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-(2-hydroxybenzoyl)-2-aminothiazole (HBAT) was evaluated as a 

corrosion inhibitor for mild steel in 1 M HCl by weight loss, 

electrochemical impedance spectroscopy (EIS), adsorption analysis, and 

scanning electron microscopy (SEM). Inhibition increased with HBAT concen-

tration and immersion time, reaching 96.82 % at 0.5 mM after 24 h at 303 K and 

remaining 96.81 % after 48 h. Increasing the concentration to 1.0 mM produced 

only a marginal additional improvement, indicating a practical plateau near 0.5 

mM. At 0.5 mM, inhibition increased to 96.65 % at 333 K. EIS at 303 K showed 

a marked increase in charge-transfer resistance and an inhibition efficiency of 

94.91 % at 0.5 mM. Adsorption was best described by the Langmuir isotherm, and 

SEM showed reduced surface damage. The inhibition mechanism is proposed to 

involve mixed physical and chemical adsorption, likely through electrostatic 

interactions and electron donation from heteroatoms (N, S, O) and the aromatic π-

system to the steel surface. These findings identify HBAT as a highly efficient 

inhibitor under the investigated conditions. Prog Color Colorants Coat. 20 (2027), 

367-389© Institute for Color Science and Technology. 
 

 

 

1. Introduction 

Its low cost, ready availability, useful mechanical 

properties, and ease of fabrication make mild steel 

common in pipelines, storage vessels, heat-transfer 

equipment, construction, and chemical-processing 

facilities. A major limitation, however, is its rapid 

deterioration in acidic media. Industry uses hydro-

chloric acid for pickling, cleaning, scale removal, 

removal of corrosion deposits, and well acidizing [1-3]. 

When unprotected steel contacts this medium, iron 

oxidation and hydrogen evolution accelerate, leading 

to material loss, reduced structural integrity, product 

contamination, and higher maintenance expenditure. 

Several approaches, including metallic and organic 

coatings, cathodic protection, alloy modification, and 

the use of corrosion-resistant materials, have been 

developed to control metallic corrosion. Among the 

available control strategies, dosing the acid with a 

small amount of inhibitor is often the least disruptive 

and most economical option [4, 5]. Adsorbed inhibitor 

molecules cover reactive regions of the steel and limit 

the approach of H+, Cl-, and water to the metal 

surface. Iron corrosion can be slowed when inhibitors 

change what happens at the metal surface. Some stop 

N 
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the anodic iron loss, some slow the cathodic hydrogen 

forming step, and some reduce both at once [6, 7]. In 

acid solutions, organic inhibitors tend to work well 

when they have conjugated rings and include N, S, or 

O atoms. These groups can offer lone pairs and spread 

out π electrons, which helps them interact with iron on 

the surface [8, 9]. Many details decide how well an 

inhibitor performs. Things like the molecule size, how 

flat it is, the electron strength, its solubility, how it 

behaves in the presence of protons, and what its 

substituents do all matter. The number of adsorption 

sites and how easy they are to reach also play a key 

role. In hydrochloric acid, the story can shift with 

protonation. Protonated inhibitor molecules can be 

pulled toward areas that have chloride at the interface. 

Meanwhile, neutral or only slightly protonated species 

may attach by using lone pairs or π electrons. There 

can also be extra stabilization from electron back-

donation from iron to the inhibitor [10]. The final 

result is a mix of electrostatic effects and chemical 

bonding. That mix depends on the inhibitor structure 

and on the test conditions [11]. 

Heterocyclic compounds are particularly promising 

because their rings provide well-defined adsorption 

centers and frequently exhibit good stability under 

strongly acidic conditions. Oxazole, isoxazole, thiazole, 

thiadiazole, benzoxazole, benzimidazole, triazole, and 

phenanthroline derivatives have therefore been inves-

tigated for the protection of steels in acidic media [1, 4-

8]. For example, an isoxazole derivative provided 

more than 90 % protection for mild steel in 1 M HCl 

under optimized conditions [6], whereas benzoxazole-

2-thione reached an inhibition efficiency of 95.25 % at 

a concentration of 10-4 M [7]. A benzimidazole-

thiophene ligand and its metal complexes also 

substantially reduced the corrosion current density of 

mild steel in 1 M HCl, with the zinc complex 

producing an inhibition efficiency of 93.8% [4]. 

These studies associated the improved protection with 

strong molecular adsorption, increased charge-transfer 

resistance, decreased double-layer capacitance, and 

the formation of compact protective films on the steel 

surface. Sulfur- and nitrogen-containing azoles are 

especially relevant to the development of efficient 

corrosion inhibitors. Thiadiazole derivatives have 

been shown to inhibit mild-steel dissolution by 

blocking interfacial charge- and mass-transfer 

processes [5, 12, 13]. Their inhibition efficiency is 

commonly attributed to adsorption through sulfur and 

nitrogen atoms, together with the contribution of 

aromatic or conjugated substituents. Related oxadiazole 

derivatives have also demonstrated effective inhibition 

in hydrochloric acid by increasing interfacial resistance 

and reducing the fraction of the steel surface exposed 

to the corrosive solution [14]. Adding more donor 

groups and aromatic parts to an azole-like molecular 

core can raise the count of adsorption contacts. It can 

also help the surface coverage go up. HBAT stands 

out for corrosion control. It has a thiazole ring plus an 

aromatic hydroxybenzamide piece. In the thiazole ring 

there are sulfur and nitrogen atoms. The structure also 

includes an amide carbonyl group and an amide 

nitrogen. There is a phenolic hydroxyl group too. On 

top of that, the molecule has an aromatic pi electron 

system. Because of these parts, there are many spots 

where the molecule can bind to mild steel. The 

thiazole sulfur and the thiazole nitrogen can take part 

in coordination with iron on the surface. The carbonyl 

oxygen can also help through donor acceptor type 

contact. The aromatic ring can support coverage 

through pi metal interactions. The ortho hydroxyl 

group can shift how charge sits on the molecule. It can 

also change how the molecule meets the interface. 

Results that others reported for similar thiadiazole 

compounds support this direction. The same is true for 

2-(2-hydroxyphenyl)benzothiazole. For that reason,  

it makes sense to test the mixed hydroxybenzoyl 

aminothiazole form [12, 13, 15]. HBAT was studied 

in a 1 M hydrochloric acid solution to determine its 

effectiveness as a multi-component corrosion inhibitor. 

HBAT contains several groups, including thiazol, 

amide, phenol, and aromatic units. Therefore, it can 

bind to metals at multiple sites. The idea is that these 

bonds work together, enabling HBAT to coat the 

surface effectively and form a thin, corrosion-resistant 

layer. Most previous reports focused on a single test 

setup. In this study, the effects of several experimental 

parameters, including inhibitor concentration, solution 

temperature, and immersion time, were systematically 

investigated to evaluate their influence on the 

corrosion-inhibition performance of HBAT. The 

inhibition behavior was assessed using complementary 

experimental techniques. Weight-loss measurements 

were employed to determine variations in the corrosion 

rate and inhibition efficiency under different experi-

mental conditions, while electrochemical impe-dance 

spectroscopy (EIS) was used to characterize the 

interfacial processes occurring at the mild steel/ 
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solution interface and to provide further insight into 

the formation and protective behavior of the adsorbed 

inhibitor layer. Adsorption isotherms were used to 

explain how HBAT molecules interact with the metal 

surface. Scanning electron microscopy was used to 

examine the protective layer and to assess the extent 

of acid damage to the surface after treatment. The 

primary objective was to evaluate the effectiveness of 

HBAT in preventing the corrosion of mild steel in a 1 

M hydrochloric acid solution. The primary objective 

was to evaluate the corrosion-inhibition performance 

of HBAT for mild steel in 1 M HCl as a function of 

concentration, immersion time, and temperature. 

Weight-loss measurements provided corrosion rates 

and inhibition efficiencies. EIS was used to monitor 

changes in charge-transfer resistance and interfacial 

capacitance at 303 K. Adsorption isotherms and van ’t 

Hoff analysis were used to describe the macroscopic 

adsorption behaviour. SEM was used to compare 

surface damage in the absence and presence of HBAT. 

A mixed physical and chemical adsorption mode  

is proposed on the basis of molecular structure, 

literature precedent, and DFT donor-site descriptors; it 

is not treated as a spectroscopically demonstrated 

mechanism. 

 

2. Experimental 

2.1. Materials and preparation of mild-steel 

specimens 

Mild-steel samples came from Metal Samples 

Company. Their target chemistry was given in wt.%: 

C 0.210, Mn 0.050, Si 0.380, Al 0.010, S 0.050, P 

0.090, and Fe for the rest. For weight loss and surface 

viewing, rectangular coupons were cut to 4.0 × 2.5 × 

0.1 cm. For the electrochemical runs, smaller pieces 

were made, each at 1.0 × 1.0 × 0.1 cm. Right before 

any tests, the exposed faces were leveled by grinding. 

The order was 400 grit SiC, then 600 grit, then 1200 

grit. Residual particles were removed with double-

distilled water, after which the specimens were 

cleaned with ethanol and air-dried. This sequence was 

applied to every coupon to provide comparable 

starting surfaces [16]. The molecular structure  

of N-(2-hydroxybenzoyl)-2-aminothiazole, hereafter 

denoted as HBAT, is presented in Figure 1. 

 
Figure 1: Molecular structure of HBAT. 

 
 

2.2. Preparation of the corrosive and inhibited 

solutions 

Analytical-grade HCl (37 %, Merck, Malaysia) was 

diluted with double-distilled water to prepare 1 M 

HCl. N-(2-hydroxybenzoyl)-2-aminothiazole (HBAT) 

was commercially obtained from Sigma-Aldrich, 

Selangor, Malaysia. Calculated quantities of HBAT 

were dissolved in the corrosive medium to prepare the 

required inhibitor concentrations, while freshly 

prepared 1 M HCl without HBAT served as the blank. 

 

2.3. Gravimetric measurements 

Gravimetric measurements were performed in 

accordance with the relevant NACE procedures [16, 

17]. Each coupon was weighed before being fully 

submerged in blank or HBAT-containing 1 M HCl. 

Masses were recorded using a Precisa XB 220A 

analytical balance (Precisa Gravimetrics AG, 

Switzerland) with a precision of ±0.0001 g. Each 

gravimetric condition was measured in three 

independent replicates, and the reported corrosion 

rates and inhibition efficiencies are mean values. 

Temperature tests used a constant 5 h exposure 

between 303 and 333 K; separate time-series 

experiments at 303 K used immersion periods of 1, 5, 

10, 24, and 48 h over the 0.1-0.5 mM concentration 

range. An additional concentration of 1.0 mM was 

examined gravimetrically at the same immersion 

periods to evaluate whether the inhibition efficiency 

continued to increase significantly beyond 0.5 mM. 

After the designated exposure period, the coupons 

were removed, cleaned to eliminate loosely adherent 

corrosion products, rinsed with double-distilled water, 

dried, and reweighed. The corrosion rate, CR, 

expressed in mg cm−2 h−1, was determined from the 

mass loss according to equation 1. 
 

CR =
Δm

At
  (1) 
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where 𝛥𝑚 is the difference between the initial and 

final masses of the specimen, A is the total surface 

area exposed to the solution, and 𝑡is the immersion 

time. 

The gravimetric inhibition efficiency, IEWL, was 

calculated using equation 2. 
 

IEWL(%) =
CR

0 −CR
inh

CR
0 × 100 (2) 

 

The corresponding fractional surface coverage, θ, 

was obtained from equation 3. 
 

θ =
CR

0 −CR
inh

CR
0  (3) 

 

where CR
0 and CR

inh are the corrosion rates 

measured in the absence and presence of HBAT, 

respectively [18]. 

 

2.4. Adsorption isotherms 

The adsorption behavior of HBAT at the mild-steel/ 

solution interface was examined using the surface-

coverage values obtained from the gravimetric 

measurements. The experimental data were fitted to the 

Langmuir, Freundlich, Temkin, and Frumkin adsorp-

tion models. The quality of each fit was assessed from 

the corresponding linear-regression coefficient, slope, 

and agreement between the experimental and 

theoretical behavior. The linear form of the Langmuir 

adsorption isotherm is expressed as Eq. 4. 
 

𝐶inh

𝜃
=

1

𝐾ads
+ 𝐶inh (4) 

 

where Cinh is the molar concentration of HBAT 

and Kads is the adsorption–desorption equilibrium 

constant. A plot of Cinh/θ against Cinh should produce a 

straight line when the adsorption process obeys the 

Langmuir model. The Freundlich adsorption isotherm 

is represented by Eq. 5. 
 

𝜃 = 𝐾ads𝐶inh
 𝑛  (5) 

 

Its logarithmic form is Eq.6. 
 

log 𝜃 = log 𝐾ads + 𝑛 log 𝐶inh (6) 
 

where 𝑛 is an empirical parameter describing the 

adsorption intensity and surface heterogeneity. 

The Temkin adsorption isotherm can be written as 

Eq. 7. 
 

exp(−2𝑎𝜃) = 𝐾ads𝐶inh (7) 

 

or, in its linear form Eq. 8: 
 

𝜃 = −
1

2𝑎
ln 𝐾ads −

1

2𝑎
ln 𝐶inh (8) 

 

where 𝑎 is the molecular-interaction parameter. Its 

magnitude and sign provide information regarding 

attractive or repulsive interactions among adsorbed 

inhibitor species. 

The Frumkin adsorption isotherm is given by Eq. 

9: 
 

𝜃

1−𝜃
exp(−2𝑎𝜃) = 𝐾ads𝐶inh (9) 

 

The standard Gibbs free energy of adsorption, 

ΔG0
ads, was calculated from Kads using Eq. 10: 

 

Δ𝐺ads
∘ = −𝑅𝑇 ln(55.5𝐾ads) (10) 

 

where R is the universal gas constant, T is the 

absolute temperature, and 55.5 represents the molar 

concentration of water. For this calculation, Cinh 

should be expressed in Lmol-1, and Kads should be 

reported in Lmol-1. 

 

2.5. Electrochemical Impedance Spectroscopy 

(EIS) 

Electrochemical impedance spectroscopy measure-

ments were performed using a Gamry REF 600 

potentiostat/galvanostat/ZRA controlled by Gamry 

EIS300 software (Gamry Instruments, Warminster, PA, 

USA). Impedance data were collected in a jacketed 

three-electrode cell with mild steel as the working 

electrode, graphite as the counter electrode, and an 

SCE reference. After approximately 30 min at open 

circuit, spectra were recorded at the stabilized 

potential using a 5 mV peak-to-peak sinusoidal 

perturbation over a frequency range of 100-0.1 Hz. 

The resulting impedance spectra were fitted to an 

appropriate equivalent electrical circuit using Gamry 

Echem Analyst software. The fitting procedure was 

used to determine the solution resistance, Rs, charge-

transfer resistance, Rct, and constant-phase-element 

parameters. Each measurement was repeated three 

times under identical conditions, and the average values 

were reported. The inhibition efficiency obtained from 

EIS measurements was calculated using equation 11. 
 

𝐼𝐸EIS(%) =
𝑅ct

inh−𝑅ct
0

𝑅ct
inh × 100 (11) 
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where Rct
0 and Rct

inh are the charge-transfer 

resistance values measured in the absence and 

presence of HBAT, respectively. 

The corresponding surface coverage was 

calculated as in equation 12. 
 

𝜃EIS =
𝑅ct

inh−𝑅ct
0

𝑅ct
inh  (12) 

 

2.6. Scanning electron microscopy 

The surface morphology of mild steel was examined 

using field-emission scanning electron microscopy. 

Mild-steel coupons with dimensions of 4.0×2.5×0.1 

cm were successively abraded using 400-, 600-, and 

1200-grit abrasive papers, rinsed with distilled water, 

degreased with acetone, and dried before immersion. 

The specimens were exposed to uninhibited 1 M HCl 

and to 1 M HCl containing the optimum HBAT 

concentration of 0.5 mM at 303 K for 5 h. A freshly 

polished specimen was also examined as a reference 

surface. Following immersion, the coupons were 

removed from the solutions, gently rinsed with 

distilled water, dried, and subjected to surface 

analysis. The surface images were obtained using a 

Zeiss MERLIN Compact field-emission scanning 

electron microscope at the Electron Microscopy Unit, 

Universiti Kebangsaan Malaysia. 

 

2.7. Computational details 

Geometry optimization and electronic-structure 

calculations for HBAT were performed using 

GAMESS software and the molecular geometries 

were optimized usingB3LYP functional along with a 

6-31G(d) basis set level. Frontier molecular orbital 

energies, the energy gap ΔE = ELUMO-EHOMO, electro-

negativity, global hardness and softness, and the 

fraction of electrons transferred (ΔN) were calculated 

using the standard operational Eqs. 13-16.  
 

ΔE= ELUMO − EHOMO (13) 
 

𝜂 =
∆𝐸

2
 (14) 

 

𝜒 = −
𝐸𝐻𝑂𝑀𝑂+𝐸𝐿𝑈𝑀𝑂

2
 (15) 

 

∆𝑁 =
χ𝐹𝑒−χ𝑃𝑃𝑀𝑇

2(𝜂𝐹𝑒+𝜂𝑃𝑃𝑀𝑇)
 (16) 

 

where χFe and ηFe are the electronegativity and 

hardness of iron, respectively. A positive ΔN value 

suggests electron donation from the inhibitor to the 

metal, enhancing adsorption. 

 

3. Results and Discussions 

The following discussion distinguishes two levels of 

claim. Experimentally demonstrated observations are 

the gravimetric inhibition efficiencies, the temperature 

dependence of those efficiencies, the increase in 

charge-transfer resistance and decrease in effective 

interfacial capacitance, the Langmuir description  

of coverage versus concentration, the van’t Hoff 

parameters obtained from Kads(T), and the SEM 

morphology. Proposed molecular-level explanations 

mixed physical and chemical adsorption, specific Fe–

N, Fe–S, or Fe–O contacts, π–metal interaction, and 

back-donation are identified as such and are based on 

HBAT structure, DFT descriptors, and literature 

precedent. They are not treated as experimentally 

demonstrated mechanisms. 

 

3.1. Gravimetrical measurements 

3.1.1. Effect of concentration and immersion 

periods 

Figure 2 shows the corrosion rate and gravimetric 

inhibition efficiency of mild steel in 1 M HCl 

containing HBAT after 1, 5, 10, 24, and 48 h at 303 K. 

Inhibition efficiency increased with HBAT concen-

tration and with immersion time up to 24 h. This trend 

is consistent with progressive adsorption, increasing 

surface coverage, and growth of a compact protective 

film that restricts access of H⁺ and Cl⁻ to active steel 

sites. At approximately 0.5 mM the response 

approached a plateau: increasing the concentration to 

1.0 mM produced only a marginal further improvement, 

indicating that most accessible adsorption sites were 

already occupied. Beyond 24 h the film remained 

highly persistent. A slight decrease at 48 h was 

observed mainly at the lower concentrations, whereas 

0.5 mM remained essentially unchanged (96.82 % at 

24 h and 96.81 % at 48 h). The small 48 h decrease at 

low dosage is consistent with limited rearrangement or 

partial desorption of a weakly bound fraction of the 

layer, not with collapse of the protective film. 

Individual numerical values are displayed in Figure 2 

and are not restated here [19-23].  
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Figure 2: Corrosion rate and gravimetric inhibition efficiency of mild steel in 1 M HCl containing different concentrations 

of HBAT after 1, 5, 10, 24, and 48 h of immersion at 303 K (mean of three independent measurements). 

 

 

The increase in inhibition efficiency with 

temperature was accompanied by a progressive 

decrease in the corrosion rate of the inhibited speci-

mens. At 0.1 mM HBAT, CR decreased from 3.14 to 

2.11 mgcm-2h-1 between 303 and 333 K. At 0.3 mM, it 

decreased from 1.36 to 0.62 mgcm-2h-1 while at 0.5 mM 

it declined from 0.51 to 0.30 mgcm-2h-1. Thus, although 

heating accelerated the corrosion of mild steel in the 

uninhibited acid, it enhanced the relative protective 

action of HBAT. This behavior indicates that the 

temperature-assisted adsorption or interfacial bonding 

of HBAT increased more strongly than the temperature-

induced acceleration of steel dissolution. For many 

physically adsorbed organic inhibitors, increasing 

temperature promotes desorption from the metal surface 

and consequently decreases inhibition efficiency. This 

behavior has been reported for several amino-

benzothiazole, oxadiazole, and Schiff-base inhibitors in 

hydrochloric acid, for which the loss of efficiency at 

elevated temperature was associated with weakening of 

the physically adsorbed film and increased exposure of 

the steel surface to the corrosive medium [20-23]. In 

contrast, retention or enhancement of inhibition 

efficiency at elevated temperature has been associated 

with stronger interactions, inferred from the 

temperature-dependent inhibition efficiency, between 

inhibitor molecules and the steel surface. Nataraja et al. 

similarly suggested that constant or slightly increasing 

inhibition efficiency at elevated temperature and 

sufficiently high inhibitor concentration may arise from 

chemisorption or from the combined contribution of 

physical and chemical adsorption [19].  

Temperature had a clear impact, but it changed 

with the HBAT amount. From 303 to 333 K, the 

inhibition efficiency went up much more at 0.1 mM. 

The small change at the top concentration should not 

be read as weak response. It fits with the fact that the 

efficiency was already high at 303 K, about 93.50%. 

So there was little room to improve further. With 0.5 

mM, many corrosion sites were likely taken even at 

the lower temperature. That leaves fewer empty spots 

for extra adsorption. Because of this, the inhibition 

level moved toward a flat region near 97%. This 

points to almost full coverage of the electrochemically 

active surface. At the low HBAT levels, heating seems 

to help. It likely made it easier for HBAT molecules to 

reach the surface and adsorb onto sites that were still 

open. Heat may also help the molecules line up in a 

better way. Figure 3 shows the effect of temperature 

(303-333 K) on the corrosion rate and inhibition 

efficiency of mild steel in 1 M HCl containing 0.1-0.5 

mM HBAT after 5 h. The blank corrosion rate 

increased with temperature, as expected for thermally 

accelerated acid attack. In the presence of HBAT, 
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inhibition efficiency increased with both concentration 

and temperature, reaching 96.65 % at 0.5 mM and 333 

K, while the inhibited corrosion rate decreased. This 

behaviour differs from that of many predominantly 

physically adsorbed inhibitors, whose protection 

commonly falls on heating. The present trend is 

consistent with temperature-assisted adsorption and 

with a growing contribution of donor–acceptor 

interactions, but it does not by itself prove chemical 

bonding. Direct FTIR or XPS evidence of Fe–N, Fe–

S, or Fe–O bonds is not available. The thermodynamic 

nature of the adsorption process is therefore assessed 

from the temperature dependence of Kads using the 

van’t Hoff relation, as described in the following 

subsection. Individual numerical values are shown in 

Figure 3. 

 

3.1.2. Adsorption thermodynamics and van’t 

Hoff analysis 

The temperature dependence of HBAT adsorption on 

mild steel in 1 M HCl was evaluated from the 

gravimetric data at 303, 313, 323 and 333 K. Surface 

coverage at each temperature was obtained from the 

corresponding inhibition efficiency, and the adsorption 

equilibrium constant, Kads, was determined from the 

intercept of the linear Langmuir plot of C/θ versus C. 

The standard Gibbs free energy of adsorption was then 

calculated from using equation 10. 

The resulting parameters are collected in Table 1. 

Kads increased from 1.27 × 104 M−1 at 303 K to 2.98 × 

104 M−1 at 333 K, while ΔG°ads became steadily more 

negative (-33.93 to -39.64 kJ mol−1). Adsorption of 

HBAT is therefore spontaneous over the investigated 

window, and heating favors the adsorbed state. The 

magnitude of ΔG°ads lies between the ranges commonly 

associated with exclusive physisorption and exclusive 

chemisorption, and is therefore consistent with mixed-

mode adsorption involving both electrostatic interaction 

and donor–acceptor contributions. In the absence of 

FTIR or XPS of the adsorbed film, this thermodynamic 

classification remains an inference and does not identify 

specific Fe–N, Fe–S or Fe–O bonds. The standard 

enthalpy and entropy of adsorption were obtained from 

a single van 't Hoff regression of ln Kads against 1/T, 

(Eq. 17) 
 

ln 𝐾ads = Δ𝑆ads
∘ /𝑅 − Δ𝐻ads

∘ /RT (17) 

 

 

 
Figure 3: Effect of temperature and HBAT concentration on the corrosion rate and gravimetric inhibition efficiency of mild 

steel in 1 M HCl (mean of three independent measurements). 
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The plot is linear (Figure 4; R2 = 0.9982). Because 

ΔH0
ads and ΔS0

ads are defined by one slope and one 

intercept, they are reported once for the 303-333 K 

interval and are not restated as independent values at 

each temperature (Table 1). The fit yields ΔH0
ads= 

+23.73 kJ mol−1 and ΔS0
ads = +190.2 J mol−1 K−1. The 

positive enthalpy shows that adsorption of HBAT is 

endothermic under the present conditions, in 

agreement with the experimental rise in both Kads and 

inhibition efficiency on heating (93.50 % at 303 K to 

96.65% at 333 K for 0.5 mM HBAT). The large 

positive entropy is consistent with an increase in 

interfacial disorder as water molecules are displaced 

from the steel surface when HBAT adsorbs. Taken 

together, the van’t Hoff analysis shows that adsorption 

of HBAT is spontaneous and endothermic under the 

investigated conditions. The magnitude of ΔG°ads is 

consistent with a mixed electrostatic and donor–

acceptor contribution. This thermodynamic classi-

fication is an inference from Kads(T) and does not 

identify specific Fe–N, Fe–S, or Fe–O bonds. 

 

Table 1: Langmuir adsorption equilibrium constants and standard free energies of adsorption for HBAT on mild steel in 1 

M HCl, together with the van 't Hoff enthalpy and entropy obtained from a single linear fit. 

T (K) Kads (M−1) R2 (Langmuir) 𝚫𝑮𝐚𝐝𝐬
∘  (kJ mol−1) 

303 1.27 × 104 0.9987 −33.93 

313 1.68 × 104 0.9996 −35.77 

323 2.22 × 104 0.9998 −37.65 

333 2.98 × 104 0.9998 −39.64 

van 't Hoff parameters (one pair for 303–333 K, Figure 4): ΔH°ads = +23.73 kJ mol−1; ΔS°ads = +190.2 J mol−1 K−1; R2 = 0.9982. 

 

 
Figure 4: van 't Hoff plot of ln Kads versus 1/T for HBAT adsorption on mild steel in 1 M HCl at 303-333 K. Symbols are 

experimental Langmuir constants; the solid line is the linear fit (R2 = 0.9982). 
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3.1.3. Adsorption isotherm 

The corrosion-inhibition action of HBAT is principally 

associated with its adsorption at the mild-steel/solution 

interface and the consequent displacement of water 

molecules and aggressive species from electro-

chemically active sites. The fractional surface coverage, 

𝜃, was calculated from the gravimetric results obtained 

after 5 h of immersion at 303 K according to Equation 3. 

The blank solution was excluded from the adsorption-

isotherm fitting because both the inhibitor concentration 

and surface coverage are zero [27]. The calculated 

surface-coverage values and the corresponding Lang-

muir parameters are presented in Figure 5. 

At 5 h, the estimated coverage rose from 0.7449 at 

0.1 mM to 0.9482 at 0.5 mM, consistent with 

increasingly complete occupation of reactive regions 

as more inhibitor became available. Consequently, the 

effective area exposed to H+, Cl-, and water molecules 

decreased, accounting for the simultaneous reduction 

in corrosion rate and improvement in inhibition 

efficiency. To establish the adsorption behavior of 

HBAT, the experimental surface-coverage data were 

fitted to the Langmuir, Freundlich, Temkin, and 

Frumkin models using equations 4-9. The statistical 

parameters obtained from the linearized forms are 

compared in Table 2. 

Of the four linearized isotherms, Langmuir gave the 

strongest fit (R² = 0.9948) and a slope of 0.9702. It is 

therefore the most useful macroscopic description of the 

data and is consistent with near-monolayer coverage, 

although it does not prove that every surface site is 

identical and that each adsorbed molecule occupies a 

defined fraction of the available surface. The model 

further assumes comparable adsorption energies at the 

occupied sites and negligible interactions between 

neighboring adsorbed species. High 𝑅2 values and 

slopes close to unity have similarly been interpreted as 

evidence of Langmuir-type adsorption on steel surfaces. 

Nevertheless, the mild-steel surface is not perfectly 

homogeneous, and the slope differs slightly from one 

[28]. Therefore, the Langmuir model should be regarded 

as the best macroscopic approximation to the experi-

mental data rather than proof of an entirely ideal and 

homogeneous surface. 

The adsorption equilibrium constant was obtained 

from the intercept of the Langmuir plot (Eq. 18). 
 

intercept =
1

𝐾ads
 (18) 

 

Because Figure 5 was plotted using concentration 

in mM, the intercept of 0.05092 mM was first 

converted to 5.092×10-5 molL-1. The calculated 

adsorption equilibrium constant was therefore (Eq. 19). 
 

𝐾ads =
1

5.092×10−5 = 1.964 × 104 L mol−1 (19) 

 

The relatively high Kads value indicates a strong 

adsorption affinity of HBAT toward the mild-steel 

surface and the formation of a stable adsorbed layer. 

In adsorption-isotherm analysis, a larger equilibrium 

constant corresponds to stronger adsorption of 

inhibitor molecules at the metal/solution interface.  

The standard Gibbs free energy of adsorption was 

calculated using Eq. 20, the substitution of Kads= 

1.964×104 molL-1 at 303 K. 
 

Δ𝐺ads
∘ = −35.02 kJ mol−1 (20) 

 

 

 

 
Figure 5: Langmuir adsorption isotherm obtained by 

plotting Cinh/θ against Cinh for HBAT adsorption on mild 
steel in 1 M HCl after 5 h of immersion at 303 K. 

 

Table 2: Comparison of the adsorption-isotherm 

models applied to HBAT adsorption on mild steel in 1 
M HCl at 303 K. 

Adsorption 

model 

Principal fitted 

parameter 

Parameter 

value 
(R2) 

Langmuir Slope 0.9702 0.9948 

Freundlich (n) 0.1540 0.9430 

Temkin (a) -3.879 0.9313 

Frumkin (a) 0.755 0.1854 
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The negative adsorption free energy shows that 

transfer of HBAT from solution to the steel surface is 

spontaneous. Its intermediate magnitude is more 

consistent with combined electrostatic and donor-

acceptor contributions than with an exclusively physical 

or exclusively chemical pathway. A comparable inter-

pretation was reported in the attached furan-derivative 

study, in which an intermediate adsorption free energy 

was attributed to contributions from both physisorption 

and chemisorption. Chloride adsorption can create 

interfacial regions that attract protonated HBAT, 

providing an electrostatic adsorption route. Neutral 

HBAT may additionally bind to iron through its N, S, 

and O donor sites and delocalized π electrons. Together, 

these interactions can produce a compact film that 

blocks both anodic and cathodic reaction sites. These 

simultaneous interactions would account for the high 

Kads, the negative ΔG0
ads, and the strong inhibition 

efficiency observed gravimetrically. The Freundlich 

model gave a lower coefficient of determination, 

R2=0.9430, indicating that adsorption on an 

energetically heterogeneous surface does not describe 

the experimental data as accurately as the Langmuir 

model. The Temkin plot had weaker straight-line 

behavior. The fit gave R2=0.9313, This points to the 

idea that changes in adsorption energy from side by side 

adsorbates are not the main effect in the HBAT system. 

The Frumkin model did not match well at all. Its 

R2=0.1854, was only 0.1854. Because of that, it could 

not reflect the adsorption trend across the tested 

concentration window. Langmuir was used for another 

reason too. It was not picked just because the regression 

looked best. Its slope was near 1, and the fitted values 

matched what we saw as the surface coverage rose step 

by step. Model selection should consider both statistical 

agreement and the physical reasonableness of the 

resulting parameters rather than comparing Kads  

values alone, since equilibrium constants obtained  

from different model formulations are not always 

directly comparable [27-29]. The attached literature 

likewise emphasizes that both regression quality and 

physicochemical consistency should be considered 

when identifying the most representative adsorption 

model. Overall, the Langmuir model provides the most 

useful macroscopic description of the concentration 

dependence of surface coverage. The high Kads and 

negative ΔG°ads support spontaneous adsorption of 

HBAT and are consistent with formation of an 

approximately monolayer film. These results support 

the occurrence and affinity of adsorption. They do not 

establish a particular chemical adsorption mechanism or 

specific metal-inhibitor bonds. 

 

3.2. EIS 

Electrochemical impedance spectroscopy was employed 

to evaluate the interfacial behavior of mild steel in 1 M 

HCl in the absence and presence of different HBAT 

concentrations. The equivalent electrical circuit used to 

fit the impedance spectra is shown in Figure 6a, whereas 

the corresponding Nyquist plots are presented in Figure 

6b. 

 

 
Figure 6: (a) Equivalent electrical circuit used to fit the EIS data and (b) Nyquist plots for mild steel in 1 M HCl in the 

absence and presence of different concentrations of HBAT at 303 K. 
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The circuit consists of the solution   resistance, Rs, 

connected in series with a parallel combination of the 

charge-transfer resistance, Rcts, and a constant-phase 

element, CPE: Rs-Rct‖CPE This circuit is commonly used 

to describe corrosion systems controlled predominantly 

by charge transfer at the metal/solution interface. A 

constant-phase element was used because roughness, 

adsorption, and surface heterogeneity produce a non-

ideal capacitive response. Every spectrum retained one 

depressed semicircle; thus, HBAT reduced the rate of 

the existing charge-transfer process without changing 

its basic form. Instead, HBAT suppresses the rate of 

the existing charge-transfer process by adsorbing on 

the metal surface. The depressed character of the 

semicircles, rather than perfectly ideal semicircular 

behavior, is attributed to the heterogeneous nature of 

the mild-steel surface and to the distribution of 

relaxation times at the steel/ electrolyte interface. 

Similar depressed capacitive loops have been reported 

for inhibited mild-steel systems and are commonly 

represented using a CPE-containing equivalent circuit 

[22, 31]. The diameters of the capacitive loops 

increased markedly with increasing HBAT concen-

tration. The smallest loop was observed for mild steel 

immersed in the uninhibited acid, while the largest 

semicircle was obtained at 0.5 mM HBAT. Because 

the diameter of the capacitive loop is directly related 

to the charge-transfer resistance, this progressive 

enlargement indicates increasing resistance to electron 

transfer and iron dissolution at the steel/solution 

interface [32, 33]. The EIS parameters obtained from 

equivalent-circuit analysis are summarized in Table 3. 

The Rs values ranged from 1.02 to 2.72 Ωcm2, with 

no systematic dependence on HBAT concentration. 

These relatively small variations indicate that the 

addition of HBAT had only a limited influence on the 

bulk resistance of the acidic solution. Variations in Rs 

may also arise from small differences in the relative 

positions of the working and reference electrodes or 

from experimental fluctuations in solution conductivity. 

Consequently, the principal changes in the impedance 

response are associated with the metal/solution 

interface rather than the resistance of the electrolyte 

[33]. A pronounced concentration-dependent increase 

in Rct was observed. The charge-transfer resistance 

increased from 47.53 Ωcm2 for the uninhibited solution 

to 381.58 Ωcm2
 at only 0.1 mM HBAT. Further 

increases in concentration produced 𝑅𝑐𝑡  values of 

462.25, 633.73, 752.11, and 933.25 Ωcm2
 at 0.2, 0.3, 

0.4, and 0.5 mM, respectively. Thus, the value obtained 

at 0.5 mM was approximately 19.6 times greater than 

that of the blank solution. 

With HBAT on the surface, there are fewer free 

spots for anodic iron to dissolve. There are also fewer 

spots for cathodic hydrogen to form. When the HBAT 

level goes up, more of the surface gets covered. This 

makes the protective layer more even and harder for 

the corrosion process to pass through. This same trend 

matches earlier EIS reports. In those works, higher 

inhibitor dose gave bigger capacitive loops and larger 

charge transfer resistance [34]. The reason was 

adsorption and loss of active sites. Inhibition 

efficiency was worked out from the charge transfer 

resistance using equation 11. As listed in Table 3, the 

efficiency went from 87.54% at 0.1 mM to 94.91% at 

0.5 mM. So the top value matches the largest 𝑅𝑐𝑡 and 

the biggest Nyquist arc seen in Figure 6b. Overall, the 

data show that corrosion control improves step by step 

as more adsorbed HBAT remains on the surface. For 

the blank solution, the CPE exponent n was 0.57. 

 

 

Table 3: Electrochemical impedance parameters for mild steel in 1 M HCl in the absence and presence of different 

HBAT concentrations at 303 K. 

HBAT (mM) 𝑹𝑺 (Ωcm²) 𝑹𝒄𝒕 (Ωcm²) 𝑪𝑷𝑬𝒅𝒍 𝒀𝟎 (𝛀−𝟏 𝐬𝒏𝐜𝐦−𝟐) (n) 𝑪𝒅𝒍(µF𝐜𝐦−𝟐) IE (%) 

0.0 mM 1.02 47.53 925.6 0.57 925.6 0.00 

0.1 mM 1.51 381.58 611.6 0.79 611.6 87.54 

0.2 mM 2.14 462.25 458.4 0.74 458.4 89.72 

0.3 mM 1.90 633.73 565.9 0.77 565.9 92.50 

0.4 mM 2.72 752.11 523.2 0.84 523.2 93.68 

0.5 mM 1.95 933.25 413.4 0.75 413.4 94.91 
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That points to strong non-ideal capacitive 

behavior. One reason is the rough, highly mixed steel 

surface after exposure to uninhibited 1 M HCl. When 

HBAT was added, n moved higher to about 0.74 to 

0.84. This general increase suggests the steel solution 

boundary becomes more even. It also brings the 

response closer to ideal capacitive behavior. The best 

case was at 0.4 mM, where, n reached, 0.84. This 

suggests that this dose formed a relatively uniform 

film on the interface [35]. Small changes in the 

inhibitor level are not proof of how well the inhibition 

works. The CPE exponent can shift for other reasons 

too. For example, surface roughness matters. So does 

porosity. How adsorption is spread across the area can 

change the result. Local differences in the dielectric 

constant also play a role. The protective film may not 

be uniform, and that can affect the outcome as well. 

Thus, the decrease from 0.84 at 0.4 mM to 0.75 at 0.5 

mM may reflect differences in the organization or 

local distribution of the adsorbed HBAT layer rather 

than deterioration of its protective performance. The 

simultaneous increase in 𝑅𝑐𝑡and inhibition efficiency 

at 0.5 mM confirms that this concentration still 

provides the strongest overall corrosion resistance 

[36]. The effective double-layer capacitance decreased 

substantially after addition of HBAT. The value 

declined from 925.6 μFcm-2 for the blank to 611.6 

μFcm-2 at 0.1 mM and reached 413.4 μFcm-2 at 0.5 

mM. The overall decrease in Cdl may be interpreted 

using the Helmholtz relationship (Eq. 21) [30]. 
 

𝐶𝑑𝑙 =
𝜀𝜀0𝐴

𝑑
 (21) 

 

where ε is the local dielectric constant, ε0 is the 

vacuum permittivity, 𝐴is the effective interfacial area, 

and d is the thickness of the electrical double layer. A 

reduction in Cdl may therefore result from a decrease 

in the local dielectric constant as adsorbed water 

molecules are replaced by organic HBAT molecules, 

an increase in the thickness of the protective interfacial 

layer, or both. The decrease in double-layer capacitance 

following inhibitor adsorption has similarly been 

attributed to the formation of a thicker protective film 

and changes in the dielectric properties of the interface. 

The Cdl values did not decrease perfectly monotonically 

at all intermediate concentrations. For instance,  

Cdl increased from 458.5 μFcm-2 at 0.2 mM to 565.9 

μFcm-2 at 0.3 mM before decreasing again at higher 

concentrations. The changes you observe may be due 

to the stability of the inhibitor, the cohesion of the 

surrounding layer, and the degree of surface 

unevenness. These changes may also reflect a problem 

in converting the imperfect capacitance curve into a 

usable capacitance value. Therefore, the overall trend 

of the capacitance results should be considered, rather 

than expecting a gradual and constant increase or 

decrease. The values drop overall, from 925.6 down to 

413.4 μFcm-2, At the same time, Rct, rises clearly. This 

points to an adsorbed HBAT film that helps protect 

the steel surface. The EIS data match what the mass 

measurements show. In both tests, the protection 

improves as the HBAT level goes up, and it peaks at 

0.5 mM. Several EIS signs line up together. The 

charge transfer resistance goes higher. The double 

layer capacitance goes down. The Nyquist arc gets 

larger. Taken as a whole, these results suggest that 

HBAT sticks well to the mild-steel surface in the 

solution. It also acts as a blocking layer that limits 

corrosion caused by the acid. EIS was performed at 

303 K. Temperature-dependent impedance spectra were 

not recorded; the temperature response of HBAT 

adsorption is therefore discussed from the gravimetric 

Kads(T) data using the van’t Hoff relation. The 

calculated and experimental Nyquist overlays were 

inspected for each spectrum, and the fit was accepted 

when the overlay reproduced the experimental loop. 

Numerical goodness-of-fit (χ2) values are not reported. 

 

3.3. DFT analysis and relationship with 

corrosion inhibition 

Density functional theory calculations were employed 

to provide molecular-level insight into the corrosion-

inhibition behavior of HBAT toward mild steel in 1 M 

HCl. The optimized molecular geometry and frontier 

molecular orbitals obtained at the B3LYP/6-31G(d) 

level are presented in Figure 7. Frontier molecular 

orbital analysis is widely used to rationalize corrosion-

inhibitor adsorption because the highest occupied 

molecular orbital (HOMO) is associated with the 

ability of a molecule to donate electron density, 

whereas the lowest unoccupied molecular orbital 

(LUMO) reflects its ability to accept electron density 

from the metal surface. These donor–acceptor interac-

tions can contribute to adsorption and stabilization of an 

organic inhibitor at the steel/solution interface. For 

HBAT, the calculated HOMO and LUMO energies 

were -8.355 and -1.743 eV, respectively, giving a 

HOMO–LUMO energy separation of Eq. 22. 
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ΔE=ELUMO-EHOMO=(-1.743)-(-8.355)=6.612 eV (22) 
 

In general, a higher EHOMO facilitates electron 

donation to vacant Fe orbitals, whereas a lower ELUMO 

favors acceptance of electron density from occupied 

metal orbitals. Likewise, lower HOMO–LUMO gaps 

are commonly associated with greater molecular 

softness and easier redistribution of electron density 

during adsorption. However, the relatively large gap 

obtained for HBAT (6.612 eV) should not, by itself, be 

described as evidence of unusually high chemical 

reactivity. Because only one inhibitor molecule is being 

considered here, ΔE is better interpreted together with 

the spatial distribution of the frontier orbitals, 

heteroatom donor sites, adsorption measurements, and 

electrochemical results rather than as an independent 

predictor of inhibition efficiency. The frontier-orbital 

distributions provide particularly useful information 

about the possible HBAT–Fe interaction. As shown  

in Figure 7, the HOMO electron density is concentrated 

predominantly around the N- and S-containing hetero-

cyclic portion of HBAT and the adjacent conjugated 

region. This distribution identifies these sites as 

probable electron-donating centers. The lone-pair 

electrons associated with the heteroatoms, together with 

the π-electron density of the conjugated system, can 

interact with vacant Fe 3𝑑states during adsorption. In 

contrast, the LUMO is more extensively distributed 

over the aromatic/conjugated framework, including  

the carbonyl-containing region and heterocyclic  

moiety. Such a distribution indicates that HBAT can  

also accommodate electron density transferred from 

occupied Fe orbitals. Similar donor-acceptor interactions 

involving N, O and S atoms and aromatic π systems 

have been widely invoked in the adsorption of organic 

corrosion inhibitors on steel surfaces.  

The global reactivity descriptors calculated from 

the frontier orbital energies further characterize the 

electronic properties of HBAT. Table 4 shows the 

calculated frontier molecular orbital energies and 

global quantum-chemical reactivity descriptors of 

HBAT at the B3LYP/6-31G(d) level. 

 

Table 4: Calculated frontier molecular orbital energies and global quantum-chemical reactivity descriptors of HBAT at the 

B3LYP/6-31G(d) level. 

Quantum descriptor HBAT value 

EHOMO (eV) −8.355 

ELUMO (eV) −1.743 

ΔE (eV) 6.612 

Ionization potential, I (eV) 8.355 

Electron affinity, A (eV) 1.743 

Electronegativity, χ (eV) 5.049 

Global hardness, η (eV) 3.306 

Global softness, σ (eV-1) 0.302 

ΔN, using χFe= 7.0 eV and ηFe=0  +0.295 

 

   

Optimized Structure HOMO LUMO 

Figure 7: Optimized molecular structure and frontier molecular orbital distributions (HOMO and LUMO) of HBAT 

calculated at the B3LYP/6-31G(d) level. 
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The calculated global hardness of 3.306 eV and 

softness of 0.302 eV-1 indicate that the electronic density 

of HBAT can undergo redistribution upon interaction 

with the metal surface, although the relatively large 

HOMO–LUMO gap shows that the isolated neutral 

molecule also possesses appreciable electronic stability. 

Therefore, the corrosion-inhibiting ability of HBAT is 

more reasonably attributed to the combination of  

its heteroatom-rich adsorption centers, conjugated π 

system, and ability to participate in reciprocal charge-

transfer interactions rather than to exceptionally  

high intrinsic softness alone. Using the bulk-iron 

approximation frequently employed in corrosion-

inhibitor studies, χFe=7.0 eV and ηFe=0, the fraction of 

transferred electrons is calculated as (Eq. 23). 
 

ΔN=
χFe-χHBAT

2(ηFe+ηHBAT)
=

7.0-5.049

2(3.306)
=0.295 (23) 

 

The positive value of Δ𝑁 under this convention 

indicates a predicted tendency for electron-density 

transfer from HBAT toward iron, supporting 

coordination of the inhibitor with the metal through its 

donor atoms and π system. Positive Δ𝑁 values are 

frequently interpreted in corrosion-inhibitor studies as 

evidence of donor interaction with the metallic 

surface. It should nevertheless be emphasized that 

Δ𝑁is a conceptual DFT descriptor rather than the 

literal number of electrons experimentally transferred 

between an isolated molecule and the steel surface. 

The combined HOMO and LUMO distributions 

suggest a synergistic adsorption mechanism. Electron 

donation from the N, S, O and conjugated π centers of 

HBAT toward available Fe orbitals can strengthen 

inhibitor adsorption, while the accessible LUMO may 

permit reciprocal Fe-to-inhibitor back-donation. The 

resulting donor–acceptor interactions can stabilize the 

adsorbed HBAT layer and increase surface coverage, 

thereby limiting the access of aggressive 𝐻+ and Cl
-
 

species to electrochemically active sites on mild steel. 

This interpretation provides a molecular rationale for 

the protective behavior determined experimentally by 

weight-loss, EIS, adsorption, and surface-charac-

terization measurements. In particular, formation of an 

adsorbed organic layer would be expected to suppress 

metal dissolution and charge-transfer processes, 

consistent with the enhanced corrosion resistance 

observed experimentally for HBAT. The acidic 

environment should also be considered when 

interpreting the calculations. In 1 M HCl, protonation 

of one or more heteroatomic sites of HBAT is 

plausible, while chloride ions may participate in the 

interfacial adsorption process. Consequently, adsorption 

may contain both chemical and electrostatic 

contributions: neutral HBAT molecules can interact 

directly with Fe through heteroatom lone pairs and  

π electrons, whereas protonated HBAT species may be 

stabilized near chloride-covered regions of the 

interface. Calculations on corrosion inhibitors have 

shown that protonation can substantially alter HOMO/ 

LUMO energies, hardness, softness, dipole moment, 

and the preferred charge-transfer mechanism. The 

present B3LYP/6-31G(d) calculation is therefore 

consistent with a proposed donor–acceptor adsorption 

mode involving the N, S, and O centres and the 

aromatic π-system. It does not experimentally identify 

surface bonds and is not a stand-alone quantitative 

prediction of inhibition efficiency. 

 

3.4. Surface analysis 

Figure 8 shows how the surface looks after 5 h of 

soaking in 1 M HCl at 303 K. The figure compares the 

mild steel without HBAT and with 0.5 mM HBAT. 

The two images look very different, which fits the 

idea that HBAT has a protective role at the mild-steel 

and acid boundary. In Figure 8A, the sample treated 

with uninhibited 1 M HCl has a badly damaged 

surface. It looks rough and uneven across the whole 

area shown. There are many signs of wear, including 

cracks, pits, cavities, and uneven deposits. Corrosion 

products also gather in clusters. There are also clear 

local holes and breaks in the surface. These features 

suggest strong acid attack. They also show that the 

mild steel did not dissolve in a uniform way. The 

observed shape changes are linked to steady anodic 

iron loss. At the same time, weakly attached corrosion 

products build up during contact with hydrochloric 

acid. Some SEM results for mild steel in HCl have 

been described before. In that work, the metal was not 

inhibited, and the acid attack led to heavy cracking, 

pitting, and clear harm to the surface [37]. Here, the 

sample kept in 1 M HCl with 0.5 mM HBAT looks 

different. Its surface looks smoother and more even, 

like the image in Figure 8B shows. The uninhibited 

piece had strong deposits, cracks, and clear holes. 

Those features do not show up much on the HBAT-

treated surface. Also, the old scratch lines from 

polishing can still be seen across a lot of the sample. 

That means the steel was not dissolving as much as 

before. Only a limited number of small surface 
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irregularities and isolated particles are visible, 

demonstrating that HBAT markedly reduced both 

general and localized corrosion damage [38]. The 

improved morphology of the inhibited specimen is 

consistent with the adsorption of HBAT molecules 

and the development of a compact protective layer 

over the mild-steel surface. This adsorbed layer 

restricts direct contact between the steel substrate and 

corrosive species such as H+ and Cl-, thereby reducing 

the number of active sites available for anodic iron 

dissolution and cathodic hydrogen evolution. Similar 

changes from a severely damaged uninhibited surface 

to a smoother inhibited surface with fewer cracks and 

pits have been attributed to the formation of an 

adsorbed corrosion-inhibitor film.  

These adsorption centers may interact with the 

mild-steel surface through electrostatic attraction and 

donor–acceptor interactions, promoting the formation 

of a persistent interfacial film. Related heteroatom-

containing inhibitors have been described as adsorbing 

through physical interactions and electron donation to 

vacant orbitals of surface iron atoms, thereby shielding 

the metal from corrosive ions [37, 38]. The SEM 

observations are consistent with the gravimetric and 

electrochemical results and indicate reduced surface 

damage, not a specific chemical bond. At 0.5 mM 

HBAT, the substantial increase in 𝑅𝑐𝑡  from 47.53 to 

933.25 Ωcm2, together with the decrease in Cdl from 

925.6 to 413.4 μFcm-2, indicates the development of a 

thicker and more resistive interfacial barrier. The 

corresponding EIS inhibition efficiency of 94.91% is 

consistent with the marked reduction in surface damage 

observed in Figure 8B. The gravimetric inhibition 

efficiency of 94.82 % after 5 h further supports the 

morphological evidence.  

 

3.5. Suggested mechanism 

The corrosion-inhibition behavior of HBAT can be 

explained by its adsorption at the mild-steel/1 M HCl 

interface and the subsequent formation of a protective 

molecular film, as schematically illustrated in Figure 9. 

The proposed mechanism involves the combined 

contributions of physical and chemical adsorption.  

This interpretation is consistent with the Langmuir 

behaviour, ΔG°ads, the temperature-dependent gravi-

metric results, the increase in Rct, the decrease in Cdl, 

and the smoother SEM morphology; these data confirm 

adsorption and film formation, not specific Fe–

heteroatom bonds. In uninhibited 1 M HCl, corrosion 

proceeds through anodic dissolution of iron and 

cathodic hydrogen evolution as in equations 24 and 25. 
 

Fe→Fe2+ +2e- (24) 
 

2H++2e-→H2 (25) 

 

 
Figure 8: SEM micrographs of mild-steel surfaces after immersion for 5 h at 303 K in: (A) uninhibited 1 M HCl and (B) 1 

M HCl containing 0.5 mM HBAT. The images are morphological evidence of reduced acid attack; they do not identify the 
chemical composition of the surface layer. 
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Chloride ions promote steel dissolution by adsorbing 

at the metal/solution interface and participating in the 

formation of soluble iron-chloride species. In the 

absence of HBAT, the continuous access of H+ and Cl- 

to the surface sustains the anodic and cathodic 

reactions, leading to the extensive surface deterioration 

observed in the uninhibited SEM micrograph. HBAT 

contains several electron-rich adsorption centers, 

including the phenolic oxygen, carbonyl oxygen, 

amide nitrogen, thiazole nitrogen, thiazole sulfur, and 

the delocalized π-electron systems of the aromatic and 

heterocyclic rings. Electron-donating heteroatoms and 

aromatic 𝜋-systems are recognized as important 

adsorption centers in thiazole-based corrosion 

inhibitors because they facilitate interaction with 

metal surfaces and promote protective-film formation. 

The structure of HBAT therefore enables adsorption 

through more than one interaction pathway [37-40]. In 

strongly acidic solution, HBAT may coexist in neutral 

and protonated forms. Protonation is expected 

primarily at the more basic heteroatomic centers of the 

molecule, although the relative population of the 

different protonated species cannot be established 

without speciation calculations. At the same time, 

chloride ions can adsorb on positively charged regions 

of the mild-steel surface, producing a locally negative 

interfacial layer. Electrostatic attraction can then 

develop between protonated HBAT species and the 

chloride-covered steel surface as in equation 26. 
 

Fe-Clads
-

+HBATH+⇌Fe-Clads
- ⋯HBATH+ (26) 

 

This interaction represents the physisorption 

pathway shown on the left-hand side of Figure 9. A 

comparable mechanism has been proposed for 

aminothiazole inhibitors in 1 M HCl, where chloride 

adsorption produces a negatively charged interfacial 

layer that facilitates electrostatic attraction of protonated 

inhibitor species [39, 40]. The resulting physically 

adsorbed species can block cathodic sites and restrict 

the access of hydrogen ions to the steel surface. 

Consequently, the reduction of H+ and the evolution of 

hydrogen gas are suppressed. Related aminothiazole 

studies similarly indicate that adsorption of protonated 

species at cathodic sites reduces the availability of 

these sites for hydrogen-ion reduction. Neutral HBAT 

molecules may also interact directly with surface iron 

atoms through donor–acceptor bonding. The lone 

electron pairs located on the phenolic and carbonyl 

oxygen atoms, the thiazole nitrogen and sulfur atoms, 

and, to a lesser extent, the amide functionality can 

donate electron density to vacant or partially vacant Fe 

3dorbitals (equation 27): 
 

HBAT:+Fe→HBAT→Fe   (27) 
 

The conjugated aromatic and thiazole π-electron 

systems may also contribute to adsorption by 

interacting with the iron surface. Related studies of 

aminothiazoles attribute chemisorption to coordination 

between vacant Fe d-orbitals and the lone electron 

pairs of nitrogen and sulfur atoms, together with 

interactions involving aromatic π-electrons. 

Computational results for a benzothiazole derivative 

further showed preferential interaction through sulfur 

and nitrogen and a flattened molecular orientation that 

maximizes contact with the Fe surface. A synergistic 

back-donation interaction may additionally occur, in 

which electron density from occupied Fe d-orbitals is 

transferred toward suitable antibonding or π* orbitals 

of HBAT (equation 28): 
 

Fe(d)→HBAT(π*) (28) 
 

Such donation and back-donation interactions can 

strengthen adsorption and favor a nearly parallel 

orientation of HBAT relative to the steel surface, 

allowing several adsorption centers to interact 

simultaneously. Because FTIR and XPS of the 

adsorbed layer were not performed, the individual Fe–

O, Fe–N, and Fe–S contacts should be regarded  

as a plausible adsorption mode rather than as 

spectroscopically identified bonds. DFT descriptors 

reported in this work are consistent with electron 

donation from the N, S, and O centres and the aromatic 

π-system, but they do not replace surface spectroscopy 

[39, 40]. The relatively high adsorption equilibrium 

constant and the negative standard Gibbs free energy, 

ΔG°ads=-35.02 KJmol-1 indicate spontaneous and strong 

adsorption. The intermediate magnitude of ΔG°ads, 

between values generally associated with purely 

physical and purely chemical adsorption, supports a 

mixed adsorption mechanism. A similar interpretation 

has been reported for aminothiazole adsorption when 

thermodynamic and molecular simulations indicated 

contributions from both physisorption and 

chemisorption. The good agreement with the Langmuir 

isotherm suggests that the protective action is 

dominated by the formation of an approximately 

monomolecular adsorbed layer. As the HBAT 

concentration increases, more active sites become 
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occupied, decreasing the exposed metallic area and 

restricting the transport of H+, Cl-, and dissolved iron 

species across the interface. The progressive increase in 

inhibition efficiency with immersion time indicates that 

this film continues to organize and stabilize during 

exposure. The proposed mechanism is also consistent 

with the EIS results. Increasing the HBAT 

concentration from 0 to 0.5 mM increased 𝑅𝑐𝑡 from 

47.53 to 933.25 Ωcm2, while Cdl decreased from 925.6 

to 413.4 μFCm-2. The increase in 𝑅𝑐𝑡  demonstrates that 

the adsorbed film strongly impedes interfacial charge 

transfer, whereas the reduction in Cdl is consistent with 

displacement of interfacial water molecules, a decrease 

in the local dielectric constant, and an increase in the 

effective thickness of the electrical double layer. 

Studies of related inhibitors similarly associate 

formation of a stable adsorbed layer with delayed 

charge transfer and increased interfacial resistance. The 

SEM observations provide additional support for the 

barrier mechanism. The severely damaged, cracked, 

and deposit-covered surface produced in uninhibited 

HCl was replaced by a substantially smoother and less 

deteriorated morphology in the presence of 0.5 mM 

HBAT. This preservation of the surface indicates that 

the adsorbed inhibitor layer reduces direct contact 

between the steel substrate and the acidic environment. 

The improved inhibition efficiency at elevated 

temperature is consistent with temperature-assisted, 

endothermic adsorption. It may include a growing 

contribution of donor-acceptor interactions, but this is a 

possible interpretation rather than a demonstrated 

strengthening of chemical bonds. This behavior  

is consistent with a mixed adsorption hypothesis 

involving an initial physical contribution and a possible 

chemically adsorbed contribution. Overall, HBAT is 

proposed to inhibit mild-steel corrosion by forming an 

adsorbed interfacial film through complementary 

physical and chemical interactions. Overall, HBAT is 

proposed to inhibit mild-steel corrosion by forming an 

adsorbed interfacial film. Physical adsorption is 

proposed to involve electrostatic attraction between 

protonated HBAT and chloride-covered regions of the 

steel surface. Chemical adsorption is proposed to 

involve electron donation from the O, N, and S atoms 

and the molecular π-system to iron d-orbitals. The 

resulting film is consistent with a reduction in available 

reaction sites and with restricted transport of aggressive 

ions. Gravimetric, EIS, and SEM results confirm that 

adsorption occurs and that a protective film forms; they 

do not by themselves distinguish physisorption from 

chemisorption or identify specific surface bonds.  

 

 

Figure 9: Proposed inhibition mechanism of HBAT on mild steel in 1 M HCl, illustrating electrostatic physisorption of 

protonated HBAT on the chloride-covered surface, proposed donor–acceptor chemisorption involving the O, N, and S 
atoms and the molecular 𝜋-electron system, and formation of a protective adsorbed film that suppresses anodic iron 

dissolution and cathodic hydrogen evolution. 
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4. Comparison with published corrosion 

inhibitors and significance of HBAT 

To evaluate the significance of the present results, the 

corrosion-inhibition performance of HBAT was 

compared with representative nitrogen-, sulfur-, and 

oxygen-containing heterocyclic inhibitors reported for 

steel in hydrochloric acid. The comparison is presented 

in Table 5. Such comparisons should be interpreted 

cautiously because inhibition efficiency depends not 

only on molecular structure but also on inhibitor 

concentration, steel composition, acid concentration, 

temperature, immersion period, surface preparation, 

hydrodynamic conditions, and the experimental 

technique used to calculate the efficiency. Accordingly, 

Table 5 is intended to establish the performance context 

of HBAT rather than to provide an absolute ranking of 

corrosion inhibitors. 

 

Table 5: Comparison of HBAT with representative heterocyclic corrosion inhibitors reported for steel in acidic media. 

Inhibitor 

Substrate / 

corrosive 

medium 

Concentration 
Principal 

conditions/method 

Reported 

IE (%) 
Comparative observation Ref. 

HBAT 
Mild steel / 

1 M HCl 
0.5 mM WL, 303 K, 5 h 94.82 

High protection at low 

concentration 

This 

work 

HBAT 
Mild steel / 

1 M HCl 
0.5 mM WL, 303 K, 24 h 96.82 

Protection increased during 

the first 24 h 

This 

work 

HBAT 
Mild steel / 

1 M HCl 
0.5 mM WL, 303 K, 48 h 96.81 

Essentially unchanged 

from 24 to 48 h 

This 

work 

HBAT 
Mild steel / 

1 M HCl 
0.5 mM WL, 333 K, 5 h 96.65 

Protection remained high 

and increased with 

temperature 

This 

work 

HBAT 
Mild steel / 

1 M HCl 
0.5 mM EIS, 303 K 94.91 

(R_{ct}) increased from 

47.53 to 933.25 Ω cm² 

This 

work 

Isatin–Schiff base, 

OHMHI 

Mild steel / 

1 M HCl 
0.5 mM WL, 303-333 K 

96.1 at 

303 K 

Similar initial efficiency, 

but decreased to 85.5% at 

333 K 

[22] 

Tris-

thiosemicarbazone 

derivative, PMBMH 

Mild steel / 

HCl 
800 ppm 

Electrochemical, 303 

K 
98.5 

Higher initial value, but 

protection decreased with 

temperature and showed 

some deterioration with 

prolonged exposure 

[23] 

Benzoxazole-2-thione 
C38 steel / 

1 M HCl 
0.1 mM EIS 94.68 

Excellent concentration 

efficiency; direct 

comparison is limited by 

differences in steel and 

electrochemical model 

[38] 

2-Amino-6-

methylbenzothiazole 

(AMBT) 

S235 steel / 

1 M HCl 
5 mM 

WL/electrochemical, 

298 K 
83.30 

Considerably lower 

efficiency despite a tenfold 

higher concentration 

[39] 

5-Amino-1,3,4-

thiadiazole-2-thiol 
Steel / HCl 

Highest tested 

concentration 

WL/electrochemical, 

303–333 K 
~81 

Lower protection; 

adsorption followed 

Langmuir behavior 

[41] 

Triazole derivative, 

DTE 

Mild steel / 

1 M HCl 
1.0 mM 

WL/electrochemical, 

298 K 
>90.9 

Lower maximum 

protection at twice the 

HBAT concentration 

[42] 

Aminotriazole, m-

DTAT 

Mild steel / 

HCl 
0.4 mM 

WL/electrochemical, 

303 K 
~95 

Performance comparable 

with HBAT near ambient 

temperature 

[43] 
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Table 5: Continue. 

Inhibitor 

Substrate / 

corrosive 

medium 

Concentration 
Principal 

conditions/method 

Reported 

IE (%) 
Comparative observation Ref. 

4-MTHT 
Mild steel / 

HCl 
0.5 mM WL/electrochemical 99.6 

Higher absolute efficiency 

and a strong benchmark for 

heterocyclic inhibitors 

[44] 

2-Amino-4-

methylthiazole 

(2A4MT) 

Mild steel / 

0.5 M HCl 
0.5 mM EIS/LPR 92 

HBAT gives higher EIS 

efficiency at the same 

concentration in a more 

concentrated HCl medium 

[45] 

2-Amino-4-

methylthiazole 

(2A4MT) 

Mild steel / 

0.5 M HCl 
5–10 mM EIS/LPR 97–98 

Comparable maximum 

protection required a 

substantially higher 

inhibitor concentration 

[45] 

Laurhydrazide N′-

propan-3-one (LHP) 

Mild steel / 

5 M HCl 
0.370 mM PDP, 20 °C 94 

Strong inhibitor in 

concentrated acid, but 

efficiency decreased 

strongly as temperature 

increased 

[46] 

5-Aminoindazole 

(AIA) 

Q235 

carbon steel 

/ 1 M HCl 

2.0 mM EIS, 298 K 92.3 

HBAT provides higher 

protection at one-quarter of 

this concentration 

[47] 

2-Aminothiazole (AT) 
45# steel / 

0.1 M HCl 
500 mg L⁻¹ EIS/WL, 298 K 90.34 

Lower efficiency in a less 

concentrated HCl medium 
[48] 

AAEE thiazole 

derivative 

Mild steel / 

1 M HCl 
0.5 mM WL, 303 K 93.3 

Structurally related 

thiazole; HBAT provides 

greater efficiency at the 

same concentration 

[49] 

AAEE thiazole 

derivative 

Mild steel / 

1 M HCl 
1.0 mM WL, 303 K 96.1 

Comparable efficiency 

requires approximately 

twice the HBAT 

concentration 

[49] 

 

The comparison demonstrates that HBAT belongs 

to the high-performance group of heterocyclic inhibitors 

for steel in hydrochloric acid. At 0.5 mM and 303 K, 

HBAT provided a gravimetric inhibition efficiency of 

94.82 % after only 5 h and 96.82 % after 24 h. 

Importantly, extending the exposure to 48 h produced an 

efficiency of 96.81 %, indicating that the protection 

obtained after 24 h was essentially maintained during 

the subsequent 24 h. Thus, HBAT combines rapid 

initial inhibition with persistent protection during 

prolonged immersion. An important advantage of 

HBAT becomes apparent when the inhibitors are 

compared on a concentration basis. The structurally 

related AMBT produced only 83.30 % inhibition at 5 

mM in 1 M HCl [39], whereas HBAT exceeded 94 %  

at only 0.5 mM. Similarly, 5-aminoindazole required  

2 mM to obtain an EIS efficiency of approximately  

92.3 % [47]. The simpler 2-amino-4-methylthiazole 

produced an EIS inhibition efficiency of approximately 

92 % at 0.5 mM in 0.5 M HCl and required 

concentrations of 5-10 mM to approach 97-98 % 

according to impedance and polarization-resistance 

measurements [45]. In comparison, HBAT reached 

94.91 % by EIS at 0.5 mM in the more aggressive 1 M 

HCl medium. Likewise, 2-aminothiazole reached a 

maximum efficiency of approximately 90.34 % at  

500 mg L⁻¹ in only 0.1 M HCl [48]. The additional 

experiment at 1.0 mM provides further evidence of the 

efficient utilization of HBAT. After 24 h, increasing the 

concentration from 0.5 to 1.0 mM increased the 

inhibition efficiency only from 96.82 to 96.94 %, 

corresponding to an improvement of only 0.12 

percentage points despite doubling the inhibitor 

concentration. Thus, the corrosion-inhibition response 

approaches a plateau near 0.5 mM. This observation is 

important from a practical perspective because 
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increasing the amount of inhibitor beyond this level 

produces negligible additional protection under the 

investigated gravimetric conditions. The temperature 

response represents another favorable characteristic of 

HBAT. At 0.5 mM, the inhibition efficiency increased 

from 93.50 % at 303 K to 96.65 % at 333 K. This 

behavior differs from that of several reported organic 

inhibitors whose protective layers become less effective 

as the temperature increases. For example, OHMHI 

decreased from 96.1 % at 303 K to 85.5 % at 333 K 

[22]. AMBT also displayed a pronounced decline in 

protection with increasing temperature, from 81.93 % at 

298 K to 66.30 % at 318 K at 5 mM [39]. LHP, 

although highly effective in the much more aggressive 

5 M HCl medium, showed a decrease in polarization-

derived inhibition efficiency from approximately  

94 % at 20 °C to 73 % at 60 °C and 61 % at 80 °C [46]. 

These comparisons should not be treated as direct 

rankings because the acid concentrations and 

experimental conditions differ, but they emphasize the 

favorable thermal persistence of the HBAT film. 

A useful comparison can also be made with the 

structurally related AAEE thiazole derivative. AAEE 

provided approximately 93.3 % inhibition at 0.5 mM 

and 303 K and approximately 96.1 % when its 

concentration was increased to 1.0 mM [49]. HBAT 

therefore provides slightly higher protection at the 

common concentration of 0.5 mM and reaches 

approximately the same efficiency range without 

requiring the inhibitor concentration to be doubled. 

Both compounds nevertheless demonstrate that 

combining a thiazole adsorption center with additional 

aromatic and oxygen-containing functionality is a 

productive strategy for enhancing adsorption on mild 

steel. DFT descriptors are consistent with donor sites 

on the thiazole–hydroxybenzamide framework; this 

does not prove structural superiority without those 

calculations. The thiazole moiety provides nitrogen 

and sulfur centers capable of interaction with surface 

iron, whereas the 2-hydroxybenzoyl unit introduces 

carbonyl and phenolic oxygen atoms together with an 

additional aromatic π-electron system. DFT descriptors 

are consistent with donor sites on the thiazole–

hydroxybenzamide framework (N, S, carbonyl and 

phenolic O, and the aromatic π-system). A chemically 

reasonable hypothesis is that these additional centres 

contribute to the observed high efficiency of HBAT at 

0.5 mM relative to simpler aminothiazole structures 

reported under different conditions. This hypothesis is 

not directly demonstrated by the present experiments 

and does not constitute an established explanation of 

superior performance, nor an absolute ranking of 

HBAT above the literature inhibitors in Table 5. The 

adsorption and EIS results provide additional support 

for this structure–performance interpretation. HBAT 

adsorption was best represented by the Langmuir 

relationship, with a slope close to unity and a high 

regression coefficient. At the same time, increasing 

the HBAT concentration to 0.5 mM increased 

the charge-transfer resistance from 47.53 to 933.25 Ω 

cm² and produced an EIS inhibition efficiency of 

94.91 %. The simultaneous increase in charge-transfer 

resistance and decrease in effective double-layer 

capacitance indicate active-site blocking, displacement 

of interfacial water, and formation of a more resistive 

inhibitor-rich layer. The gravimetric, adsorption, EIS, 

and SEM observations therefore provide mutually 

consistent evidence for the development of an 

effective protective interfacial film. It should 

nevertheless be emphasized that HBAT does not 

exhibit the highest absolute inhibition efficiency  

ever reported. For example, 4-MTHT has reached 

approximately 99.6 % at 0.5 mM [44], and  

other inhibitors have also produced very high  

initial efficiencies under particular conditions. Benzo-

xazole-2-thione additionally demonstrates excellent 

concentration efficiency, producing approximately 

94.68 % by EIS at only 0.1 mM [38]. Consequently, 

the contribution of HBAT should not be based on an 

unsupported claim of record inhibition efficiency. 

Rather, the principal contribution of the present 

inhibitor lies in the combination of several favorable 

characteristics: (i) inhibition efficiencies approaching 

97 % at only 0.5 mM, (ii) negligible benefit from 

doubling the concentration to 1.0 mM, demonstrating 

a practical concentration plateau, (iii) essentially 

unchanged protection between 24 and 48 h at 0.5 mM, 

(iv) retention and enhancement of corrosion protection 

up to 333 K, (v) strong Langmuir-type adsorption,  

and (vi) close agreement between gravimetric, 

electrochemical, and surface-morphology observations. 

Considered together, these properties make HBAT a 

highly efficient aminothiazole-based inhibitor under 

the investigated conditions and distinguish it from 

many simpler heterocyclic inhibitors for which high 

efficiency requires greater concentrations or decreases 

substantially with temperature. 
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5. Conclusions 

HBAT inhibits the corrosion of mild steel in 1 M HCl 

under the investigated conditions. Gravimetric 

measurements show high inhibition efficiency at a 

relatively low concentration, a practical plateau near 

0.5 mM, and persistent protection during prolonged 

immersion: at 0.5 mM and 303 K the efficiency 

increased from 93.50 % after 1 h to 96.82 % after 24 h 

and remained 96.81 % after 48 h. Doubling the 

concentration to 1.0 mM produced only a marginal 

further improvement. At 0.5 mM the gravimetric 

efficiency increased to 96.65 % at 333 K. EIS at 303 

K showed an increase in charge-transfer resistance 

from 47.53 to 933.25 Ω cm2 and a decrease in 

effective capacitance, corresponding to 94.91% 

inhibition at 0.5 mM. Adsorption was best described 

by the Langmuir isotherm. SEM showed reduced 

surface damage in the inhibited acid. A mixed 

physical and chemical adsorption mode is proposed, 

involving electrostatic interaction of protonated 

HBAT with chloride-covered regions of the surface 

and possible electron donation from N, S, O, and the 

aromatic π-system. FTIR and XPS of the adsorbed 

layer were not performed, so specific Fe-heteroatom 

bonds are not claimed. These experimental 

characteristics identify HBAT as a highly efficient 

aminothiazole-based inhibitor for mild steel in 1 M HCl 

under the conditions of this study. Techno-economic, 

toxicity, and long-term exposure assessments were 

outside the present scope. 
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