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Abstract

Corrosion of metals is a serious environmental problem. Most of the corrosion inhibitors 
are synthetic chemicals that are hazardous to environments and expensive. Today, there 
has been an increasing search for green corrosion inhibitors, due to the toxicity of some 
inhibitors. Green corrosion inhibitors are biodegradable and free of heavy metals or other 
toxic compounds. There is an intensive effort underway to develop new plant origin cor-
rosion inhibitors for metal subjected to various environmental conditions. Salts of rare 
earth elements can be also used as inorganic alternative nontoxic corrosion inhibitors. 
Sol-gel coatings can be recommended as green protective films for metal corrosion. The 
origin of sol-gel process, its advantages and limitations, and the type of coating method 
are presented in this chapter, as well as a brief summary of recent literature concerning 
the use of hybrid inorganic-organic sol-gel and nanostructured sol-gel protective coat-
ings for metal corrosion in different media.

Keywords: corrosion, green inhibitors, plant extracts, protective films, sol-gel process

1. Introduction

Metallic materials are the pre-eminent important materials used in structural and decora-

tive applications and are still the most widely used group of materials particularly in both 
mechanical engineering and transportation industry [1]. The usefulness of these metals is 

constrained by one common problem known as corrosion. The corrosion, deterioration or 
destruction of metals is an unavoidable but controllable process by means of optimum corro-

sion management practices.

One of the established methods of protection against corrosion damage is the use of corro-

sion inhibitors. A corrosion inhibitor is a solid or liquid substance when added in a suitable 
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concentration to an environment reduces the corrosion rate by reducing the corrosivity of 

the environment [2]. Corrosion inhibitors can be divided into two broad categories: passive 
film formation and adsorbing on the metal surface. In both cases, a barrier was created on the 
surface that prevents access of corrosive agents to the metal surface [3]. Corrosion inhibitors 

have always been considered to be the first line of defiance against corrosion. According to 
their action, there are four types of corrosion inhibitors: anodic inhibitors, cathodic inhibitors, 
mixed inhibitors and volatile corrosion inhibitors (VCI). Anodic inhibitors usually cause a 

Figure 1. Types of corrosion inhibitors and their possible mechanisms.
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large anodic shift of the corrosion potential to reach passivation region by forming a protec-

tive oxide film on the metal surface. Cathodic inhibitors act by selectively precipitating on 
cathodic areas. This blocking of cathodic areas limits the diffusion of reducing species to the 
surface. Also, they can slow the cathodic reaction itself. Mixed inhibitors work by reducing 
both the cathodic and anodic reactions by forming film compounds that block both anodic 
and cathodic sites. Volatile corrosion inhibitors (VCI) compounds have sufficient vapor pres-

sures to allow vaporization and subsequent condensation and adsorption on metal surfaces 
as a monomolecular passivating layer and control the corrosion attack. In closed vapor spaces, 
such as shipping containers, volatile solids such as salts of dicyclohexylamine, cyclohexyl-

amine, and hexamethyleneamine are used [4–6]. When choosing an inhibitor, there are sev-

eral factors including cost and amount, easy availability and, most importantly, safety to 

environment need to be considered.

Another newly established method for corrosion control, covered in this chapter, is employ-

ing green sol-gel coatings. Sol-gel science, early discovered in the 1800s and studied in detail 

since the 1930s, has attracted researchers’ interest to a great extent. As inorganic gels can be 
formed at low temperatures and converted to glasses without the need of melting process.

Sol-gel materials encompass a wide range of inorganic and organic-inorganic hybrid materials 
which share a common preparation strategy: the sol-gel process. It involves the generation of 
colloidal suspensions, “sols” [7]. During the process, inorganic networks grow by sol (colloi-
dal suspension) formation then the sol undergoes gelation (gel). Metal alkoxides, mainly alk-

oxysilane, are most commonly used precursors for the sol synthesis as they react easily with 
water. Deposition of a protective layer can be a proper way to enhance the corrosion resistance 
of a substrate. This can be done by a variety of ways such as chemical [8] or physical [9] vapor 

deposition, laser cladding [10], thermal spraying [11] and sol-gel [12]. Upon comparison, the 

sol-gel method has advantages of being simple, deposition can be achieved at low tempera-

tures. The low-temperature reaction makes it possible to incorporate organic modifiers into 
the inorganic network, thus providing new materials which have combined reactants’ proper-

ties [13–15]. In conclusion, types of corrosion inhibitors with their possible mechanisms are 
summarized in Figure 1.

2. Green inhibitors

Green corrosion inhibitors or “eco-friendly inhibitors” are biodegradable compounds and 

do not contain heavy metals or other toxic compounds. They are biocompatible with nature. 
Similar to the general classification of “inhibitors,” “green inhibitors” can also be grouped 
into two categories, namely organic green inhibitors and inorganic green inhibitors.

2.1. Organic green inhibitors

The organic green inhibitors are the quinine, alkaloids, phenol, phenylpropanoid flavonoids, 
organic acid and other natural products obtained from natural sources like plants. It also 
includes synthetic compounds with negligible toxicity. Herein, plant extracts, gums, drugs 
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and oils have been considered as green corrosion inhibitors. The use of wastes from plants as 
corrosion inhibitors can be another way of extending the beneficial use of these plants and so 
enhance municipal waste management. Some of the notable developments on organic green 
inhibitors, especially plant extracts, are discussed here.

Aquatic plants contain some organic compounds that provide definite physiological actions 
on the human body and these bioactive substances include alkaloids, terpenoids, steroids, 

phenolic compounds, tannins and flavonoids and most of them are known to have corrosion 
inhibition efficiency.

Plant material extracts contain many active principles. They contain polar or hetero atoms 

such as S, N, O, P and aromatic rings, favoring the adsorption by donor-acceptor interaction 

between π electrons of donor atoms S, N, O, P and aromatic rings of inhibitors, and the vacant 
d-orbitals of metal surface atoms [16]. Because of adsorption of inhibitor molecules on the 

metal surface, protective film is formed that isolates the metal from the aggressive environ-

ment. Thus, corrosion is controlled.

Large numbers of organic extracts of plant materials have been used to prevent a variety of 

metals such as mild steel [17–28], various types of steel [29, 30], cast iron [31] aluminum and 

its alloys [32–34], zinc and its alloys [35–38], copper [39–41], nickel [42, 43] and tin [44, 45].

According to corrosive medium, extracts of plant materials have been used to prevent corrosion 

of metals in various medium. Most studies were conducted in acidic medium [31] than in basic 

[34] and neutral medium [35]. Different parts of plants that include roots, leaves, bark, flowers and 
fruits (shell, juice and seed) were used to reduce the corrosion. Many methods have been employed 
such as hydrogen evolution, weight loss method, thermometric methods, electrochemical studies 
and so on to evaluate corrosion inhibition efficiencies of inhibitors extracted from plants. The pro-

tective film has been analyzed by various surface analyses techniques such as fourier-transform 

infrared spectroscopy (FTIR) spectroscopy, UV-visible spectroscopy, scanning electron micro-

scope (SEM), energy dispersive X-rays analysis (EDXA) and atomic force microscope (AFM).

Overtime, plants extracts have been used as corrosion inhibitors, alone or in combination 

with other inhibitors. The mixture of plants extracts shows better inhibition efficiency than 
individual members, which is called synergistic effect. Many additives have been used to 
improve the inhibition efficiency of plant extracts. For example Zn2+, methylene dichloride, 

n-butanolic extract [46–51],  KI [22, 52, 53], KCl, KBr [54–58], formaldehyde, diethylamine [59], 

ethyl acetate [60], and dimethyl sulfoxide [61].

2.1.1. Advantages and limitations of plant extract use

Plant extracts are environmental friendly, nontoxic, low cost and easily biodegradable. 
Despite these features as environmentally acceptable, readily available and renewable 
source for a wide range of green inhibitors, they have some main drawbacks. The draw-

back of most reports on plant extracts as corrosion inhibitors is that the active ingredient 

has not been identified. Also, they are easily biodegradable and contaminated by micro-

organisms which limit the storage of liquid extract or even the solid extract for a long 
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term. According to a number of research works published in the last two decades on these 
groups of products, plant extracts occupy the first place by 68% for aluminum and its alloys 
corrosion inhibition (Figure 1) [16].

It is important to consider the type of plant extract (water, alcohol, acid). The quality of the 
ingredients present in plant extracts consequently affects the effectiveness of the extracts in 
inhibiting corrosion.

2.1.2. Mechanism of action of green inhibitors

Many theory mechanisms have been put by several workers. These mechanisms are being 
summarized in the following points:

• Organic substances may form onium ions in acidic solutions and are adsorbed on the ca-

thodic sites of the metal surface.

• Organic substances in some plant extracts contain an alkaloid berberine which has a 
long chain of aromatic rings, an N-atom in the ring, and O atoms as H atoms substitu-

tion. The free electrons on the O and N atoms form bonds with the electrons on the metal 
surface.

• Allyl propyl disulfide, which is an S-containing unsaturated compound, exists in many 
plant extracts and affects the potential cathodic process of metals such as steel.

• Pyrrolidine in neutral and alkaline aqueous media ionizes, and the N-atom acquires a neg-

ative charge, and the higher charge on free electrons on N results in stronger bond between 
the pyrrolidine and metals.

• The N-atom in alkaloid ricinine is in the ring attachment of the –OCH
3
 favoring the interac-

tion with the metal surface.

2.2. Inorganic green inhibitors

Green inhibitors display substantially improved environmental properties as compared to the 

existing inhibitors whose toxic level is above 50%. The action of inorganic green inhibitors is to 
improve the passivity of a metal and alloys. According to that, most inorganic green inhibitors 

are compounds or metal ions that have more positive redox potential than the metal surface 

and also improve the passivity of a metal by favoring the electropositive metal to be reduced 

and deposited on the surface. There are several inorganic salts that are less toxic than chromate 

inhibitors. Among the metals used for corrosion inhibitor are: mercury (Hg) [62], lanthanide 

salts (La) [63, 64], samarium (Sm) [63], cerium salts [64–68] and platinum (Pt) [69] (Table 1).

Moreover, there are inorganic anions providing passivation protection to metal surfaces 

through their incorporation into the oxide layer; the most widely used of these are: chromate 
(CrO

4
2−), nitrate (NO

2
−), molybdate (MoO

3
−), phosphate (H

2
PO

3
−) and silicates [70].
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2.2.1. Mechanism of inhibitors

In neutral and alkaline media, the oxygen reduction reaction is more favored as cathodic 
reaction Eq. (1).

   O  
2
   + 2  H  

2
  O + 2e → 4  OH   −   (1)

The cathodic reaction in Eq. (1) of oxygen reduction increases local pH by generating a high 
concentration of OH− ions. These OH− ions formed over the cathodic sites react with metal 
ions present in the solution according to Eqs. (2) and (3).

   Ce   3+  + 3  OH   −  → Ce   (OH)   
3
    (2)

   La   3+  + 3  OH   −  → La   (OH)   
3
    (3)

These reactions give rise to the precipitation of lanthanide oxides or hydroxides over cathodic 

sites and block them. Blocking the cathodic active sites by these compounds decreases the 

available cathodic current and therefore reduces the corrosion process.

2.3. Sol-gel protective coatings

The sol-gel process involves several stages as shown in Figure 2 [71]:

• Hydrolysis of the precursors with the formation of hydroxide species;

• Condensation with the formation of oxide species;

• Gelation with the formation of a “spanning cluster” yielding a network which entraps the 
remaining solution;

• Ageing with the formation of further crosslinks which change the structure in pore sizes 
and pore wall strengths;

Inhibitor medium Metal and medium Reference

La(NO
3
)

3
, Sm(NO

3
)

3
, LaCl

3
, SmCl

3
AISI 434 SS in NaCl [65]

CeCl
3

Aluminum alloy in NaCl [66]

CeCl
3

AA5083 alloy and galvanized steel in NaCl [67]

CeCl
3

Sn-Fe alloy in NaCl [68]

CeCl
3

AA6964 Al-Zn alloy in NaCl [69]

(Ce(NO
3
)

3
∙6H

2
O) Tinplate in citric-citrate [70]

Tryptamine (TA) ARMCO iron in 0.5 M deaerated H
2
SO

4
[71]

Table 1. Model inorganic green inhibitors.
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• Drying with the loss of solvent and the associated development of capillary stress; and

• Densification with the collapse of the open structure and formation of a dense material.

2.3.1. Advantages of sol-gel coatings

There are many advantages using sol-gel coatings, and some of the most important features 

are listed as follows [72]:

1. Excellent chemical stability.

2. Enhanced corrosion resistance for metal substrates.

3. An environmentally friendly technique of surface protection “green coating” (Replace-

ment of toxic pretreatments and coatings which have traditionally been used for increasing 
corrosion resistance of metals).

4. Sol-gel process can be achieved at room temperature, thus degradation or thermal volatili-

zation of incorporated organic species can be avoided.

5. Cast coating is possible without the need for complicated processes. Since used precursors 
are in the liquid form.

6. These are economical and fast and can be used for all types of surfaces to control the size 

and porosity of the resultant thin film.

7. Precursor such as metal alkoxides and mixed alkyl/alkoxides are frequently volatile and 

easily purified to very high levels using techniques developed for the microelectronics 
industry.

Figure 2. Sol-gel process and possible coatings routes [71].
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8. Highly porous materials and nanocrystalline materials may be prepared in this way.

9. Since liquid precursors are used, it is possible to cast ceramic materials in a range of com-

plex shapes and to produce thin films or fibers as well as monoliths, without the need for 
machining or melting.

10. Hybrid silica sol-gel coatings are of growing interest as corrosion protection materials for 
metals as these coatings have good adhesion to metallic substrates and offer good corro-

sion resistance by combining properties of organic polymers and properties of ceramics 

[73, 74].

2.3.2. Limitations of sol-gel coatings

Common sol-gel limitations can be summarized in the following points [7]:

• Precursors are sensitive to moisture;

• Precursors are expensive, limiting large-scale manufacture;

• The process is time-consuming; and

• The dimensional change can occur on densification, shrinkage, cracking on drying, require 
attention.

2.3.3. Applications of sol-gel coatings

2.3.3.1. Spin-coating

Spin coating has been used for several decades for the application of thin films. In this pro-

cess, a small drop of the coating material is loaded onto the center of a substrate, which is 
then spun at a controlled high speed. In the spin-coating process, the substrates spin around 
an axis which should be perpendicular to the coating area. As a result, the coating mate-

rial spreads forming a thin film on the surface. Film properties, such as thickness, will be 
affected by several factors such as: viscosity, surface tension, drying ease and the rotation 
speed [75].

2.3.3.2. Dip coating

This method can be achieved by immersing a metal into a tank containing the coating material 

then withdrawing it to obtain a homogeneous film. Compared to the spin coating, the film 
obtained by dip coating is thicker [76].

2.3.3.3. Spray coating technique

Spray coating technique is a process in which molten or softened particles are applied by 
impact onto a substrate to produce a coating. This is done by using a vessel under pressure 

that pumps loading through a spray gun. The operation occurs in a totally enclosed system to 

minimize radiation of coating and product wastes [75].
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2.3.3.4. Flow-coating process

In flow-coating process, the liquid-coating system is more or less poured over the substrate 
to be coated. The coating thickness depends on the angle of inclination of the substrate, the 

coating-liquid viscosity and the solvent evaporation rate. Thus, nonplanar large substrates 

can be readily coated [76].

There are many studies, investigate the ability of the sol-gel method to protect metals from 

corrosion, will be discussed in the following section.

2.3.4. Corrosion control by using sol-gel coatings

Sol-gel-coated layers can exhibit good adhesion to the metal substrate due to the formation of 

chemically adsorbed M─O─Si bonds, as shown in Figure 3, resulting in a good anticorrosion 

performance. The following section summarizes a brief collection of recent and novel studies 
concerning the use of sol-gel coatings for corrosion control in metals and metal alloys.

Al-Cu-Fe alloy powder, a highly effective lubrication-oil additive, was coated by conventional 
sol-gel method employing tetraethyloxysilane (TEOS) as the precursor for purpose of improv-

ing its corrosion resistance [78]. The sol-gel method was modified by employing ultrasound to 
study the effects of both ultrasonic power and irradiation time on the coating process. The coated 
powder had a high corrosion resistance in the acid media of pH 1. Vignesh et al. used 3-mercap-

topropyltrimethoxysilane (MPTMS) as the precursor for sol-gel coating on aluminum metal [79]. 

The results brought to light the potential of MPTMS as a precursor in the development of sol-gel 

coating over Al metal. The FTIR studies revealed the mechanism of the gelation of MPTMS and 
the formation of Si─O─Al linkage on the metallic substrate. The formed film was found to be 
stable up to 350°C as evident from thermogravimetric analysis. The X-rays diffraction (XRD) 
data also confirmed the formation of sol-gel coating on the metal surface. The electrochemical 

impedance spectroscopy (EIS) analysis of MPTMS coating on aluminum showed the inhibition 
of the corrosion by acting as a barrier to the electrolyte by impeding its contact with the metal 

Figure 3. Bonding of silane precursors to the metallic surface [77].
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surface. The polarization studies revealed that MPTMS sol-gel coating on aluminum blocked the 

anodic sites of the metal and thereby reduced the metal dissolution into the electrolyte solution, 

while SEM confirmed the protective nature of the MPTMS coating over aluminum substrate.

Seifzadeh et al. have studied the novel and crack-free nanocomposites based on sol-gel pro-

cess for corrosion protection of copper [80]. The best results have been obtained after addition 

of sodium montmorillonite nanoclay at 0.01% concentration. Also, the phenyltrimethoxysi-
lane sol-gel coating becomes more hydrophobic after addition of nanoclay at low concentra-

tions (0.01 and 0.1%). Results indicated that phenyltrimethoxysilane coating provided a high 
protection from corrosion when compared with copper substrate. The addition of nanoclays 
resulted in a crack-free sol-gel coating and enhanced protective properties of the coating. 

A conversion coating was formulated and applied on mild steel prior to sol-gel Al
2
O

3
 coating 

to improve the corrosion resistance of mild steel reported by Tiwari et al. [81]. The comparison 

was made between conversion coated and conversion followed by sol-gel Al
2
O

3
-coated mild 

steel. The modified surfaces, produced by conversion coating and conversion followed by 
sol-gel Al

2
O

3
 coating, were characterized by XRD and X-ray photoelectron spectroscopy (XPS) 

and SEM. The corrosion resistance of the sol-gel coating was evaluated in 3.5 wt.% NaCl solu-

tion by one-component plasma (OCP), polarization and EIS measurement. By examining the 

surface morphology of solgel after Al
2
O

3
 coating (0.36 ± 0.03 μm thickness), the surface seems 

smooth with featureless topography. The sol-gel Al
2
O

3
 coating is free from any defect and is 

homogeneous. No change in the coating morphology is seen after long immersion (240 h) in 
3.5 wt.% NaCl solution and repeated anodic polarization. The conversion coating by using sil-
ica sol and aluminum oxyhydroxide followed by heat treatment at 500°C produced mild steel 
surface suitable for sol-gel Al

2
O

3
 coating. The conversion coating formed a composite oxide 

containing Al
2
O

3
, SiO

2
, α-Fe

2
O

3
 and Fe

3
O

4
 on the surface. The Al

2
O

3
 coating is amorphous and 

stable for 240 h in 3.5 wt.% NaCl solution. The protective nature of a coating composed of a 
hybrid sol-gel and a phosphate-based conversion layer for magnesium-alloy corrosion was 
investigated by Li et al. [82]. The sol-gel coating itself has a good anticorrosion performance; 

however, the presence of an additional conversion layer highly enhanced the protection abil-
ity. The corrosion process was examined by EIS which showed that the presence of the con-

version layer increases the system resistance upon immersion in a 0.05 M NaCl solution, as 

compared to the single sol-gel coating. Hassannejad et al. studied the effects of cerium doping 
on corrosion resistance of amorphous silica-titania coating [83]. Potentiodynamic polarization 

and EIS spectroscopy have been used to study the corrosion behavior of composite coating 
in 3.5% NaCl solution. Results showed that ceria doping presented higher corrosion resis-

tance than undoped silica-titanium composite layer and also the passive region of the doped 

films in potentiodynamic tests expanded with respect to undoped silica-titanium composite 
layer. The film corrosion resistance is noticed due to the inhibition action of cerium. There is 
a critical cerium concentration, above it cracking occurs, this can be related to the high expan-

sion coefficient of cerium oxide. Mei et al. examined the effects of cerium salts on corrosion 
behaviors of Si-Zr hybrid sol-gel coatings [84]. The Si-Zr hybrid sol-gel coatings on aluminum 
substrate were prepared through hydrolysis and condensation of GPTMS and zirconium(IV) 
n-propoxide, used as inhibitors for corrosion, three types of cerium salts (Ce(NO

3
)

3
, CeCl

3
 

and Ce(CH
3
COO)

3
) were doped into the sol-gel coatings. The corrosion process is retarded 
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by the addition of cerium salts due to its self-healing abilities. The sol-gel coating doped with 
Ce(CH

3
COO)

3
 has the highest corrosion resistance due to the utilized hydrolysis and conden-

sation provided by CH
3
COO−. Ali et al. investigated the corrosion behavior of zinc substrates 

in 0.5 M HCl solution pretreated with various mono- and bilayered sol-gel films [85]. It was 
found that the bilayer morphology is similar to that of the outer layer. The protection abilities 

of mono- and bi-films are discussed in terms of film structure and functionality. The hybrid 
bifunctional organic coating (i.e. contains two different organic functional groups) is more 
efficient than monofunctional one. Hybrid monolayer has higher protection ability than its 
corresponding bilayers. Rahimi et al. reported the corrosion- and wear-resistance character-

ization of environmentally friendly sol-gel hybrid nanocomposite coating on aluminum. The 

hybrid nanocomposite coatings have been synthesized from TEOS and GPTMS precursors. 

The multilayer coatings were prepared by dip-coating technique. Effects of different layers on 
corrosion and wear resistance were studied. The coatings were found to increase the electro-

chemical corrosion resistance of aluminum. The maximum corrosion resistance properties, as 

determined by using electrochemical cyclic polarization testing, were observed for triple sol-
gel-coated layer. The results suggested that crack-free plain organic-inorganic hybrid nano-

composite coatings with Si-O-Si structure backbone and CH
2
 group incorporated into a silica 

network could be obtained on aluminum substrate by sol-gel synthesis. Atomic-force micros-

copy height images showed smooth nanostructural surface with root mean square less than 
4 nm and the existence of organic and inorganic components in coatings could be a result of 

excellent wear and mechanical properties. Shi et al. studied that the sol-gel coatings were pre-

pared using GPTMS and TEOS as precursors, diethylentriamine as curing agent. Inhibition 
effect of 2-methyl piperidine on magnesium alloy in 0.005, 0.05 and 0.5 wt.% NaCl solution is 
investigated.

The protection abilities of unmodified and modified GPTMS-VTMS sol-gel films with dif-
ferent Ti- and Al-alkoxides concentrations against zinc corrosion in 0.5 M HCl solution are 
reported by Ali et al. [85]. It was shown that the presence of the modifiers, either Ti or Al, 
facilitates the formation of the network structure and increases slightly the thermal stability of 
sol-gel materials. Weight-loss and electrochemical measurements proved that the highest pro-

tection ability of sol-gel coatings is assigned with low modifiers concentrations. The protec-

tion efficiency is increased from 69.2 to 96.2% and 95.8% upon modification with 0.005 M of Ti 
and Al modifiers, respectively. On the other hand, higher modifier concentrations may cause 
a galvanic corrosion which results in lower protection efficiency values. Corrosion inhibitors 
and nanoparticles can be added in the silane sol-gel network to improve corrosion resistance 
[86]. Balan et al. examined the effect of adding activated cerium nitrate nanoparticles into a 
coated sol-gel matrix on low-carbon steel substrates. Hybrid sol-gel films have been prepared 
from mixture of TEOS and GPTMS. Silica, alumina and their equimolar mixtures are used as 

nanoparticles with a concentration of 250 ppm. The SEM confirmed crack-free surface for pre-

pared substrates with different pretreatments. Inorganic corrosion inhibitor was introduced 
into the coating via encapsulation in the nanoparticles reported by Tavandashti et al. [87]. 

Organosiloxane sol was prepared by mixing GPTMS, TEOS and isopropanol to obtain a sol 
with 75 mol.% organic content. The high corrosion-resistance performance of such coatings is 
due to the presence of encapsulated cerium nitrate corrosion inhibitor that can be released at 
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the defects within the coating, hindering the corrosion reactions at defective sites. Asadi et al. 
investigated the cloisite concentration effect on the protective performance of sol-gel coating, 
prepared from GPTMS, TEOS and methyltriethoxysilane on mild steel substrate [88]. The 

optimum concentration of nanoparticles was determined. The data indicated superiority of the 
hybrid film embedded with 1000 ppm of cloisite nanoparticles. Confirming the electrochemi-
cal data, FTIR spectra and water contact angles showed that the nanoparticles well dispersed 
in the silane film might improve barrier properties moreover, a good trend correlation was 
observed between the noise resistance and low-frequency IZI data. Naderi et al. studied the 

synergistic effect of incorporation of nanoclay along with cerium nitrate as a corrosion inhibi-
tor into an eco-friendly silane layer consisting of GPTMS, TEOS and methyltriethoxysilane 

applied on pure Al [89]. EIS and polarization results showed that the high protective nature of 
film containing cerium is due to film deposition on cathodic regions, thus preventing entrance 
of aggressive species to the surface. FTIR spectra proved the presence of the inhibitor in the 
film structure. N-nanoparticles silane coating in the presence of cerium salt provided higher 
corrosion protection compared to the film with only incorporated nanoclay.
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