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Abstract: The materials used as corrosion inhibitors are [Zn-Al-Cl], [Mg-Al-Cl], [Ni-Fe-Cl], and [Co-

Fe-Cl] layered double hydroxides (LDHs). They were synthesized by coprecipitation and 

characterized by X-ray diffraction (XRD), Fourier transforms infrared spectroscopy (FTIR), and 

thermal analyses. The efficiency of these corrosion inhibitors on mild steel in concentrated 

hydrochloric acid (18.5%) at 60°C (chemical pickling conditions of steel) was studied using 

electrochemical and gravimetric methods for different concentrations. The surface morphology and 

composition were examined by scanning electron microscopy (SEM) and energy dispersive 

spectroscopy (EDS), respectively. The inhibitory efficiency in the case of 1.2 g.L-1 LDH was found to 

be 83.33%, 83.65%, 68.38%, and 74.73% for [Ni- Fe-Cl], [Zn-Al-Cl], [Co-Fe-Cl], and [Mg-Al-Cl], 

respectively. 
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1. Introduction 

Corrosion is the degradation of a material and its properties caused by a chemical or 

electrochemical reaction between the material and its environment [1]. Carbon steel is the most 

widely used alloy in the metallurgical industry because it offers many advantages. On one hand, it is 

less expensive relative to other alloys and, on the other, it has suitable mechanical characteristics [2–

4]. Yet, a chemical pickling step is required in its industrialization process to eliminate metallic 

impurities and standardize its surface [5–10]. Hydrochloric acid (HCl) is one of the most widely used 

agents in the industry for steel pickling, cleaning, etc. [11]. However, this chemical is known to cause 

severe degradation of metals and metal alloys, either through chemical or electrochemical reactions. 

Fortunately, several protection measures can be used to inhibit the effects of corrosion, such as 

cathodic protection[12] , inhibitor additives [13], passivation [14], and protective coatings [15]. 

Chemical pickling consists of removing grease by chlorinated solvents and rust by acids (acid 

pickling). The main disadvantage of this method is the formation of gaseous hydrogen that tends to 

penetrate the metal and weakens it. 

In order to slow or stop this corrosion process, some chemical inhibitors are added in low 

concentrations to the system [16–18]. The main role of the corrosion inhibitor in chemical pickling is 

to minimize the acid attack on the steel and to reduce the loss of mass during this operation [19,20]. 

Inhibitors are generally classified according to the nature of the electrochemical reactions they trigger 

[21,22]: 

• Anodic inhibitor.  

• Cathodic inhibitor.  
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• Mixed inhibitor: acting on both reactions. 

They are also classified according to their mode of action: 

• Absorption inhibitor.  

• Passivating inhibitor. 

Some solid materials have been extensively researched and used as corrosion inhibitors due to 

their excellent stability and efficiency. These substances are often applied to steel surfaces either as 

coatings or in solution. Metal oxides, which create a barrier on the surface of steel, like iron and zinc 

oxides, are among the most often employed solid inhibitors [23–25]. Other substances, like calcium 

carbonate and magnesium hydroxide, are also efficient inhibitors due to their capacity to neutralize 

acids [26]. Organic inhibitors, such as quaternary ammonium compounds and imidazolines, have 

proven to be extremely efficient in preventing corrosion due to their adsorption capacity on the steel 

surface and subsequent creation of a protective layer . Overall, a potential strategy for reducing 

corrosion and lengthening the lifespan of metal and alloy structures is the use of solid chemical 

compounds as corrosion inhibitors [27,28]. 

Among the corrosion inhibitors commonly used as electrolytes for industrial water treatment 

are numerous mineral substances such as chromates, molybdates, nitrites, sulfites, phosphates, and 

polyphosphates. However, their use is limited either for technical reasons, such as the hydrolysis 

temperature for polyphosphates, or for their toxicity , especially with regard to chromates and nitrites 

[29–31]. 

Layered double hydroxides (LDHs), also referred to as anionic clays, are compounds 

characterized by a two-dimensional structure formed by a stacking of brucite-type sheets in which 

part of the divalent metal cations are replaced by trivalent metal cations (Fig. 1). M2+ represents a 

divalent metal (Zn2+, Mg2+, Ni2+, Fe2+, Mn2+ ...), M3+ represents a trivalent metal (Al3+, Fe3+, Co3+, Cr3+, 

Mn3+ ...), Am- is the compensating anion (Cl-,��−, ���2−, ��2−...), and n is the number of water molecules 

located in the interlamellar space with the anion [32–34]. The coefficient, x, is the M3+/M2+ mole 

fraction. 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                             Figure 1.  Structure of layered double hydroxides[35]. 

LDHs have many applications in industrial, medical, ecological and scientific fields due to their 

lamellar structure, varied compositions, ease of synthesis, low cost, low toxicity, significant anion 

exchange capacity, and redox or acid-base behavior [36–38] LDHs have recently attracted attention 

as corrosion inhibitors, as they offer exceptional corrosion prevention capability [39–42]. 
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We propose in the context of this work to use [Zn-Al-Cl], [Mg-Al-Cl], [Ni-Fe-Cl], and [Co-Fe-Cl] 

LDHs as inhibitors in order to improve the electrochemical corrosion resistance of mild steel in HCl. 

Therefore, the steel plates were placed in the electrolytic solutions obtained by dissolving the LDHs 

in the corrosive environment. The inhibitory efficiency was determined by the gravimetric and 

electrochemical methods. The mode of the electrolyte action and certain corrosion parameters were 

identified. 

2. Materials and methods 

2.1. Preparation of the LDHs 

The [Zn-Al-Cl], [Mg-Al-Cl], [Ni-Fe-Cl], and [Co-Al-Cl] LDHs were prepared by 

coprecipitation[43–46]. In a three-vial flask containing 250 mL of water, a mixture of 1 M MCl2 and 1 

M MCl3 salts is added dropwise in a 2:1 molar ratio under moderate stirring. The pH of the solution 

was maintained at 9 by the addition of NaOH, using an automatic system. The coprecipitation is 

carried out under a nitrogen atmosphere to minimize the contamination by carbonate ions from the 

air. The precipitate obtained is left under moderate stirring at room temperature for 80 hours. The 

solid phase is obtained after repeated centrifugations and washings with demineralized water (4 

times). It is then dried at room temperature (25°C). The materials were characterized by XRD, FTIR, 

and thermal analyses. 

2.2. Steel Samples  

The mild steel samples used in this study were polished before the experiments with various 

emery paper grades of 220, 400, and 800, rinsed with bi-distilled water, degreased with acetone, and 

then washed again with bi-distilled water. Finally, the samples were air-dried before use. 

The chemical composition of the steel used (GRADD plate: DD13 from Maghreb Steel, 

Casablanca, Morocco) is given in Table 1. 

Table 1. Chemical composition of the substrate steel used (GRADD plate: DD 13). 

Element Fe Cu C Mn Si P S Ni Cr V 

Weight percent (%) 99.41 0.2 0.04 0.18 0.025 0.02 0.015  0.03 0.03 0.05 

2.3. Methods 

The XRD equipment used was a Pert-Pro diffractometer (Bruker-AXS). Powder samples were 

exposed to copper Kα radiation ( = 0.15415 nm). 

IR spectra were recorded on a Perkin Elmer 16 PC spectrophotometer at a resolution of 2 cm-1 

and averaging over 100 scans, in the range of 400 to 4000 cm-1. The pellets consist of 100 mg of finely 

powdered KBr and 2 mg of the sample. 

Thermal analyses were performed in air on a Setaram TG-DSC 92 instrument. Curves were 

recorded between 25 and 900°C at a heating rate of 5°C/min. 

The surface morphology of the samples was examined by a Nikon optical microscope and 

Hitachi SU8020 SEM, coupled with an EDS. 

2.4. Evaluation of inhibitory efficiency 

The comparative study of the inhibiting efficiencies was achieved by gravimetry and linear 

voltammetry. The samples were immersed in an 18.5% HCl solution, in the absence and presence of 

the LDH-based inhibitor (1.2 g.L-1). The samples were removed, rinsed, and dried before examination. 

2.4.1. Gravimetric method 

The test consists of stripping a sample of steel (area: � = 4 �� × 2 ��, thickness: e = 2.7 mm) in 

the HCl solution at 60°C followed by its immersing it in a mixture of the acid and the inhibitor at 

different LDH concentrations (�) ranging from 0 up to 1.2 �.�-1. The LDH-based inhibitors used are 
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soluble under these acidic conditions. The steel-solution contact time is set for 10 ���. The sample is 

then rinsed with demineralized water, dehydrated using filter paper, and dried in the oven at 100°�.  

The mass variation of the sample is determined without (Δm0) and with (Δmf) the inhibitor. The 

inhibitory efficiency (IE) is calculated by the following formula: 

IE = (Δm0 – Δmf)/Δm0 

 

2.4.2. Linear voltammetry 

The linear voltammetry method, at low speed of potential sweep, allows to determine the kinetic 

parameters of the corrosion reaction of steel in the solution. The tests were performed at 60°C in an 

18.5% HCl solution using a three-compartment cell with a platinum counter electrode and an 

Ag/AgCl electrode as a reference. The working electrode is a steel disc of 0.8 cm diameter. 

The three electrodes are connected to an SP-150 Biologic potentiostat controlled by a computer 

via an "Ec-Lab" software. The corrosion potential covers the anodic and cathodic zones (- 0.350 to 

0.350 �) at a scan rate of 2 ��/�. The inhibitory efficiency (IE) is calculated by the following formula. 

Where Icorr,0 and Icorr,f  are the corrosion current densities with and without inhibitor, respectively: 

IE = (Icorr,0 – Icorr,f )/Icorr,0 

3. Results 

3.1. X-ray diffraction 

The XRD patterns show that the phases obtained present well-crystallized structures of the LDH 

type (Fig. 2) [33,44,47–49]. The different spectra are indexed in an hexagonal lattice of rhombohedral 

symmetry (space group R3m). The cell parameters were, as refined by the least square method, are 

given in table 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. XRD patterns of (a) [Zn-Al-Cl], [Mg-Al-Cl] and (b) [Co-Fe-Cl] ,[Ni-Fe-Cl] phases. 

Table 2. Cell parameters of [Zn-Al-Cl], [Mg-Al-Cl], [Ni-Fe-Cl], and [Co-Fe-Cl] LDHs. 

Matrix a (nm) c (nm) 

[Zn-Al-Cl] 0.307 2.321 

[Mg-Al-Cl] 0.305 2.313 

[Ni-Fe-Cl] 0.318 2.349 

[Co-Fe-Cl] 0.309 2.301 
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3.2. Infrared spectroscopy 

The four LDHs present FTIR features that are almost the same (Fig. 3)[50] . The broad and intense 

band at 3500 cm-1 is due to the elongation vibrations of O-H groups of the sheets and the interlayer 

water. The deformation vibrations of water molecules in the interlamellar space, (H2O), are located 

around 1630 cm-1. The band located around 1360 cm-1 is attributed to the valence vibration (3) of 

carbonate ions, which indicates a slight contamination of the sample by atmospheric CO2 during the 

elaboration of the solid materials. The M-O lattice vibrations (M = Zn, Mg, Co, Ni, Al, and Fe) in the 

sheets are observed at low wave numbers (830 cm-1 ) [51–53]. The bands located around 600 cm-1 

correspond to the A2u and Eu valence vibrations of M-O. The band at 430 cm-1 corresponds to the 

deformation vibrations of O-M-O. The presence of a shoulder around 830 cm-1 corresponds to the 

deformation vibration of hydroxyl groups, (OH).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                             Figure 3. FTIR spectra of [Zn-Al-Cl], [Mg-Al-Cl], [Ni-Fe-Cl], and [Co-Fe-Cl] LDHs. 

3.3. Thermal analyses 

The thermogravimetry (TG) and differential TG (DTG) diagrams of the different LDH phases 

are presented in Figure 4. The mass losses and the DTG signals are summarized in Table 3 [54–56]. 

 

Table 3. TG and DTG diagrams of the four LDH phases 

 Temperature 

(°C) 
Mass loss 

(%) 

DTG signal 

(°C) 

Allocation 

 25-200 21.0 140 Loss of physisorbed and interlayer water 

 200-280 33.1 270 Dehydroxylation of LDH layers 

[Zn-Al-Cl] 280-570 40.2 390 Loss of chloride ions in form of HCl gas 

 > 570  630 Formation of ZnO and ZnAl2O4 

 25-210 40.1 130 Loss of physisorbed and interlayer water 

 210-380 25.1 205 Dehydroxylation of LDH layers 

[Mg-Al-Cl] 380-670 10.2 310 Loss of chloride ions in form of HCl gas 

 > 670  670 Formation of MgO and MgAl2O4 

 25-210 30.1 130 Loss of physisorbed and interlayer water 

[Ni-Fe-Cl] 210-350 20.1 200 Dehydroxylation of LDH layers 
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 350-710 10.3 310 Loss of chloride ions in form of HCl gas 

 > 710  470-690 Formation of NiO and NiFe2O4 

 25-180 19.2 140 Loss of physisorbed and interlayer water 

[Co-Fe-Cl] 180-410 36.1 285 Dehydroxylation of LDH layers 

 410-720 9.1 460 Loss of chloride ions in form of HCl gas 

 > 570  550-630 Formation of CoO and CoFe2O4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

            

 

Figure 4. TG-DTG curves of (a) [Zn-Al-Cl], (b) [Mg-Al-Cl], (c) [Ni-Fe-Cl] and (d) [Co-Fe-Cl] LDHs. 

3.4. Evaluation of inhibitory efficiency 

3.4.1. Gravimetry 

The gravimetric tests indicate that the mass loss, ∆�, decreases when the LDH concentration 

increases from 0 g.L-1 to 1.2 g.L-1 (Table 4). This generates an increase in the inhibitory efficiency. 
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Table 4. Inhibitory efficiencies of the LDH-based solutions as determined by gravimetric tests (mi and 

mf are the masses of the steel before and after immersion in the solution, respectively). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.4.2. Voltammetry 

The cathodic and anodic polarization curves of the steel in HCl, in the absence and presence of 

the LDH inhibitors, are presented in Figure 5. 

 

 
 

Figure 5. Polarization curves of steel in HCl without and with LDH inhibitors at the concentrations 

of (a) 0.6 g.L-1 and (b) 1.2 g.L-1 

[Zn-Al-Cl] 

C (g.L-1) 0 0.6 1.2 

mi (g) 3.468 3.145 3.591 

mf (g) 2.587 2.878 3.463 

Δm (g) 0.881 0.267 0.128 

EI (%) - 69.69 85.47 

[Mg-Al-Cl] 

C (g.L-1) 0 0.6 1.2 

mi (g) 3.162 4.122 3.947 

mf (g) 2.478 3.839 3.773 

Δm (g) 0.684 0.273 0.174 

EI (%) - 60.08 74.56 

[Ni-Fe-Cl] 

C (g.L-1) 0 0.6 1.2 

mi (g) 3.677 3.447 3.195 

mf (g) 3.059 3.234 3.104 

Δm (g)  0.618  0.213  0.091  

EI (%)  -  65.53  85.27  

[Co-Fe-Cl] 

C (g.L-1) 0 0.6 1.2 

mi (g) 3.694 3.548 4.382 

mf (g) 2.921 3.246 4.12 

Δm (g)  0.773 0.302  0.262  

EI (%) -  60.93  66.10  
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The electrochemical parameters and inhibitory efficiencies (%) determined for the four LDH 

inhibitors are reported in Table 5. βa and βc are Tafel coefficients. 

 

Table 5: Result of the inhibitory efficiencies of the [Zn-Al-Cl], [Mg-Al-Cl], [Ni-Fe-Cl], and [Co-Fe-Cl] 

inhibitors. 

                              [Zn-Al-Cl] 

C (g.L-1) Icorr (mA/cm2) E (V) βa (V) βc (V) Inhibitor efficiency (%) 

0 15.58 - 0.432 0.125 0.132 -- 

0.6 04.58 - 0.423 0.100 0.079 70.58 

1.2 02.55 - 0.414 0.073 0.066 83.65 

 

                                 [Mg-Al-Cl] 

Cinh (g.L-

1) 

Icorr 

(mA/cm2) 

E (V) βa (V) βc (V) Inhibitor efficiency (%) 

0 15.58 -0.432 0.125 0.132 -- 

0.6 06.29 -0.404 0.040 0.040 59.62 

1.2 03.94 -0.428 0.050 0.047 74.73 

 

                                    [Ni-Fe-Cl] 

Cinh (g.L-

1) 

Icorr 

(mA/cm2) 

E (V) βa (V) βc (V) Inhibitor efficiency (%) 

0 15.58 -0.432 0.125 0.132 -- 

0.6 05.22 -0.425 0.109 0.114 66.46 

1.2 02.59 -0.416 0.045 0.048 83.33 

 

                                   [Co-Fe-Cl] 

Cinh (g.L-

1) 

Icorr 

(mA/cm2) 

E (V) βa (V) βc (V) Inhibitor efficiency (%) 

0 15.58 -0.432 0.125 0.132 -- 

0.6 06.18 -0.423 0.093 0.085 60.34 

1.2 04.92 -0.416 0.072 0.068 68.38 

 

A first analysis of these curves shows that the anodic and cathodic reactions are affected by the 

addition of the inhibitor. Indeed, the presence of the inhibitor at a 0.6 g.L-1 concentration causes a 

shift of the corrosion potential to positive values. The addition of the inhibitor in the HCl solution 

induces the decrease of the anodic current corresponding to the attack of the metal and also the 

decrease of the cathodic current corresponding to the reduction of oxygen. In addition, the corrosion 

current density decreases significantly for all concentrations compared to that obtained without the 

inhibitor. It may be concluded that the inhibitors present a good inhibiting effect, which efficiency 
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increases with their increasing concentration. The steel protection may be due to the adsorption of 

the LDH ions on its surface, blocking thus its active sites.  

The higher efficiency of [Zn-Al-Cl] compared to [Mg-Al-Cl] may be explained by the 

electronegativity and the van der Waals radii of the dominating metal cations of the LDH. Zn (0.65 

and 0.139 nm), which is less electronegative and smaller than Mg (1.31 and 0.173 nm), may be more 

attracted by the steel. As a result, Zn will occupy more adsorption sites than Mg preventing thus 

more H+ ions from HCl to reach the steel surface. This comparison is also valid for [Ni-Fe-Cl] and 

[Co-Fe-Cl] for which the metals have the following electronegativity and radii values, respectively: 

Ni (1.91 and 0.163 nm) and Co (1.88 and 0.200 nm) [57,58]. 

3.5. Surface analysis by optical microscopy, SEM, and EDS. 

3.5.1. Optical microscopy  

The optical microscopy images confirm the electrochemical results obtained (Fig. 6). A 

comparison between the surface of steel exposed to the HCl solution with and without HDL inhibitor 

shows that the localized corrosion is clearly diminished in the presence of the HDL inhibitor. 

In the absence of the inhibitor, the steel surface presents rough and irregular features, in the form 

of cavities, cracks, and deposits, indicating that corrosion has occurred. Conversely, the steel surface 

is smoother in the presence of each of the four LDH inhibitors. 
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Figure 6. Optical microscope photographs of the mild steel surface after 10 min immersion in 18.5% 

HCl, in the absence and in the presence of 1.2 g.L-1 LDH inhibitor.  

3.5.2. Scanning electron microscopy   

The SEM micrograph of the steel exposed to the HCl solution without LDH also shows the 

development of a thick layer of corrosion products. Indeed, this layer may be related to the formation 

of iron oxides. This layer presents a porous structure with pits and crevices that allow for H+, Cl- and 

water to diffuse into the steel leading to more deterioration of its structure. 

On the other hand, images of the steel in the presence of the each of the four LDH inhibitors 

show a smoother and less weathered surface, indicating that corrosion was slowed or inhibited by 

the action of the inhibitor. This may be explained by the adsorption of the metal cations of the LDH 

inhibitors on the steel surface. 
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Figure 7. SEM micrographs of the mild steel surface after 10 min immersion in 18.5% HCl, in the 

absence and in the presence of 1.2 g.L-1 LDH  

3.5.3. Energy dispersive spectroscopy analysis 

The EDS analyses of the surface of the steel exposed to the HCl-LDH solutions are presented in 

figure 8. Each of the four diagrams presents lines relative to the ions present in the corresponding 

LDH. The inhibition process of the LDH may have started with an adsoption of the cations from the 

dissolved LDH. The repulsive interactions between H+ ions and the LDH metal cations adsorbed on 

the steel surface, in the HCl solution, allowed to protect the steel. These metal cations may have been 

deposited on the steel surface in form of metal oxides   
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Figure 8. EDS analysis of the surface of the steel exposed to the HCl-LDH solutions 

4. Conclusions 

The present work was devoted to the study of the improvement of the electrochemical corrosion 

resistance of mild steel in a concentrated HCl solution by the use of [Zn-Al-Cl], [Mg- Al-Cl], [Ni-Fe-

Cl], and [Co-Fe-Cl] HDLs as inhibitors. 

The LDH materials were prepared by coprecipitation and characterized by XRD, FTIR, and 

thermal analyses. 

This study of the inhibitory efficiency was carried out by gravimetric and electrochemical 

methods (polarization curves). The results obtained show that all the four LDHs used have acted as 

corrosion inhibitors of the steel in the HCl aggressive environment. The results may be summarized 

as follows.  

 The best effect is observed with the maximum LDH concentration of 1.2 g.L-1 using [Zn-Al-Cl] 

and [Ni-Fe-Cl] LDHs which inhibitory efficiency reached 83.65% and 83.33%, respectively. 

 The displacement of the free potentials towards more anodic values characterizes the formation 

of a protective layer of the LDHs on the steel surface. 

 Increasing the concentration of each of the four inhibitors decreases the corrosion current 

densities, thus the corrosion rates, especially in the cases of [Zn-Al-Cl] and [Ni-Fe-Cl]. 

 The surface morphology analyses of the steel after chemical pickling in HCl in the absence of 

inhibitor allowed to identify the type of corrosion (pitting corrosion) and the damaged state 

(cracks). These undesirable effects were absent in the presence of the inhibitors, indicating a 

good protection of the steel against corrosion.  

 "The same solutions containing the corrosion inhibitor can be used multiple times for different 

metal plates." 

 

The main outcome of this work is that the fight against corrosion of steel in a HCl environment 

is possible using a new generation of inhibitors that have the advantage of being easier to obtain and 

less toxic than the traditional inhibitors. 
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