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Abstract 
This study investigates the anticorrosion performance of ascorbic acid (AA) intercalated into 
a MgAl layered double hydroxide matrix as a sustained-release system for protecting 
stainless steel. The AA/MgAl layered double hydroxides (LDH) composite was synthesized 
via the co-precipitation method, and its structural and morphological properties were 
characterized using X-ray diffraction, Fourier-transform infrared spectroscopy, scanning 
electron microscopy, transmission electron microscopy and nitrogen adsorption/desorption 
measurements. The intercalation of AA into the LDH structure enabled a controlled and 
sustained release, enhancing its protective effect in an aggressive acid environment. 
Electrochemical impedance spectroscopy revealed a significant improvement in corrosion 
resistance, with the inhibition efficiency converted into an equivalent release rate, reaching 
up to 70 % after 210 minutes of immersion in 1 M HCl. Kinetic analyses demonstrated that 
the release of AA followed a non-Fickian diffusion mechanism, ensuring prolonged 
protection. Additionally, density functional theory and Monte Carlo simulations provided 
insights into the adsorption mechanisms, highlighting strong interactions between AA and 
both the LDH matrix and the Fe steel surface. This combined experimental and theoretical 
approach highlights the potential of AA/MgAl LDH as an efficient, sustainable, and long-
lasting corrosion inhibitor, providing a promising solution for industrial applications in harsh 
acidic environments. 
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Introduction 

In the current technological context, the selection of materials for industrial applications is of 

paramount importance and requires a methodical approach based on thorough and informed 
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analysis. The design engineer, tasked with this critical responsibility, must carefully evaluate a wide 

range of criteria, including the physical properties of materials, their durability, and their perfor-

mance under specific mechanical and environmental constraints [1]. Among these considerations, 

corrosion resistance is a crucial factor, particularly for metallic structures. Corrosion, a natural and 

destructive interfacial phenomenon, manifests as the gradual degradation of metals when exposed 

to corrosive environments such as acidic, saline, or humid conditions [2,3]. This complex process, 

influenced by chemical, physical, and electrochemical factors, presents significant challenges to 

various industrial sectors, including construction, energy, automotive, and aerospace. The impacts 

of corrosion extend beyond economic losses due to equipment deterioration, encompassing risks 

to safety and the environment as well [4]. Consequently, the selection of materials with effective 

corrosion resistance, along with the implementation of tailored solutions such as advanced 

composites or corrosion inhibitors, is critical to ensuring the durability and reliability of industrial 

infrastructures, particularly in extreme conditions [5]. 

Stainless steel (SS) is recognized as one of the most versatile and widely used materials across 

various industrial sectors, due to its exceptional durability and corrosion resistance. Its popularity 

extends to key industries such as oil, chemicals, and food processing [6,7], where it is often exposed 

to extreme conditions. These environments include severe corrosive settings, exacerbated by 

essential industrial processes such as pickling, descaling, and acid cleaning. While these treatments 

are crucial for ensuring the cleanliness, functionality, and longevity of equipment, they also expose 

metal surfaces to increased corrosion risks, compromising their long-term performance [8]. In 

response to these challenges, the search for reliable protection solutions has led to the development 

and optimization of advanced methods, including the use of corrosion inhibitors. These inhibitors, 

which play a key role in protective coatings, aim to extend the lifespan of stainless steel structures 

by creating effective barriers against chemical aggressions [9,10]. 

Among innovative approaches for corrosion protection, layered double hydroxides (LDHs) have 

emerged as promising materials due to their unique ion-exchange properties and ability to host and 

release functional anions in a controlled manner [10-12]. LDHs, also known as hydrotalcite-like 

compounds, are composed of hydroxide layers formed by divalent (M2+) and trivalent (M3+) metal 

ions, imparting a positive charge to the layers. Interlayer anions (An-) and water molecules occupy 

the space between the layers, contributing to structural stability (Figure 1).  

 

Figure 1. Schematic structure of LDH 

The general formula for LDH can be expressed as [M2+
1-xM3+

x(OH)2]x+[An-
x/n·yH2O]x-, where x 

represents the molar fraction of trivalent cations [13]. The layered structure typically exhibits a 
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hexagonal symmetry (space group R-3m), with structural parameters such as the a and c lattice 

constants influencing the material’s properties. These features enable LDHs to capture aggressive 

anions from the environment and simultaneously release protective species, offering a dual 

functionality that is particularly attractive for smart corrosion protection systems [11-17]. 

While several studies have investigated the application of LDHs for corrosion protection of 

aluminium alloys and carbon steel [18-20], relatively few have addressed their use for stainless steel 

substrates. Most LDH-based corrosion protection strategies have focused on loading inorganic 

inhibitors, such as chromate [18], molybdate [21], or phosphate ions [22]. However, the intercalation 

of organic corrosion inhibitors into LDHs, particularly natural and environmentally friendly molecules 

like ascorbic acid, remains underexplored for stainless steel. Furthermore, achieving a controlled and 

sustained release of organic inhibitors from LDH matrices offers significant potential for enhancing 

long-term corrosion resistance while mitigating health and environmental risks. 

In this context, ascorbic acid (AA), a naturally occurring, effective, and non-toxic corrosion 

inhibitor, represents a particularly attractive candidate. AA acts by donating electrons to metal 

surfaces, thereby reducing corrosion rates through the formation of protective films and the 

naturalization of aggressive species [23,24]. Its controlled release from a suitable host material could 

significantly improve the durability and efficacy of corrosion protection systems under harsh 

conditions [25]. Incorporating ascorbic acid into an LDH matrix could simultaneously leverage the 

barrier effect of the lamellar structure and the ion exchange capacity for prolonged inhibitor 

delivery, presenting a novel strategy for protecting stainless steel surfaces. 

This study aims to evaluate the anticorrosion performance of AA intercalated into a MgAl-LDH 

matrix as a sustained-release system for protecting SS in a strongly acidic environment (1 M HCl). 

Although LDHs, including MgAl-LDH, are known to dissolve under such highly acidic conditions 

gradually, they are more commonly applied in neutral or saline media for corrosion inhibition. This 

work represents the first report exploring an LDH-based composite for corrosion protection under 

acidic attack, with an explicit investigation of the interfacial mechanisms involved. To this end, MgAl-

LDH nanocarriers loaded with AA were initially synthesized via the co-precipitation method. 

Ascorbic acid was selected for its proven corrosion inhibition performance for stainless steel in 

aggressive environments [23], while its intercalation within the LDH lamellar structure was designed 

to enable controlled and prolonged release [26]. Structural and morphological changes induced by 

the intercalation process were characterized by X-ray diffraction (XRD), Fourier-transform infrared 

spectroscopy (FTIR), nitrogen (N2) adsorption-desorption analysis, scanning electron microscopy 

(SEM), and transmission electron microscopy (TEM). The anticorrosion performance of the resulting 

composite was assessed using electrochemical impedance spectroscopy (EIS), and kinetic analyses 

were conducted to correlate the release profiles with the corrosion protection behaviour. 

Additionally, density functional theory (DFT) calculations and Monte Carlo (MC) simulations were 

employed to provide molecular-level insights into the interaction mechanisms between the LDH 

matrix, the encapsulated AA, and the SS surface. This integrated experimental and theoretical 

approach offers a comprehensive understanding of how the controlled release of AA contributes to 

corrosion resistance and how the LDH structure behaves before and during its dissolution in an 

acidic medium, thereby paving the way for the development of a novel and environmentally friendly 

strategy for industrial corrosion protection. 

https://doi.org/10.5599/jese.2808
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Experimental 

Reagents and instruments 

Magnesium chloride hexahydrate (MgCl26H2O, 99.999 %), anhydrous aluminum chloride (AlCl3, 

99.99 %), sodium hydroxide (NaOH ≥ 98 %), hydrochloric acid (HCl, 37 %), and ascorbic acid (C6H8O6) 

were acquired from Sigma-Aldrich and Fisher Scientific. Stainless steel 092-C specimens with 

chemical composition 18.0 wt.% Cr, 8.0 wt.% Ni, 2.0 wt.% Mn, 0.75 wt.% Si, 0.08 wt.% C, 0.045wt.% 

P, 0.030wt.% S and the balance Fe were used for the experiments. 

The crystal structure of the samples was determined using X-ray diffraction (XRD) with a Bruker 

D8 Advance diffractometer, equipped with CuKα radiation (λ = 0.15418 nm). Data were collected 

over a 2 range of 2 to70° with an angular step size of 0.02° and a counting time of 67.1 s per step. 

Functional groups involved in the co-precipitation process were examined through Fourier 

transform infrared (FTIR) spectroscopy in transmittance mode, using a Nicolet 2000 spectrometer. 

Spectra were recorded within the 4000 to 500 cm-¹ range at a spectral resolution of 1 cm-¹. 

Microstructural features were analysed via scanning electron microscopy (SEM) and transmission 

electron microscopy (TEM) with Quanta 200 FEI and Tecnai G2 FEI microscopes, operated at 5 kV 

and 200 kV, respectively. The specific surface area was evaluated using the BET method, based on 

N₂ adsorption-desorption measurements conducted with a Micromeritics ASAP 2020 analyser. 

Co-precipitation of MgAl and AA/MgAl LDHs 

A 50 mL solution containing Mg2+-divalent and Al3+-trivalent metal salts, with a total concen-

tration of 1 M and a molar ratio of Mg2+/Al3+ = 2, is gradually introduced into a reactor filled with 

50mL of deionized water under continuous magnetic stirring. The pH is maintained at a constant 9 

by the simultaneous addition of a 2 M sodium hydroxide solution, controlled by an automated 

system equipped with a syringe pump and a pH meter, which precisely regulates reagent flow rates. 

To prevent contamination by carbonate ions from atmospheric CO₂, the synthesis is carried out 

under a nitrogen atmosphere at 25°C. The resulting precipitate undergoes multiple washing and 

centrifugation cycles with deionized water before being dried in air at room temperature.  

Following a procedure similar to that used for the synthesis of reference MgAl LDH, the AA/MgAl 

LDH material was prepared via co-precipitation at a constant pH of 9. This process involved the 

simultaneous addition of a 0.1 M solution of metal salts, with a Mg2+/Al3+ molar ratio of 2 and 0.2 M 

sodium hydroxide solution into an aqueous medium containing 1 g of ascorbic acid. The metal salt 

solution was introduced at a controlled flow rate of 0.12 mL/min. The co-precipitation reaction was 

carried out under a nitrogen atmosphere, and the resulting suspension was allowed to mature for 

2 hours. The solid product was then isolated through successive washing and centrifugation cycles, 

followed by drying in ambient air. 

Corrosion assays: electrochemical measurements 

Electrochemical measurements were performed using a PC-controlled potentiostat/galvanostat 

(VoltaLab) equipped with VoltaMaster 4 software. A conventional three-electrode setup was 

employed, consisting of a 0.5 mm platinum wire as the counter electrode, a saturated calomel 

electrode (SCE) as the reference electrode, and an SS type 092-C working electrode with an active 

surface area of 1 cm2. All electrochemical measurements were carried out in an aqueous 1 M HCl 

solution as the electrolyte. The open-circuit potential (OCP) of the stainless steel was monitored 

over time in the corrosive medium until it stabilized, ensuring that the system reached a quasi-

equilibrium state. Electrochemical impedance spectroscopy (EIS) was then performed at the 
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stabilized OCP, using a 10 mV AC signal over a frequency range of 100 kHz to 0.1 Hz, without applying 

any external DC bias, assuming a time-invariant system during the measurement. The experiments 

were conducted with the stainless steel specimen in the presence of 1 g L-1 of the AA/MgAl LDH 

composite dispersed in the electrolyte solution. 

Density functional theory study 

Computational methods 

To investigate the nature of interactions between MgAl-LDHs, Fe(110) surface of SS, and ascorbic 

acid, as well as to assess the energy modifications induced by intercalation, quantum chemistry 

calculations were carried out using density functional theory (DFT). These simulations were 

performed with various computational tools available in the Material Studio 2017 software package 

[27]. The study aimed to provide insights into the structural, electronic, and energetic changes 

occurring within the LDH framework upon ascorbic acid intercalation, offering a deeper 

understanding of the stability and bonding mechanisms at the molecular level. 

Model construction and geo-optimization 

A structural model of MgAl LDH with an atomic ratio of 2 was constructed using the modelling 

tools available in BIOVIA Materials Studio 2017 [27]. The model parameters were derived from  

X-ray crystallographic data of hydrotalcite, with a space group R-3m and lattice parameters a = b =  

= 0.30729 nm, c = 2.3326 nm [28,29]. A supercell was generated by replicating the unit cell 3×3×1 

along the (X, Y, Z) directions. Two distinct models were developed: the first represented a broad 

(003) double-layer surface, while the second featured a (010) cleaved surface, both embedded 

within a simulation box containing a 2.0 nm thick vacuum layer to prevent interactions with periodic 

images. Geometry optimization of both the LDH substrate and AA was performed using the FORCITE 

module [30,31], applying the UNIVERSAL force field with QEq charge equilibration [32]. Electrostatic 

and Van der Waals interactions were treated using an atom-based approach for ascorbic acid, 

whereas, for the substrate, Ewald summation [33] was used for electrostatics, while Van der Waals 

interactions were also modelled with an atom-based method. 

Monte Carlo simulation 

The interactions between the various MgAl-LDH surfaces, Fe(110) surface of SS, and ascorbic acid 

were analysed using the ADSORPTION locator module. The UNIVERSAL force field was employed with 

QEq charge equilibration. Electrostatic interactions were treated using the Ewald summation method, 

while Van der Waals interactions were modelled using an atom-based approach. Simulated annealing 

parameters were set to 10 cycles, each with 100,000 steps, to ensure accurate energy convergence. 

The adsorption energy was determined using Equation (1) [34]: 

Eads = ELDH/AA - ELDH - EAA (1) 

where Eads / kJ mol-1represents the total energy of the AA adsorbed on the LDH surface, ELDH / kJ mol-1 

corresponds to the total energy of the LDH and EAA / kJ mol-1denotes the total energy of AA. 

Density functional theory calculations 

Density functional theory (DFT) calculations were carried out using the DMol³ module [27,30]. 

Energy calculations were performed using the generalized gradient approximation (GGA) me-

thod [32], combined with the Perdew-Burke-Ernzerhof (PBE) [28] functional and the Tkatchenko-

Scheffler (TS) method for DFT-D corrections [35]. The double numerical plus polarization (DNP) basis 
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set was selected, with an all-electron core treatment and a Gamma K-point sampling. Additionally, 

the COSMO solvation model was applied, using water as the solvent [36]. 

To further validate the adsorption mechanism between the LDH structure, Fe(110) of SS, and 

ascorbic acid (AA), key electronic properties were analysed based on DFT calculations, including the 

HOMO-LUMO energy gap (Egap), Mulliken charges, electron affinity (A), global hardness (), 

softness (), absolute electronegativity (), electronic chemical potential (), back-donation 

energy (ΔEback-donation), and the electronic donation fraction (N). These parameters provide 

insights into the electronic structure of the adsorbed species. The corresponding energy values were 

computed using equations (2) to (9) [37]: 

Egap = ELUMO-EHOMO (2) 
A = -ELUMO (3) 
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Results and discussion 

Physico-chemical characterization of materials 

The crystallographic properties of the synthesized MgAl LDH nanosheets and AA/MgAl LDH 

composite were analysed using powder X-ray diffraction (XRD). Figure 2a presents the XRD pattern 

of the as-prepared MgAl LDH, which aligns with previously reported data [13,38]. The presence of 

sharp and intense diffraction peaks confirms its crystalline nature and corresponds to a hexagonal 

lattice with R-3m rhombohedral symmetry [39,40]. The characteristic (00l) diffraction peaks at 

11.71°, 23.21°, and 35.11°, assigned to the (003), (006), and (009) planes, respectively, indicate the 

formation of the lamellar LDH structure. The d-spacing for the (003) plane (0.755 nm) suggests the 

presence of intercalated water and chloride ions. The lattice parameter c was calculated using 

Equation (10): 
c = 3/2[d003 + 2d006]  (10) 

Additionally, the reflection at 2= 61.25°, corresponding to the (110) plane, provides insights into 

the cation-cation distance, allowing for the calculation of the lattice parameter a, Equation (11): 
a = 2d110 (11) 

Table 1 summarizes the crystallographic data for MgAl LDH. Upon interaction with AA bio-

molecules, significant changes in the XRD pattern of the co-precipitated AA/MgAl LDH phase were 

observed (Figure 2b). The diffraction peak intensities decreased and became broader, particularly 

for the (001) reflection, which shifted to a lower 2θ (8.60°). This shift corresponds to an increased 

d-spacing (0.925 nm), indicating an expansion of approximately 0.170 nm. Such an increase suggests 

the successful intercalation of AA molecules into the interlayer region of MgAl LDH. Moreover, the 
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notable reduction in peak intensities and their broadening in the AA/MgAl LDH composite likely 

indicate a decrease in particle size, as estimated using the Debye-Scherrer calculator (Table 1). These 

structural modifications indicate the onset of LDH layer exfoliation, resulting in a more uniform 

dispersion of biomolecules within the inorganic layers. 

 
2 / ° 

Figure 2. XRD patterns of (a) MgAl LDH nanosheets and (b) AA/MgAl LDH composite 

Table 1. Crystallographic data of MgAl LDH and AA/MgAl LDH composite, and specific surface area 

LDH d003/ nm d110 / nm Crystallite size, nm* 
Lattice parameter 

SBET/ m2g-1
 

c/ nm a/ nm 

MgAl LDH 0.755 0.151 29.5 2.281 0.302 158.1 

AA/MgAl LDH 0.925 0.150 14.0 2.775 0.300 - 
* The crystallite size was calculated by the Scherrer calculator using PANalytical X’Pert HighScore Plus software from the full-width 
at half-maximum (FWHM) intensity of the (003) reflection 
 

To further investigate the textural properties of MgAl LDH, N2 adsorption-desorption measure-

ments were conducted at 77 K. The resulting isotherm, presented in Figure 3, provides valuable 

insights into the porous structure of the material.  

  

P / P0 

Figure 3. N2 adsorption-desorption isotherm illustrating the textural properties of the MgAl LDH phase 

Based on the IUPAC classification, the obtained isotherm exhibits a characteristic Type IV shape, 

which is indicative of mesoporous materials. A pronounced hysteresis loop is observed in the 

relative pressure range (P/P₀) of 0.4 to 1.0, confirming the presence of mesopores within the LDH 

structure. The Brunauer-Emmett-Teller (BET) analysis reveals that the specific surface area of the 

as-synthesized MgAl LDH reaches approximately 158.1 m² g-1 (Table 1). This relatively high surface 
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area suggests that the synthesized LDH phase possesses a well-developed porous network, making 

it a suitable host matrix for the incorporation and confinement of ascorbic acid molecules. 

The functional groups present in MgAl LDH, the AA/MgAl LDH composite, and ascorbic acid mole-

cules were analysed using FT-IR spectroscopy in transmittance mode. Figure 4a shows the FT-IR spec-

trum of MgAl LDH in the range of 4000 to 400 cm-1. A broad and intense band at 3404 cm-1 is attributed 

to the stretching vibrations of hydroxyl groups originating from both brucite-like layers and inter-

calated water molecules. A standard region between 2750 and 1750 cm-1 corresponds to background 

noise. The bands observed in the mid-region are associated with the bending mode of water mole-

cules (1636 cm-1) and the vibrational mode of interlayer carbonate anions (1358 cm-1), likely resulting 

from atmospheric CO2 contamination that can transform into CO3
2- ions and infiltrate the LTH inter-

layers [41]. Finally, the bands below 1000 cm-1 correspond to the intrinsic vibrations of tetrahedral 

and octahedral M-O (557, 654 and 761 cm-1) and O-M-O (444 cm-1) sites within the brucite layers [42]. 

Upon introducing AA biomolecules (Figure 4b), a slight shift in the intrinsic vibration bands of the 

LDH lattice was observed in the FT-IR spectrum of the AA/MgAl LDH composite, indicating the active 

involvement of AA molecules within the LDH matrix. Furthermore, the band at 1358 cm-1, attributed 

to the stretching vibration of CO3⁻, completely disappeared in the composite spectrum after the co-

precipitation reaction, suggesting that the interlayer carbonate and chloride anions were entirely 

exchanged by ascorbic acid molecules. The two bands at 1319 and 1267 cm-1 (Figure 4c), associated 

with AA functional groups, correspond to the vibrations of the lactone linkage (C-O-C) and the carbonyl 

group (C=O) [43,44]. These bands are slightly shifted to 1387 and 1319 cm-1, respectively, which is 

likely due to the weakening of intramolecular hydrogen bonds upon intercalation. 

 

Wavenumber, cm-1 

Figure 4. FTIR spectra of (a) MgAl LDH nanosheets, (b) AA/MgAl LDH composite and (c) AA molecules 

Additionally, the weak bending mode of H2O, observed initially at 1636 cm-1 in the FTIR spectrum 

of LDH, shifted to 1632 cm-1 in the AA/MgAl LDH composite spectrum. This shift may result from 

overlap with the broad and strong peak at 1654 cm-1, attributed to conjugated C=C vibrations. 

Moreover, the band broadening after intercalation is likely due to electrostatic interactions between 

AA molecules and hydroxide layers, suggesting their stable incorporation into the interlayer space 

of LDH. This phenomenon, previously reported in other studies [45,46], is further confirmed by the 

FTIR data, which provide evidence of AA anion intercalation within the LDH structure. 

The morphology and nanostructure of MgAl LDH nanosheets and the AA/MgAl LDH composite 

were analysed using SEM and TEM, respectively, as illustrated in Figure 5. As shown in the 

micrographs, MgAl LDH exhibits a near-spherical, platelet-like structure with dimensions ranging 
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from 50 to 500 nm (Figure 5a and 5b), forming agglomerates in a characteristic "sand rose" 

arrangement (Figure 5c), which is typical of hydrotalcite-like compounds [47]. 

However, upon the diffusion of AA molecules between the LDH layers, significant textural 

changes are observed. These include a reduction in crystallinity (Figure 5d and 5e) and a 

reorientation of crystallite stacking (Figure 5f). The co-precipitated biohybrid phase, therefore, 

displays an irregular morphology due to the non-uniformity of crystal growth along different 

crystallographic directions. The presence of a high concentration of biomolecules in the precipitate 

medium influences the material’s morphology and disrupts its crystal growth process. These 

observations suggest that the extensive dispersion of AA molecules on the surface, edges, and 

within the mesopores enhances the cohesive interactions between AA molecules and the inorganic 

layers, ultimately leading to the exfoliation of the latter. 

 

Figure 5. TEM and SEM images of (a, b, and c) MgAl LDH nanosheets and (d, e, and f) AA/MgAl LDH 
composite 

Additionally, EDX analysis results are presented in Figure 6a, confirming that MgAl LDH is 

composed of magnesium, aluminium, and chloride.  

 

Figure 6. EDX (a) and SAED (b) images of MgAl LDH nanosheets 
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Elemental analysis based on semiquantitative EDX data indicates an atomic ratio of magnesium 

to aluminium of 1.94. The inset graph in Figure 6b displays the SAED pattern of the MgAl LDH 

nanoparticles, where the observed diffraction rings clearly indicate the high crystallinity of the 

sample. These rings can be indexed to hexagonal polycrystals and are attributed to the (001) LDH 

planes. The obtained results align well with theoretical computations based on XRD measurements. 

Anticorrosion investigations 

Figure 7 presents the Nyquist plots for stainless steel exposed to a 1 M HCl solution, both in the 

absence and presence of an AA/MgAl LDH composite at different immersion times. These 

measurements were conducted under open-circuit potential conditions to analyse the corrosion 

behaviour of the system. The Nyquist plots exhibit characteristic semicircular shapes across all 

conditions, indicating a charge transfer-controlled corrosion process. The high-frequency intercept 

on the real axis corresponds to the solution resistance (Rs), while the low-frequency intercept 

represents the charge transfer resistance (Rct), a key indicator of the material's corrosion resistance. 

A notable trend in Figure 7 is the significant increase in the diameter of the semicircles upon the 

introduction of AA/MgAl LDH. This suggests an enhancement in charge transfer resistance (Rct), 

implying that the composite effectively inhibits the corrosion process by forming a protective layer 

on the stainless steel surface. The impedance response changes with immersion time, 

demonstrating the composite’s ability to sustain corrosion protection over extended periods. 

 
Zre /  cm2 

Figure 7. Electrochemical impedance Nyquist spectra of stainless steel in 1 M HCl solution in the absence 
and presence of AA/MgAl LDH composite at different immersion times 

To quantitatively assess the impact of AA/MgAl LDH on corrosion inhibition, the Nyquist spectra 

were analysed using an equivalent circuit model Rs(CdlRct) (Figure 8), commonly used to describe the 

stainless steel/acidic interface [48,49]. The fitting results, detailed in Table 2, confirm that the pre-

sence of the composite leads to a progressive increase in Rct, suggesting its role as a corrosion inhibitor 

in an acidic medium. Nevertheless, these findings highlight the effectiveness of AA/MgAl LDH in 

mitigating stainless steel corrosion in 1 M HCl, with its inhibition performance improving over time. 

 

Figure 8. Electrical equivalent circuit model 
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As reported in previous studies, the incorporation of AA in the composite induces a significant 

reduction in double-layer capacitance (Cdl) compared to the uninhibited system (Table 2). According 

to the Helmholtz model, Equation (12): 

dl  
A

C



=  (12) 

where ε is the absolute permittivity of the medium, A is the electrode surface area, and δ represents 

the thickness of the interfacial layer. The observed decrease in Cdl can be attributed to a reduction 

in the dielectric constant and/or an increase in the thickness of the double layer. This suggests that 

AA molecules, due to their adsorption capability, create a protective barrier over the corroding 

metal surface. The increase in Rct with the presence of AA further supports the idea that AA/MgAl 

LDH forms a stable and adherent inhibitive film, effectively blocking active corrosion sites on 

stainless steel [50]. To quantify the corrosion inhibition performance of the composite, the 

inhibition efficiency (IE) (Table 2) was calculated using the relationship: 

( )

( )
ct ct

ct

inh -
IE  100    

inh

R R

R
=  (13) 

Table 2. Electrochemical impedance parameters of stainless steel in 1 M HCl solution in the absence and 
presence of AA/MgAl LDH composite at different immersion times 

Sample Immersion time, min Cdl / Fcm-2 Rct /  cm2 IE, % 

1 M HCl blank - 28.080 124.008 - 

1 M HCl blank 
+  

AA/MgAl LDH  

30 20.200 165.731 25.17 

60 14.530 228.248 45.66 

90 11.007 295.417 58.02 

120 9.918 362.722 65.81 

150 8.094 396.785 68.74 

180 7.886 402.530 69.19 

210 7.731 410.054 69.75 
 

Furthermore, the trend of Cdl values in 1 M HCl also reveals an important aspect of the inhibition 

mechanism. Within the initial 120 minutes, the compactness (or thickness) of the inhibitor film 

increases, suggesting that AA/MgAl LDH molecules progressively adsorb onto the stainless steel 

surface, forming a more effective barrier against aggressive chloride ions. This corresponds to a 

continuous increase in Rct values, highlighting the enhancement of corrosion resistance. Beyond 120 

minutes, Cdl continues to decrease, while Rct keeps increasing, though at a slower rate. This indicates 

that the inhibitor layer reaches a saturation state, where most active sites on the steel surface are 

already covered by adsorbed inhibitor molecules. The continued decrease in Cdl suggests further film 

compaction, reinforcing the protective effect. Consequently, the inhibition efficiency stabilizes, 

demonstrating that the AA/MgAl LDH composite forms a durable and long-lasting barrier against 

corrosion without significant degradation over time. Moreover, the trend of inhibition efficiency aligns 

well with the observed evolution of Rct and Cdl. Initially, as the inhibitor film becomes more compact, 

the corrosion resistance improves significantly, as reflected in the increasing Rct values and decreasing 

Cdl. At longer immersion times, the protective layer reaches a saturation state, where further 

adsorption is minimal, but the film remains stable, continuing to provide effective corrosion resistance 

without significant degradation. 

Thus, the inhibition mechanism follows a time-dependent behaviour: (i) early stage (0 to 120 min): 

progressive adsorption of AA molecules leads to increased inhibitor film compactness, reducing charge 

transfer and improving corrosion resistance, and (ii) saturation point (120 to 210 min), where the inhibitor 

layer reaches optimal compactness, offering maximum corrosion protection, as reflected in the 
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stabilization of IE. Overall, these findings demonstrate the strong and lasting potential of AA/MgAl LDH as 

a corrosion inhibitor in acidic environments, with its effectiveness stabilizing at prolonged immersion times 

rather than diminishing. 

The Bode modulus (|Z|) and phase angle diagrams (Figures 9a and 9b) reveal three distinct 

frequency-dependent regions, which provide insights into the electrochemical behaviour of 

stainless steel in 1 M HCl in the presence and absence of the AA/MgAl LDH composite: 

High-frequency region: in this region, log |Z| remains nearly constant while the phase angle 

steadily falls toward 0°. This response is characteristic of a pure resistor, corresponding to the 

uncompensated solution resistance (Rs), which accounts for the resistance of the electrolyte 

between the reference and working electrodes. Similar behaviour has been previously reported in 

the literature [51,52]. 

 
 log (f / Hz) log (f / Hz) 

Figure 9. Bode modulus (a) and phase angle plots (b) of stainless steel in 1 M HCl with and  
without AA/MgAl LDH composite at various immersion times 

Middle-frequency region: a linear variation of log |Z| with log |f| is observed, while the phase 

angle approaches a maximum near 80°. This is typical of a capacitive response, indicating the 

formation of a protective layer due to the adsorption of AA/MgAl LDH molecules on the stainless 

steel surface [51,52]. The observed phase angle peak reflects the time constant of the charge 

transfer process and the influence of the double-layer capacitance (Cdl), which is modified by 

inhibitor adsorption. The increase in phase angle in the presence of AA/MgAl LDH indicates a more 

compact and stable inhibitor layer, thereby enhancing corrosion protection. 

Low-frequency region: at lower frequencies, log |Z| reaches a plateau, remaining independent 

of log |f|, while the phase angle decreases again toward 0°. This corresponds to the charge transfer 

resistance (Rct), which dominates the impedance response in the presence of corrosion inhibitors. 

The higher |Z| values observed at lower frequencies for the AA/MgAl LDH-treated samples confirm 

an increase in Rct, correlating with improved corrosion resistance. The observed surface behaviour 

is characterized by a single relaxation process, as indicated by the single semicircle in the Nyquist 

plot and the single peak in the phase angle response [51,52]. This relaxation process is attributed to 

the charge transfer mechanism at the metal/electrolyte interface, modulated by the adsorbed 

AA/MgAl LDH inhibitor layer, which reduces the double-layer capacitance (Cdl) and enhances 

corrosion resistance. 

These Bode plot observations align with the Nyquist plot trends (Figure 7) and electrochemical 

impedance parameters (Table 2). The well-defined capacitive behaviour in the middle-frequency 
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range and the sustained increase in impedance at low frequencies confirm the inhibitor’s 

effectiveness in reducing charge transfer and corrosion rates.  

Release mechanisms of AA species 

The inhibition efficiencies corresponding to different immersion times were converted into a 

relative release rate using the electrolyte solution as a reference, allowing for a clearer understanding 

of the release kinetics of AA species from the MgAl LDH matrix. As depicted in Figure 10, the 

cumulative release profile exhibits a biphasic pattern: an initial rapid release phase within the first 120 

min, followed by a slower, sustained release. Although MgAl LDH is thermodynamically unstable in 

harsh acidic conditions such as 1 M HCl, the observed release profile implies that dissolution is not 

immediate. The early burst is likely due to the desorption of loosely bound AA molecules from the 

outermost layers of the LDH structure, occurring primarily via ion exchange mechanisms, which ensure 

immediate availability of the inhibitor for corrosion protection. Beyond this period, the release rate 

decreases significantly, stabilizing at approximately 70 % cumulative release after 210 minutes. This 

slower phase suggests that AA molecules confined within the inner galleries of the LDH are released 

progressively as the host structure gradually degrades, indicating a strong host-guest interaction that 

supports sustained inhibitor delivery. Furthermore, the localized buffering effect from released OH⁻ 

ions, combined with the surface adsorption of AA, helps delay complete LDH dissolution, thereby 

extending corrosion protection throughout the immersion period. This correlates with the observed 

70 % cumulative release, indicating that while most AA has been liberated, a residual fraction remains 

trapped within partially degraded or aggregated LDH structures. 

 
Time, min 

Figure 10. Release profile of AA species from AA/MgAl LDH composite in 1 M HCl medium 

The correlation between the release profile and impedance data further supports the 

effectiveness of AA/MgAl LDH as a corrosion inhibitor. The initial rapid release corresponds to the 

progressive formation of the protective inhibitor layer, reflected in the increasing Rct values and 

decreasing Cdl. As the release transitions into the sustained phase, the inhibitor film reaches its 

optimal compactness, stabilizing the corrosion resistance. This controlled release behaviour is a key 

factor in prolonging the inhibition effect over time, demonstrating the potential of AA/MgAl LDH as 

an efficient and durable anti-corrosion system in acidic environments. 

To gain deeper insight into the release mechanism of AA species from the AA/MgAl LDH composite, 

three well-established kinetic models were employed: the zero-order model (Equation 14) [53,54], the 

first-order model (Equation 15) [54,55], and the Korsmeyer-Peppas model (Equation 16) [56]. These 

models help characterize the release profile and diffusion behaviour of AA species over time. 
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 
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W

 
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 
  (16) 

where W represents the amount of AA released at time t, W0 is the initial amount of AA present at 

time zero, k0, k1, and kKP are the release rate constants for the zero-order, first-order and Korsmeyer-

Peppas models, respectively, and n is the diffusion exponent, which provides insights into the 

underlying release mechanism.  

                

 Time, min Time, min 

 
ln (t / min) 

Figure 11. Kinetic plots for AA release from AA/MgAl LDH composite 

By applying these kinetic models, we can assess whether the release of AA from the AA/MgAl 

LDH composite follows a constant rate (zero-order), a concentration-dependent rate (first-order), 

or a diffusion-controlled mechanism (Korsmeyer-Peppas). This analysis provides valuable insights 

into the controlled release behaviour of the composite. The kinetic parameters were derived using 

a linear fit approach and are presented in Table 3 for comparative analysis. Among the models 

tested, the Korsmeyer-Peppas model (Figure 11c) exhibits the highest determination coefficient 

(R2 = 0.972), indicating that it best describes the AA release mechanism. The first-order model 

(Figure 11b) also exhibits a strong correlation (R² = 0.963), whereas the zero-order model 

(Figure 11a) displays a lower, yet still significant, R² value (0.912).  

A key parameter of the Korsmeyer-Peppas model is the diffusion exponent (n = 0.636), which 

falls between 0.5 and 1.0. This range suggests that the release of AA follows a non-Fickian anoma-

lous diffusion mechanism, meaning that it is governed by both diffusion and relaxational transport 

controlled by the LDH matrix. This behaviour indicates that the release process is not purely 

concentration-dependent but instead regulated by the structural properties of the LDH composite. 
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The high R² value for the zero-order model (>0.912) further confirms that the release process 

maintains a degree of independence from AA concentration, reinforcing the controlled and 

sustained nature of the release [54]. These findings align with prior research, particularly the 

tangible results obtained by Gasser et al. [46], further validating the LDH-controlled release 

mechanism. This suggests that the AA/MgAl LDH composite is an effective controlled-release 

system, capable of ensuring gradual and prolonged release of AA species, which is crucial for its 

application in corrosion inhibition and related fields. 

Table 3. Kinetic parameters for AA release from prepared AA/MgAl LDH composite  

Zero-order First-order Korsmeyer-Peppas 

R2 0.912 0.963 0.972 

n - - 0.636 

Correlation between release kinetics and corrosion protection mechanisms 

The release kinetics of AA from the AA/MgAl LDH composite strongly correlates with its corrosion 

inhibition performance, as evidenced by electrochemical impedance spectroscopy (EIS). The Kors-

meyer-Peppas model (Figure 11c), which best describes the release mechanism, indicates a controlled 

and sustained diffusion process regulated by the LDH matrix, ensuring a steady supply of active 

species. This behaviour directly influences the time-dependent evolution of corrosion resistance, as 

seen in the impedance parameters (Table 2) and Bode plots (Figure 9). During the initial 120 min, AA 

species are progressively released and adsorbed onto the stainless steel surface, forming a compact 

and protective inhibitor film, reflected in the increase in Rct and decrease in Cdl. Beyond 120 min, AA 

release slows but remains sustained, aligning with the stabilization of corrosion resistance, confirming 

that the inhibitor layer has reached optimal compactness. The non-Fickian diffusion mechanism 

(n = 0.636) further explains why the inhibition efficiency remains stable at 70 % after 210 min 

preventing significant film degradation over time. Unlike conventional inhibitors prone to rapid 

depletion, the LDH matrix enables a long-lasting protective effect, ensuring continued adsorption and 

reinforcement of the corrosion barrier. Thus, the synergistic effect between controlled release and 

film integrity validates the superior performance of AA/MgAl LDH as a smart, self-regulating inhibitor 

for prolonged corrosion protection in acidic environments. 

DFT calculations 

MC simulations 

To gain deeper insights into the adsorption mechanisms of ascorbic acid (AA) on both MgAl-LDH 

and iron surfaces, MC simulations were performed. The results of the geometry optimization are 

depicted in Figure 12, which presents the optimized molecular structures, while the adsorption 

energy (Eads) values obtained from the simulations are listed in Table 4. 

 

 
Figure 12. Optimized structures of (a) the AA/MgAl LDH and (b) the AA/Fe(110) systems 
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Table 4. Adsorption energies (Eads) of AA species on the MgAl LDH and Fe(110) surfaces 

System Total energy, kJ mol-1 Eads / kJ mol-1(Eads / eV) 

AA/MgAl LDH -131.15 -723.07 (-4.73) 

AA/Fe(110) -50.00 -455.59 (-7.49) 

 

The interaction between AA and the MgAl LDH surface is characterized by strong molecular affinity, 

as demonstrated by the short intermolecular distances observed post-optimization (Figure 13). This 

interaction is further supported by the highly negative adsorption energy of -723.07 kJ mol-1, indicating 

a spontaneous and exothermic adsorption process. Similarly, for the AA/Fe system, the adsorption 

energy is approximately -455.59 kJ mol-1, suggesting a thermodynamically favourable and stable inter-

action between ascorbic acid and the Fe surface. These findings underscore the potential of AA as an 

effective adsorbate on both MgAl LDH and Fe surfaces, with potential applications in surface modi-

fication and corrosion inhibition. 

 
Figure 13. The most stable adsorption configurations of the AA molecule on (a) MgAl LDH and (b) the 

Fe(110) surface, as determined by MC simulations 

MC simulations provided valuable insights into the adsorption behaviour of AA on both MgAl LDH 

and the Fe(110) surface of SS, revealing distinct interaction pathways (Figure 13). Based on the 

calculated adsorption energies and geometric parameters, both systems exhibit chemisorption, as 

confirmed by the significantly exothermic energies of -4.73 eV for AA/LDH and -7.49 eV for 

AA/Fe(110) (Table 4), which clearly exceed the conventional cut-off value of 1.0 eV used to dis-

tinguish physisorption from chemisorption. Moreover, the minimum distances between AA's 

reactive sites and the surface atoms are below 0.25 nm (0.2382 nm for AA/LDH and 0.2305 nm for 

AA/Fe(110)), consistent with strong bonding interactions. On the MgAl LDH surface, AA likely binds 

via hydrogen bonding between its -OH and C=O groups and surface hydroxyls, coordination to 

Mg2+/Al3+centres, and electrostatic interactions between negatively charged oxygen atoms and the 

positively charged LDH layers. Although hydrogen bonding is often associated with physisorption, 

the overall interaction energy indicates chemisorption, likely due to the combined effects of 

electrostatic attraction, hydrogen bonding, and partial charge transfer, which contribute to the 

stability of the AA/LDH complex. In contrast, adsorption on the Fe(110) surface is dominated by 

stronger chemisorption, involving the formation of coordination bonds between AA's oxygen atoms 

and Fe surface atoms, as well as -d interactions between AA’s conjugated π-system and the 

delocalized d-electrons of Fe. Additional stabilization may also arise from hydrogen bonding 

between the -OH and C=O functional groups of AA and surface hydroxyl groups (Fe-OH) formed by 

adsorbed water molecules. These strong and diverse interactions result in the formation of a tightly 
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bound, protective organic layer that effectively blocks the penetration of corrosive species (e.g. Cl-, 

H+), thereby enhancing corrosion resistance. Overall, the combination of high adsorption energies, 

short interaction distances, and the nature of the bonding confirms that AA is strongly anchored to 

both surfaces through chemisorption, promoting functional stability and surface passivation. 

Electronic properties and reactivity indices 

The analysis of quantum chemical parameters provides a comprehensive and detailed under-

standing of ascorbic acid (AA) as a corrosion inhibitor on the Fe surface. As indicated in Table 5, the 

electronegativity () of AA, measured at 3.962 eV, supports its strong electron-accepting capability, 

suggesting that AA can effectively interact with the metal surface by donating electrons. The 

hardness () value of 3.880 eV indicates that AA is relatively stable and resistant to undergoing 

undesirable reactions, further reinforcing its potential as a corrosion inhibitor. The softness () value 

of 0.257 eV highlights AA’s moderate ability to donate electrons, facilitating its interaction with the 

metal surface. The electron affinity (A), defined as the molecule’s ability to accept electrons and 

numerically equal to the negative of the LUMO energy, is 2.022 eV. This value supports the ability 

of AA to attract electron density from the metal surface during adsorption. Another key parameter 

is the electronic donation fraction (N), which determines the direction and degree of electron 

transfer. According to this principle, electron transfer occurs from the element with lower 

electronegativity to the one with higher electronegativity to achieve chemical potential equilibrium. 

The positive N of 0.391 eV value confirms that electron transfer occurs from the AA molecule to 

the Fe surface, with a greater magnitude than in the opposite direction. This confirms the donor-

acceptor interaction between the metal and the AA molecule, leading to the formation of a 

protective surface layer and limiting the extent of corrosion. 

Table 5. Quantum chemical parameters of AA molecule 

Specie EHOMO / eV ELUMO / eV Egap / eV A / eV  / eV  / eV / eV 

AA -5.902 -2.022 3.880 2.022 3.962 3.880 0.257 
 

The HOMO-LUMO analysis (Figure 14) provides further insight into the adsorption mechanisms and 
the effectiveness of AA in corrosion inhibition. The highest occupied molecular orbital (HOMO) is 
responsible for electron donation, and its electron density is distributed across most of the AA 
molecule, with a significant concentration around the lactone ring, which serves as the primary 
electron-donating site. This homogenous distribution facilitates bonding on the metal surface and 
promotes the formation of a passive protective layer that minimizes the metal's susceptibility to 
corrosion by blocking reactive species from interacting with the surface. The electron density localized 
around the lactone ring highlights its crucial role in the inhibition process, ensuring a strong and 
effective interaction with the metal surface. Regarding the lowest unoccupied molecular orbital 
(LUMO), the electrostatic potential is predominantly concentrated around the lactone ring, suggesting 
that this region is likely the primary site for electron feedback from the metal surface to the AA 
molecule. Once electrons are donated from the HOMO, the metal surface can transfer some electron 
density back to the LUMO region of AA, stabilizing the adsorbed molecule. This electron feedback 
mechanism enhances the long-term stability and effectiveness of AA as a corrosion inhibitor by 
maintaining the integrity of the protective layer. Additionally, Mulliken charge distribution further 
clarifies how AA species interact with the metal surface. As shown in Table 6, the oxygen atoms in AA 
act as the primary nucleophilic sites, facilitating charge transfer to the metal surface and promoting 
effective adsorption. This charge transfer strengthens the protective effect by stabilizing the adsorbed 
layer, thereby enhancing surface passivation and improving corrosion resistance. 
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Figure 14. Frontier molecular orbital density distributions HOMO and LUMO of AA 

Table 6. Mulliken atomic charge distribution of AA molecule 

Atom Mulliken charge Atom Mulliken charge Atom Mulliken charge Atom Mulliken charge 

O (1) -0.460 O (6) -0.492 C (11) 0.192 H (16) 0.085 

O (2) -0.526 C (7) 0.056 C (12) 0.458 H (17) 0.306 

O (3) -0.492 C (8) 0.117 H (13) 0.152 H (18) 0.337 

O (4) -0.541 C (9) 0.269 H (14) 0.129 H (19) 0.309 

O (5) -0.520 C (10) 0.092 H (15) 0.097 H (20) 0.331 

Reaction mechanisms 

The inhibition of SS (Fe) corrosion by AA (C6H8O6) in an HCl medium involves mainly adsorption 

and electrochemical processes (Figure 15). Below is a detailed explanation of the mechanisms: 

 

Figure 15. SS substrate in the absence and presence of ascorbic acid as a corrosion inhibitor 

• In the absence of AA, Fe undergoes oxidation while H+ ions are reduced: 

➢ Anodic reaction (iron dissolution): Fe → Fe2+ + 2e- 

➢ Cathodic reaction (hydrogen evolution): 2H+ + 2e- → H2
↑ 

➢ Overall corrosion reaction: Fe + 2HCl → FeCl2 + H2
↑ 

• In the presence of AA, corrosion inhibition occurs through its effective adsorption onto the Fe 

surface, forming a protective layer that blocks aggressive species (H+ and Cl-): Fe + C6H8O6 →  

→ (Fe−C6H8O6)adsorbed. This adsorption involves both chemisorption, through the formation of 

coordination bonds between the oxygen atoms of AA (from -OH and C=O groups) and Fe surface 

atoms, and a secondary contribution from hydrogen bonding. The resulting adsorbed film serves 

as an effective physical and chemical barrier, hindering the diffusion of protons (H+) and thereby 

reducing the cathodic hydrogen evolution reaction. It also prevents chloride ion (Cl-) interaction 

with the surface, thus inhibiting FeCl2 formation. These effects collectively suppress both anodic 

Fe dissolution and cathodic reactions, significantly enhancing corrosion resistance. 

Furthermore, alongside the release of intercalated AA molecules directly at the SS surface, MgAl 

LDH provides corrosion protection through a dual mechanism, acting both as a sacrificial carrier and 

a localized pH buffer. In strongly acidic environments such as 1 M HCl, the LDH gradually dissolves, 
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releasing Mg2+, Al3+ and hydroxide (OH-) ions. The hydroxide ions neutralize nearby H+ ions at the 

metal/solution interface, leading to a slight but significant local increase in pH, typically by 1-2 units, 

which substantially reduces the aggressiveness of the acidic medium and slows down corrosion 

kinetics. This localized pH modulation, often referred to as a "localized buffering effect" or "self-

healing protection" [18], may also promote hydroxide precipitation, further enhancing corrosion 

resistance. Through this synergistic process, MgAl LDH creates a protective microenvironment that 

delays corrosion initiation and ensures prolonged inhibition performance even under highly 

aggressive acidic conditions. 

Conclusion 

In summary, this study demonstrates the effectiveness of AA intercalated into a MgAl layered 

LDH matrix as a sustainable corrosion inhibitor for stainless steel in an aggressive HCl environment. 

The AA/MgAl LDH composite, synthesized via the coprecipitation method, exhibited controlled 

release properties, leading to prolonged corrosion protection, as confirmed by XRD, FTIR, SEM, TEM, 

and EIS, with an inhibition efficiency of up to 70 % after 210 minutes in 1 M HCl. The release kinetics 

followed a non-Fickian diffusion mechanism, ensuring a sustained inhibitor supply and correlating 

with the progressive formation of a stable, compact protective layer on the steel surface. DFT 

calculations and MC simulations revealed strong interactions between AA, the LDH matrix, and the 

Fe surface, primarily driven by chemisorption, with contributions from hydrogen bonding and 

electrostatic forces, leading to enhanced adsorption and improved corrosion resistance. These 

findings highlight the AA/MgAl LDH composite as a smart, self-regulating inhibitor, integrating 

controlled release, strong interfacial interactions, and long-term protection, thus contributing to the 

development of environmentally friendly and efficient corrosion mitigation strategies. 
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