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This study aims to assess the potential of two synthesized thiazolidine derivatives (AS3)
and (ASa) in the capacity of preventing corrosion on N80 alloy steel in 1M hydrochloric
acid medium. The electrochemical behavior, adsorption isotherms, activation energy, and
surface morphology were analyzed using Tafel polarization curves, Langmuir adsorption
model, Arrhenius equation, and scanning electron microscope (SEM) coupled with
energy-dispersive spectroscopy (EDS) techniques. The findings indicate that both
compounds function as efficient mixed-type inhibitors, with inhibition efficiency
improving proportionally to inhibitor concentration but exhibiting a slight reduction at
higher temperatures. This thermal sensitivity points to a predominant physisorption
mechanism in the initial adsorption stages. SEM/EDS results confirmed the formation of
a compact, protective surface film, validating the adsorption-driven protection
mechanism. The significance of this study lies in the growing demand for
environmentally safer and economically viable inhibitors for industrial applications
involving acid-induced corrosion, especially in oil and gas applications where N8O
carbon steel is widely used. Thiazolidine derivatives show strong affinity for steel
surfaces, highlighting their suitability, due to their heteroatoms and n-electron system,
offer promising coordination ability with metal surfaces. Thus, AS3; and AS4 represent
valuable candidates for mitigating acid-induced corrosion, contributing to extended

equipment life and reduced maintenance costs in aggressive environments.

1. INTRODUCTION

Corrosion can be described as a process that occurs
naturally or through chemical action by which a metal is
transformed into a more stable state [1]. However, it incurs
significant economic losses worldwide [2]. Most pure forms
of metals and alloys are very reactive and readily degrade due
to their susceptibility to corrosion resulting from reactions
with environmental components [3, 4]. Research into the
corrosion inhibition behavior of carbon steel is one of the most
common areas of investigation, partly due to its relatively high
mechanical strength, affordability, and broad industrial
applications. However, carbon steel is also easily corroded.
Iron, being a highly reactive material, undergoes frequent
corrosion during usage across the industry. Especially in the
petrochemical and chemical fields, carbon steel is often
subjected to highly acidic media, resulting in shortened service
life and a higher likelihood of hazardous incidents [5]. In
various industrial branches, acidic media are commonly
applied to remove unwanted deposits and oxide layers from
steel surfaces. These solutions are frequently used to enhance
oil and gas extraction by means of acidizing operations within
the petroleum sector. Such processes typically lead to
significant corrosion in steel pipes, tubes, and equipment [6].
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Corrosion is arguably the most common and undesirable
phenomenon, representing a natural process that results from
electrochemical interactions between metals and corrosive
media, leading to their deterioration [7]. Corrosion inhibitors
are one of the most efficient strategies for protecting metals
from corrosion [8]. Inhibitors are chemical substances utilized
to prevent or decrease corrosion on metal surfaces in corrosive
conditions [9]. They are considered a key preventive measure
against corrosion. The nature and effectiveness of their
functional groups and electron density at the donor atoms play
a critical role in determining the inhibition efficiency [10, 11].
Thiazolidine derivatives are environmentally friendly
molecules with wide applications in the food, pharmaceutical,
and biological industries. Thiazolidine derivatives containing
additional heteroatoms such as N and O, along with aryl-
containing compounds, have been utilized to inhibit the
corrosion of metals in various aggressive conditions. The
density of electrons of inhibitor molecules due to lone pairs on
heteroatoms, oxygen, nitrogen, sulfur, and phosphorus, and -
electrons enhances their interaction with metal surfaces by
coordination with vacant d-orbitals. Therefore, the inhibitor
forms coordinate covalent bonds with the metal surface.
Several factors affect the adsorption capability of the inhibitor
to the metal surface, including the surface charge of the metal,
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its chemical composition, the type of corrosion medium, and
the chemical composition of the inhibitor [12, 13]. Both AS;
and AS4 exhibit distinct advantages over previously reported
thiazolidine-based corrosion inhibitors. They are synthesized
through a straightforward, one-step reaction using inexpensive
and non-toxic precursors, offering a more sustainable and cost-
effective alternative [14]. Unlike other inhibitors that require
complex synthetic pathways or incorporate halogenated
frameworks, AS; and ASs deliver superior inhibition
efficiencies exceeding 90% at relatively low concentrations.
The presence of functional groups significantly enhances their
adsorption affinity, which aligns well with the thermodynamic
behavior predicted by the Langmuir isotherm. Moreover,
SEM/EDS analyses confirm the formation of a uniform and
protective surface layer, underscoring their practical viability
as effective corrosion inhibitors in acidic environments [15].
Recent developments in corrosion science have also
highlighted the growing interest in environmentally friendly,
or "green", corrosion inhibitors. While synthetic organic
inhibitors have long dominated the field, emerging research
has demonstrated the effectiveness of plant-based extracts as
viable alternatives. These natural compounds, often rich in
polyphenols and flavonoids, exhibit strong adsorption
capabilities on metal surfaces and are capable of forming
protective layers comparable to conventional inhibitors. The
integration of such approaches reflects a broader shift toward
sustainable practices in industrial corrosion control, expanding
the available options for efficient and eco-conscious protection
strategies [16, 17].

2. MATERIALS AND METHODS

The materials used in this experiment include 4-
hydroxybenzaldehyde and 3-hydroxy-4-
methoxybenzaldehyde, both sourced from Merck. Other

reagents were purchased from Sigma-Aldrich. All chemicals
possessed a purity of 99%. In this study, the N80 carbon steel
specimens employed were supplied by the South Oil Company
(Basra, Iraq). Their chemical composition was verified to
conform with the standard specifications for N80-grade steel,
with weight percentages composition of the alloy was 0.39%
carbon, 0.005% silicon, 0.06% phosphorus, 1.4% manganese,
and the remainder iron. Samples were obtained from the same
manufacturing lot. FT-IR measurements were carried out on a
Shimadzu FT-IR 8400S spectrophotometer with KBr discs in
the range of 4000-500 cm™'. 'H-NMR data were acquired
using a Bruker 500 MHz spectrometer with tetramethy] silane
TMS as the internal standard. The surface features of materials
were noticed utilizing a scanning electron microscope (SEM),
specifically a TESCAN MIRA 3 FEG-SEM device.
Hydrochloric acid was used as the corrosive medium and was
diluted with non-ionic water.

2.1 Synthesis of thiazolidine derivatives (AS3, AS4)

The  thiazolidine  derivatives, (4-hydroxyphenyl)
thiazolidine-4-carboxylic acid (AS;) and 2-(3-hydroxy-4-
methoxyphenyl) thiazolidine-4-carboxylic acid (ASs4), were
synthesized by reacting 0.01 mole of L-cysteine with 0.01
mole of either 4-hydroxybenzaldehyde or 3-hydroxy-4-
methoxybenzaldehyde, respectively. The reaction was
executed in a 100 mL Erlenmeyer flask containing a blend of
50 mL ethanol and 10 mL water. The mixture was agitated
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magnetically at 25°C for 12 hours. The resulting solid was
filtration, and washed with diethyl ether, and left to dry. The
solid was then recrystallized from a 1:3 mixture of water and
ethanol, yielding white crystals, Scheme 1 [18].

CHO
0
EtOH : H7O
HS OH
NH,
H

2-(4-hydroxyphenyl)thiazolidine-4-carboxylic acid
CHO
0
OH NH,
CH,

BOH:HO T@\@\
Scheme 1. Preparation steps of Thiazolidine derivatives

2-(3-hydroxy-4-methoxyphenyl)thiazolidine-4-
carboxylic acid
(AS3, ASs)

2.2 Preparation of inhibitor concentrations (AS3, AS4)

To evaluate the Tafel polarization behavior of N80 carbon
steel, a set of 1 M HCl solution was prepared. 1 M of HC] was
selected as the corrosive medium due to its widespread
application in industrial acid pickling, oil well acidizing, and
scale removal processes. This acid provides a highly reactive
and practical environment that effectively dissolves iron
oxides while closely simulating harsh real-world conditions.
Moreover, the use of a 1 M concentration is well established
in the literature for evaluating organic corrosion inhibitors,
facilitating meaningful comparisons with related studies [19,
20] with various concentrations of inhibitor AS; and AS4
(0.005, 0.001, 0.0005, and 0.0001 M). Steel specimens
(3%x2%0.2) cm were immersed in this solution.

3. RESULTS AND DISCUSSION
3.1 Chemistry

The FT-IR spectra (KBr, cm™) of AS; and AS4 displayed
features characteristic of zwitterionic structures, Scheme 2,
similar to those found in amino acids. Broad absorption bands
were observed in the range of 3390-2500 cm™, corresponding
to secondary amine salt (+NH:), and bands at 1519-1597 and
1429 cm™, corresponding to carboxylate salt (COO") [21].

The spectra also exhibited the disappearance of the SH band
around 2600 cm™, indicating successful synthesis, and the
absence of aldehyde C=0 bands in the range of 1700-1750
cm™'. Additionally, stretching vibrations of aromatic C-H
were observed within the range of 3000-3057 cm™, and the
bands at 2983-2900 cm™ were assigned to aliphatic C—H
vibrations. Aromatic C=C stretching modes were detected in
the range of 1575-1492 cm™. Strong bands characteristic of
the thiazolidine ring were also observed at 615 cm™ (C-S),
1250-1321 cm™ (C-N), and 1100-1150 cm™ (C-O). An
increase in bands between 2500-1900 cm™ indicated
hydrogen bonding effects, particularly in the thiazolidine-4-
carboxylic acid ring, which influenced OH and NH group
vibrations [22]. The 1H-NMR chemical shifts (DMSO-ds)
appeared at 2.5 ppm and 3.3 ppm, with signals at 5.29-5.56



ppm (s, 1H, H-C-S), 3.9-4.21 ppm (t, 2H, H-C—C=0), and
6.9-7.5 ppm (d, 4H, H-Ar). The carboxylic acid proton and
NH proton signals were sometimes not visible due to the
zwitterionic nature of the compounds [23], Figures 1-4, FT-IR
and 'H-NMR spectra of AS; and AS..

While chromatographic techniques are commonly
employed to assess compound purity, this study is aligned with
numerous contemporary investigations anticipated functional
groups. Moreover, the 'H-NMR spectra showed no extraneous
or unexpected signals, indicating the absence of unreacted
starting materials or by-products. This approach is widely
supported in recent literature, where FT-IR and NMR analyses
are routinely utilized to confirm compound purity in lieu of
chromatographic data. Collectively, these findings affirm both
the successful synthesis and the chemical purity of the
prepared molecules [24].
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Scheme 2. Zwitterionic structure of the compounds
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Figure 6. Tafel plot of carbon steel in the presence of AS4



The polarization behavior of N80 carbon steel was
investigated in 1M HCI, both with and without carbon steel in
the presence and absence of different concentrations of the
inhibitors AS3 and AS4 at various absolute temperatures.
Electrochemical measurements were carried out over a
potential range of £400 mV. Figures 5 and 6 illustrate the
polarization curves for compounds AS3 and AS4,
respectively, at 328 K. As the inhibitor concentration
increased, a slight shift in corrosion potential (Ecorr) was
observed, moving from more negative values toward the
anodic direction. This behavior indicates the creation of a
shielding film across the steel surface, thereby decreasing the
corrosion current. A displacement in Ecorr greater than 80mv
classifies the inhibitor as acting in either an anodic or cathodic
manner. Within the research, the shift was within 50 mV,

indicating that both AS3 and AS4 function as mixed-type
inhibitors. This implies that their addition to the acidic
medium hinders anodic reactions and delays hydrogen gas
evolution during the cathodic process [25]. Tables 1 and 2
show the variations in the fa and Bc parameters as the inhibitor
concentration increases, indicating their adsorption on both
anodic and cathodic sites [26]. The corrosion reactions
occurring in hydrochloric acid solution can be represent as
follows:

Fe(s)+2HC1(aq) — FeClz(aq)'f‘Hz(g)
Anodic reaction:
Fe — Fe?** + 2e
Cathodic reaction:
2H" +2e” — Hzt

Table 1. Polarization data of N80 steel with AS; at different concentrations and temperatures

298 211.3 0.18610 275 32 0.084769 - -
Blank 308 193.7 0.25630 315 63 0.116745 - -
318 221.2 0.33020 355 21 0.150406 - -
328 214.1 0.40330 345 55 0.183703 - -
298 185.9 0.01332 128 115 0.006067 0.92 92.84
0.005M 308 170.3 0.02035 125 124 0.009269 0.92 92.06
318 175.3 .02876 143 98 0.0131 0.91 91.29
328 158.3 0.04319 136 117 0.019673 0.89 89.29
298 258.0 0.01938 115 51 0.008828 0.89 89.58
0.001M 308 168.6 0.02876 137 68 0.0131 0.88 88.77
318 190.4 0.04868 166 170 0.022174 0.85 85.25
328 209.7 0.06996 106 147 0.031867 0.82 82.65
298 187.7 0.04566 184 91 0.020798 0.75 75.46
0.0005M 308 245.8 0.06598 141 31 0.030054 0.74 74.25
318 206.0 0.08896 176 149 0.040521 0.73 73.05
328 235.9 0.11395 230 54 0.051904 0.71 71.74
298 232.9 0.10227 232 90 0.046584 0.45 45.05
0.0001M 308 161.4 0.14370 272 104 0.065455 0.43 43.93
318 159.4 0.18770 162 88 0.085497 0.43 43.15
328 169.6 0.23270 280 80 0.105995 0.42 42.30
Table 2. Polarization data of N80 steel with AS, at different concentrations and temperatures
298 2113 0.18610 275 32 85.080  0.08476855 - -
Blank 308 193.7 0.25630 315 63 11720  0.11674465 - -
318 2212 0.33020 355 21 151.00 0.1504061 - -
328 2141 0.40330 345 55 184.40  0.18370315 - -
298 186.3 0.01231 121 107 5.6072  0.00560721 0.93 93.38
0.005M 308 177.8 0.01941 115 137 12.330  0.00884126 0.92 92.43
318 166.1 0.03925 118 124 17.878  0.01787838 0.88 88.11
328 213.1 0.05813 93 135 26.478  0.02647822 0.85 85.58
298  206.4 0.02549 164 96 11.610  0.0116107 0.86 86.30
0.001M 308 179.2 0.04001 112 136 18.224  0.01822456 0.84 84.38
318 197.8 0.07080 165 121 39.765  0.0322494 0.78 78.55
328 190.7 0.1130 129 160 51.471 0.0514715 0.71 71.98
298 2418 0.03423 95 70 15591  0.01559177 0.81 81.60
0.0005M 308 192.1 0.0598 159 95 24.897 0.0272389 0.76 76.67
318 239.1 0.09690 92 73 44.137  0.04413795 0.70 70.65
328 2417 0.11900 115 190 54.204 0.0542045 0.70 70.49
298 191.6 0.04218 194 114 23.444  0.01921299 0.77 77.34
0.0001M 308 182.7 0.08087 161 93 33324  0.03683629 0.68 68.45
318 149.2 0.10660 141 153 48.556  0.0485563 0.67 67.71
328 247.1 0.18070 233 85 82.308  0.08230885 0.55 55.19
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As indicated in Tables 1 and 2, the corrosion current density
(icorr) is higher in the uninhibited solution, demonstrating
extensive metal dissolution and hydrogen evolution, leading to
a drop in pH accompanied by a rise in icorr. In contrast, in the
presence of the inhibitors, icorr consistently decreases as the
inhibitor concentration increases and increases with
temperature, suggesting greater protection at higher inhibitor
levels and a reduction in efficiency with rising temperature
[27].

3.3 Study on corrosion kinetics and inhibition efficiency

Egs. (1) and (2) were used to calculate the inhibition
efficiency (IE%) and surface coverage (0) from the corrosion
current densities [28, 29]:

IE% = [iconiuninh - icorninh / iconﬂuninh] X 100

(1)
2)

e = [icornuninh - iconiinh / iconiuninh]
From the data, both IE% and 0 increased with rising
inhibitor concentrations at each temperature, attributed to the
formation of a protective layer on the alloy surface. This layer
increases in thickness with inhibitor concentration, enhancing
protection [30]. However, inhibition efficiency decreased at
higher temperatures, likely due to desorption of the physically
adsorbed layer, consistent with a physisorption mechanism in
the early stages followed by chemisorption [31]. Figure 7 and
Figure 8 show the relationship between inhibition efficiency
(IE%) and temperature for different concentrations of AS; and
AS4, respectively. The corrosion rate (CR) is relatively high in
the absence of inhibitors, which can be ascribed to rapid metal
dissolution. The addition of inhibitors at higher concentrations
reduces CR and increases IE% [32].

AS3

e 0.005 M
0.001M
0.0005M
0.0001M

290

300 310

Temp (K)

320 330

Figure 7. Effect of temperature on IE% at various

concentrations of AS;

As4
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Figure 8. Effect of temperature on IE% at various
concentrations of ASy

784

Surface coverage 0 at different inhibitor concentration was
determined using the Tafel extrapolation method to gain
insight into the adsorption behavior and the mechanisms of
inhibition on N80 carbon steel. Organic inhibitors adhere to
the metal surface by replacing previously adsorbed water
molecules, as illustrated in (Eq. (3)).

OrgsotnytH20(ads) — Orgadsy+xH20(s0lu)

Adsorption isotherms, particularly the Langmuir model (Eq.
(3)), offer key aspects of how the inhibitor adsorbs onto the
metal surface [33].

C/0=1/Kus +C 3)

In this equation, C stands for the inhibitor concentration, 6
is the degree of surface coverage, and Kags is the equilibrium
constant of adsorption. Figure 9 and Figure 10 display the
Langmuir plots for AS; and AS; at various temperatures,
showing a proportional relationship between C/6 and C with
strong correlation coefficients (R*> = 0.99), confirming
Langmuir-type adsorption behavior. This suggests uniform
adsorption without interactions among adsorbed molecules.

ASO3006 R?=0.9998

: R2=0.9998

0.005 R2=0.9999
0.004 R =1

° ——298

@ 0.003 ——

S 318
0.002 —0—328
0.001 308

0
0 0.002 0.004 0.006
C (mg/L)

Figure 9. Langmuir adsorption isotherms (AS3)

AS4
0.006
>=0.9998
0,005 R?=0.9997
: R’ =0.9995
R2=0.9991
0.004
%.003 5
0.002 308
—s—318
0.001 —o—328
0
0 0.002 0.004 0.006
C (mg/L)

Figure 10. Langmuir adsorption isotherms (AS4)

AG°®,4s (standard free energy of adsorption) was determined
using Eq. (4):

AG®uds = —RT In(55.5 % Kags) 4

In this equation, R denotes the universal gas constant, T is

the absolute temperature in kelvin, K is the adsorption

equilibrium constant. The constant 55.5 corresponds to the
molar concentration of water. According to Table 3, the



negative Gibbs free energy AG® adsorption readings validate
the spontaneous nature of the adsorption process. The p-values
associated with the linear regression analyses for AS; and AS4
were computed across the four investigated temperatures (298,
308, 318, and 328 K). In every case, the coefficient of
determination (R?) exceeded 0.999, demonstrating an
exceptional fit to the model. More importantly, the regression

slope p-values were consistently found to be below 0.01,
indicating strong statistical significance (p < 0.01) and
effectively ruling out the likelihood of random correlation.
These outcomes provide compelling evidence that the
Langmuir adsorption isotherm reliably characterizes the
adsorption behavior of both compounds on carbon steel N80
in acidic media [34, 35].

Table 3. Langmuir isotherm data for AS; and AS4 adsorption on carbon steel at various temperatures

Comp. (kﬁ.ﬁ?f- 1 Temperature K R? P-Value Kaas Log Kaas  AGaas (kJ.mol!)  ASags (kJ.mol'L. K1)

298 0.9998 9.00935E-05 95243872 3.978837 -32.64942868 0.086462

AS; 701183 308 0.9998 7.85574E-05 8565.6849 3.932762 -33.47337734 0.085914
318 0.9999 2.87776E-05 7906.4188  3.89798 -34.34843139 0.086416

328 1 2.29749E-05 7341.1642 3.865765 -35.22628935 0.084922

298 0.9998  9.6153E-05 14917.185 4.173687 -33.76101209 0.042045

AS4 212315 308 0.9997 0.000128223 10892.412 4.037124 -34.08872235 0.041744

’ 318 0.9995 0.000273395 8622.0326  3.93561 -34.5775104 0.041969

328 0.9991 0.000466132 6757.8058 3.829806 -35.00049661 0.041979

Typically, AG®aqs values around or near -20 kJ/mol are
characteristic of physical adsorption [36], whereas values of -
40 kJ/mol or below are generally associated with chemical
adsorption. According to this work, the measured AG®,¢s value
suggests a reversible physical adsorption process taking place
on a surface with uniform energetic properties. The low value
of AG®,4s at 328 K, and the presence of a negative sign indicate
that the reaction is spontaneous, confirming the adsorption
phenomenon and the development of a stable adsorbent film
on the steel surface. The adsorption enthalpy AH®4s was
determined through the Van't Hoff Eq. (5):

Log Kags = (- AH/ 2.303 RT )+Const (5)

When plotting LogKags versus 1/T, a negative linear slope
of -AH®qs /(2.303R) is determined, as shown in Figure 11 and
Figure 12. Using Eq. (6), the thermodynamic approach allows
for the estimate of the adsorption entropy AS®.gs for both AS3
and AS,.

AGoads = AHoads - TASOads (6)

Based on previous studies, a negative AH®¢s value indicates
that heat is released to the surroundings during adsorption,
characterizing the process as exothermic. In contrast, a
positive AH®4s value suggests heat absorption from the
surrounding medium into the system, reflecting the
endothermic behavior of the reaction [37].

AS3

A y=36621x + 2.7473

3.98

3.96

3.94

3.92
3.9

3.88 / ’

3.86

3.84
0.003

Log Kads

0.0031 0.0032

UT

0.0033 0.0034

Figure 11. LogKags vs.1/T for N80 carbon steel immersed in
1 M HCI at different AS; concentrations

The study results indicate that the adsorption of inhibitors is
characterized by negative AH%qs data (-7.01183, -24.5022)
kJ/mol for the AS3 and AS4, in the same order, confirming the
exothermic nature of the process is and thus the adsorption can
be physical, chemical, or both are expected to occur.
Therefore, the large and positive AS°qs value indicates
increased disorder when the reactant is converted to the
adsorbent, thereby promoting adsorption on the steel surface.
In this study, the Langmuir adsorption isotherm was selected
due to its excellent agreement with the experimental data (R?
> 0.99), maintaining consistency across various temperatures
and inhibitor concentrations. This strong linear correlation
suggests a monolayer adsorption process on a homogeneous
metal surface with negligible inhibitor-inhibitor interactions.
While other isotherm models, such as the Freundlich or
Temkin, are commonly employed in corrosion inhibition
studies, they are typically suited for heterogeneous surfaces
where adsorption energy varies with surface coverage-
conditions that were not evident in the present system [38].
Attempts to fit the same data using the Freundlich model
yielded significantly lower correlation coefficients (R®
values), indicating a poor fit. Thus, the Langmuir isotherm was
identified as the most suitable model to descriptor for the
inhibitor-metal interaction in this environment [39].

AS4 o 1108.9x +0.4468

-

4.2
4.15
4.1
4.05

3.95
39
3.85

3.8
0.003

Log Kads

0.0031 0.0032 0.0034

T

0.0033
Figure 12. LogKags vs.1/T for N80 carbon steel immersed in
1 M HCI at different AS4 concentrations

3.4 Activation energy (Ea)

The activation energy of both inhibitors was evaluated
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Using the Arrhenius Eq. (7) [40, 41], in IM acidic medium,
across varying inhibitor concentration and temperatures.

Log icorr = Log A — E,/ (2.303RT) (7

The parameters icorr, A, Ea, R, and T denote the corrosion
current density the pre-exponential factor (associated with the
frequency of molecular collisions of the inhibitor), activation
energy, the universal gas constant (R=8.314 J. K-!.mol™!), and
absolute temperature in kelvin. when plotting the logarithmic
value of (icorr) against the inverse of T, as illustrated in Figure
13 and Figure 14, a linear relationship is observed. The slope
of this line corresponds to -Ea/2.303R, while the y-intercept
reflects the value of log(A).
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AS3 i
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Figure 13. Arrhenius plots for N8O steel with and without
AS; inhibitor at 298- 328 K
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Figure 14. Arrhenius plots for N8O steel with and without
AS, inhibitor at 298- 328 K

From Table 4, we note that the values of activation energy
(Ea) for the corrosion of carbon steel are different when the
inhibitor is present compared to its absence, which explains
the formation of a layer of inhibitor that is adsorbed on the
metal surface and has a physical (electrostatic) nature [42].
This is consistent with the reduction in inhibition performance
as temperature rises, suggesting that the initial stage involves
physical adsorption, followed by a chemical adsorption
process (chemisorption) [43]. The potential for partial
chemisorption at elevated temperatures cannot be entirely

disregarded. This may stem from the possibility of stronger
interactions forming between the inhibitor’s functional
moieties-such as hydroxyl, methoxy, and amide groups-and
the metallic surface, particularly under prolonged exposure.
Similar dual-mode adsorption behaviors have been observed
in comparable systems, where initial physical adsorption
gradually transitions into chemical bonding as the temperature
increases. Hence, the mechanism proposed in this study may
involve a temperature-dependent shift, where physisorption
dominates at mild conditions, while chemisorption becomes
increasingly relevant under more aggressive environments
[44].

3.5 SEM and EDS analysis [45]

After immersion in 1 M HCI for 180 minutes, the surface of
the steel was examined using SEM. Figure 15(a) shows the
damaged and roughened surface due to corrosion. In contrast,
Figure 15(b) and Figure 15(c) show smooth surfaces for
samples treated with AS3 and AS,, respectively, confirming
the creation of a protective layer. EDS was employed to
examine the surface composition. Figures 16(a—c) present the
EDS spectra corresponding to the SEM images. In uninhibited
samples, high oxygen content indicated corrosion products,
while the presence of inhibitors significantly reduced oxygen
and corrosion-related elements, further confirming the
protective effect of AS; and AS.

Table 4. Values of activation energy (E,) and Arrhenius
constant (A) for systems with and without inhibitors

Comp. Conc. M) Ea (J.K'.mol") A

HCI 1 20.967 899.00032
0.0001 22.269 836.4933423

ASs 0.0005 24.776 1024.844241
0.001 31.369 32560.50943
0.005 31.485 4387.021023
0.0001 37.764 183609.0421

AS4 0.0005 38.958 39967.57146
0.001 40913 366019.3404
0.005 43.576 518312.1551

Figure 15. SEM micrographs of the N8O steel surface after
treatment with (a) 1 M HCI alone, and (b, ¢) 1 M HCI
containing 0.005 M of AS3 and AS; inhibitors. The scale bars
represent 500 pm



The SEM/EDS analysis clearly shows the development of a
protective inhibitor coating on the carbon steel surface
following immersion in the acidic medium containing AS; and
AS,. Although more advanced techniques, such as Atomic
Force Microscopy (AFM) or surface profilometry, could have
provided deeper insights into the layer’s thickness and
topography, they were not employed in this study due to
instrumentation limitations. Nonetheless, the consistently
smoother surface morphology observed in SEM images-
combined with the elemental signatures of oxygen, nitrogen,
and sulfur identified by EDS-strongly supports the effective
adsorption and formation of the protective film. These findings
are consistent with previously reported corrosion inhibition
mechanisms in which SEM/EDS analyses alone were used to
validate surface coverage and inhibitor interaction [45, 46].
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Figure 16. EDX spectra of N80 mild steel after exposure to
different solutions (a) 1 M HCI alone, and (b, ¢) 1 M HCI
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3.6 Proposed mechanism of action of inhibitors

Adsorption-type corrosion inhibitors regulate the corrosion
process by interfering with the anodic and/or cathodic reaction
involved in metal dissolution. The protective effect of organic
inhibitors arises primarily from their ability to adsorb onto the
metal surface, where they form a barrier film that hinders the
interaction between the metal and the corrosive environment
[47]. This adsorption mechanism generally combines both
physical and chemical interactions, rather than being
exclusively one or the other. The adsorption behavior of
organic corrosion inhibitors is significantly affected by several
factors, including their chemical structure, the nature of the
functional groups present, charge distribution in the molecule,
the surface charge of the metal, and the characteristics of the
corrosive medium, such as PH and electrode potential.
Physical adsorption typically arises from electrostatic
attraction between oppositely charged inhibitor molecules and
the metal surface. In contrast, chemical adsorption involves
donor-acceptor interactions, where lone electron pairs from
the inhibitor interact with empty low-energy orbitals on the
steel surface. As illustrated in Figure 17. Compound AS4 was
chosen to study the inhibition mechanism [48] on the metal
surface, as it has a higher inhibition efficiency than other
compounds, and this mechanism applies to all other
compounds. For organic compounds to function effectively as
corrosion inhibitors, they should possess heteroatoms like
nitrogen, oxygen, sulfur, and phosphorus, which carry lone
electron pairs. Additionally, the presence of m electron
systems, such as aromatic rings or conjugated double bonds,
enhances their adsorption onto the steel surface by facilitating
interaction with the vacant d-orbitals of the steel.

—emng  Chemisorption

sunilll] Physisorption
mimmn Retrodonation

Metal surface

Figure 17. A proposed mechanism for the adsorption of the
inhibitor on the metal surface

4. CONCLUSIONS

This study confirmed the corrosion inhibition efficiency of
two synthesized thiazolidine derivatives, AS; and AS4, on N80
carbon steel in 1 M HClI medium. The polarization
measurements showed that both compounds acted as mixed-
type inhibitors. The efficiency increased with higher inhibitor
concentrations but decreased with temperature, suggesting
physical adsorption. Adsorption studies followed the
Langmuir isotherm model with high correlation, indicating
monolayer adsorption and spontaneous adsorption
mechanisms. SEM and EDS analyses validated the formation



of a protective film on the steel surface in the presence of
inhibitors. The promising inhibition efficiency and
environmentally benign composition of AS; and AS4 suggest
strong potential for deployment across a variety of industrial
sectors where acidic corrosion is prevalent. These compounds
may serve effectively as protective additives in oil and gas
pipeline systems, acidizing treatments in wellbores, chemical
processing equipment, and marine coatings exposed to harsh
environments. Moreover, their high performance at low
concentrations and ease of synthesis underscore their
suitability for practical industrial implementation, pending
further optimization and on-site validation.
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