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a b s t r a c t

Achieving robust corrosion protection under extreme acidic and high-temperature conditions remains a 
formidable challenge in the oil and gas industry. In this work, we report a molecularly engineered 
corrosion inhibitor—a long-carbon-chain-functionalized quaternized pyridine derivative (Q4-AP- 
C12)—that has exceptional protection for N80 steel in highly aggressive environments at 500 mg/L. The 
inhibitor achieves corrosion rates of 0.029 g/(m2⋅h) (99.86% inhibition efficiency) in 1 mol/L (3.6%) HCl 
solution at 303 K and 7.29 g/(m2⋅h) (99.21% inhibition efficiency)  in 15% HCl solution at 363 K. The 
superior performance is attributed to a rationally designed synergistic mechanism. X-ray photoelectron 
spectroscopy (XPS) and density functional theory (DFT) analyses confirm co-adsorption through elec
trostatic interaction of the quaternary ammonium group (N+ peak at 402.5 eV) and chemical coordi
nation via the pyridinic nitrogen (N–Fe peak at 399.8 eV), while the dodecyl chain enhances electron- 
donating ability (elevated HOMO energy at − 7.57 eV) and strengthens interfacial adhesion (adsorp
tion energy of − 2.62 eV). At the morphological level, all-atom molecular dynamics (MD) simulations 
reveal that the alkyl chain drives the spontaneous self-assembly of a highly compact and stable bilayer 
film on the steel surface. This structured film significantly reduces surface roughness to 0.54 μm under 
aggressive conditions and acts as an effective hydrophobic barrier against corrosive species. By corre
lating macro-scale performance with atomic-scale interactions, this study provides deep molecular- 
level insights into the multi-mode adsorption and film  formation, offering a robust strategy for 
designing high-performance inhibitors for demanding oilfield environments.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 

is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Metallic infrastructure in petroleum engineering is frequently 
exposed to highly acidic and high-temperature environments, 
particularly during acid fracturing, downhole acidizing, and the 
transportation of sour hydrocarbons. These aggressive conditions 
precipitate severe corrosion, leading to rapid material degradation, 
operational disruptions, and catastrophic economic losses (Cui 
et al., 2023; Han et al., 2022; Liu et al., 2023a). Under such 

extreme regimes—characterized by elevated thermal energy and 
high proton concentrations—the application of effective corrosion 
inhibitors is essential yet remains a formidable challenge (Alawi 
Al-Sodani et al., 2018; Madurani et al., 2024). Although conven
tional organic inhibitors can form protective adsorbed layers, their 
efficacy often diminishes markedly under these conditions. High 
temperatures not only intensify corrosion kinetics but also accel
erate inhibitor desorption (Meng et al., 2021; Wang et al., 2026), 
while high acidity promotes competitive adsorption by protons 
that displace the protective inhibitor species. Consequently, 
developing novel inhibitors capable of maintaining robust 
adsorption and film stability remains a critical priority for oil and 
gas field protection (Li et al., 2023).

To address these limitations, recent research has pivoted to
ward rational molecular design strategies (Ren et al., 2022; Saddik 
et al., 2025; Sun et al., 2025; Ye et al., 2019). Among these, the 
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incorporation of long alkyl chains has emerged as an exceptionally 
effective approach (Edwards et al., 1994; Jia et al., 2024; Liu et al., 
2023b; Moselhy et al., 2022; Singh et al., 2024; Zhao et al., 2024). 
Such structural modifications  bolster interfacial hydrophobicity, 
drive spontaneous self-assembly on metal surfaces, and enhance 
the compactness of the resulting protective films. For instance, Fan 
et al. (2025) reported that a Mannich-base imidazoline quaternary 
ammonium salt modified  with a C17 chain achieved over 98.7% 
inhibition efficiency (IE) in methyl sulfonic acid at 353 K. Similarly, 
Liu et al. (2022) developed SiO2@OBQA composites by grafting a C7 
alkyl quaternary ammonium salt onto silica, which significantly 
mitigated the corrosion rate in 20% HCl solution at 180 ◦C. These 
advancements underscore the potential of integrating strong 
anchoring groups with hydrophobic structural units to forge high- 
performance inhibitors.

Complementary to hydrophobic tail modification,  advanced 
inhibitor design also focuses on engineering polar headgroups to 
strengthen the primary adsorption bond (Haque et al., 2020; Tang 
et al., 2023). This strategy seeks to enhance chemisorption by 
introducing heterocyclic structures or functional groups with high 
electron density, facilitating the formation of stable coordinate 
covalent bonds with the metal surface. Heterocycles such as 
imidazole and pyridine, alongside multidentate groups like car
boxylates and phosphonates, have been extensively explored (Liu 
et al., 2024; Gadioli et al., 2024; Luo et al., 2025; Marinescu, 
2019; Verma et al., 2020, 2025; Wang et al., 2023, 2024). 
Furthermore, structural refinements—such as quaternization to 
introduce permanent positive charges for enhanced electrostatic 
attraction or the addition of electron-donating substituents—have 
been shown to substantially improve adsorption stability on the 
substrate (Goni et al., 2024; Jala et al., 2022; Lin et al., 2024; Tang 
et al., 2025; Zhang et al., 2023).

Guided by these principles, we report the synthesis of a novel 
long-carbon-chain-functionalized quaternized pyridine derivative 
(Q4-AP-C12), which synergistically combines robust adsorption 
motifs with a hydrophobic barrier unit. Prepared via a two-step 
process starting from 4-aminopyridine, the molecular structure 
of Q4-AP-C12 is designed to optimize protection: the pyridine ring 
and amino group serve as chemisorption sites for coordination 
bonding, the quaternary ammonium cation facilitates rapid elec
trostatic anchoring, and the dodecyl (C12) chain drives the self- 
assembly of a dense hydrophobic barrier. The structure–activity 
relationship underlying the superior corrosion resistance of this 
molecule under harsh conditions is systematically explored and 
visually summarized in Fig. 1.

2. Experiments and methods

2.1. Synthesis and characterization of Q4-AP and Q4-AP-C12

The intermediate Q4-AP was synthesized through nucleophilic 
ring-opening reaction between 4-AP and EPTAC at a 1:1 molar 
ratio. Specifically, 1 g (0.01 mol) of 4-AP was dissolved in 20 mL of 
isopropanol under ultrasonication. Then, 10 mL of an isopropanol 
solution containing 1.52 g (0.01 mol) of EPTAC was added drop
wise. The reaction was carried out at 90 ◦C for 10 h under reflex, 
during which the solution color turned from clear and colorless to 
brown. After completion, the solvent was removed under reduced 
pressure using a rotary evaporator. The crude product was washed 
repeatedly with anhydrous ethanol to yield purified  Q4-AP in 
86.54% yield.

Q4-AP-C12 was then synthesized through nucleophilic substi
tution reaction between Q4-AP and C12H25Br. Typically, 1.46 g 
(0.01 mol) of Q4-AP and 4.98 g (0.02 mol) of C12H25Br were dis
solved in 20 mL of acetonitrile. The reaction proceeded at 90 ◦C for 

24 h under continuous stirring. The product was precipitated by 
dropwise addition of the mixture into cold diethyl ether, collected 
by filtration, and washed three times with fresh diethyl ether to 
obtain pure Q4-AP-C12 in 82.23% yield.

The chemical structure of Q4-AP-C12 was characterized by 
Fourier transform infrared spectroscopy (FT-IR, Nicolet iS50) and 
nuclear magnetic resonance spectroscopy (1H NMR, AVANCE NEO 
600 MHz). Surface charge properties were determined using a 
nanoparticle size and zeta potential analyzer (SZ-100), and ther
mal stability was assessed via thermogravimetric analysis (TGA, 
STA8122).

2.2. Evaluation of corrosion inhibition performance

The corrosion inhibition performance of Q4-AP and Q4-AP-C12 
was evaluated using weight loss measurements and electro
chemical techniques. Prior to testing, N80 steel sheets 
(10 mm × 50 mm × 2 mm) were sequentially cleaned with acetone 
and ethanol, dried and weighed. The pre-treated N80 steel sheets 
were immersed in HCl solutions (1 mol/L and 15% HCl containing 
different concentrations of the inhibitors at 303 and 363 K, 
resulting in four distinct corrosive environments: 1 mol/L HCl (i.e. 
3.6% HCl) at 303 and 363 K, 15% HCl at 303 and 363 K. After 4 h of 
immersion, the samples were ultrasonically washed in a rust 
removal solution, rinsed with ethanol, dried, and reweighed. The 
corrosion rate (CR) was calculated by the following (Luo et al., 
2024): 

CR =
106(m − mt)

S × t
(1) 

where CR is the correction rate, g/(m2⋅h); m and mt are the initial 
and final mass of the sample, respectively, g; S is the total surface 
area, cm2; t is the test time, h.

The inhibition efficiency (IE, %) was calculated by the following 
(Qian et al., 2019): 

IE=
CR − CR(inh)

CR
× 100% (2) 

where CR and CR(inh) correspond to the corrosion rates in the 
absence and presence of the inhibitor, respectively.

Electrochemical measurements were conducted using a 
CHI760E electrochemical workstation. Before each test, the open 

Fig. 1. Schematic diagram of the structure–activity relationship between the molec-
ular structure and anti-corrosion performance of Q4-AP-C12.
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circuit potential (OCP) was stabilized by immersing the working 
electrode in the test solution for 30 min. Electrochemical imped
ance spectroscopy (EIS) was conducted at the OCP over a frequency 
range of 10− 2 to 105 Hz with a 5 mV amplitude perturbation. The 
resulting spectra were fitted to an appropriate equivalent circuit 
model using Zview software. Potentiodynamic polarization curves 
were recorded by scanning the potential from − 500 to +500 mV 
relative to the OCP at a sweep rate of 0.2 mV/s. The corrosion 
potential (Ecorr) and corrosion current density (icorr) were deter
mined via Tafel extrapolation of the polarization curves.

The morphologies of the corroded steel surfaces were exam
ined using scanning electron microscopy (SEM, FEI). The SEM 
imaging was conducted at an acceleration voltage of 10 kV to 
optimize the topographic contrast and resolution. A 3D ultra- 
depth-of-field digital microscope (SDM, DSX1000) was also used 
to characterize the topographic features and surface roughness. 
Surface wettability was characterized by contact angle measure
ments (JC2000D) to evaluate the hydrophobicity imparted by in
hibitor adsorption. Furthermore, the elemental composition and 
states on the steel surface were analyzed by X-ray photoelectron 
spectroscopy (XPS, Nexsa).

2.3. Computational methods

The molecular reactivity and adsorption behavior of Q4-AP and 
Q4-AP-C12 on iron surface were investigated by density functional 
theory (DFT) calculations using the Materials Studio software. The 
generalized gradient approximation (GGA) with the Perdew- 
Burke-Ernzerhof (PBE) functional was employed. The system was 
treated with spin unrestricted settings, and the total charge was 
set to +1. Geometry optimization was performed with the 
following convergence tolerances: energy change of 1.0 × 10− 5 Ha, 
maximum force of 0.002 Ha/Å, and maximum displacement of 
0.005 Å. A k-point grid of 3 × 3 × 1 was used for Brillouin zone 
sampling. Core electrons were treated with DFT semi-core pseu
dopotentials, and the double numerical plus polarization (DNP) 
basis set (version 4.4) was adopted. The self-consistent field (SCF) 
convergence tolerance was set to 1.0 × 10− 6. For charge and spin 
density mixing, mixing parameters of 0.2 and 0.5 were applied, 
respectively. To accelerate SCF convergence, the direct inversion in 
the iterative subspace (DIIS) method was employed with a size of 
10. The charge density preconditioner was enabled with a damp
ing parameter q0 = 20 to suppress charge density oscillations. 
Additionally, a thermal smearing value of 0.006 Ha was applied to 
the orbital occupation to facilitate convergence.

All-atom molecular dynamics (MD) simulations were per
formed to investigate the adsorption kinetics of corrosion inhibitor 
film on iron surface in a HCl solution. A Fe (110) surface with di
mensions of 36.48 Å × 37.26 Å was constructed, consisting of six 
atomic layers. The solution phase contains 2500 H2O, along with 
45 H3O+ and 45 Cl− ions to mimic 1 mol/L HCl solution, and 211 
H3O+ and 211 Cl− ions to mimic 15% HCl environments. 5, 15, 25, or 
35 Q4-AP-C12 molecules were introduced into the solution. The 
number of Cl− was adjusted accordingly to maintain overall charge 
neutrality. A vacuum layer of 100 Å was added above the solution 
phase to eliminate spurious interactions in the z-direction. To 
simulate the effect of adsorbed chloride ions on surface charge, 
20% of the chloride ions in solution were randomly pre-adsorbed 
onto the Fe surface. The surface was fixed during all simulations. 
Periodic boundary conditions were applied in all three directions.

The COMPASSII force field was employed. Electrostatic and van 
der Waals interactions were treated using the Ewald and Atom- 
based (cutoff 12.5 Å) summation methods, respectively. Subse
quently, NVT ensemble simulations were conducted at either 303 
or 363 K using the Nos�e-Hoover-Langevin (NHL) thermostat. The 

integration time step was set to 1.0 fs, and trajectories were saved 
every 2000 steps for analysis. The total simulation time ranged 
from 2 to 4 ns, depending on the specific  system, to ensure 
adequate equilibration. Trajectory analysis was performed using 
in-house Perl scripts to extract relevant adsorption and structural 
properties.

3. Results and discussion

3.1. Synthesis and structural characterization of Q4-AP-C12

The structures of the target corrosion inhibitor Q4-AP-C12 and 
its intermediate Q4-AP were investigated using spectroscopic and 
physicochemical characterization (Fig. 2). In the FT-IR spectrum 
(Fig. 2(b)), the successful quaternization of 4-AP is evidenced by 
the emergence of a characteristic methyl bending vibration at 
1478 cm− 1, accompanied by the concomitant disappearance of the 
primary amine stretching bands at 3437 and 3250 cm− 1. Following 
the grafting of the dodecyl chain, the aliphatic C–H stretching vi
brations at 2930 and 2850 cm− 1 are markedly intensified, 
reflecting the significantly increased density of methylene groups 
in the hydrophobic tail. Furthermore, the molecular structure was 
rigorously validated by 1H NMR (Fig. 2(c)), where all observed 
signals (δ = 8.04–7.98 (2H), 6.89–6.82 (2H), 4.30–4.04 (4H), 
3.94–3.67 (1H), 3.56–2.95 (H), 1.93–1.57 (4H), 1.49–1.00 (36H), and 
0.77–0.68 (4H)) precisely correspond to the protons of Q4-AP-C12, 
confirming a high-purity product.

Zeta potential measurements (Fig. 2(d)) confirmed  that both 
Q4-AP and Q4-AP-C12 maintain positive surface charges across a 
broad pH range, consistent with the presence of the quaternary 
ammonium (N+) center. Notably, Q4-AP-C12 exhibits a signifi
cantly higher zeta potential at neutral pH (+71.9 mV at pH 7) 
compared to its precursor. This enhancement is attributed to the 
dodecyl chain promoting a more ordered solvation shell and 
reducing the shielding effect of counterions (Cl− ), thereby 
increasing the effective charge density (Pis�ar�cik et al., 2021). This 
property is pivotal for strong electrostatic adsorption onto nega
tively charged metal surfaces, a prerequisite for the initial stage of 
the corrosion inhibition mechanism (Kokalj et al., 2022; Xhanari 
et al., 2025). TG analysis (Fig. 2(e)) demonstrates that the incor
poration of the dodecyl chain substantially enhances thermal 
stability, a critical requirement for high-temperature oilfield  ap
plications. Whereas the hydrophilic Q4-AP exhibits significant 
moisture desorption (8.9% at 90 ◦C) and initiates decomposition at 
approximately ~240 ◦C, Q4-AP-C12 demonstrates minimal mois
ture loss (1.9% at 90 ◦C) and a significantly  increased primary 
decomposition temperature of ~360 ◦C. This superior thermal 
resilience is ascribed to the enhanced molecular hydrophobicity 
and robust van der Waals-driven intermolecular associations, 
which synergistically bolster the structural integrity of the inhib
itor against thermal degradation.

3.2. Gravimetric analysis of corrosion inhibition under high- 
temperature and strong acid conditions

The corrosion inhibition efficiencies of Q4-AP and Q4-AP-C12 
were quantitatively assessed via weight loss measurements under 
demanding high-temperature and acidic conditions (Fig. 3). For 
both inhibitors, corrosion rates declined precipitously with 
increasing concentration before reaching a steady-state plateau, 
signifying the formation of a compact protective film  on the 
metallic substrate.

Q4-AP demonstrates moderate efficiency under relatively mild 
conditions. In 1 mol/L HCl solution at 303 K, the corrosion rate was 
reduced from 20.39 (blank) to 1.96 g/(m2⋅h) at a concentration of 
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100 mg/L (90.35% efficiency).  A performance plateau was estab
lished at approximately 200 mg/L, beyond which corrosion rates 
stabilized between 1.64 and 1.95 g/(m2⋅h) (91%–92% efficiency). 
However, its protective capability diminishes markedly under 
more aggressive regimes. Specifically, in 15% HCl solution at 363 K, 
the corrosion rate only dropped to 422.14 g/(m2⋅h) at 500 mg/L 
(54.24% efficiency). This performance failure is likely driven by the 
intense competitive adsorption of protons (H+), which displaces 
inhibitor cations from the surface, coupled with the thermal and 
chemical destabilization of the adsorbed layer at elevated 
temperatures.

In contrast, Q4-AP-C12 exhibits exceptional inhibition across all 
experimental conditions. In 1 mol/L HCl solution at 303 K, it ach
ieves a negligible corrosion rate of 0.029 g/(m2⋅h) at 500 mg/L 
(99.86% efficiency),  with near-optimal protection (98.83%) 

attained at concentrations as low as 10 mg/L. Critically, even under 
extreme conditions (15% HCl, 363 K), Q4-AP-C12 remains robust; 
at 200 mg/L, the corrosion rate is mitigated to 31.73 g/(m2⋅h), 
further reaching 7.29 g/(m2⋅h) (99.21%) at 500 mg/L. This 
remarkable performance is ascribed to the hydrophobic dodecyl 
chain, which facilitates the self-assembly of a dense interfacial 
barrier. This alkyl tail acts synergistically with the quaternary 
ammonium anchoring group to maintain a stable, high surface 
coverage even in highly aggressive oilfield environments.

3.3. Electrochemical analysis of corrosion behavior and inhibition 
mechanism

The corrosion inhibition mechanism of Q4-AP-C12 was 
comprehensively investigated using electrochemical impedance 

Fig. 2. Characterization of Q4-AP and Q4-AP-C12. (a) Reaction scheme; (b) IR spectra; (c) 1H NMR spectrum; (d) zeta potentials; (e) TGA curves.
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spectroscopy (EIS) and potentiodynamic polarization (PDP). The 
extracted equivalent circuit parameters, including the constant 
phase element (CPEdl), solution resistance (Rs), and charge transfer 
resistance (Rct), are compiled in Table S1. The inhibition efficiency 
(IE) was calculated from the charge transfer resistance 
(
IE=

(
Rct − Rct;0

)
=Rct ×100%

)
(Ansari et al., 2020), where Rct and 

Rct,0 represent the charge transfer resistances with and without the 
inhibitor, respectively.

As shown in Fig. 4(a, d, g, j), the Nyquist plots exhibit depressed 
capacitive loops, characteristic of a charge-transfer-controlled 
corrosion process. The fitted  parameters reveal a substantial 
elevation in Rct values with increasing inhibitor concentration. 
Specifically, in 15% HCl solution at 363 K, Rct increases dramatically 
from 0.12 (blank) to 20.4 Ω⋅cm2 (500 mg/L), corresponding to an 
exceptional inhibition efficiency  of 99.41%. This significant 
enhancement in impedance corroborates the formation of a high- 
resistance adsorption film,  which effectively impedes charge 
transfer at the metal–solution interface and mitigates corrosion 
susceptibility (Berdimurodov et al., 2022; Jamil et al., 2025; Li 
et al., 2025; Zhong et al., 2026).

Simultaneously, Bode plots (Fig. S1) display a marked increase 
in the low-frequency impedance modulus with higher inhibitor 
dosages, robustly supporting the establishment of a compact 

protective barrier. The presence of a single time constant across all 
spectra attests to the charge-transfer-controlled nature of the re
action. Furthermore, the phase angles broaden and increase in 
magnitude (Wang et al., 2022), providing further evidence that the 
adsorbed inhibitor layer effectively blocks the corrosion process. 
Comparable electrochemical behavior is observed for the inter
mediate Q4-AP (Fig. S2(a–d)). To ensure fitting accuracy, a constant 
phase element (CPEdl) was utilized to replace the ideal double- 
layer capacitor in the equivalent circuit model depicted in Fig. 4(l).

Potentiodynamic polarization curves (Fig. 4(b, e, h, k)) provide 
corroborative evidence for the superior efficacy of Q4-AP-C12. Key 
electrochemical parameters, including corrosion current density 
(icorr), corrosion potential (Ecorr), and anodic/cathodic Tafel slopes 
(βa, βc), were derived via Tafel extrapolation (Table S2). The inhibi

tion efficiency was calculated as follows: 
(

IE =
(

i0corr − icorr

)
=i0corr ×

100%
)

, where i0corr and icorr are the corrosion current densities 

without and with inhibitor, respectively. Across all aggressive en
vironments assayed, icorr exhibits a precipitous decline with 
increasing inhibitor dosage. For instance, at 500 mg/L, icorr drops 
from 0.40 to 0.02 μA/cm2 in 1 mol/L HCl solution (303 K), and 
notably from 61.66 to 0.79 μA/cm2 even in 15% HCl solution at 363 K. 
The displacement in Ecorr remains within ±85 mV relative to the 

Fig. 3. Corrosion rates (a, c) and inhibition efficiencies (b, d) of Q4-AP and Q4-AP-C12 at various concentrations in 1 mol/L and 15% HCl solutions at 303 and 363 K, respectively.
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blank under all conditions, classifying Q4-AP-C12 as a mixed-type 
inhibitor that concurrently suppresses both anodic metal dissolu
tion and cathodic hydrogen evolution (Wazzan et al., 2022; Wen 
et al., 2023). Q4-AP exhibits similar mixed-type inhibition charac
teristics, as detailed in Fig. S2(e, f) and Tables S3 and S4.

To explain the surface interaction mechanism, the adsorption 
characteristics of Q4-AP-C12 were fitted to the Langmuir adsorp
tion isotherm (Ahmadi et al., 2024; Zhang et al., 2023), as depicted 
in Fig. 4(i). The linear form of the isotherm is expressed as θ= (1 −

θ) = KadsC, where θ is the surface coverage, Kads is the adsorption 
equilibrium constant, and C is the inhibitor concentration. The 
high correlation coefficients (R2 > 0.99) obtained from the linear 
regression plots under all four experimental conditions demon
strate a strong adherence to the Langmuir model, suggesting 
monolayer adsorption on the metal surface. Subsequently, the 
standard Gibbs free energy of adsorption (ΔGads) was calculated 
using the following equation: ΔGads = − RTln(1000Kads), where R 
is the gas constant (8.314 J/(mol⋅K)), T is the absolute temperature, 

Fig. 4. Nyquist plots (a, d, g, j) and polarization curves (b, e, h, k). Rct variation curves (c), icorr variation curves (f), fitted adsorption isotherms (i) of Q4-AP-C12 at various 
concentrations in HCl solutions at 303 and 363 K, respectively, and equivalent circuit models (l).
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and the value 1000 accounts for the concentration of water in g/L. 
The calculated ΔGads values are − 25.32, − 31.93, − 24.93, 
and − 25.36 kJ/mol for 1 mol/L HCl at 303 K, 1 mol/L HCl at 363 K, 
15% HCl at 303 K, and 15% HCl at 363 K, respectively. Generally, 
values strictly less negative than − 20 kJ/mol indicate phys
isorption via electrostatic interactions, while those more negative 
than − 40 kJ/mol signify chemisorption involving coordinate bond 
formation. The obtained values, falling within the range of − 20 
to − 40 kJ/mol, suggest a comprehensive adsorption mode 
involving both physical and chemical mechanisms (mixed-type 
adsorption). These thermodynamic parameters confirm that Q4- 
AP-C12 spontaneously forms a stable and compact protective 
film  on the N80 steel surface through robust interfacial in
teractions, thereby sustaining its exceptional inhibition perfor
mance even in highly aggressive environments. A similar mixed- 
mode adsorption mechanism is observed for the intermediate 
Q4-AP, as illustrated in Fig. S2(g, h).

3.4. Morphological characterization of surface protection and film 
stability

To further clarify the corrosion inhibition mechanism beyond 
electrochemical parameters, the interfacial stability and protective 
quality of the inhibitor films were investigated using morpholog
ical and wettability techniques. Scanning electron microscopy 
(SEM) analysis (Fig. 5) provides direct visual evidence of the 
interfacial phenomena. The severe surface deterioration observed 
in the blank experiments underscores the aggressive nature of the 
corrosive media. In contrast, the steel surface protected by 
500 mg/L Q4-AP-C12 exhibits markedly mitigated damage. Under 
milder conditions (1 mol/L HCl solution at 303 and 363 K and 15% 
HCl solution at 303 K), the original polishing abrasions remain 
clearly visible, attesting to the exceptional integrity of the pro
tective barrier.

The distinct disparity in film quality between Q4-AP and Q4- 
AP-C12 is evident. The latter not only minimizes pit density but 
also preserves the microscopic smoothness of the substrate, sug
gesting the formation of a more coherent and defect-free 
adsorption layer. These qualitative observations are quantita
tively corroborated by 3D surface topography analysis (Fig. S3). 
The arithmetic mean height of surface roughness (Sa) increases 
sharply for blank samples exposed to harsh conditions. However, 
the addition of inhibitors significantly reduces Sa values, with the 
Q4-AP-C12 formulation demonstrating the most pronounced 
smoothing effect. Notably, under the most aggressive condition 
(15% HCl solution, 363 K), the Sa value is substantially reduced 
from 11.02 (blank) to 3.37 μm (Q4-AP), and further to a mere 
0.54 μm (Q4-AP-C12). This dramatic reduction confirms the con
struction of an exceptionally smooth and uniform protective film 
on the steel surface.

The systematic increase in contact angle correlates directly 
with the extent of surface passivation. The superior hydropho
bicity observed for Q4-AP-C12 confirms the successful assembly of 
a well-ordered, hydrocarbon-rich alkyl layer. This structure creates 
a thermodynamic barrier against aqueous permeation, operating 
synergistically with the physical barrier identified  in the 
morphological analysis (Lai et al., 2021; Liao et al., 2023). Collec
tively, these results provide compelling evidence that the excep
tional efficacy of Q4-AP-C12 is derived from its ability to form a 
robust, multifunctional film.  This film  exhibits outstanding sta
bility, preserving its protective integrity by suppressing both 
chemical dissolution (as evidenced by retained polishing marks) 
and physical roughening, thereby establishing a new benchmark 
for corrosion protection under extreme conditions.

To investigate the dynamic stability and self-healing potential 
of the inhibitor film,  the aging behavior of N80 steel was moni
tored in 1 mol/L HCl solution at 363 K. The 3D topographic maps 
(Fig. 6(a, b)) and corresponding quantitative metrics (Fig. 6(c–e)) 
reveal fundamentally distinct degradation pathways for the un
protected and protected surfaces. The blank sample exhibits a 
trajectory of accelerated deterioration. The progressive increase in 
surface roughness (Sa increases from 0.58 to 2.69 μm) and the 
escalating corrosion rate (139.46 to 187.23 g/(m2⋅h)) are charac
teristic of an unstable interface undergoing active, localized 
dissolution. Conversely, the Q4-AP-C12-protected interface dem
onstrates remarkable dynamic stability. The maintenance of 
consistently low roughness (Sa < 0.43 μm) and negligible corrosion 
rates (CR < 5.45 g/(m2⋅h)) over time suggests a mechanism beyond 
a simple static barrier. Instead, it implies the establishment of a 
dynamic adsorption–desorption equilibrium that may facilitate 
the self-repair of micro-defects, effectively arresting the initiation 
and propagation of localized corrosion. This temporal resilience 
corroborates earlier findings  and highlights the significant  po
tential of Q4-AP-C12 for long-term industrial applications.

3.5. Unraveling the interfacial adsorption by XPS analysis

To unravel the molecular interactions underlying the superior 
inhibition performance, a detailed XPS analysis of the steel/in
hibitor interface was conducted under varying corrosion durations 
and aggressive media. In 1 mol/L HCl solution at 363 K, the survey 
spectra confirmed  the presence of Fe, O, N, and C on the steel 
surface (Fig. 7(a)). High-resolution N 1s spectra at different expo
sure intervals (Fig. 7(b)) reveal that the surface nitrogen content 
surged to 3.43% within the first  5 min, followed by a gradual 
saturation. This trend suggests a rapid initial adsorption phase 
succeeded by the densification of the protective layer.

Furthermore, the deconvolution of N 1s spectra under four 
distinct corrosion conditions (Fig. 7(c)) resolved three character
istic peaks at 402.5 eV (N+–C), 399.8 eV (N–Fe), and 397.8 eV (N–C), 
indicating a hybrid adsorption mechanism. The N+–C component 
corroborates the electrostatic interaction of quaternary ammo
nium cations with the charged surface, whereas the peak at 
399.8 eV provides compelling evidence of coordinative N–Fe 
bonding, signifying robust chemisorption. Complementing this, 
the C 1s spectrum (Fig. S4(a)) exhibits dominant signals at 284.8 eV 
(C–C/C–H), alongside contributions at 286.4 eV (C–N+) and 
288.5 eV (O–C=O). These features indicate a substantial interfacial 
enrichment of dodecyl chains. This pattern attests to the dense 
packing of hydrophobic tails, forming a hydrocarbon-rich barrier 
anchored by the strongly adsorbed headgroups.

The evolution of surface chemical states further substantiated 
the protective nature of the film.  The Fe 2p spectra (Fig. S4(b)) 
were resolved into metallic Fe0 (707.0 eV), Fe2+ (710.6 and 
724.8 eV), and Fe3+ (712.6 and 728.5 eV) species. Notably, the 
detection of metallic Fe0 was confined to mild conditions (1 mol/L 
HCl solution, 303 K), while the Fe3+ content increased markedly 
under harsher regimes (Table S5), reflecting enhanced oxidation. 
The Fe3+/Fe2+ ratio serves as a spectroscopic indicator of corrosion 
severity, correlating directly with the extent of surface oxidation. A 
higher ratio implies a more thoroughly oxidized surface, consis
tent with the severe material degradation observed in the absence 
of effective protection.

Based on the cumulative experimental and theoretical evi
dence, the inhibition mechanism of Q4-AP-C12 is schematically 
illustrated in Fig. 7(d). In uninhibited, high-temperature acidic 
solutions, the steel substrate undergoes severe active dissolution, 
generating extensive pits and corrosion products. Upon the addi
tion of Q4-AP-C12, corrosion is effectively mitigated through a 
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synergistic tripartite mechanism: (1) chemisorption via the pyri
dine nitrogen, (2) physisorption driven by quaternary ammonium 
cations, and (3) the formation of a hydrophobic barrier by the long 
alkyl chains. This collaborative, multi-mode adsorption strategy 
underpins the excellent and durable performance of the inhibitor, 
even under extreme environmental conditions.

3.6. DFT modeling of electronic structure and surface interactions

Density functional theory (DFT) calculations were performed to 
understand the electronic origins of the superior inhibition per
formance of Q4-AP-C12 compared to Q4-AP on an iron surface 
(Fig. 8). The integrated computational results demonstrate that the 
incorporation of the dodecyl chain systematically fine-tunes  the 
electronic properties, tailors local reactivity, and significantly en
hances adsorption strength and interfacial charge transfer, con
firming  that Q4-AP-C12 exhibits superior corrosion inhibition 
performance due to optimized electronic interactions and 

strengthened adsorption with the Fe substrate. Frontier molecular 
orbital analysis (Fig. 8(a)) reveals that Q4-AP-C12 has a higher- 
energy highest occupied molecular orbital (HOMO, − 7.57 eV) 
than Q4-AP (− 7.91 eV), indicating a greater propensity to donate 
electrons to the metal surface, despite a slightly larger energy gap 
(4.17 vs. 4.02 eV). The relationship between the HOMO-LUMO 
energy gap (ΔE) and inhibition performance is nuanced. While 
Q4-AP-C12 has a slightly larger ΔE (4.17 vs. 4.02 eV for Q4-AP), 
which often correlates with higher kinetic stability and lower 
chemical reactivity, its significantly  higher HOMO energy is the 
dominant factor facilitating stronger electron-donating in
teractions with the Fe surface. This combination—enhanced 
electron-donating ability coupled with sufficient  molecular 
stability—is favorable for forming a robust and durable adsorbed 
layer. Fukui function analysis (Fig. 8(b–e)) shows a tailored local 
reactivity: key electrophilic sites (e.g., C2, C5) exhibit enhanced 
reactivity (increased f+) in Q4-AP-C12, while the nucleophilic 
reactivity of the critical N3 atom decreases (f− : from 0.25 to 0.108), 

Fig. 5. Surface characterization (SEM and contact angle) comparing the protective effects of the blank (a), Q4-AP (b), and Q4-AP-C12 (c) inhibitors at 500 mg/L under different 
conditions after 4 h immersion.
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and the etherified  O15 shows reduced reactivity, reflecting the 
electronic modulation by the alkyl chain.

Electrostatic potential (ESP) mapping reveals a complementary 
alignment between the nucleophilic pyridinic nitrogen and 
electron-deficient  regions on the Fe surface, which promots the 
formation of coordination bonds (Fig. 8(f, g)). The grafted C12 
chain introduces a distinct region of higher ESP, which modulates 
the adsorption orientation and strengthens affinity. Crucially, dif
ferential charge density analysis confirms  substantial electron 
transfer from the Fe surface to the pyridinic N, followed by 
redistribution along the pyridine ring toward the quaternary 
ammonium group (Fig. 8(h, i)). The distribution of interfacial 
electron transfer density (ρ) provides further insight into this 
process (Fig. 8(j)). Although the maximum electron densities for 
both inhibitors are comparable (~0.0048 e/Å3) with similar spatial 
extents along the z-axis (span ≈ 2.38 Å), indicating that the carbon 

chain modification does not significantly alter the overall charge 
transfer magnitude or distribution, a critical difference emerges in 
the proximity of the functional groups. The Fe–N bond lengths are 
2.112 and 2.130 Å for Q4-AP and Q4-AP-C12, respectively. More 
importantly, the quaternary ammonium group in Q4-AP-C12 is 
located notably closer to the Fe surface (4.299 vs. 4.683 Å in Q4- 
AP). This reduced distance corresponds to a shorter electron 
transfer initiation pathway for Q4-AP-C12, suggesting a more 
direct and efficient  charge transfer mechanism that facilitates 
stronger adsorption of the functionalized inhibitor.

The computed adsorption energy of Q4-AP-C12 (− 2.62 eV) is 
considerably more negative than that of Q4-AP (− 1.84 eV), 
affirming  stronger chemisorption (Fig. 8(k)). Density of states 
(DOS) analysis (Fig. 8(l)) provides additional evidence. The 
adsorption of both molecules broadens the total DOS of the Fe 
surface, with the Fe + Q4-AP-C12 system exhibiting higher 

Fig. 6. Aging behavior of the corrosion inhibition film over time. (a, b) 3D surface topographies for the blank and 500 mg/L Q4-AP-C12 samples, respectively, after immersion in 
1 mol/L HCl solution at 363 K for 1–4 h. (c) Surface roughness (Sa), (d) corrosion rate, and (e) mean line roughness are plotted as a function of immersion time.
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intensity. An upward shift in the Fermi level is observed in both 
cases, indicating reduced surface reactivity. The enhanced C 2p 
DOS in the range of − 7.5 to 0 eV for Fe + Q4-AP-C12, ascribable to 
the grafted alkyl chain, highlights the role of functionalization in 
reinforcing electronic interactions with the surface. Moreover, 
global reactivity descriptors, including electronegativity (χ), 
hardness (η), softness (σ), number of transferred electrons (ΔN), 
and electrophilicity index (ω), further corroborate the superior 
inhibition performance of Q4-AP-C12 (Table S6). Q4-AP-C12 ex
hibits lower electronegativity (χ = 5.487) compared to Q4-AP 
(χ = 5.897), implying a stronger electron-donating capacity. The 
higher ΔN value (0.116 vs. 0.080) suggests more favorable electron 
transfer from Q4-AP-C12 to iron. Concurrently, the reduced elec
trophilicity index (ω = 7.217 vs. 8.655) aligns well with its 
enhanced nucleophilic character.

3.7. MD simulations of inhibitor assembly and film stability

To complement the electronic structure calculations, all-atom 
molecular dynamics (MD) simulations were conducted to inves
tigate the adsorption kinetics and film-forming behavior of Q4-AP- 
C12 on Fe surfaces in a highly aggressive 15% HCl solution (Fig. 9
and Fig. S5) and 1 mol/L HCl solution (Figs. 6 and 7) environment. 
The COMPASSII force field was employed for these simulations due 
to its validated accuracy in describing complex heterogeneous 
interfaces encompassing organic molecules, aqueous electrolytes, 
and metal surfaces, which is critical for reliably modeling the self- 
assembly and stability of the inhibitor film under study (Berrissoul 
et al., 2022; Deng et al., 2025).

In 15% HCl solution at 363 K, the adsorption behavior exhibits a 
strong concentration dependence (Fig. 9(a)) and the formation of 

Fig. 7. (a, b) XPS spectra of N80 steel sheets after immersion in 1 mol/L HCl solution containing 500 mg/L Q4-AP-C12 at 363 K for different durations. (c) XPS spectra of N80 steel 
sheet after immersion for 4 h in different corrosive media containing 500 mg/L Q4-AP-C12: 15% HCl solution at 363 and 303 K, 1 mol/L HCl solution at 363 and 303 K. (d) 
Schematic diagram of the corrosion inhibition mechanism of Q4-AP-C12.
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protective bilayer film strictly depends on the concentration of the 
inhibitor. The specific conditions are summarized in Table S7. With 
5 or 15 molecules, monolayer films form with increasing surface 
coverage. At 25 molecules, a well-defined  bilayer structure 
emerges: The first layer adsorbs directly on the Fe surface, while 
the second layer is stabilized through hydrophobic interactions 
between alkyl chains, with polar headgroups oriented toward the 
solution. Further increasing to 35 molecules leads to micelle for
mation in the solution phase rather enhanced surface adsorption. 
Structural analyses through atomic density (Fig. 9(b)), occupied 
volume fraction (Fig. 9(c)), and free volume fraction (Fig. 9(d)) 

confirm  the formation of a highly compact inhibitor film.  Sharp 
atomic density peaks near the surface, occupied volume fraction 
approaching 1, and minimal free volume demonstrate excellent 
molecular packing and film integrity. The film thickness increases 
with the included molecular number while maintaining structural 
coherence.

Charge distribution within the film (Fig. 9(e)) reveals a bilay
ered positive charge accumulation within 5 Å of the Fe surface. The 
lower charge layer is associated with pyridinic N atoms directly 
bonded to the surface, while the upper layer corresponds to ter
tiary/quaternary ammonium groups. This charge configuration 

Fig. 8. DFT analysis of the electronic structure and surface interactions. Presented are the frontier molecular orbital (a), Fukui function (b–e), electrostatic potential (f, g), dif-
ferential charge density (h, i), interfacial electron transfer density distribution (j), adsorption energy (k), and density of states (l).
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enhances interfacial stability and provides electrostatic repulsion 
against corrosive species. For the 25-molecule system, additional 
positive charge accumulation at the inhibitor–solution interface 
further improves corrosion resistance. The distributions of charge 
density, atomic force, and instantaneous velocity distributions 
(Fig. 9(f–h)) provide insights into the film's dynamic stability. Two 

prominent charge density peaks at 14.3 and 16.2 Å (between +0.27 
and − 0.13 e/Å2) originate from polar headgroups, while the alkyl 
chain region shows minimal charge fluctuation (<0.05 e/Å2). Sig
nificant  atomic force (− 30.0 to +8.6 kcal/(mol⋅Å)) and velocity 
(− 16.8 to +27.6 Å/ps) fluctuations  near the solution interface 
indicate high dynamic activity in this region.

Fig. 9. Molecular modeling of Q4-AP-C12 adsorption on Fe surface in 15% HCl solution at 363 K. Adsorption kinetics and film formation: (a) adsorption structures (a), (b) dis-
tributions of atomic density, (c) occupied volume fraction, (d) free volume fraction. Interfacial electronic and dynamic properties: (e) charge distribution morphology, (f) dis-
tributions of charge density, (g) atomic force, (h) instantaneous velocity.
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In contrast, the film  formed in 1 mol/L HCl solution demon
strated significantly superior stability and organization. As shown 
in Figs. S6 and S7, a well-defined  and compact bilayer structure 
emerged at appropriate concentrations, characterized by sharp 
interfacial density peaks, a high occupied volume fraction, and a 
distinct bilayered positive charge distribution near the Fe surface. 
This structured film effectively inhibits the approach of corrosive 
species, highlighting the strong concentration-dependent efficacy 
of Q4-AP-C12 in less aggressive acidic environments.

Further layer-resolved analysis of the 25-molecule system 
through mean square displacement (MSD), radial distribution 
function (RDF), and hydrogen bond lifetime provides molecular- 
level insights into bilayer dynamics (Fig. 10). MSD analysis 
(Fig. 10(a, b)) was specifically  utilized to differentiate the trans
lational motion of molecules in the upper and lower layers. The 
diffusion coefficient (D) was calculated from the slope of the MSD 
curves within the linear regime of 50–500 ps according to the 
Einstein relation. Specifically, the lower layer exhibited a signifi
cantly lower D (0.11 × 10− 10 m2/s in 1 mol/L HCl at 303 K) 
compared to the upper layer (0.69 × 10− 10 m2/s), confirming  its 
restricted mobility due to strong surface adsorption. This differ
ence persists across all conditions, though both layers show 
increased mobility at higher temperatures and acid concentra
tions. RDF analysis (Fig. 10(c, d)) reveals specific  interfacial in
teractions: The lower layer shows minimal water interaction but 
strong association with chloride ions, particularly in 1 mol/L HCl 
solution. These interactions weaken significantly  in 15% HCl so
lution due to competitive ion effects. Hydrogen bond lifetime 
analysis (Fig. 10(e, f)) shows shorter lifetimes for the lower layer at 

303 K, indicating weaker structural stability despite strong 
adsorption. The upper layer demonstrates longer-lived hydrogen 
bonds, suggesting better integration with the solution phase. This 
differentiation diminishes at 363 K, where thermal energy reduces 
hydrogen bonding contributions to film stability. The above ana
lyses indicate that the bilayer inhibitor film  exhibits a stable, 
tightly bound lower layer providing strong surface attachment, 
coupled with a dynamic upper layer offering adaptive protection. 
The structural integrity arises from balanced intermolecular in
teractions, specific  ion associations, and optimized molecular 
packing. In concentrated acid, competitive adsorption and ion 
penetration disrupt this delicate balance, leading to increased free 
volume, charge distribution disruption, and ultimately diminished 
corrosion protection. These molecular-level insights provide a 
comprehensive understanding of the inhibition mechanism and its 
failure under extreme conditions.

4. Conclusions

In this study, a novel corrosion inhibitor, Q4-AP-C12, was 
designed and synthesized, demonstrating exceptional protective 
efficacy  for oilfield-grade  N80 steel under extreme high- 
temperature and strongly acidic conditions. Comprehensive 
gravimetric and electrochemical assessments reveal that Q4-AP- 
C12 has outstanding performance at a dosage of 500 mg/L. It 
achieves an ultra-low corrosion rate of 0.029 g/(m2⋅h) (99.86% 
inhibition efficiency)  in 1 mol/L HCl solution at 303 K and, criti
cally, maintains robust protection (7.29 g/(m2⋅h), 99.21% inhibition 
efficiency) even in 15% HCl solution at 363 K. Multimodal surface 

Fig. 10. Molecular-level insights into the lower and upper layers of the 25-molecule system in 1 mol/L and 15% HCl solutions at 303 and 363 K. Profiles of mean square dis-
placements (MSD) (a, b), radial distribution functions (RDF) (c–f), and hydrogen bond lifetimes (g, h).
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characterization, particularly XPS analysis, confirms the formation 
of a stable, hydrophobic adsorption film  driven by a synergistic 
mechanism. The distinct N 1s peaks at 399.8 eV (N–Fe) and 
402.5 eV (N+–C) provide compelling evidence for the coexistence 
of coordinative chemisorption and electrostatic physisorption. 
These experimental findings  are strongly corroborated by theo
retical calculations. DFT results reveal the molecule's enhanced 
electron-donating capability (HOMO = − 7.57 eV) and high 
adsorption energy (− 2.62 eV), while MD simulations visualize the 
self-assembly of a compact bilayer structure that effectively im
pedes the ingress of corrosive species. Furthermore, the molecular 
design strategy—anchoring hydrophobic alkyl chains to func
tionalized heterocyclic cations—proves to be highly generalizable 
and versatile. By modulating the alkyl chain length or the cationic 
headgroup, inhibitor structures can be precisely tailored for 
diverse corrosive environments. This versatility positions Q4-AP- 
C12 as a promising candidate for real-world oilfield acidizing op
erations, supported by its demonstrated stability under simulated 
downhole conditions. Future endeavors will focus on field  vali
dation, long-term compatibility assessments, and formulation 
optimization to advance its transition toward cost-effective and 
environmentally adaptive industrial applications.
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