm for CS/CR1 and 200 ppm for CS/CR2. By forming adherent passive thin films
through the chemisorption of CR1 and CR2 molecules on CS surface, these ideal concentrations
efficiently limit the formation of corrosion products [18, 52]. In contrast, the pristine CS had a
small semicircle diameter, which indicated lower R.: and faster corrosion kinetics because there

were no inhibitor-mediated protective layers. The experimental data were fitted using equivalent
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electrical circuit (EEC) models (Fig. I(c, d)) to measure interfacial processes, extracting
parameters such as solution resistance (Rs), passive thin-film resistance (Rr), Rct, double layer
capacitance (Cq1) and passive film constant phase elements (CPEy) (Table S1). The pristine CS
showed a single capacitive loop dominated by Ca and R, which is consistent with uninhibited
charge transfer at the electrode-electrolyte interface. These results highlight the effectiveness of

CR1 and CR2 in regulating surface electrochemistry through adsorption-driven passivation.
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Fig. 1 (a, b) Nyquist plots, Electrical equivalent circuits (EECs) (c) one-time constant circuit, (d)
two-time constants circuit, and (e, f) Bode plots of CS in sour electrolyte (3.5 wt. % NaCl + 1000

ppm NaxS + CO> purging) at 1000 rpm, 60°C and different corrosion inhibitors’ concentrations.
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For CS/CR1 and CS/CR2, EIS study showed unique interfacial behavior. Both inhibitors
showed two distinct capacitive loops in Nyquist plots, which corresponded to Cqi and CPEr linked
to charge transfer processes at the low-frequency region (the electrode-electrolyte interface) and
the high-frequency region (the formation of an inhibitor-derived protective film). There was an
increase in R and Rr that was concentration-dependent of the inhibitors: CS/CR1 showed Rct =
4980-33500 Q-cm? and Rr= 980-6500 Q-cm?, whereas CS/CR2 showed Rct =3900-18700 Q-cm?
and Rr = 9404460 Q-cm?. This revealed suppressed corrosion kinetics, which were significantly
greater than the Re (915 Q-cm?) for pristine CS (Fig. S1(a)). Corrosion rate (CR) measurements
(Fig. S1(b)) supported the substantial mitigation of CS degradation, which is consistent with these
findings. The CRs of CS/CR1 (0.01 — 0.06 mmpy) and CS/CR2 (0.02 — 0.08 mmpy) were lower
than that of the uncontrolled CS substrate (0.33 mmpy). The increased corrosion inhibition
efficiency of both commercial formulations in comparison to the unprotected system is
demonstrated by the synergistic improvement of interfacial resistance characteristics and the
corresponding decrease in CRs.

All tested concentrations showed a progressive increase in the inhibitory activity of CR1
and CR2 inhibitors, which was distinguished by noticeable interfacial covering of the pure CS
surface. While CR2 showed high efficacy at 200 ppm, the CR1 inhibitor's CR attained its peak
performance at 50 ppm. This discrepancy is probably caused by CR1's larger molecular bulkiness
than CR2, which allows for better interfacial coverage and more efficient adsorption on the CS
surface. As aresult, CR1 more successfully prevents the CS substrate from making direct contact
with the hostile electrolyte environment.[53]. Additionally, the EIS results showed that the
CS/CR1 combination outperformed CS/CR2 in terms of high Rt and low CRs, indicating improved
inhibition brought on by more robust adsorption and consistent interfacial layer development.
Interestingly, in inhibited samples (CS/CR1 and CS/CR2), the deformation of the Nyquist plot
semi-circular arc, represented as imperfect double-layer capacitance (CPEy) at low-frequency
regions and suggested pseudo-capacitive behavior under sour circumstances. This behavior is
attributed to the inhibitor coatings' induction of surface imperfections, increased roughness, and
heterogeneity [54]. These results proved that CR1 and CR2 form a thin, passivating protective
layer on the CS surface, imparting pseudocapacitive properties and successfully reducing
COITOSION Processes.

The double layer capacitance (Cai) presented in Table S1 was done using equation 10 [55, 56]:
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Ca = /Tﬁl_l) (10)

In this equation, Yq represents the CPE constant applicable to the metal.

The impedance of the CPE is often defined following the power law given in equation 11.

(1)

1
ZorE = Y Gor

where Yo stands for the CPE constant, calculated as (1/|Z]) at ® = 1 rad/s. j represents the imaginary
number, ® denotes the angular frequency of the AC signal (1/rad), and n signifies the CPE
exponent/ideality factor (range —1 to +1): when n = 0, the Zcpr is a pure resistor; when n = 1, the
ZcpE 1s a pure capacitor; when n = —1, the Zcpr is a pure inductor; and when n = 0.5, the Zcpg is
Warburg diffusion (W) [57].

The pristine CS had the lowest Cq (52.6 uF-cm™), however, CS/CR1 and CS/CR2 had
higher Cq1 and CPEfof (91.9 - 495 uF-cm™2 and 15.0 to 100 uS-s*-cm) and CS/CR2 (3.99 - 118.6
puF-cm™ and 3.80 to 66.0 puS-s*-cm™), respectively. The significantly higher Cai and CPE¢values
of CS/CR1 show the development of a more noticeable electrical double layer at the CS/CRI1-
electrolyte interface, albeit with reduced charge transfer mobility from the electrolyte to the CS
substrate [58], compared to CS/CR2 and CS. This phenomenon indicates that the adsorption of
CR1 and CR2 molecules onto the CS surface successfully prevents electrolyte charge carriers from
entering, evidenced by the notable departure of the CPE exponent (n) values from the optimal
diffusion-controlled behavior (n = 0.5). This observation demonstrates how well CR1 and CR2
work as corrosion inhibitors in sour environments.

Bode plot analysis showed higher overall impedance resistance for CS/CR1 and CS/CR2
at all tested concentrations in the low-frequency domain relative to pure CS, provided additional
confirmation of the impedance characteristics imparted by CR1 and CR2 (Fig. 1(e, f). The CS
substrate was better protected in sour solutions since the optimal surface coverage was attained at
50 ppm for CS/CR1 and 200 ppm for CS/CR2, indicating strong adsorption and interfacial layer
formation at these concentrations. While the asymmetric phase angle profiles for CS/CR1 and
CS/CR2 require modeling with two time-constant circuits, representing more complex interfacial
processes, the symmetrical peak phase angle observed for pure CS corresponds to a single time-
constant electrochemical system. Interestingly, when compared to the inhibitor-modified samples,

CS showed the lowest phase angle peak magnitude and capacitive loop peak magnitude. Phase
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angle peak similarities between CS/CR1 at 50 ppm and CS/CR2 at 200 ppm further support their
improved capacitive behavior, which is caused by the heteroatoms and m-conjugated bonds that
are a part of both molecules' chemical structures. High surface coverage values (8) of 0.973 and
0.951 for CS/CR1 and CS/CR2, respectively, which translate to corrosion inhibition efficiency
(LE) of 97.3% and 95.1%, quantitatively support this. These results demonstrate that
concentrations below 50 ppm for CR1 and 200 ppm for CR2 provide the best inhibitor
performance, whereas higher concentrations may result in an excessively thick passive layer,

which would reduce the effectiveness of corrosion inhibition [59, 60].

3.1.1.2 Partial SiO: deposit coverage with the inhibitors

The performance of CR1 and CR2 inhibitors on CS partly covered with SiO, deposits under
simulated sour conditions over immersion periods (0—24 h) was also assessed using EIS analysis.
When CR1 and CR2 inhibitors were present, Nyquist plots for CS samples with partial SiO»
covering showed distorted semicircular arcs with widths that gradually increased with immersion
duration, signifying changing interfacial characteristics (designated as CS/SiOx(partial)/CR1 and
CS/Si10z(partial)/CR2). For CS/SiOx(partial)/CR1, the maximum semicircle diameter was
recorded at 12 h (Fig. 2(a)), while for CS/SiOz(partial)/CR2, it was attained at 24 h (Fig. 2(b)). A
distinctive double capacitive loop with related resistive elements similar to those seen in inhibitor-
treated CS samples without SiO2 deposits (CS/CR1 and CS/CR2) via EEC modeling of the EIS
data. In terms of quantitative analysis, CS/SiOx(partial)/CR1 showed R¢ values (9.20 - 20.0 Q-cm?)
and R values (1920 - 15710 Q-cm?), peaking at 12 h, while CS/SiOz(partial)/CR2 showed higher
Revalues (2900 - 6089 Q-cm?) and R values (1893 - 16379 Q-cm?), with maximum at 24 h (Table
1). These results indicate that the partial SiO> layer significantly hinders the diffusion of both
inhibitors to the CS surface, as evidenced by significantly lower resistive parameters when
compared to uninhibited samples without SiO> deposits. However, CR2 showed superior
penetration through the porous SiO: layer and more effective interfacial coverage at longer
exposure times, which is probably due to its less bulky molecular structure. Minimum CRs (0.02
mmpy) were observed at 12 h for CR1 and 24 h for CR2. The correlation of Rct values with CRs
showed that CS/SiOx(partial)/CR1 and CS/SiOx(partial)/CR2 displayed CRs range (0.02 — 0.16
mmpy) and (0.02 — 0.34 mmpy), respectively. These findings demonstrate that restricted CR1 and
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CR2 diffusion via the SiO> deposit holes lowers inhibitor efficacy, making the CS surface more

prone to corrosion because of decreased inhibitor interaction [61, 62].
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Fig. 2 (a, b) Nyquist plots and (e, f) Bode plots of CS/SiOx(partial)/CR1 and CS/SiO»(partial)/CR2
in sour electrolyte (3.5 wt.% NaCl + 1000 ppm Na,S + CO; purging) at 1000 rpm, 60°C and

different immersion times.

The capacitive and pseudocapacitive characteristics of the partially deposited SiO: layer
on CS exhibited a decline with increasing immersion time, as summarized in Table 1. Notably, the
measured Cq values (55.7 - 758.0 uF-cm™) and CPEr values (406.0 - 569.0 uS-s*-cm2) for the
CS/Si0az(partial)/CR 1, whereas for CS/SiOz(partial)/CR2, these values spanned (478.0 - 899.0
pF-cm™) and (108.0 - 268.0 uS-s*-cm™2), respectively. The notably higher Cqi combined with the
lower CPErobserved in CS/S102(partial)/CR2 indicates a more effective formation of the electrical
double layer at the CS interface, as well as enhanced ion diffusion through the partially deposited

Si0: layer in the CS/SiOz(partial)/CR2-electrolyte system compared to CS/SiOz(partial)/CR1. This
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improved diffusivity is further corroborated by the ideality exponent (nf) approaching the
theoretical diffusion value (i.e., 0.5), particularly at 24 h immersion where nr reached 0.58 for
CS/Si0az(partial)/CR2, in contrast to consistently higher values between 0.75 and 0.80 observed
for CS/SiOz(partial)/CR1 across all immersion times. These findings collectively suggest that
CR2, due to its smaller particle size, achieves deeper penetration into the SiO: pores and establishes
a more robust interfacial coverage on the CS substrate, thereby enhancing the electrochemical
performance of the composite.

The Bode plots for CS/SiOz(partial)/CR1 and CS/SiOx(partial)/CR2 under sour conditions
show that an increase in the overall resistance of CS partially covered with simulated SiO2 deposit
is correlated with a longer immersion period (Fig. 2(c, d)). This pattern is consistent with the
resistive properties shown in inhibited under-deposited samples, where peak overall resistance
values for CS/SiOz(partial)/CR1 and CS/SiOx(partial)/CR2 were reached at 12 and 24 h,
respectively. According to these results, the penetration of CR1 through SiO: layer reached
maximum after 12 h, when its adsorption onto CS surface is feasible. To maximize resistance
against under-deposit corrosion (UDC), CR2 penetrates at a longer immersion time of 24 h through
Si0> deposit, forming a strong interfacial adsorption layer. The use of a two-time constant
equivalent circuit model is further supported by the asymmetrical profiles shown in the Bode
curves for both inhibitors (Fig. 2(c, d)). Notably, CS/SiOx(partial)/CR2 exhibits better capacitive
behavior than CS/S10;(partial)/CR1 due to its larger phase angle values, which reach 90° between
6 and 24 h. This improvement is ascribed to CR2's enhanced penetration and mild adsorption,
which promotes robust interfacial coverage on CS surface and successfully reduces UDC
throughout prolonged immersion periods. The increasing surface coverage (0) and inhibition
efficiency (I.E.) with immersion duration support these electrochemical observations. At 12 h,
CS/SiOx(partial)/CR1 reached maximum 0 and I.E. values of 0.80—0.94 (80.4-94.2%), while at 24
h, CS/Si0x(partial)/CR2 reached 0.71-0.94 (71.2-94.4%). Significantly, samples with the partial
Si0; deposit had lower inhibition efficiencies than samples without it, suggesting that the SiO»

layer reduces the potency of commercial inhibitors in preventing UDC in CS.

3.1.1.3 Full SiO: deposit coverage with the inhibitors
The electrochemical behavior of CS) with full SiO2 coverage in sour conditions was thoroughly

examined using EIS. Deformed semicircular profiles were shown in Nyquist plots for
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CS/SiO:(full)/CR1 and CS/Si02(full)/CR2 at immersion times of 0-24 h (Fig. 3(a, b)), which were
consistent with patterns observed for partial Si02 coverage. Ideal inhibitor penetration and strong
interfacial adsorption through the SiO: matrix were shown by the maximum impedance arc
diameters, which were recorded at 12 h for CR1 and 24 h for CR2. In accordance with inhibited
samples (CS/CR1, CS/CR2), independent of SiO: coverage, EEC modeling (Fig. 1d) showed dual
capacitive loops with resistive components (Rs, Ry, Rct) and capacitive portion (Ca,, CPEf). CR2
showed progressive resistance increases over time, but CR1 reached peaks of Rr and R values at
12 h for full SiO, deposition. In contrast to the sterically inhibited CR1, this divergence indicates
improved pore penetration and adsorption kinetics for CR2, most likely because of its reduced
molecular weight, which permits deeper infiltration through SiO: pores. The findings highlight
time-dependent interfacial stabilizing processes that are mediated by the integrity of the SiO2 layer
and inhibitor physicochemical characteristics.

The full SiO2 deposition on CS exhibited diminished resistive properties, resulting in a
marked decrease in the corrosion inhibition efficacy of both CR1 and CR2 inhibitors compared to
partially SiO.-deposited samples [63]. This finding substantiates the limited penetration of CR1
and CR2 through the SiO: layer, leading to reduced direct interaction with the CS substrate.
Consequently, fully SiO:-covered CS surfaces are more vulnerable to UDC, as evidenced by
elevated CRs observed in most experimental outcomes. EIS analysis revealed that the capacitive
and pseudocapacitive characteristics of fully SiO:-deposited CS with CR1 and CR2
(CS/Si10(full)/CR1 and CS/SiO:(full)/CR2) progressively declined with prolonged immersion.
Notably, the CS/SiO:(full)/CR2 demonstrated superior Cai and CPEr values, indicating enhanced
interfacial charge mobility relative to CS/SiOz(full)/CR1. This improvement is attributed to the
smaller molecular size of CR2, facilitating its diffusion through SiO: pores and enabling robust
interfacial coverage on the CS surface. Ideality factors (n) further corroborated this behavior, with
CS/Si0:(full)/CR2 exhibiting consistently lower values (0.58—0.85) across immersion times
compared to CS/SiO:(full)/CR1 (0.62—-0.87).

The resistive behavior increased for 12 and 24 h, according to bode plot analysis, with
CS/SiOz(full)/CR1 and CS/SiO2(full)/CR2, respectively exhibiting the highest resistance values
(Fig. 3(c, d)). The efficacy of the bulkier CR1 molecule was diminished by diffusion limitations
through the Si0: layer, while CR2 consistently demonstrated higher total resistance (Rf + Rct) due

to its enhanced penetration and interfacial stability, even though this trend is similar to that of
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partially SiO2-deposited CS. The phase angle plots' asymmetry, which initially displayed better
capacitive behavior for CS/SiO2(full)/CR1 but shifted in favor of CS/SiO:(full)/CR2 at extended
immersion (624 h), demonstrated the application of a two-time constant equivalent circuit and
demonstrated CR2's improved interfacial interaction over time. Overall, as demonstrated by
decreased surface coverage (0) and inhibition effectiveness (I.E.) values, full SiO: coverage
severely impairs the corrosion inhibition capabilities of both CR1 and CR2. At the early stages of
immersion, CR1 showed especially poor inhibition, reaching peak efficiency only after 12 h, while
CR2's 0 and LE. values increased progressively over the exposure time. These findings highlight
how the efficiency of commercial inhibitors, particularly those based on large chemical

compounds like CR1, is significantly reduced by complete SiO- deposition on CS.
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Fig. 3 (a, b) Nyquist plots and (c, d) Bode plots of CS/SiO»(full)/CR1 and CS/SiO,(full)/CR2 in
sour electrolyte (3.5 wt.% NaCl + 1000 ppm NazS + CO; purging) at 1000 rpm, 60°C and different

immersion time (0 — 24 h).
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Table 1 EIS parameters obtained for simulated under-deposited carbon steel with corrosion inhibitors, including CS/SiOx(partial)/CR1,
CS/Si10z(partial)/CR2, CS/SiOz(full)/CR1 and CS/Si02(full)/CR2 in the electrolyte (3.5 wt. % NaCl + 1000 ppm Na,S + CO; purging

Samples’ name Time Ry CPE¢ Re CPEa Ca Corrosion % LE.

(b Qem?) Y ng Q.em?) vy ng (uF.em?)  rate (%)
(uS.s"cm?) (nS.s" cm™) (mmpy)

CS/SiOy(partial)/CR1 0 9.2 569 0.80 1920 727 089 758 0.16 0.523 52.3
6 12.4 463 0.82 4660 464 0.82 549 0.06 0.804 80.4
12 20.0 456 0.77 15710 56 0.96 55.7 0.02 0.942 94.2
24 18.5 406 0.75 11290 155 1.00 155 0.03 0.919 91.9

CS/SiOx(partial)/CR2 0 2.900 268 0.79 1893 867 0.93 899 0.34 0.517 51.7
6 9.720 108 0.79 3180 463 0.92 478 0.10 0.712 71.2
12 6.089 209 0.78 7090 632 0.94 695 0.04 0.871 87.1
24 8.766 118 0.58 16370 503 0.93 589 0.02 0.944 94.4

CS/SiOy(full)/CR1 0 3.4 552 0.86 1140 783 0.95 778 0.27 0.197 19.7
6 7.7 77 0.86 2040 220 094 209 0.15 0.552 55.2
12 27.7 2.8 0.62 9800 143 0.87 150 0.03 0.907 90.7
24 19.3 7.2 0.87 6900 180 0.98 181 0.04 0.867 86.7

CS/SiOy(full)/CR2 0 3.4 118 0.85 2040 188 0.92 173 0.15 0.552 55.2
6 5.5 109 0.79 3000 186 0.84 166 0.10 0.695 69.5
12 16.3 85 0.87 7115 160 0.96 161 0.04 0.871 87.1
24 17.3 49 0.79 11990 130 0.98 131 0.03 0.924 92.4
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3.2 Potentiodynamic polarization (PDP)

3.2.1 Inhibitors addition to the CS samples

Potentiodynamic polarization (PDP) or Tafel analysis is amongt the most efficient ways to assess
the interfacial interactions and inhibition efficiencies of different commercial inhibitors toward the
UDC of CS and their associated anodic and cathodic mechanisms [64]. In this study, PDP curves
were obtained for pristine CS, CS/CR1 and CS/CR2, in a CO:-saturated 3.5 wt% NaCl solution
containing 1000 ppm NaS, at 1000 rpm and 60°C, across different inhibitors’ concentrations (Fig.
4(a, b)). Corrosion performance metrics, like corrosion potential (Ecorr), corrosion current density
(icorr), and anodic/cathodic Tafel slopes (ba and b.), were derived from these curves, and I.E. was
calculated based on icorr Values (Table S2). Because iron dissolution has a low activation energy
and interacts with CO: and sulfide ions, the pristine CS had the most negative Ecor value (-0.677
V), indicating rapid corrosion under sour conditions [55, 65]. CR1 and CR2 inhibitors, on the other
hand, considerably raised the energy barrier for iron oxidation. This was demonstrated by a
positive shift in Ecor values (-654 to -604 mV) for CS/CR1 and (-610 and -671 mV) for CS/CR2,
with the greatest effects observed at 50 ppm for CS/CR1 and 200 ppm for CS/CR2 (Fig. 4(c, d)).
This change is indicative of the inhibitors' adsorption and creation of a passive layer at the CS
interface, which successfully prevents the production of corrosion products and delays iron
oxidation in spite of the harsh surroundings [66]. The results highlight the inhibitors' ability to
modify both anodic and cathodic reactions, thereby improving corrosion resistance through surface
adsorption and passivation mechanisms under sour conditions. Interestingly, CS/CR1 showed
more positive Ecorr Values than CS/CR2, indicating a superior protective tendency of CR1 against
corrosion attack.

All investigated samples had anodic Tafel slopes (ba) that were consistently lower than
their corresponding cathodic slopes (b¢), suggesting that anodic reactions proceed more quickly
than cathodic processes. This finding implies that the commercial inhibitors reduce anodic activity
mainly through interactions at the CS interface. The pristine CS and the inhibited samples, CS/CR1
(73 mV) and CS/CR2 (69 mV), had different Ecor, although these shifts were smaller than the
crucial threshold of 85 mV. This suggests that both CS/CR1 and CS/CR2 are mixed-type inhibitors
that impact both anodic and cathodic reactions. The development of thin, passivating coatings with
robust interfacial coverage of CR1 and CR2 inhibitors on both anodic and cathodic sites is

responsible for this dual inhibition [67, 68]. As inhibitor concentration increased, the anodic and
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cathodic polarization curves for CS/CR1 and CS/CR2 shifted negatively in comparison to the icor
of the uninhibited CS (147.0 pnA/cm?). This resulted in notable decreases in icorr values (2.60 —24.5
pA/cm?) and (6.20 — 35.0 pA/cm?) for CS/CR1 and CS/CR2, respectively. With peak performance
at these optimum concentrations, the lowest icorr values were recorded at 50 ppm for CS/CR1 and
200 ppm for CS/CR2, which corresponded to maximal L.E. of 98.2% and 95.8%, respectively (Fig.
4(c, d)). These results demonstrate that CR1 and CR2 inhibitors effectively adsorb onto the CS
surface, with the ideal dosages for optimum corrosion protection being 50 ppm and 200 ppm.
Significantly, CS/CR1 outperformed CS/CR2 in terms of inhibition efficiency at lower
concentrations (up to 100 ppm), while at concentrations higher than 100 ppm, CS/CR2's inhibition
efficiencies were comparable to CS/CR1. This highlights CR1's strong corrosion inhibition ability

over a wide concentration range in the absence of SiO> deposit.
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Fig. 4 (a, b) PDP curves and (c, d) Plots of Ec.» and LE. vs. inhibitors’ concentrations of CS/CR1
and CS/CR2 in sweet/sour electrolyte (3.5 wt.% NaCl + 1000 ppm Na,S + CO» purging) at 1000
rpm and 60 °C.
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3.2.2 Partial Si0: deposit coverage with the inhibitors

The CS substrates that were partially and fully covered with SiO: deposit were used to test the
corrosion prevention capabilities of CR1 and CR2. Measurements of PDP were carried out in sour
conditions for immersion times (0 — 24 h). The initial Ecorr for CS/SiOz(partial)/CR1 (-715 mV)
and CS/Si10z(partial)/CR2 (-737 mV) showed higher negative corrosion potentials than for pristine
CS (-677 mV) and inhibitor-treated CS without SiO2 deposits (CS/CR1: -604 to -654 mV; CS/CR2:
-610 to -671 mV) at all inhibitors concentrations (Fig. 5(a, b), Table S3). Given that the lower Ecorr
values imply lower energy barriers for iron oxidation, which are probably the result of the SiO:
layer impeding inhibitor penetration, this suggests that partially SiO:-covered samples are more
susceptible to corrosion. However, Ecor values for CS/SiOz(partial)/CR1 (-669 to -617 mV) and
CS/Si0az(partial)/CR2 (-713 to -638 mV) moved positively with prolonged immersion (624 h),
reaching maximum at 12 and 24 h, respectively, indicating progressive inhibitor adsorption at the
metal interface [69]. Lower anodic (b.) and cathodic (b¢) Tafel slopes when compared to those
without SiO: further supported the inhibitors' reduced protection in the presence of partial SiO-
coverage. This was due to restricted diffusion and limited interfacial adsorption of inhibitors,
which promoted the formation of iron oxidation and corrosion products. Notably, the Ecor
departures from pristine CS, i.e., +60 mV for CS/CR1 and +39 mV for CS/CR2, remained below
the 85 mV threshold value, indicating that CR1 and CR2 maintain their inhibition mechanism
despite decreased efficacy by acting as mixed-type inhibitors even with partial Si0. coverage.
Similar findings have been documented previously [69, 70]. The icorr for partially covered samples
with CS/CR1 (9.80-37.0 pA/cm?) and CS/CR2 (7.90—-42.5 pA/cm?) were significantly lower than
the pristine CS (147.0 pA/cm?) because of a negative shift in the anodic and cathodic polarization
curves over time. This indicates that although partial SiO: deposition reduces the inhibitor's
performance, it does not eliminate its protective effect.

The CS/Si0z(partial)/CR1 and CS/SiOz(partial)/CR2 had an elevated icorr because of the
partial deposition of SiO.. The increase in icorr Was noteworthy because it was higher than those
samples with both inhibitors without SiO: deposit, i.e., 2.60 pA/cm? for CS/CR1 and 6.20 pA/cm?
for CS/CR2. However, the values for CS/SiOz(partial)/CR1 and CS/SiOaz(partial)/CR2 were 9.8
pA/cm? at 12 and 7.9 pA/em? at 24 h, respectively. The LE. ranges show this trend, with
CS/SiOx(partial)/CR1 (74.8 — 93.3%) and CS/SiOz(partial)/CR2 (71.1 — 94.6%), peaking at 12 h

(93.3%) and 24 h (94.6%), respectively (Fig. 5(c, d)). These results show that the partial SiO: layer
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hinders inhibitor performance since they are relatively lower than the efficiencies recorded for
CS/CR1 (98.2%) and CS/CR2 (95.8%). The reduced diffusion of both CR1 and CR2 molecules
through the incomplete SiO: deposit is the reason for this decrease in efficacy. The CR2 inhibitor's
improved inhibitory efficacy over CR1 is due to its lower molecular size, which allows for better
penetration and wider interfacial coverage inside the SiO2 matrix at 24 h. The impact of SiO: partial

coverage on inhibitor diffusion and performance further corroborated validated by the EIS data.
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Fig. 5 (a, b) PDP curves and (c, d) Plots of Ecorr and LE. vs immersion time (0 — 24 h) of
CS/SiOx(partial)/CR1 and CS/SiOz(partial)/CR2 in sour electrolyte (3.5 wt. % NaCl + 1000 ppm
NaxS + CO» purging) at 1000 rpm and 60 °C.

3.2.3 Full 8i0:; deposit coverage with the inhibitors

When SiO: is fully deposited on CS, it creates an impenetrable physical barrier that blocks pore
channels and prevents corrosion inhibitors from diffusing. Important insights into this
phenomenon are provided by PDP analyses of CS/SiO:(full)/CR1 and CS/SiO:(full)/CR2

specimens carried out in simulated sour conditions (CO:-saturated 3.5 wt% NaCl solutions
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containing 1000 ppm Na.S at 1000 rpm and 60°C) over immersion intervals (0 — 24 h) (Fig. 6(a,
b)), with corresponding kinetic parameters compiled in Table S3. The fully developed SiO- layer
at the first immersion (0 h) easily allows corrosive species like CO: and sulfide ions to enter, but
it severely limits inhibitor penetration. Therefore, compared to pristine CS (-677 mV) and
inhibitor-treated CS without SiO2 (-604 mV for CS/CR1 and -610 mV for CS/CR2), Ecor for
CS/SiOz(full)/CR1 (-735 mV) and CS/SiO:(full)/CR2 (-718 mV) are significantly more negative.
These are also comparable to CS/SiOz(partial)/CR1 (-715 mV) and CS/SiOz(partial)/CR2 (-737
mV). This suggests that CS/SiOz(full) is more vulnerable to corrosion in these circumstances,

which can be attributed to the inhibitory blockage created by the complete SiO- coverage.
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Fig. 6 (a, b) PDP curves and (c, d) Plots of Ecorr and IE vs immersion time (0 — 24 h) of
CS/SiOo(full)/CR1 and CS/S10(full)/CR2 in sweet/sour electrolyte (3.5 wt. % NaCl + 1000 ppm
NaxS + CO2 purging) at 1000 rpm and 60 °C.

For CS/SiOx(full)/CR1 (723 to -666 mV) and CS/SiOx(full)/CR2 (-681 to -643 mV) (Fig.

6(c,d)), a progressive positive shift in Ecor 18 shown during long immersion times (6—24 h),
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indicating the slow diffusion and adsorption of CR1 and CR2 inhibitors through the SiO: layer.
Despite this, the inhibitors' protective effectiveness is still lower than that of partially coated
systems, as seen by higher anodic Tafel slopes (ba) between 6 and 24 h that are similar to those of
CS/Si0z(partial)/CR1 and CS/SiOz(partial)/CR2. This implies that interfacial adsorption is
hampered by the limited inhibitor transport through the fully deposited SiO2, which promotes
localized corrosion and the development of corrosion products. When comparing pristine CS to
CS/Si0:(full)/CR1 (58 mV) and CS/SiO:(full)/CR2 (41 mV), the observed deviation in Ecor values
(less than 85 mV) shows that the inhibitors maintain a mixed-type inhibition mechanism regardless
of Si0O: coverage. The icorr for CS/Si02(full)/CR1 (24.3 — 65.0 pA/cm?) and CS/Si02(full)/CR2
(12.0 — 52.5 pA/cm?) are increased due to the significantly compromised inhibitor performance
caused by the fully deposited SiO: layer; minima are seen at 12 h (24.3 pA/cm?) and 24 h (12.0
pA/cm?), respectively. The results show that although the fully formed SiO: layer serves as a
physical barrier, it paradoxically reduces the efficiency of inhibitors, making CS with complete
Si02 coverage more susceptible to corrosion in sour environments.

Because the CR1 and CR2 inhibitors were less able to penetrate the SiO» layer, the icorr
values for fully deposited SiO, on CS were significantly higher than those for partially deposited
SiO; on CS. Interestingly, over all immersion times, the icorr Values for the CS/SiOx(full)/CR2
system were consistently lower than those for CS/SiOx(full)/CR1, suggesting that CR2's smaller
molecular size promotes better diffusion and interfacial adsorption on the CS surface, more
successfully reducing corrosion. Furthermore, CS/Si0(full)/CR1 showed L.E. values (55.8 —
83.5%), peaking at 12 h, whereas CS/SiO»(full)/CR2 showed L.E. values (64.4 — 91.8%), peaking
at 24 h (Fig. 6(c, d)). These efficiencies are relatively lower than those observed for CS/CR1
(98.2%), CS/CR2 (95.8%), CS/SiOz(partial)/CR1 (93.3%), and CS/SiOz(partial)/CR2 (94.6%),
underlining that the complete SiO2 deposition impedes inhibitor effectiveness due to reduced
inhibitor diffusion. Nevertheless, the lower steric bulk of CR2 facilitates improved diffusion
relative to CR1 after prolonged immersion, resulting in higher inhibition performance for
CS/SiOx(full)/CR2. The impact of inhibitor molecular size and SiO» deposition thickness on
corrosion protection effectiveness further supported by the EIS results.

Overall, using various electrochemical evaluation techniques, the CR1 and CR2 inhibitors
showed significant differences in L.LE. when applied to CS surfaces that were partially and

completely covered with Si0> compared to uncovered CS. When CR1 and CR2 were present, the
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L.E. values for CS with partial SiO> coverage dropped by 3.1% and 0.7%, respectively, according
to EIS analysis. Conversely, CS samples that were fully SiO> covered showed a more noticeable
decrease in L.E., with drops of 2.7% for CR2 and 5.9% for CR1. These patterns were further
emphasized by the PDP measurements, which revealed a more pronounced reduction in inhibition
performance: the .E. of CS/Si02(partial) dropped by 4.9% and 1.2% with CR1 and CR2, whereas
the CS/Si10,(full) samples showed reductions of 14.7% and 4.0% with CR1 and CR2, respectively.
All of these findings show that the efficiency of both commercial inhibitors is significantly reduced
on the fully covered SiO> layer on the CS surface, with the effect being more noticeable when PDP
analysis is used. This implies that the adsorption and protective function of CR1 and CR2 on the
metal surface are impeded by the barrier-like effect of the SiO> layer.

3.3 Physical characterization

Surface characterization techniques, including SEM, EDX, XRD, XPS, and contact angle
measurements, were systematically employed to comprehensively evaluate the physicochemical
properties of inhibited CS coupons. The analyses focused on key parameters such as surface
morphology, elemental compositions, crystallographic structure, chemical states, and wettability
characteristics, comparing samples with and without silicon dioxide (SiO2) deposits exhibiting
both partial and full coverage. Subsequently, the impact of corrosive species beneath the SiO-
deposits on the inhibited CS surfaces was investigated by assessing changes in the
physicochemical merits after 24 h of immersion in sour electrolyte. This approach enabled a
detailed understanding of the interplay between SiO: coverage and corrosion inhibition efficacy

under simulated corrosive conditions.

3.3.1 Scanning electron microscope and energy-dispersive X-ray spectroscopy

After 24 h of electrochemical corrosion testing in sour electrolyte, the SEM micrographs show the
surface morphology of CS/CR1, CS/CR2, CS/SiO,/CR1, and CS/SiO2/CR2 (Fig. 7). The CS/CR1
and CS/CR2 showed compact, dense coatings that were free of noticeable breaking. Due to the
comparatively bulky CRI1 inhibitor's adsorption on the CS surface, the CS/CR1 samples
specifically showed aggregated, spongy-like structures that, at greater magnification, revealed fine
rod-like topologies without discernible pores (Fig. 7(a), inset). However, at both low and high

magnifications, the CS/CR2 samples showed a morphology with small, flake-like characteristics
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and some visible pores (Fig. 7(b), inset). This morphological difference illustrates how the two
inhibitors behaved differently in terms of adsorption and film development during the corrosion

tests.

oy S

Fig. 7 SEM micrographs with inset high magnification of (a) CS/CRI1, (b) CS/CR2, (c)

CS/SiO2/CR1 and (d) CS/Si0,/CR2 after electrochemical corrosion tests for 24 h in the

sweet/sourtest electrolyte.

Although the CS surface is uniformly covered with CR2, the SiO» deposit's porosity
prevents CR2 molecules from diffusing directly to the underlying CS substrate, reducing the
system's ability to suppress corrosion in comparison to the CS/CR1. According to corrosion testing
in a simulated sour electrolyte, the bulkier CR1 molecules show more effective interfacial
adsorption on the CS surface than the less bulky CR2, as indicated by the compactness and shape
of the inhibitor films. Significantly, the CS/SiO2/CR1 and CS/SiO2/CR2 samples showed
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agglomerated, irregular flaky structures, indicating that the presence of the SiO; layer on the
inhibited CS surface significantly changed the surface morphology (Fig. 7c,d). These structural
changes are ascribed to iron oxide crystallite phases that were created as a result of accelerated
iron dissolution beneath the SiO: layer, phenomena that were not present in the non-SiOz-coated
samples and are noticeably larger than those on samples without SiO» deposition (CS/CR1 and
CS/CR2). The inhibitors' ability to provide protection is hampered by the corroded features
underneath the SiO; deposit. The observed decrease in L.E of CR1 and CR2 on SiOz-covered CS
surfaces is probably caused by the inhibitor molecules' preferential adsorption onto the SiO»
surface as opposed to the CS substrate, as well as the simulated sour electrolyte's easy passage
through the porous SiO> layer [30, 71]. However, in comparison to CR1, CR2 exhibits better
compatibility with the SiO> deposit, allowing for more efficient penetration through the deposit
pores, especially after 24 h of immersion. This results in improved corrosion inhibition
effectiveness. This phenomenon offers a mechanical explanation for why CR2 has better UDC
resistance than CR1.

EDX analysis was used to probe the surface compositions of inhibited CS coupons, both
with and without SiO: deposits, both qualitatively and quantitatively. Nitrogen (N), oxygen (O),
carbon (C), phosphorus (P), iron (Fe), sulfur (S), sodium (Na), and oxygen (O) were found to be
present in amounts of 25.4/22.5/15.2/14.5/12.7/5.8/3.9 wt.% for CS/CR1 and
23.2/23.2/15.9/12.6/14.5/5.7/4.9 wt.% for CS/CR2 (Fig. S2(a, b), Table S4). These findings
suggest a more considerable and consistent inhibitor film generation that successfully lowers Fe
exposure on the CS surface, as well as a larger concentration of heteroatoms (O, N, and P) on the
CR1-treated surface. As a result, in sour electrolyte situations, CR1 performs better than CR2 at
inhibiting corrosion. However, the high concentrations of Na, C, and Fe found on the CS/CR2
surface suggest that electrolyte penetrated through the steel substrate's porous areas, promoting
localized dissolution and the production of corrosion products, which reduces the effectiveness of
the inhibition [72, 73]. The elemental profiles after SiO2 deposition on CS with the inhibitors agree
with earlier findings. The presence of C/O/Na/S/N/P/Fe/Si was determined by EDX analysis of
S10.-covered samples treated with inhibitors at 18.90/23.10/14.50/2.07/8.37/3.36/18.80/2.07 wt.%
for CR/Si02/CR1 and 17.20/24.50/11.40/2.00/12.30/5.30/16.70/10.6 wt.% for CR/SiO2/CR2 (Fig.
S2(c, d), Table S4). In comparison to CR/SiO./CR1, CS/CRI1, and CS/CR2 samples, the

substantially higher concentrations of Si, N, P, and O on the CR/S10./CR2 surface imply that the
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CR2 inhibitor penetrates and interacts with the SiO- layer rather than the underlying CS substrate
more effectively, leading to a weaker protective film formation and reduced corrosion resistance.
The adsorption of both CR1 and CR2 inhibitors onto the CS surfaces, with and without SiO-
deposits, albeit to differing degrees, was further validated by SEM in conjunction with EDX. The
efficiency of the inhibitor films in reducing corrosive deterioration is highlighted by the significant
correlation between the absence of surface fractures on inhibited CS specimens and the low CRs

observed during electrochemical testing.

3.3.2 Contact angle measurements

The contact angle (Oc) is a crucial metric for evaluating surface wettability, which is the angle
created at the interface between a liquid droplet and a solid surface. Surfaces exhibiting a 6¢c (<90°)
are hydrophilic, those with Oc (> 90° but <150°) are deemed hydrophobic and surfaces with 6c (>
150°) are superhydrophobic [74]. In this investigation, samples were subjected to electrochemical
corrosion testing in the electrolyte at 60°C with 1000 rpm agitation for 24 hours before contact
angle measurements were made. The inhibited carbon steel (CS) samples, referred to as CS/CR1
and CS/CR2, showed contact angles of 135° and 129°, respectively (Fig. 8(a, b)), suggesting that
both samples were significantly hydrophobic, with CS/CR1 exhibiting the better hydrophobic
properties. Increased hydrophobicity is associated with decreased surface wettability, which
reduces the tendency of water molecules and corrosive ions to adhere to the metal surface. This
decrease in surface wetting is a major factor in the samples' improved corrosion inhibition
performance [75]. SiO:2 deposition on CS with corrosion inhibitors (CR1 and CR2) significantly
reduces the surface hydrophobicity, i.e., fc reductions of 36.8% and 25.5% for CS/SiO2/CR1
(85.6°) and CS/Si102/CR2 (96.2°), respectively, and the CS/Si02/CR1 becomes hydrophilic while
CR2 remains hydrophobic (Fig. 8(c, d)). This differential behavior supports the superior corrosion
inhibition performance of CR2 on SiO:-covered CS over long immersion times, while
CS/Si02/CR1 samples exhibit increased surface wettability, which promotes corrosive degradation
of the CS/S102/CR1 interface. These results agree with the electrochemical corrosion data and
support the link between surface wettability modifications and inhibitor efficacy under SiO:

deposition.
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Fig. 8 Contact angle measurements of (a) CS/CRI, (b) CS/CR2, (c¢) CS/SiO,/CR1 and (d)
CS/Si02/CR2 after electrochemical corrosion tests for 24 h in the electrolyte.

3.3.3 X-ray diffraction

XRD was used to analyze the crystallographic structure of CS samples, with/without CR1 and
CR2 inhibitors, and presence/absence of SiO2 deposition after 24 h immersion in a sour electrolyte.
Using ICDD code 98-018-6832, the XRD patterns of pristine CS, CS/CR1 and CS/CR2 revealed
Fe facets {110}, {200}, and {211}, which corresponded to cubic structures with Im-3m symmetry
(Fig. 9(a)). Interestingly, the CS displayed a broad {011} peak attributed to amorphous FeS,

indicating the formation of a passive mackinawite sulfide layer on the surface under sour
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conditions [76]. This peak was absent in the CS/CR1 and CS/CR2 samples, demonstrating that
CR1 and CR2 successfully reduced passive sulfide production. Additionally, the Fe{110} peak in
CS/CR1 and CS/CR2 shifted to higher Bragg angles (44.75° and 44.77°, respectively) with greater
full width at half maximum (FWHM) values (0.2338 and 0.2412) compared to pristine CS (44.66°;
0.2152) (Fig. 9(b)). The adsorption of CR1 and CR2 inhibitors at the CS surface is responsible for
this shift and peak broadening, which show lattice contraction, decreased crystallite size, and
higher lattice strain in the Fe matrix [77], which impedes Fe dissolution and subsequent corrosion
product formation.

In addition to Fe diffraction peaks (Fig. 9(c)), XRD analysis of the SiO2-covered samples
(CS/S102, CS/S102/CR1, and CS/Si02/CR2) showed several SiO> facets ({010}, {110}, {011},
{201}, {111}, {020}, {211}, {301}, {121}, {302}, {203}, and {122}) with hexagonal symmetry
(P3121). Effective surface covering by the SiO; layer is proven by the SiO; diffraction signals'
dominance over Fe. This covering, however, might make it easier for the sour electrolyte to
penetrate while impeding the quick diffusion of inhibitors, which could exacerbate corrosive
deterioration in sour environments. The structural changes brought about by inhibitors and SiO»
coverage that affect corrosion resistance mechanisms in CS exposed to sour conditions are clarified
by the XRD investigation [71]. Shifts in the SiO: {110} diffraction peak, observed at lower and
higher Bragg angles for the CS/SiO./CR1 (26.58°) and CS/SiO./CR2 (26.79°) samples,
respectively, relative to the pristine CS/SiO: system (26.71°) (Fig. 9(d)), indicate distinct modes
of inhibitor adsorption at the SiO: interface. The preferential adsorption of CR1 and CR2
inhibitors, characterized by their abundant electron-withdrawing and electron-donating functional
groups, takes place through the SiO: layer on the carbon steel (CS) surface. It is noteworthy that
the FWHM values for CS/Si02, CS/Si02/CR1, and CS/S10./CR2 do not change, indicating that
the inhibitors have no effect on the size of the crystallites. This implies that the inhibitors do not
cause the SiO: lattice to undergo any notable structural changes. Therefore, compared to inhibitor-
treated samples without the SiO: deposit (CS/CR1 and CS/CR?2), the corrosion inhibition efficacy
is reduced due to the lack of significant synergistic effects and restricted direct interaction between

the inhibitors and the CS substrate.
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Fig. 9 XRD spectra of (a) CS, CS/CR1 and CS/CR2, (b) enlarged {110} facet of Fe, (c) CS/SiO»,
CS/Si02/CR1 and CS/Si02/CR2 and (d) enlarged {110} facet of SiO after electrochemical

corrosion tests for 24 h in the simulated sour electrolyte.

3.3.4 X-ray photoelectron spectroscopy
The interfacial chemical states of CS exposed to sour electrolyte with CR1 and CR2 were

examined using XPS following a 24 h immersion, both with and without SiO: deposits.
Uninhibited surfaces had strong Fe 2p, C 1s, O 1s, S 2p, and N 1s core-level transitions, along with
valence-level Fe 3s and Auger FeLMM-2 features, according to wide-scan XPS spectra (Fig.
S3(a)), which demonstrated unique elemental compositions. Increased Fe 2p, S 2p, and FeLMM-
2 signals for inhibited CS without SiO. (CS/CR1, CS/CR2) suggested robust inhibitor adsorption
on the metallic substrate, which is in line with the formation of protective films. The SiO:-

deposited samples (CS/Si102/CR1, CS/S10./CR2), on the other hand, showed suppressed Fe-related
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spectral intensities and enhanced Si 2p/Si 2s signals, indicating preferential inhibitor adsorption
onto the SiO: layer instead of direct steel interaction. This interfacial decoupling creates a
permeable barrier that permits electrolyte ion penetration while blocking inhibitor-steel contact,
which increases UDC susceptibility through localized electrochemical activity. High-resolution
core-level spectra further clarified chemical bonding environments, confirming the crucial role of
deposit-mediated adsorption mechanisms in controlling corrosion dynamics.

Deconvoluting the high-resolution Fe 2p spectra into the distinctive doublet peaks that
correspond to Fe 2ps/> and Fe 2pi/> revealed that the CS sample was primarily composed of
Fe?*:708.0 and 721.6 eV; Fe**:710.6 and 724.8 eV; and Fe?* shake-up satellite: 715.6 and 729.4
eV (Fig. 10(a)). Meanwhile, the deposition of SiO; shifted these spectra to slightly higher binding
energies in CS/SiOx sample, i.e., Fe**: 708.2 and 721.7 eV; Fe**: 710.8 and 724.8 eV; and Fe**
shake-up satellite: 715.7 and 729.6 eV. Although the binding energy of Fe** 2ps/, is always found
around 709 eV, but experimentally possible shift to around 708 eV could be observed, due to
specific chemical species, like surface effects, intermolecular interactions, lattice environment,
ligand field, and crystal structure [78-80]. This finding implies more oxidized Fe species are
formed with SiO2 deposition. When corrosion inhibitors CR1 and CR2 were added without Si0O-
deposition, the Fe d-band center was slightly shifted, as evidenced by slightly lower binding
energies in CS/CR1 (Fe’: 707.0 and 719.9 eV; Fe?": 709.2 and 722.4 e¢V; Fe**: 711.3 and 723.9
eV; Fe?* shake-up satellite: 715.2 and 729.8 eV) and CS/CR2 (Fe® 706.5 and 719.4 eV; Fe**: 708.2
and 720.7 eV; Fe**: 710.8 and 723.4 eV; Fe?* shake-up satellite: 715.1 and 729.7 eV). This change
implies that both inhibitors successfully prevent iron oxides from forming higher oxidation states.
Conversely, an upshift in the Fe d-band center to higher binding energies in CS/SiO2/CR1 (Fe?":
707.9 and 721.5 eV; Fe*: 710.6 and 725.5 eV; Fe** shake-up satellite: 715.5 and 729.9 eV) and
CS/Si02/CR2 (Fe?**: 708.0 and 721.2 eV; Fe**: 710.5 and 724.4 eV; Fe** shake-up satellite: 715.9
and 730.9 eV) demonstrate that the presence of a SiO: layer promoted an increase in Fe oxide
formation. Interestingly, CR2's lower molecular size allows it to more efficiently penetrate the
Si10:2 deposit, which mitigates the development of Fe oxide to a greater degree than the larger CR1
molecule, which shows less penetration through the SiO: layer [55, 56].

Four different chemical states were identified by deconvolution of the C 1s spectra for
pristine CS, CS/CR1, and CS/CR2 samples. These states corresponded to C=C/C-C, C-O, C=0,

and O—C=0 at binding energies of 284.7, 285.8, 287.0, and 288.4 eV, respectively, with dominant
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peak of C=C/C—C (Fig. 10(b)). The O—C=0 signal was not present in the CS/SiO,, CS/SiO>/CR1,
or CS/Si0,/CR2 samples after SiO> was added. Significant absorption characteristics related to
carbides, notably Fe—C at 283 eV and Si—C at 282 eV, were made possible by the addition of CR1
and CR2 inhibitors. Also, these inhibitors caused a significant decrease in oxide species, which is
why the CS/Si0, sample had peaks for Fe—C, C=C/C-C, C-0, and C=0, while the CS/Si0,/CR1
sample had signals for Si—C, Fe—C, C=C/C-C, C-0, and C=0, and the CS/Si0,/CR2 sample had
Si—C, Fe—C, C=C/C-C, and C-O peaks. These findings imply that the CR2 inhibitor suppresses
carbon oxidation more efficiently when SiO> deposits are present, demonstrating its superior
antioxidative capacity in these circumstances.

The high-resolution O 1s area identified three different components that corresponded to
Fe—O bonds, oxygen vacancies, and surface hydroxyl groups ("OH) in all samples that were
examined, including CS, CS/SiO., CS/CR1, CS/CR2, CS/SiO2/CR1, and CS/SiO./CR2 (Fig.
10(c)). These characteristics show that H>O and O: species are firmly adsorbed on the sample
surfaces. The chelation of Fe atoms with the oxygen-containing terminal groups of the corrosion
inhibitors is responsible for the notable production of passive iron oxides on CS/CR1, CS/CR2,
CS/Si02/CR1, and CS/S102/CR2 samples in the sour environment. In contrast, this passivation was
less noticeable in the CS and CS/SiO: samples, highlighting the impact of inhibitor—surface
interactions on oxide formation in corrosive environments.

The simulated sour atmosphere that was created for H>S during the corrosion experiments
is what caused the S 2p signal to be detected. Characteristic spin-orbit coupling peaks were
identified by multiple S species of the S 2p spectra for CS and CS/SiO: samples (Fig. S3(b)). The
different sulfur species include elemental sulfur (2ps2 and 2p12 of S°), sulfides (2ps2 and 2p12 of
SOs?), sulfites (2ps2 and 2pi2 of SO3?7), and sulfates (2ps2 and 2pi2 of SO4*"). These findings
show that sulfide, sulfite, and sulfate ions readily penetrate and adsorb onto both CS and CS/SiO2
surfaces in the absence of CR1 and CR2 corrosion inhibitors. On the other hand, as indicated by
the spin-orbit coupling peaks for S>>~ (2ps2 and 2pi2) (Fig. S3(c)), the addition of CR1 and CR2
significantly reduced the creation of sulfite and sulfate species on CS/CRI1, CS/CR2,
CS/Si02/CR1, and CS/S102/CR2 samples, while enabling only the presence of disulfide species.
The CR1 and CR2 inhibitors work by adsorbing sulfide species from the sour electrolyte to
successfully mitigate corrosive assault. However, SiO2 deposit prevents the species from

interacting directly with the CS substrate.
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CS/CR2, CS/S102/CR1, and CS/Si0,/CR2 after electrochemical corrosion tests for 24 h in the sour

electrolyte.
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Three separate components representing pyridinic N, pyrrolic N, and graphitic N species
were identified from the deconvoluted N 1s spectra of the inhibitor-containing samples (Fig.
10(d)), in both the presence and absence of SiO». These findings show that the inhibitors' amine
functional groups help to create and stabilize nitrogen-containing linkages on the CS surface. The
CS substrate's resistance to corrosion is increased by these nitrogen functionalities, which facilitate

efficient coordination interactions that prevent the formation and spread of corrosion products.

3.4 Interfacial mechanism of the commercial inhibitors for under-deposited corrosion of carbon
steel
Along with physicochemical characterizations (SEM, EDX, contact angle measurements, XRD,
and XPS, the electrochemical analyse (EIS and PDP), collectively show the superior corrosion
inhibition performance of commercial inhibitors toward UDC on CS coupons with partially and
fully covered SiO> deposits. CR2 inhibitor compounds' superior interfacial adsorption and
penetration through SiO; deposit relative to CR1 inhibitor are the main causes of this increased
inhibition. Interfacial interactions involving electron transfer through conjugated n-bonds and/or
heteroatoms between the inhibitor molecules and Fe atoms on the steel surface enable both CR1
and CR2 to molecularly adsorb onto the Fe atoms of the CS substrate, which is intrinsically linked
to their corrosion inhibition efficacy [81, 82]. Such adsorption substantiates their inherent
anticorrosive capabilities by successfully blocking the diffusion and adsorption of aggressive
corrosive species, such as carbonates (COs>), sulfides (S*), hydrogen (H"), and chloride (CI") ions.
However, the effectiveness of these inhibitors in inhibiting corrosion is significantly
reduced due to their relatively high molecular lengths, which limit their ability to penetrate the
Si0; layer coverage on CS. Strong electrostatic adsorption of the inhibitors onto the SiO rather
than the underlying CS substrate is promoted by the sour electrolyte's acidic pH, which gives the
SiO2 surface a negative charge [70]. Because of this preferential binding, less inhibitors are
available at the steel interface, which makes it easier for sour electrolytes to reach the CS surface
and spread UDC even in the presence of inhibitors. The inhibitors' capacity to permeate through
Si10; pores and adsorb at the CS interface in the simulated sour circumstances under investigation
is controlled by their molecular size and hydrophobicity, which are further exacerbated by the SiO-

deposit's partial/full surface coverage of CS. This mechanistic realization, illustrated in Scheme 2,
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clarifies that CR2 has a higher inhibitory efficacy in the presence of SiO> deposits than the bulkier
CRI1 inhibitor due to its decreased steric bulk and increased hydrophobicity.

Sour electrolyte

CR1 adsorption on SiO, deposit

CR2 “;-‘\SIO; deposit layer

penetration through SiO,
and adsorb on CS

Scheme 2 Interfacial Mechanism of the CR1 and CR2 inhibitors for SiO; under-deposited

corrosion of CS.

3.5. Applicability of machine learning models

This study focuses on the utilization of various ML models for the prediction of localized corrosion
of CS, particularly inhibition efficiencies of CR1 and CR2 inhibitors toward SiO> under-deposited
corrosion of CS, from the datasets obtained from two electrochemical methods (Tables 1, S1 —
S3). This approach uniquely combines data from both EIS and PDP methods to create sufficient
datasets for models’ development and enhance the models’ robustness and predictive capabilities.
Unlike previous research efforts that extract datasets from a single electrochemical method or
weight loss measurements [33, 34, 36], Hence, data points were categorized as (a) electrochemical
methods (EIS or PDP); (b) SiO> deposit (partial or full coverage); and (c) corrosion inhibitor (CR1
or CR2) is converted into one-hot vectors for use by the ML models, as shown by the correlation
matrix of the entire dataset (Fig. 11(a)). The total number of data points is 60, of which 30 are
from PDP and 30 are from EIS. Then, the data points are segregated into inhibitor efficiency (I.E.)
as output and all other variables as input for model development. The total dataset is split into
training (80%) and testing (20%) datasets, maintaining the same ratio for each electrochemical
method. Since all the data-points are numerical, various ML regression models were applied

including: (i) linear regression (LR), (ii) k-nearest neighbor (KNN) regressor, (iii) random forest
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(RF) regressor, (iv) decision-tree (DT) regressor, (v) gradient-boosting (GB) regressor, and (vi)
extreme gradient-boosting (XG) regressor [83].

Feature importance studies were methodically carried out using an integrated framework
of complimentary approaches in order to create a solid, multivariate understanding of predictor
variable contributions (Table S5): (i) By calculating SHAP (SHapley Additive exPlanations)
values for both the RF and XGB algorithms, model-agnostic interpretability was attained, offering
interpretable measures of global and local feature impacts across nonlinear decision boundaries;
(i1) Intrinsic impurity-based importance metrics from RF and permutation importance scores from
XGB were simultaneously analyzed to empirically validate the dominant influence of SiO: deposit
morphology and temporal exposure parameters; and (iii) Using directional visualization and
coefficient magnitude analysis, linear regression coefficients were quantitatively evaluated to
allow for a direct comparison of effect sizes under linear assumptions (Table S6).

Si0; deposit and exposure length (partial or full) were revealed to be the main factors
influencing UDC behavior across all models that were tested by multivariate analysis. To maintain
generalizability under diverse experimental configurations, the concentration of inhibitors
parameter was kept in the final model architecture even though it lacked statistical significance (a
= 0.05) in linear regression models. The analysis used five complementary approaches to fully
quantify feature contributions: (i) Linear Regression Coefficients and their statistical significance
(Fig. S4a); (i1) Random Forest Feature Importance (Fig. S4b); (iii) XGBoost Feature Importance
(Fig. S4c); (iv) SHAP Feature Importance for Random Forest (Fig. S4d); and (v) SHAP Feature
Importance for XGBoost (Fig. S4e). The potential biases associated with individual interpretation
methodologies were addressed using the multimodal approach, which guaranteed robust
characterization of parameter influence through both model-specific metrics (coefficients, gain
scores) and model-agnostic game-theoretic valuation (SHAP).

The models’ performance metrics were evaluated with respect to R?, RMSE and MAE for
the training and testing results, summarized in Table 2. Fig. 11(b-d) clearly denotes the whole
dataset’s actual and predictions, which are the primary focus for model evaluation. The training
results reveal that RF, XGB, DT and GB have promising performance metrics for this study, but
LR and KNN models were inappropriate. However, the RF and XGB regressors were first explored
to reveal the actual and predicted L.LE. of CR1 and CR2 toward SiO (partial or full coverage)

deposited CS in simulated sour conditions (Fig. 11(b)). The initial testing results delivered R?,
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RMSE and MAE of 0.90, 3.6% and 2.7%, respectively for RF regressor, which are superior to
XGB (0.85; 4.6% and 3.0%). Then, we reconstructed the training-testing dataset with 80-20 split
for four-folds cross validation (CV) to evaluate the repeatability of the viable regressions (RF,
XGB, DT and GB) and prevent overfitting [84]. The RF (R*=0.85 + 0.05) and XGB (R*=0.84 +
0.03) are capable of consistently providing mean R*>> 0.80 for all the four iterations from dataset
extracted from EIS and PDP (Fig. 11(c, d)).

However, the RF regressor is the best predictive ML model with a high R?, but the least
RMSE and MAE compared to XGB, GB, DT, KNN, and LR (Figure 11e, f). The RF regressor had
previously been employed as the best algorithm for corrosion rates-time series prediction of CS in
sweet conditions [43]. A prior approach models the corrosion inhibition using inhibition power
(Pinn) expressed in equation 6 [85]. In a similar vein, this study attempted to model Pinn as the
output and the model yielded a similar output to the presented output (Table S6). The
transformation to Pin led to a more symmetric and Gaussian-distributed target, resulting in
improved model robustness and predictive performance, particularly for ensemble-based models
such as XGBoost and Random Forest. This work is the first to report that random forest (RF)
regressor is the most appropriate ML model for studying the UDC corrosion of CS in simulated

sour conditions utilizing commercial inhibitors.

Table 2 Summary of performance metrics using various ML algorithms

Training results Testing results 4-fold CV R?
ML Models || - p» RMSE  MAE R®  RMSE MAE (e > 0
(%) (%) (%) (%)

RF 0.96 3.1 2.1 0.90 3.6 2.7 0.85 + 0.05

XGB 0.98 2.0 0.6 0.85 4.6 3.0 0.84 4 0.03

GB 0.96 3.1 1.5 0.73 6.2 3.2 0.78 + 0.04

DT 0.96 2.9 0.8 0.70 6.5 4.1 0.77 % 0.06
KNN 0.58 9.5 5.2 0.72 6.2 4.4 -
LR 0.62 9.0 6.8 0.69 6.6 5.8 -
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full)/)CR1 and CS/SiOz(partial and full)/CR1 from EIS and PDP datasets with 4-folds cross

validation datasets, and (e, f) Models performance metrics of training and testing datasets.

4. Conclusions

This study assessed the effectiveness of two commercial imidazoline-based inhibitors, CRONOX-
CRWS85719 (CR1) and CRONOX-CRW85282 (CR2), in inhibiting interfacial corrosion on CS in
simulated sour conditions (i.e., COz-saturated 3.5 wt.% NaCl with 1000 ppm Na;S at 60°C), both
with and without SiO2 deposits. Concentration-dependent inhibitory efficiencies were found using
EIS and PDP investigations; on clean CS surfaces, the best results were obtained at 50 ppm (CR1)
and 200 ppm (CR2). Without deposits, CR1's barrier qualities were improved by its bulky
molecular structure and better hydrophobicity (contact angle: 132.5° compared to 98.7° for CR2).
But after 12-24 h of immersion, SiO> deposition (partial/full covering) significantly reduced the
effectiveness of both inhibitors, lowering CR1's by 3.1-14.7% and CR2's by 0.7-4.0%. The
smaller molecular architecture of CR2 allowed deeper penetration through SiO> pore networks,
whereas CR1's bigger molecular footprint prevented interfacial access. Robust predictive measures
for inhibitory effects of CR1 and CR2 were proven by machine learning validation using random
forest regression (R? = 0.85 £ 0.05; RMSE = 3.6%; MAE = 2.7%), underscoring the crucial
importance of deposit permeability and molecular shape in the design of under-deposit corrosion
inhibitors. Through a combination of surface adsorption kinetics, electrochemical behavior, and
machine learning modeling, the results provide a useful practical foundation for optimizing

inhibitor formulations.

Associated content

Supporting Information: Plots of R and corrosion rates against inhibitors concentrations,
electrochemical impedance spectroscopy (EIS) data of samples without SiO; deposit,
potentiodynamic polarization (PDP), EDX spectra and elemental composition, XPS wide scan,
and high resolution XPS of S 2p spectra of CS with/with SiO2 deposit in the presence of CR1 and
CR2 inhibitors, LR analysis features, refitting models with P, and LR coefficients, and RF,
XGBoost and SHAP features,
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