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Abstract:

The present work investigates the corrosion inhibition behavior of 4-(4-
methoxybenzylidene)amino-5-pyridin-3-yl-3-thio-1,2,4-triazole (MAPTT) on mild steel
in 1 M HCI using the weight loss method over a range of concentrations (0.1-1.0 mM)
and immersion durations (1-48 hours). The inhibition efficiency (IE%) was found to rise
with increasing inhibitor concentration, achieving a maximum value of 92.7% at 0.5 mM
after 48 hours. Although a gradual improvement in efficiency was observed with longer
immersion periods, it tended to stabilize after 10 hours. Investigations at different
temperatures (303-333 K) over a 5-hour immersion period revealed a slight improvement
in inhibition efficiency, suggesting good thermal stability of MAPTT. The process of
adsorption obeyed Langmuir model, referring to a combination of chemical and physical
adsorption mechanisms. In comparison with previously reported inhibitors, MAPTT
demonstrated superior performance, attributed to its strong adsorption and stable

protective film formation at elevated temperatures, ensuring sustained corrosion
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resistance. Density Functional Theory (DFT) predictions, having the analysis of HOMO
and LUMO orbitals, identified active adsorption centers within the molecule.
Furthermore, the calculated band gap in addition to electron transfer fraction (AN)
supported the strong interactions between MAPTT and specimen surface. The excellent
correlation of experimental techniques and theoretical DFT calculations highlights the
promise of MAPTT as a thermally robust and highly efficient corrosion inhibitor for

industrial use in corrosive solution.

Keywords: Corrosion Inhibition, Weight Loss Method, DFT, Temperature Effect on

Corrosion

1. Introduction
All industries face and suffer from the critical problem of corrosion, especially in
environments involving acidic media [1,2]. Mild steel is widely utilized across numerous
industries due to its cost-effectiveness and favorable mechanical properties; however, it is
highly susceptible to corrosion in acidic environments, resulting in significant economic
losses and safety concerns in industrial operations [3]. In this study, 1 M HCI was chosen
as the corrosive medium to evaluate the performance of MAPTT, as it is a widely used
acidic solution in various industrial processes such as acid pickling, industrial descaling,
boiler cleaning, and petroleum refining [4]. These processes expose metal equipment to
highly aggressive environments, necessitating the use of effective corrosion inhibitors.
Conventional corrosion prevention methodologies often include toxic and
environmentally unfriendly inhibitors [5,6]. Hence, it is very necessity to develop and

find out effective environmentally friendly inhibitors. The most effective technique to
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mitigate corrosion is the employment of inhibitors, which adsorb onto tested specimens
and form a protective barrier [7,8]. From different types of the inhibitors, the one with
heteroatoms such as nitrogen, sulfur, and oxygen namely organic compounds, have
garnered significant attention due to their superior inhibition efficiencies and eco-friendly
nature [9-12]. Recent studies have concentrated on designing and optimizing corrosion
inhibitors that incorporate heteroatoms. These heteroatoms enhance adsorption on metal
surfaces through chemisorption and physisorption mechanisms. For instance, a study
published by Abuelela, et al. highlighted that organic compounds containing these
heteroatoms exhibit significant efficacy due to ability to be adsorbed onto specimen
surface, thereby reducing corrosion rates [13]. Additionally, there is a growing interest in
Schiff bases, triazole derivatives, and hybrid organic-inorganic compounds for their
superior corrosion resistance in acidic environments. A 2023 study by Gad et al.
investigated the performances of Schiff base in inhibition the mild steel corrosion in
acidic media, demonstrating their potential as efficient corrosion inhibitors [14,15].
Likewise, triazole-based compounds have demonstrated strong adsorption capabilities on
the metal, particularly under aggressive conditions, owing to their polar functional groups
and their tendency to form stable complexes with metal atoms [16,17]. Although
triazole-based compounds have been widely investigated for their corrosion inhibition
potential, studies specifically focusing on the performance of 4-(4-
methoxybenzylidene)amino-5-pyridin-3-yl-3-thio-1,2,4-triazole (MAPTT) remain scarce.
As shown in Figure 1, MAPTT contains several structural moieties that are known to
enhance adsorption on metal surfaces: a triazole ring, which provides multiple

coordination sites; a thio group (-C=S) and a pyridine ring, which contain electronegative
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nitrogen and sulfur atoms; and a methoxy-substituted benzylidene fragment, which
contributes n-electron density for additional surface interaction. The combination of these
functional groups facilitates both chemisorption (via lone pair donation and n—d orbital
overlap) and physisorption (through electrostatic interactions), potentially offering strong
and thermally stable adsorption on steel surfaces.

To address the existing gap in the literature, this study evaluates the corrosion inhibition
efficiency of MAPTT for mild steel in 1 M HCI using weight loss techniques across
varying concentrations, immersion durations, and temperatures. The adsorption
mechanism is analyzed using the Langmuir isotherm model, and to further elucidate the
nature of MAPTT-metal interactions, Density Functional Theory (DFT) calculations
were performed. These theoretical insights provide a molecular-level understanding of
the inhibitor's activity and help establish the relationship between its electronic properties

and inhibitory performance.

O w
. H HiC.. A
H5C. o N 3 o

Figure 1. The chemical structure of MAPTT

2. Experimental Section
2.1. Material and Sample Preparation
All  chemicals and solvents, including hydrochloric acid (HCIl) and 4-(4-
methoxybenzylidene)amino-5-pyridin-3-yl-3-thio-1,2,4-triazole (MAPTT), were

purchased from Sigma-Aldrich (Malaysia and utilized without any further purification.
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An X-Ray fluorescence (XRF) spectrometer was employed to analyse the chemical
composition of the mild steel coupons with the following weight ratios: 0.21 C, 0.05 Mn,
0.09 F, 0.05 S, 0.01 Al, 0.38 Si, and balance Fe. Rectangular specimens measuring 3 cm
x 2 cm x 0.2 cm were prepared for all experiments. The surface of the specimens was
polished sequentially with sandpapers of grit sizes ranging from 360 to 3000 to achieve a
smooth and uniform finish. After polishing, the specimens were thoroughly washed and
cleaned following ASTM G1-03 standard procedures to eliminate any remaining

contaminants or surface oxides [18].

2.2. Solution Preparation

A stock solution of 1 M HCI was prepared through diluting HCI (37%) with double
distilled water. The corrosion inhibitor, 4-(4-methoxybenzylidene)amino-5-pyridin-3-yl-
3-thio-1,2,4-triazole (MAPTT) at varying concentrations (0.1-1 mM), was dissolved in

the acidic medium.

2.3.  Weight Loss Method
Weight loss (WL) experiments were performed to assess the corrosion inhibition
efficiency of MAPTT, following ASTM G1 standard procedures [18]. The methods were
carried out at 303 K as a controlled temperature, with specimens of tested steel
completely immersed in the media which has inhibitor. The initial and final masses of the
steel specimens were recorded using a high-precision digital balance after predetermined
immersion periods (1, 5, 10, 24, and 48 hours). To evaluate the influence of temperature,

additional tests were carried out at 313-333 K, for 5 h, as immersion duration [19].
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Weight loss (in milligrams) was indicated by determining the variation between the pre-
and post-immersion weights of each sample. To ensure statistical reliability and
reproducibility, all measurements were carried out in triplicate.

The inhibition efficiency (IE%) and corrosion rate (Cgr, expressed in g-m2h™') were

calculated according to Equations 1 and 2:

1E% = 22" % 100 1)
o
BT.6xW
Cr= AxexD (2)

Here, W, and Wi represent the weight losses of mild steel in 1 M HCI without and with
the inhibitor, respectively. W denotes the WL (milligram), A is the area of tested steel
which exposed (cm?), t is the exposed period (hrs), and finally D is the tested steel

density.

2.4.  Statistical Analysis

All weight loss measurements were conducted in triplicate to ensure accuracy and
reproducibility. The results are presented as mean values, and standard deviations were
calculated to evaluate experimental variability. This statistical approach ensures
reliability in interpreting the corrosion rates and inhibition efficiencies. The low variation
across replicates confirmed the precision of the experimental method and the stability of

MAPTT’s inhibitory behavior under the tested conditions.

2.5. Theoretical Studies

Calculations of quantum chemical have been carried out and software of Gaussian 09



ACCEPTEDIMANUSCRIP

program was used to investigate the electronic properties of MAPTT [20,21]. The
molecular structure was optimized using the so-called B3LYP function in the basis set 6-
31G++(d,p). According to Koopmans' theorem, the calculated ionization potential (1) and
electron affinity (A) are directly linked to the energies of the HOMO and LUMO orbitals,

as described by Equations 3 and 4.

Epomo = —1 (3)
Eiyme = —4 (4)

Additional molecular parameters, including hardness (1), softness (o), and

electronegativity (), were calculated using Equations 5 to 7.

n=":" 5)
o= (©)
x="7 (7)

In order to evaluate the charge transfer between the MAPTT and metal, AN was
determined as follows Eg. 8:

AN = yFe—yinhibitor (8)

2inFe+ninhibitor)

Here, zero absolute hardness (mFe) is ascribed to bulk iron, whereas the absolute
electronegativity was taken as 4.5 eV. The calculations mainly offer the electronic
interactions controlling the process of adsorption of MAPTT on mild steel surface,

completing the experimental observations.
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3. Results and Discussion

3.1. Influence of Concentration

Figure 2 illustrates the influence of different MAPTT concentrations on the Cr and IE%
of mild steel immersed in 1 M HCI at 303 K for a 5-hour exposure period. Results show
an inversely proportional trend in corrosion rates against raised concentrations of the
inhibitor together with an increasing inhibitor efficiency [22]. While there was no
inhibition (IE% = 0%), the corrosion rate was 4.93 g-m2-h™! at zero concentration of the
inhibitor [23]. Upon introducing 0.1 mM MAPTT, the corrosion rate drastically reduced
to 0.82 g'm2-h!, with an IE of 40.1%. Further increases in the inhibitor concentration
yielded progressive reductions in Cg, reaching a minimum of 0.33 g'm2-h! at 1 mM
MAPTT. This concentration achieved the maximum IE% of 94.3%. Figure 2 highlights
the steep decline in the corrosion rate and a rapid rise in IE% as the MAPTT
concentration increases up to 0.5 mM, after which the changes become marginal. At 0.5

mM, the IE stabilizes around 92.7%, indicating that this concentration is near-optimal.
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Figure 2: Effect of MAPTT Concentration on Cr and IE% in HCI at 303 K.
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The enhanced IE% with increasing concentration is attributed to the adsorption of
MAPTT onto the steel surface, which forms a protective layer, thereby reducing the
metal's direct exposure to the aggressive acidic medium. This adsorption is likely
facilitated by the presence of heteroatoms (N, S, and O) and n-electron systems in the
MAPTT molecule, which interacts with steel via chemisorption and also physisorption
processes. Langmuir adsorption behavior observed suggests that the inhibitor molecules
cover the steel surface uniformly, providing a robust barrier against corrosive agents
[24,25]. The marginal improvement in IE% beyond 0.5 mM may result from saturation of

the adsorption sites on the metal surface.

3.2. Influence of Immersion Time
At 303 K. effect of exposure period and inhibitor concentration on the corrosion rate and
IE% of MAPTT for tested metal in 1 M HCI was investigated. The outcomes, illustrated
in Figure 3, demonstrate a clear dependence of both Cr and 1IE% on immersion time and
inhibitor dosage. Cr decreases significantly with rising inhibitor dosage for the exposure
periods. After 1 h of exposure, the Cr at the lowest inhibitor concentration (0.1 mM) is
0.99 g'm2-h!, which is substantially higher than the value at | mM MAPTT (0.41
g'm2-h™'). A similar trend is observed for longer immersion times, Cr progressively
decreasing as the inhibitor concentration increases [26]. Interestingly, CR generally
stabilizes after 24 hours of immersion for concentrations >0.4 mM. For example, at 0.5
MM, Cr remains relatively constant from 24 to 48 hours at ~0.31 g-m2-h™'. This behavior
refers to forming a persistent and protective inhibitory layer on the steel, preventing

further corrosion over prolonged exposure [27].

10
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IE improves significantly with increasing exposure period, particularly for lower MAPTT
concentrations. At 0.1 mM, IE% increases from 31.4% after 1 hour to 58.5% after 48
hours. Similarly, at 0.2 mM, IE% rises from 49.6% after 1 hour to 73.1% after 48 hours.
This trend reflects the gradual adsorption and stabilization of MAPTT molecules on the
mild steel surface. For higher inhibitor concentrations (>0.4 mM), IE% remains
consistently high (>87%) even after prolonged immersion [28]. At 1 mM MAPTT, IE%
reaches a maximum of 96.9% after 48 hours, indicating that saturation of the adsorption
sites has been achieved. This high level of IE% highlights the good performance of

MAPTT as a inhibitor in acidic environments.
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Figure 3: Effect of MAPTT Concentration on Cr and IE of Steel in 1 M HCI at 303 K.

Combined effect of exposure period and inhibitor concentration demonstrates that
MAPTT provides excellent corrosion protection at relatively low concentrations. At 0.5

mM MAPTT, IE% is already 92.7% after 5 hours and increases slightly to 93.4% after 48

11
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hours. This suggests that MAPTT achieves near-optimal 1E% within a short immersion
period, with minimal additional improvement over time for higher concentrations. The
high 1IE% of MAPTT can be attributed to its adsorption on the tested metal, forms a
protected layer which reduces steel dissolution in HCI[29]. The gradual improvement in
IE% with immersion time at lower concentrations may result from the slow but
progressive adsorption of MAPTT molecules. Conversely, the consistent and high 1E%
observed at higher concentrations indicates the rapid saturation of adsorption sites,

resulting in robust protection.

3.3. Temperature-Dependent Corrosion Inhibition Efficiency

The effect of temperature (313-333 K) on the IE% of MAPTT was investigated by
conducting weight loss measurements for various inhibitor concentrations. The results are
postulated in Figure 4. CR decreases clearly with raising MAPTT concentration across all
temperatures, demonstrating the IE of MAPTT as a corrosion inhibitor. At the lowest
dosage (0.1 mM), Cr reduces from 0.82 g-m2-h! at 303 K to 0.68 g'm2-h™! at 333 K,
indicating a slight improvement in corrosion protection as the temperature rises. In the
case of the highest dosage of 1 mM, Cr drops from 0.33 g'm2-h! at 303 K to 0.28
g'm2-h! at 333 K. The decrease of Cr with increasing temperature may be attributed to
the fact that MAPTT molecules are more adsorbed on mild steel surfaces at elevated
temperatures. This gives evidence that the inhibitor forms a stable and strong protective
layer under all thermal conditions [30]. IE% is improved not only by inhibitor
concentration but also increases with temperature. Thus, at the concentration 0.1 mM, the

capturing percentage, IE%, increases from 40.1% at 303 K to 47.9% at 333 K, and for the

12
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concentration at 1 mM, the IE% increases from 94.3% at 303 K to 98.1% at 333 K.
Hence, the increase in IE% with temperature supports the view that MAPTT follows a

mixed adsorption mechanism wherein the inhibitor is found both chemisorbed and

physiosorbed [31].
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Figure 4: Temperature-Dependent Cr and 1IE% of MAPTT in HCI Solution.

All inhibitor concentrations (>0.5 mM) have been found to attain high IE% (>92%) for
different temperatures tested consistently. Thus, at 0.5 mM, it is 92.7% at 303 K and
slightly increases to 94.5% at 333 K. While at 1 mM, it reaches near-complete protection
of 98.1% at 333 K. This is a clear reflection of the strength of MAPTT in terms of
corrosion resistance at high temperatures.

3.4. Adsorption Behavior of MAPTT
Adsorption characteristics of MAPTT on the steel surface were evaluated using the
Langmuir isotherm model. The Langmuir model equation is expressed as Eq. 9:

13
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Cinh _ 1

g Kads

+ Cinh (9)

Where Cinn represents the inhibitor dosage, 6 denotes the surface coverage (determined

by 8 = %), Kags 1S the adsorption equilibrium constant.

The plot of Cinn/ 0 versus Cinn (Figure 5) shows a linear relationship, confirming that the
adsorption of MAPTT follows the Langmuir adsorption isotherm. The high linear
regression coefficient (R?=0.99008) supports this conclusion [32]. From the intercept of
the Langmuir plot (ﬁ = 0.11582), the parameter Kags can be calculated as Eq. 10:

1 1

C o= - - -1
Kaas = Intercept  0.115821 8.63M (10)

1.2
e
1.0 y=a+b'
R? = 0.99008
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Figure 5: Plot of Langmuir Adsorption for MAPTT Adsorption on Metal Surface in1 M
HCI
Standard free energy (AGZ;.) was determined using the following equation 11:

AGS 4 = —RT In(Kpg, x 1000)= —(8.314 x 303)In(8.63 x 1000) = —22.83k] /mol (11)

14
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Where, R parameter is constant of gas, T is temperature, Kags is multiplied by 1000 to
convert to L/mol.

The calculated value of the AGag® for MAPTT was found to be -22.83 kJ-mol!,
indicating a mixed adsorption mechanism involving both physisorption and
chemisorption. Generally, Values of AGag® around -20 kJ-mol™' or less suggest
physisorption, which involves weak van der Waals interactions. Value around -40
kJ-mol™! or more proposed chemical adsorption, which represents the formation of
coordination bonds between the inhibitor and the iron d-orbitals. The intermediate AGads®
value obtained in this study implies that the adsorption of MAPTT on steel is primarily
physisorption, with some contributions from chemisorption [33,34]. The negative value
of AGags® refers to the adsorption process of MAPTT is a spontaneous one. The
combination of physisorption and chemisorption mechanisms significantly enhances
corrosion resistance by reducing the direct exposure of the metal to the acidic

environment.

3.5. DFT and Quantum Chemical
This is obtained from Figure 6, viewed at the optimized conformational geometry of
MAPTT. Such structures are planar and compact and thus are good for specific
adsorption to the surface. The following are some of the salient structural features:
o Heteroatoms (N, S, O): These are the active sites for interaction with the steel
surface owning to electron pairs of heteroatoms.
o Aromatic Rings: The delocalized n-electrons in the aromatic systems enable n—d
orbital interactions, improving the strength of adsorption.
e Thione Group (-C=S): This group contributes to the strong adsorption through

bonding with the Fe d-orbitals.

15



ACCEPTEDIMANUSCRIP

The overall structure of MAPTT depicts that it can move ahead towards forming a stable

and protective film over the mild steel surface against exposure to corrosive agents [35].

The HOMO s localized primarily around the heteroatoms (N and S) and the aromatic

rings, thus identifying them as the electron donor centers for this observation:

Electron Donation: The HOMO represents the regions with the highest electron
density, which can interact with the Fe d-orbitals on the mild steel surface through
chemisorption.

Localization on Active Centers: The significant contribution of heteroatoms (N,
S) to the HOMO indicates their role in forming coordination bonds with the metal

surface.

With high electron density in these regions, MAPTT acts as a good electron donor for

stronger chemisorption and hence better corrosion 1E%. The LUMO is spread over the

aromatic rings and sulfur-containing groups, suggesting the acceptor of MAPTT from the

surface [36]. Points of interest include:

Back-Donation Capability: The LUMO regions allow the MAPTT to accept
electrons from tested metal, stabilizing the adsorption through physisorption
interactions.

Stabilization of Adsorption: The overlap of LUMO regions with the metal's
electron cloud enhances the adsorption strength and contributes to the forming of

a robust protected layer.

Complementary nature of HOMO and LUMO interactions enables MAPTT to establish

dual adsorption (chemisorption and physisorption) on the surface. The optimized

structure of MAPTT, along with the HOMO and LUMO distributions, highlights its

16
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ability to interact strongly with surface. The localization of HOMO and LUMO on key
functional groups (heteroatoms, aromatic rings) facilitates dual adsorption through
electron donation and back-donation mechanisms [37]. These properties, combined with
the moderate HOMO-LUMO gap, explain the high IE% of MAPTT in acidic

environments.

17



Figure 6. (a) Molecular Structure, (b))HOMO, and (c)LUMO Distributions of MAPTT
Highlighting Active Sites for Corrosion Inhibition

18
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The quantum chemical parameters of MAPTT (Table 1), including I, A, AE, n, ¥, and
AN, were calculated to assess its performance for steel in HCI. These parameters provide
insights into the electronic properties and adsorption behavior of MAPTT on the mild
steel surface. The high absolute value of Enomo (-8.035 eV) indicates the inhibitor's low
tendency to donate electrons. However, MAPTT's ability to donate electrons to
unoccupied d-orbitals of surface of metal enhances its interaction through chemisorption.
The moderate ELumo (-2.437 eV) reflects the inhibitor's ability to accept electrons from
the metal surface, contributing to back-donation interactions and physisorption. A
moderate AE (5.598 eV) suggests a balance between chemical stability and reactivity.
Lower energy gaps are often associated with higher 1E% due to stronger adsorption on
the metal surface. The moderate hardness (n=2.799 eV) indicates MAPTT's ability to
resist deformation in its electronic structure, promoting stability during adsorption on the
metal surface. The electronegativity value (y=5.236 eV) shows that MAPTT has a strong
tendency to attract electrons, enhancing its adsorption through physical interactions. The
negative value of AN (-0.131) implies that MAPTT donates electrons to the metal
surface, promoting chemisorption. This is consistent with the mixed adsorption
mechanism observed experimentally. The calculated parameters reveal that MAPTT
exhibits a mixed adsorption mechanism involving both chemisorption and physisorption.
The donation of electrons from MAPTT to the metal surface strengthens the protective
adsorption layer, while the ability to accept electrons further stabilizes this interaction.
The moderate AE and n support its reactivity and stability, ensuring efficient corrosion
inhibition. These quantum chemical findings align well with the experimental results,

where MAPTT demonstrated high 1E%.

19
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Table 1: Predation Parameters of MAPTT and Their Implications for Corrosion

Parameter | Value (eV)
HOMO 8.035 eV
LUMO 2.437 eV

| 8.035 eV
A 2.437 eV
AE 5.598 eV
M 2.799 eV
" 5.236 eV
AN -0.131

A moderate HOMO-LUMO energy gap (AE = 5.598 ¢V) in MAPTT suggests a favorable
balance between chemical stability and reactivity, which is crucial for efficient inhibition.
A smaller AE facilitates efficient charge transfer between MAPTT and the surface,
enhancing adsorption processes. This characteristic is essential for applications requiring
long-term protection of metal components, such as in oil refineries, marine industries,
and chemical processing plants [38]. The concept of electronegativity is pivotal in
understanding the interactions of MAPTT and the surface [39]. Furthermore, the fraction
of electrons transferred (AN) provides insight into the electron-donating capability of the
inhibitor. A negative AN value signifies that MAPTT acts as an electron donor,
transferring charge to the mild steel surface. This electron donation facilitates
chemisorption, enhancing the strength and stability of the adsorption layer formed on the
metal. Such strong interactions are beneficial for corrosion protection. However, while
this suggests good laboratory performance, potential industrial limitations may include
long-term stability under variable field conditions and cost implications for large-scale

synthesis and application, which merit further investigation in future studies. This

20
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interaction involves both physisorption and chemisorption mechanisms, ensuring
durability and high IE%, even at elevated temperatures. Such properties make MAPTT
suitable for high-temperature industrial processes like acid pickling and metal cleaning.
Economically, MAPTT's high IE% at low concentrations (e.g., 92.7% at 0.5 mM) reduces
the required inhibitor dosage, leading to cost-effectiveness in large-scale applications.
Additionally, the environmental sustainability of MAPTT, due to the absence of toxic
heavy metals, aligns with the growing demand for eco-friendly corrosion inhibitors in

green manufacturing and sustainable engineering solutions.

3.6. Surface Morphology Analysis by SEM
To further validate the corrosion inhibition performance of MAPTT on mild steel in 1 M
HCI, Scanning Electron Microscopy (SEM) analysis was conducted. Figure 7 displays
the SEM micrographs of the mild steel surface after immersion for 5 hours under two
different conditions:

e (a)in1 M HCI without MAPTT, and

e (b)in 1 M HCI containing 1.0 mM MAPTT.
In Figure 7a, representing the uninhibited sample, the surface appears severely damaged
and rough, characterized by pitting, grooves, and surface inhomogeneities. This clearly
indicates the aggressive attack of the acidic medium on the mild steel surface, leading to
significant material degradation due to uniform and localized corrosion.
In contrast, Figure 7b shows the SEM image of the steel specimen immersed in the same
corrosive medium but with the addition of 1.0 mM MAPTT. The surface is noticeably

smoother, more uniform, and relatively free from deep corrosion pits or etching marks,

21



suggesting the effective adsorption of MAPTT molecules onto the steel surface. This
protective film hinders direct contact between the metal and the corrosive environment,

significantly reducing corrosion activity.

= 2025.2.2
15.49mm 10.00kV = 20.00 Sin DET SEI
Figure 7. SEM micrographs of mild steel surface after 5 hours immersion in 1 M HCI (a)
without MAPTT inhibitor, showing severe corrosion damage, and (b) with 1.0 mM

MAPTT, showing a smoother and protected surface due to inhibitor adsorption.

EmCrafts

The observable differences between the two micrographs confirm the formation of a
protective barrier by MAPTT, which acts to retard the corrosion process. These
morphological results are consistent with the findings from weight loss measurements
and thermodynamic studies, reinforcing the role of MAPTT as a potent corrosion
inhibitor that provides surface passivation through both physical and chemical adsorption

mechanisms.
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3.7.  Suggested Mechanism

The presence of heteroatoms such as nitrogen, sulfur, and oxygen in the MAPTT
molecule facilitates strong adsorption onto the steel surface, enhancing its protective
capability. These atoms possess electrons pairs, which can interacts with the d-orbitas of
Fe atoms, forming strong coordination bonds (chemisorption). Additionally, the =-
electrons in the aromatic rings of MAPTT contribute to interactions with the metal
surface, enhancing adsorption. Besides that, the capacity of the MAPTT to accept
electrons from mild steel plays a role in the adsorption characteristics through back-
donation, by allowing the consequent stabilization of the layer formed as the result of
adsorption [40]. A very firm and robust barrier protection fortified by acidic corrosive act
is thus provided. Once adsorbed, MAPTT forms a hydrophobic protected layer that
isolates the steel surface from HCI medium. The formation of this layer, therefore,
inhibits and minimizes access of competing H* ions as well as other aggressive species to
the protecting layer and, in turn, minimizes the rate of dissolution of metal and
subsequent corrosion. Experimental findings reveal that there is only a slight change in
IE% at different temperature levels for MAPTT, which indicates that in higher
temperatures, chemisorption dominates. The energy of the thermal environment enhances
the force of MAPTT and the metal surface, thus rendering it stronger adsorbed.
Theoretical calculations show that MAPTT has a moderate AE with irrespective HOMO-
LUMO energy gaps alongside high . Therefore, these two features favor MAPTT to
victimize the mild steel surface. AN reveals that MAPTT donates electrons to the metal,
thereby supporting chemisorption which agrees with the proposed dual adsorption

mechanism.
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The mechanism of inhibition for corrosion by MAPTT can be summed up as follows:
1. Adsorption of MAPTT on the surface through heteroatoms and n-electrons.
2. Formation of a compact, hydrophobic protective layer, reducing the interaction of
metallic surface with the HCI medium.
3. Combined physisorption and chemisorption processes stabilize the adsorption
layer.
4. Enhanced protection at elevated temperatures due to stronger chemisorption

interactions.

3.8. Comparison of IE% with Similar Inhibitors

The inhibition efficiency (IE%) of MAPTT was critically compared with other reported
organic inhibitors containing heteroatoms (N, S, O) and aromatic systems—common
structural features that are known to enhance adsorption onto metal surfaces. As
presented in Table 2, this comparison highlights MAPTT’s superior inhibition
performance, which can be attributed to its unique structural configuration and favorable
electronic properties. MAPTT achieved a maximum IE% of 94.3% at 303 K and 98.1%
at 333 K at a relatively low concentration of 1.0 mM, demonstrating not only high
effectiveness at ambient conditions but also remarkable thermal stability. When
compared to structurally related compounds:

e 2-Chloro-3-formyl quinoline and Thiadiazole Schiff base (HL) exhibit moderate

efficiencies (~83-88%) at similar concentrations.
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e lonic liquid-based inhibitors such as 1-octyl-3-methylimidazolium derivatives reach

up to 92%, but only at higher concentrations (5.0 mM), which raises concerns

regarding economic and environmental impact.

e HMAP and 5-thiol-1,2,4-triazole-3-amine both offer reasonable efficiencies around

90%, but still fall short of MAPTT, especially under elevated temperature conditions.

e Only CSB-1, at 97.3%, shows slightly higher efficiency—but at a comparable

concentration and without explicit temperature-dependent performance data.

Table 2: Comparative Inhibition Efficiencies of Various Organic Molecules in 1 M HCI

Inhibitor Maximum | Concentration | Medium | Reference
IE% (mM)

MAPTT 94.3% (303 | 1.0 1 M HCI | This work
K)

2-Chloro-3-formyl quinoline 88.2% ~1.0 1 M HCI | [41]

Thiadiazole Schiff base (HL) 83.9% 1.0 1 M HCI | [42]

1-Octyl-3-methylimidazolium 92.0% 5.0 1 M HCI | [43]

hydrogen sulfate

1-Octyl-3-methylimidazolium 92.0% 5.0 1 M HCI | [43]

chloride

1-Butyl-3-methylimidazolium 80.0% 5.0 1 M HCI | [43]

hydrogen sulfate

HMAP 90.8% ~2.4 1 M HCI | [44]

CSB-1 97.3% ~ 1.0 1 M HCI | [45]

5-Thiol-1,2,4-triazole-3-amine | 90.0% 1.0 1 M HCI | [46]

The enhanced corrosion inhibition performance of MAPTT can be directly correlated to

the following molecular-level features:
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1. Presence of Multiple Heteroatoms (N, S, O): These atoms provide lone electron
pairs that coordinate effectively with the d-orbitals of Fe atoms on the steel
surface, strengthening adsorption and promoting chemisorption.

2. Extended Conjugation and m-Systems: The inclusion of pyridine, triazole, and
benzylidene groups facilitates strong n—d interactions, reinforcing the adsorption
film's integrity.

3. Moderate HOMO-LUMO Energy Gap (AE = 5.598 eV): This optimal gap
indicates a balance between molecular reactivity and stability, enhancing
MAPTT's ability to both donate and accept electrons during adsorption, a key
factor in dual adsorption behavior.

4. Dual Adsorption Mechanism (Physisorption + Chemisorption): Langmuir
adsorption isotherm analysis, along with thermodynamic evaluation (AGags® = -
22.83 KJ/mol), confirms a mixed adsorption mode, providing enhanced film
stability under varying operational conditions.

In contrast to many conventional inhibitors that lose efficiency at elevated temperatures
due to desorption, MAPTT retains and even improves its inhibition performance at 333
K. This is a critical advantage for real-world applications, such as acid pickling, industrial
cleaning, petrochemical processing, and desalination systems, where high-temperature
acid exposure is common. Furthermore, MAPTT achieves high IE% at low
concentrations, making it cost-effective and environmentally favorable. Its molecular
versatility, strong interaction with the metal surface, and temperature resilience make it a
robust candidate for large-scale industrial applications. Notably, MAPTT’s performance

exceeds that of most inhibitors in its class under similar test conditions, positioning it as a

26



ACCERTED ANUSCRIRI

leading corrosion inhibitor among triazole-based compounds. In summary, the
comparison in Table 2 demonstrates that MAPTT not only rivals but surpasses many
structurally analogous inhibitors in both efficiency and practical applicability. Its unique
chemical structure, supported by both experimental data and DFT calculations,
underscores its potential as a next-generation inhibitor for protecting mild steel in highly

corrosive environments.

4. Conclusion

This study confirms the effectiveness of MAPTT as a corrosion inhibitor for mild steel in
1 M HCI, supported by both experimental and theoretical analyses. The key findings are
summarized as follows:

1. MAPTT achieved a maximum inhibition efficiency (IE%) of 94.3% at 303 K and
98.1% at 333 K at an optimal concentration of 1.0 mM. The increase in IE% with
rising concentration and temperature confirms the strong inhibitory performance
of MAPTT in acidic environments.

2. The adsorption of MAPTT onto the mild steel surface followed the Langmuir
isotherm, indicating monolayer coverage. Thermodynamic analysis revealed a
mixed adsorption mechanism, involving both physisorption and chemisorption,
with a calculated free energy of adsorption AGags® (—22.83 kJ.mol™).

3. Unlike many conventional inhibitors, MAPTT retained its performance even at
elevated temperatures, where chemisorption became more dominant. This thermal
stability makes MAPTT a promising candidate for industrial applications such as

acid cleaning, descaling, and metal pickling processes.
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4. Quantum chemical analyses supported the experimental results, with a moderate
HOMO-LUMO energy gap (AE=5.598¢V) and a negative electron transfer
fraction (AN=—0.131), indicating strong interaction with the steel surface via
electron donation and back-donation.

5. MAPTT outperformed several structurally related inhibitors, particularly at higher
temperatures, due to its optimized molecular structure and dual adsorption
behavior.

6. The inhibitor demonstrated high IE% at relatively low concentrations,
emphasizing its cost-effectiveness and environmental compatibility, which are
essential criteria for industrial corrosion management.

7. Surface morphology analysis using SEM confirmed the protective role of
MAPTT, revealing a smoother and less damaged steel surface in the presence of
the inhibitor, which supports the formation of an adsorbed barrier layer that
effectively reduces corrosion.

8. Limitation: This study was limited to weight loss measurements. Although the
results are promising, the absence of electrochemical techniques such as
Potentiodynamic  Polarization (PDP) and Electrochemical Impedance
Spectroscopy (EIS) is acknowledged. These techniques will be incorporated in

future work to further validate the inhibition mechanism and kinetics of MAPTT.
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