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Abstract: Research activity concerning nanoporous zeolites has grown considerably in recent
decades. The structural porosity of zeolites provides versatile functional properties such as molecular
selectivity, ion and molecule storage capacity, high surface area, and pore volume which combined
with excellent thermal and chemical stability can extend its application fields in several industrial
sectors. In such a context, anti-corrosion zeolite coatings are an emerging technology able to offer
a reliable high performing and environmental friendly alternative to conventional chromate-based
protective coatings. In this article, a focused overview on anti-corrosion performances of sol-gel
composite zeolite coatings is provided. The topic of this review is addressed to assess the barrier
and self-healing properties of composite zeolite coating. Based on results available in the literature,
a property–structure relationship of this class of composites is proposed summarizing, furthermore,
the competing anti-corrosion active and passive protective mechanisms involved during coating
degradation. Eventually, a brief summary and a future trend evaluation is also reported.
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1. Introduction

One of the widely used cost-effective methods for corrosion protection of metallic substrates is to
apply surface engineering coatings [1]. In recent years, the research and development of environmentally
friendly alternatives to chromate based coatings, due to their high toxic and carcinogenic limits,
was widely investigated [2]. In this context, several developments have been made in the use of
composite coatings that offer a synergistic action of active inhibition and corrosion barrier [3].

The barrier properties of a coating can slow down the diffusion rate of the aggressive electrolyte
towards the metal substrate. However, the presence of local defects or damage on the coating surface
may allow an easier penetration of the aggressive species towards the metal interface, strongly
limiting its durability [4]. Consequently, the synergistic integration of the barrier action with active
protection—e.g., through the addition of green inhibitors—represents an effective and reliable potential
development strategy to obtain longtime durable coatings [5,6].

Several classes of inhibitors were assessed in order to obtain chromate free and environmental
friendly active coatings. In such a context, transition and rare earth metals ions demonstrated a
multi-functional corrosion protection action acting effectively to inhibit localized corrosion phenomena
in ferrous and non-ferrous alloys [7,8]. However, the approach to introduce the inhibitory species
within the coating matrix, although simple and cost-effective, is not an efficient solution due to the
required high content of the species and the possible interaction with the film matrix that leads to an
immediate or progressive loss of its barrier effect over time [9]. Often, the corrosion inhibitors added to
the coating suffers of undesirable rapid leakage which leads to its fast decrease over time, depleting its
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potential effective self-healing action [10]. Furthermore, the usage of the corrosion inhibitor involves
the presence of a zone of discontinuity, where it is entrapped in the cross-linked structure of the coating
that act as hosting material, which can significantly damage its integrity [11].

In order to limit such issues, an alternative strategy is to inoculate the inhibitor inside a
micro-nano-carriers obtaining a composite filler constituted by an inert reservoir activated by an
inhibitory species placed inside it [12–14]. Indeed, in literature the use of inhibitors containers was
investigated in order to offer a suitable mechanical and structural stability of the coating optimizing
the interaction with the hosting matrix and, at the same time, to control the inhibitor release during
time offering a selective self-healing action only in real corroding conditions [15]. Several micro- and
nano-capsules were proposed in order to host green inhibitors for corrosion protection of coatings,
including bentonite [16], montmorillonite [17], hydroxyapatites [18], carbon, or alloysite nanotubes [19].
For example, this approach applied on clay nano-containers filled with Ce (III) ions provides significant
corrosion inhibition and ability to delay cathodic delamination; the effect being superior to that of
chromate-based coatings [3].

The role of doped inorganic inhibitors in the active anti-corrosion performances of coatings was
also assessed by using mesoporous particles [20,21]. Fu et al. proposed hollow mesoporous silica
nanoparticles as reservoir for smart coatings for aluminum substrate evidencing an effective delay of
electrolyte penetration but mainly a self-repairing action on damaged areas of the coating. Analogously,
Hollamby [22] proposed a mesoporous silica nanoparticles doped with benzotriazole as smart filler
for a polyester primer. They evidenced that this approach can be used to design reliable and durable
hybrid functional coatings.

However, the morphology and the micro- and meso-porosity of the capsule play an important role
in the design of an effective inhibiting nano-container suitable for corrosion protection [23]. In order
to tailor the micro-nano-containers, some features need to be guaranteed, such as (i) chemical and
mechanical stability, (ii) chemical compatibility with the coating matrix, (iii) effective loading capacity,
(iv) to limit accidental inhibitor release, (v) corrosion selectivity, and (vi) on-demand release of the
hosted inhibitor [24]. In such a context, a really promising approach that in the last year was acquiring
significant relevance and that allows a potentially reliable coating design, is the use of zeolite as filler
and micro-container for inhibitor species encapsulation [25] favoring self-healing mechanisms in this
class of new smart coatings [26,27]. More recently, Calabrese in [25] assessed the effectiveness and
affordability to corrosion protection of pure zeolite coating, highlighting its promising capabilities.

Comparatively, aim of this article is to provide an overview on the anti-corrosion performances
of composite zeolite filled coatings. The article, after a brief introduction on the microstructure and
properties of the zeolite materials, draws a concise historical overview and outlines the new trends
of zeolite composite coating technology related to the anti-corrosion topic. In particular, two subset
sections have been detailed: thermosetting polymer paints and dip-coating zeolite composite coatings.
Afterward, a specific section of the article is focused on property to structure relationships in composite
zeolite coatings relating these aspects to the corrosion protection efficiency of the coating themselves.

Eventually, a last section was addressed on active and barrier anti-corrosion mechanisms of zeolite
coatings assessing the active contribute of micro-porous structure of the zeolite on the development of
active functional coatings. The final purpose is to give, on the basis of an overview of the state of the
art in such a context, a rational and structured reference focused on innovations and development
perspectives of this coating technology, highlighting, furthermore, the limits and the issues related to
its usage in industrial applications.

2. Zeolites: Microstructure and Properties

Zeolites are micro-porous crystalline alumino-silicate crystals. Their structure is constituted by an
array of SiO4

4− or AlO4
5− tetrahedron. The centers of tetrahedrons are by silicon or aluminum atoms

and vertex by oxygen atoms, which act as a bridge between adjacent tetrahedrons. The building blocks
become arranged in a three-dimensional structure characterized by channels and cavities obtaining a
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crystal with very large specific surface area (typically about 300 m2 g−1 with the volume of internal
voids about 0.1 cm3 g−1) [28].

In Figure 1, the tridimensional structure of a zeolite Y, selected as an example, is schemed.
The zeolite structure consists of regular, intercommunicating cages and channels (dimension in the
range 3–10 Å) resulting in a high surface area and large internal volume. Zeolite Y has two types
of cages: sodalite cage and supercage. This latter is the largest cavity in the framework structure
and it has an internal dimension of 7.4 Å. These cavities are usually occupied by water molecules
or extra-reticular ions, but they are large enough to host guest species. These ions or molecules are
not structural components of the aluminosilicate framework and can be respectively, exchanged,
or removed without modification of the zeolite structure.
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The zeolites consequently possess a regular shaped micro-porosity, with molecular dimension,
which makes the zeolite of fundamental importance and widely used in the chemical industry for
adsorbent, catalytic, or ion exchange processes [2]. Although their main application is as a catalyst in
the oil and petrochemical sector, they are used in other industrial sectors (e.g., agriculture, detergents,
water treatment) [29–31], as well as a molecular sieve in separation membranes [32].

Additional interesting applications fields were investigated in literature, in order to extend
its applicability in new industrial sectors ranging from dielectric [33,34] to antimicrobial [35–37] or
adsorption heat pumps [38,39]. A large class of natural or synthetic zeolites (i.e., A, X, Y, SAPO,
ALPO, . . . ), were used as coating material on several substrates to obtain ‘smart’ layers (that respond
selectively to the environment) able to offer a suitable functional action. Zeolite coating technology
was applied effectively in several industrial purposes, e.g., catalysis processes [40,41], optic [42,43],
adsorption [44,45], sensing [46,47] applications.

In the last two decades, several studies on anti-corrosive performances of zeolite based coatings
were developed. This research approach is based on the opportunity to integrate in a synergistic way
intrinsic characteristics of the zeolite as non-toxicity (advantageous for very stringent applications such
as food or human health), thermal and chemical stability (crucial for severe environmental applications),
and selectivity (in order to enhance the smart coating efficiency). This makes zeolite a promising
and potentially effective structural filler for the development of high performance anti-corrosion
composite coatings.

3. Zeolite-Based Anti-Corrosion Coatings

Over 15 years ago there was a triggered interest and improvement of knowledge in the production
of zeolite-based films for its use as anti-corrosive protective coatings, thanks to the pioneering activities
of Yan and its research group [48,49]. In these early works, the zeolite coating was obtained by direct
synthesis on aluminum and steel alloys supports. Based on polarization electrochemical impedance
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spectroscopy (EIS) analysis it was possible to evidence a reduction of corrosion current up to 4 orders
of magnitude as compared to uncoated substrate and a high impedance magnitude at low frequency
(109 Ω cm2). Furthermore, coupled to the good electrochemical performances, zeolite-based films
showed a good adhesion, compactness, and mechanical and chemical stability, indicating them as
effective alternative to conventional anti-corrosion coatings. The results also indicated that the zeolite
coating approach could be directly extended to other metal or composite substrates [50].

The evidenced up-and-coming results, as environmentally friendly protective coatings, support
the development of new research activities focused on optimizing and extending the applicability of
this class of materials. In particular, Zheludkevich et al. [51] in 2012 proposed the use of zeolite as
carrier of active inhibitor ions in functional self-healing coating. In parallel, Calabrese et al. [52,53],
in the same period, evidenced an active barrier action of undoped zeolite coatings suggesting its
applicability in severe critical environmental conditions. Subsequently, the improved knowledge in the
corrosion protection mechanisms of zeolites further increased the interest on this subject. This has led
more research groups, up to now, to start new research activities to better understand the protection
mechanisms and to better define the capabilities and limits of the zeolite coatings.

Summarizing, depending on the support and purpose of use, different deposition techniques can
be selected as suitable for obtaining anti-corrosion zeolite coating [54,55]. Synthesis techniques can be
grouped in two main families: in situ crystallization coatings and composite zeolite coatings. In the
former, a direct synthesis of zeolite on the metal substrate is obtained. In the latter, the zeolite is used
as filler in a polymeric matrix with layer capabilities.

Among these techniques, sol-gel and in situ crystallization coatings are the most widely used.
Sol-gel coatings are typically obtained starting from a colloidal solution (sol) that react forming an
integrated crosslinked network (gel). In situ crystallization method allows the synthesis of a zeolite
layer directly on the metal surface. This technology leads to a very effective coating/substrate interface,
inducing a good adhesion with the metal support. Furthermore, by using this approach, it is possible
to coat irregularly-shaped geometries, indicating it as a suitable and reliable coating technology for
complex components. Details on the potential and effectiveness of pure zeolite coatings obtained
by direct synthesis are reported in [25]. Although some troubles related to costs and technological
scale-up issues have limited the development of this technology. Furthermore—notwithstanding the
in-situ crystallization (e.g., by hydrothermal process) leading to well-adherent pure zeolite layers—low
density, porous, or cracked coatings are often obtained during the synthesis process caused by a
random and not-easily-controllable nucleation of zeolite crystals on the support [56,57].

4. Composite Zeolite Coatings

The composite zeolite coatings are constituted mainly by two constituents: a filler and a matrix.
Zeolite crystals obtained by using conventional synthesis process act as filler. The matrix is a bulk
material in which the zeolite filler is embedded. Furthermore, the matrix provides an interface
for binding and holding filler to obtain a continuous and homogeneous coating. It provides the
transfer load improving adhesion with the substrate and cohesion among constituents and ensure
the barrier properties of the coatings contributing to its durability and functionality in severe
environmental conditions.

This approach, different from the direct synthesis one, is compatible to conventional paint and
varnish technologies, and can use simple and easily scalable technologies without compromising the
mechanical and electrochemical stability of the protective layer, making it an attractive solution for
production companies.

The adoption of this technological solution allows the development of composite coatings where
zeolite filler can exalt the protective barrier action acting as nano-containers for active corrosion inhibitor
agents. The idea is to maintain the technological and functional advantage of paints and varnish preserving
the high thermal stability of the zeolite observed in severe environmental conditions [51,58–60].
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In such a context, in the last years, several research activities were being focused in improving
the knowledge on anti-corrosion performances and protection mechanisms of composite zeolite
coatings, proposing different deposition techniques and matrix types [61–64]. Particularly in the
present review, the composite zeolite coatings technology were classified mainly in two categories:
zeolite thermosetting polymer paints and sol-gel coatings, indicating these approaches as the most
mature and suitable for their industrial field applicability.

4.1. Zeolite Painting

Organic coatings are widely used for metal corrosion protection due to the high barrier capacity
to ions, water, and oxygen diffusion though the protective layer. In recent years, a new challenge in
the paint technology field was to provide coupled barrier protection with coatings able to selectively
respond depending on external stimuli induced by operating environmental conditions. The target is
to obtain smart painting formulation that triggers a release of an inhibitor only when the corrosion
phenomenon occurs, inducing a self-healing action.

Padhy et al. [65] added NaY zeolites, exchanged with zinc metal ion, in an anticorrosive epoxy paint.
The results highlighted that Zn2+ ion exchanged zeolite provides suitable anticorrosion performances,
up to 16 days of immersion in 3.5 wt % NaCl solution. The impedance magnitude at low frequency
was also three orders of magnitude higher than the unmodified coating. Similar results were observed
in an epoxy coating functionalized with zeolite filler used as reservoir of active Ce3+ ions [66].

Although Devaki and Priya in [67] provided an inhibitory efficiency (IE, defined as percentage
reduction of corrosion rate in zeolite-coated sample compared to uncoated one) of the zeolite-coated
samples, after immersion in seawater for 2 months, of 93.74%, also by using undoped zeolite filler.

Ahmed et al. [59], investigating Zn, Ca, and Mg cation-exchanged zeolites as filler for an
oil-modified soya-bean dehydrated castor oil alkyd resin paint, indicate that zeolites provide a reliable
corrosion protection thanks to a coupled action: a physical corrosion protection thanks to a barrier
action and a chemical protection due to the interaction of the zeolite surface with the acidic-modified
alkyd resin used as matrix producing soaps which passivate the metal substrate.

More recently, Rassouli and coworkers assessed the active corrosion protection performances of
epoxy ester coating filled with zeolite nanoparticles with zinc [68] or combined organic and inorganic
inhibitors [69]. An active anti-corrosion capability was observed for the zeolite filled paint, probably
due to a progressive release of inhibitors, providing also a suitable synergistic corrosion protection on
coupled Zn2+/mercaptobenzimidazole doped zeolite filled in the epoxy ester coating.

Similarly, a synergistic corrosion protection action was observed doping NaY zeolite with Ce3+

ions and 2-mercaptobenzothiazole added in a waterborne epoxy resin [70].
In parallel with the use of thermosetting polymeric binders, such as matrices for painting, an

effective protective action on zeolite composite coating can also be obtained by using thermoplastic
polymers able to interact to zeolite filler, such as polyaniline [71,72], which—being a conductive
polymer—can use the electrodeposition technique in addition to the conventional ones with the
opportunity to more effectively manage the thickness of the coating to be applied to the metal
support [61,73].

The reliable active protection from corrosion offered by the doped zeolite with inhibiting agents can
have a profitable effect in economic terms in the optimization of the painting formulation, potentially
involving the complete substitution of the zinc phosphate with the doped zeolite, implying at the same
time an improvement of the anticorrosive performances thanks to the inhibiting action offered by these
pigments [58,62].

The self-healing properties of the zeolite composite paints is strictly related to the release capability
of the inhibitor due to interaction with the electrolyte. It is worth noting that on this protection
mechanism the environmental conditions, such as the pH of the electrolyte, play a relevant role on the
inhibitory efficiency of the paint.
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In such a context, Guo et al. [74] evidenced a rapid release of benzotriazole inhibitor onto
scratched areas on metal surfaces under acidic conditions, providing a very high inhibition efficiency
(99.4%). Instead, a limited release of inhibitor species (less than 4%) was observed in neutral
environmental conditions.

Table 1 summarizes composite coating characteristics and main corrosion parameters of zeolite
painting systems reported in the literature. Icor is defined as the corrosion current calculated at open
circuit potential (OCP). Furthermore the |Z| 0.01 Hz indicates the impedance modulus of the surface at
low frequency (0.01 Hz).
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Table 1. Examples of literature review of anti-corrosion performances of zeolite painting systems.

Authors Ref. Year
Zeolite

Matrix Substrate Coating
Thickness

Testing
Electrolyte

Icor [A/cm2] |Z| 0.01 Hz [Ω/cm2]

Type Content Inhibitor Coating Substrate Coating Substrate

Olad et al. [71] 2010 clinoptilolite

0%
1%
3%
5%

none polyaniline iron 20 µm 3.5% NaCl

7.5 × 10−7

3.1 × 10−5

1.0 × 10−6

1.3 × 10−6

– – –

Olad et al. [71] 2010 clinoptilolite

0%
1%
3%
5%

none polyaniline iron 20 µm 1 M H2SO4

5.6 × 10−6

1.2 × 10−5

1.4 × 10−6

3.2 × 10−6

– – –

Olad et al. [71] 2010 clinoptilolite

0%
1%
3%
5%

none polyaniline iron 20 µm 1 M HCl

7.5 × 10−5

4.2 × 10−5

3.1 × 10−6

7.9 × 10−6

– – –

Padhy et al. [65] 2015 Y 2% none
Zn epoxy mild steel 45 µm 3.5% NaCl – – 8 × 106

2.5 × 107 –

Zhang et al. [66] 2016 MCM-22 – none
Ce epoxy Mg-Li alloy 50 µm 0.35% NaCl – – 2 × 107

2 × 109 –

Devaki et al. [67] 2016 – 76% none – mild steel 35 µm 3.5% NaCl 3.0 × 10−5 8.3 × 10−4 – –

Rassouli et al. [68] 2017 X 0%
1% Zn epoxy

ester mild steel 27 µm 3.5% NaCl 1.1 × 10−2

1.3 × 10−3 – 1 × 103

1 × 103.5 –

Roselli et al. [62] 2018 – 30%
Zn phosphate

Ce
Ce + Zn phosp.

alkyd SAE 1010 steel 70 µm 0.05 M NaCl – –
1 × 104

–
1 × 106

–

Guo et al. [74] 2018 ZIF-7 1% none
benzotriazole epoxy Q235 steel 70 µm 0.1 M HCl – – 3.5 × 104

4.0 × 104 –

Abdolah et al. [70] 2018 Y –

none
Ce

MBZ
Ce + MBZ

epoxy AA2024-T3 30 µm 0.05 M NaCl – –

6 × 105

1.0 × 106

1.0 × 106

7.0 × 106

–

Rassouli et al. [69] 2018 X 1%

none
MBI
Zn

MBI + Zn

epoxy
ester mild steel 28 µm 3.5% NaCl – –

1 × 108.4

1 × 108.1

1 × 109

1 × 1010.4

–

Shabani et al. [61] 2018 Y 1% none polyaniline SS 304 – 0.5 M HCl 2.0 × 10−5 6.8 × 10−5 5.8 × 104 2.6 × 102

Aziz et al. [72] 2019 X 1% none polyaniline

SS 304
SS316

Al
Carbon steel

– 3.5% NaCl

1.0 × 10−6

1.0 × 10−6

3.2 × 10−5

2.4 × 10−5

5.3 × 10−6

5.4 × 10−6

8.4 × 10−5

7.7 × 10−5

– –

MBZ: mercaptobenzothiazole. MBI: 2-mercaptobenzimidazole.
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4.2. Sol-Gel Coatings

The sol-gel coating technology is an alternative method that offers the possibility to deposit thin
layers of binder-based zeolite coatings. By this approach, coating thickness usually in the range of 10–100
µm by, e.g., controlling the viscosity of the liquid suspension and the dipping speed, can be obtained.

The technology is based on a dip coating deposition procedure (a scheme of the process is reported
in Figure 2), where the metal part is dipped in a binder-zeolite solution followed usually by curing
(depending on binder typology, in the range 60–150 ◦C) in order to complete the cross-linking reactions
in the matrix and to be sure that the optimal curing of the coating is reached.
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In the dip-coating process the uncoated sample is immersed in a liquid and then withdrawn with
a well-defined withdrawal speed at controlled temperature and atmospheric conditions. During the
process, the environmental conditions (atmosphere and temperature) control the solvent evaporation
from the diluted sol. During this stage, a densification of the solution occurs, leading eventually to a
gelation phenomenon, favored by the presence of solid filler, with the formation of a compact and
homogeneous film well adherent to the substrate. The thickness of the coating is mainly defined by the
picking speed, the filler content, and the viscosity of the liquid [75]. The adhesion with the substrate is
guaranteed choosing a suitable binder matrix able to interact both to filler and substrate surface in
order to offer high adhesion and cohesion of the constituted composite coating [76].

In such a context, the silane was widely used as suitable matrix to embed the zeolite grains,
doped or undoped with corrosion inhibitors, in order to obtain an effective compact and defect free
zeolite composite coating. Calabrese et al. [53] investigated the anti-corrosion performances of a
SAPO-34 zeolite composite coating on an AA6061 aluminum alloy substrate. Filler content in the
range 2000–8000 ppm of the silane matrix was evaluated. The results indicated that the corrosion
current decreases up to three orders of magnitudes compared with the uncoated aluminum sample.
Better results were observed by using 4000 ppm of SAPO-34 filler. Analogously, in the same period,
Diaz et al. [60,77,78] assessed the addition of La-, Mo-, or Ce-enriched NaX zeolite nanocontainer to
hybrid sol-gel silane based coating in order to enhance the corrosion resistance and performances.
Their results evidenced that, after two aging weeks of immersion in 3.5% NaCl solution, the composite
sol-gel film is stable and able to keep its protective action. These properties were related to rare
earth ions, encapsulated in the NaX zeolite particles, released in the coating surface caused to an ion
exchange with species involved in the corrosion process of the aluminum alloy substrate. Similar results
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were obtained by Caprì et al. [79] on a SAPO-34 zeolite filler doped with cerium ions. The chosen
zeolite did not allow the ion exchange of ions as observed by Diaz [58,75,76], but allowed the active
protection of the composite coating thanks to the sorption of cerium hydroxide on the reactive surface
of SAPO-34 zeolite.

To effectively tailor the corrosion resistance efficiency of sol-gel zeolite coating Ferrer et al. [80]
proposed a composite coating by using a hybrid tetraethoxysilane (TEOS)/epoxy matrix. In particular,
NaY zeolites were doped combining cerium ions and diethyldithiocarbamate (DEDTC) inhibitors.
The results provide, at first, a confirmation of the suitable release of corrosion inhibitors from the
zeolite carrier system. Furthermore, it provides a new approach of functional sol-gel coatings, in which
the self-healing mechanism acts with different release kinetics depending to the inhibitor species
inoculated in the container. This expands the functionality of zeolite-based coating improving its
selective release capabilities during aging time.

Despite previous articles, Calabrese et al. in [81] and [82] highlighted the opportunity to
significantly enhance the barrier protection of the composite zeolite coating (on aluminum and magnesium
substrate, respectively) by using a silane matrix filled with very high zeolite content (up to 90 wt %).
These preliminary promising results were furthermore improved in terms of synthesis process and silane
matrix modification [83,84] making it possible to reach a coating impedance five orders of magnitude
higher than bare AA6061 aluminum alloy substrate (2 × 109 and 2 × 104 Ω/cm2, respectively).

More recently, Rassouli et al. [85] investigated different doping methods on NaX zeolite crystals
to host Zn2+ and mercaptobenzimidazole inhibitors. A silane (γ-glycidoxypropyltri-methoxysilane,
g-GPS, TEOS, and methyltriethoxysilane) was used as matrix for the sol-gel composite coating
preparation. It was observed that the corrosion inhibition effect was influenced by the doping
procedure, evidencing that the released inhibitors significantly reduces the corrosion phenomena
on a carbon steel substrate cause to the formation of a protective layer induced by the inhibitor on
its surface.

The choice of a silane matrix for the realization by sol-gel technique of zeolite composite coatings
is strongly linked to the chemical affinity of the two constituents which involves obtaining a coating
with an effective protection and durability in an aggressive environment.

The addition of zeolite filler in the silane matrix influences both cathodic and anodic reactions
occurring on the metal alloy surface, inducing an effective protective action against corrosion phenomena.

Three main mechanisms act to enhance the corrosion resistance of silane-zeolite coatings:

• Inhibition action: The inhibition action can be related to a reaction of zeolite surface with the
OH− ions generated by the cathodic reaction that leads to the formation of SiO3

− polar groups
which are able to interact with the Al3+ ions, generated in the anodic area to form a passivating
silica-alumina layer [86].

• Barrier action: The barrier protection offered by the silane–zeolite composite coatings is related to
limited diffusion of aggressive species, through the coating, toward the metal substrate thanks
to low liquid water permeability of silane matrix [87]. At the same time, the presence of zeolite
filler in the silane layer increases the film thickness and reduces the layer porosity, exalting the
anti-corrosion and barrier properties of the coating [88].

• Hydrophobic action: The surface hydrophobicity of the coating, that can be characterized by
water contact angle above 140◦ [89], is due to the high chemical interaction between the composite
constituents of the coating. In particular, the surface of the zeolite crystals is characterized by a
large amount silanol functional groups that are able to create a chemical reaction with the silane
matrix [90]. These Si–OH groups externally located in the zeolite particles act as preferential sites
for the physical and chemical adsorption of the hydrolyzed silane molecules [91,92], reducing the
surface polarity and the interaction with water molecules [93]. In fact, due to the functionalization
of the zeolite with silane coupling agent, the hydrophobicity of the external surface can be
easily triggered [94]. Furthermore, the high chemical affinity between zeolite filler and silane
matrix could also increase the crosslinking density [95], thus limiting the hydrophilic sites in
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the matrix and exalting the coating hydrophobicity [96]. Finally, caused by the reaction of the
zeolite surface with the hydrolyzed silane groups, a strong covalent bond is formed between
the two constituents and silane long alkyl chains tend to gather on the peripheral areas of the
zeolite crystal. The resulting structure can therefore be characterized by functional micelles with a
preferential orientation of hydrophobic alkyl chains, which reduce surface energy and enhance
the hydrophobic properties of the coating [53].

In Table 2, a brief summary of literature articles focused on the sol-gel coatings filled with zeolite
filler is reported. Details of composite formulation and corrosion protection performances of the
coatings are shown.
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Table 2. Examples of literature review of anti-corrosion performances of zeolite based sol-gel coatings.

Authors Ref. Year
Zeolite

Matrix Substrate Coating
Thickness

Electrolyte Icor (A/cm2) |Z| 0.01 Hz (Ω/cm2)

Type Content Inhibitor Coating Substrate Coating Substrate

Calabrese et al. [53] 2012 Y

2%
4%
8%

16%

none TMS AA6061

10 µm
10 µm
10 µm
10 µm

3.5% NaCl

2 × 10−5

1 × 10−5

2 × 10−6

2 × 10−5

2 × 10−5 – –

Dias et al. [60] 2012 X – none
Ce

GLYMO
+ ZTP AA2024-T3 1.5 µm 3.0% NaCl – – 7 × 105

7 × 105 5 × 105

Dias et al. [77] 2013 X 26.9%
26.9%

none
Ce

GLYMO
+ ZTP AA2024-T3 3.0 µm 0.05 M NaCl – – 5 × 106

5 × 106 3 × 106

Ferrer et al. [80] 2014 Y 10%

none
Ce

DEDTC
Ce + DETC

GLYMO
+ TEOS +

epoxy
resin

AA2024-T3 100 µm 0.05 M NaCl

4 × 10−6

4 × 10−7

2.5 × 10−6

1 × 10−7

5 × 10−6 – –

Calabrese et al. [81] 2014 SAPO-34

60%
70%
80%
90%

none TMS AA6061

7 µm
8 µm

10 µm
15 µm

3.5% NaCl

2 × 10−5

3 × 10−7

7 × 10−7

5 × 10−6

1.5 × 10−5

1.2 × 105

1.9 × 105

8 × 105

3.7 × 106

1.2 × 104

Dias et al. [78] 2014 X 2%

none
La
Mo

La + Mo

silane AA2024-T3 3.0 µm 0.05 M NaCl – –

2 × 105

4 × 105

2 × 105

3 × 106

–

Caprì et al. [79] 2015 SAPO-34 80% none
Ce TMS AA6061 10 µm 3.5% NaCl – – 8 × 105

5 × 108 2 × 104

Calabrese et al. [83] 2016 SAPO-34 80% none

TMS
DMS +
TMS
OTS

AA6061 10 µm 3.5% NaCl
2 × 10−10

5 × 10−11

2 × 10−11
2 × 10−5

1 × 109

2 × 109

2 × 109
2 × 104

Calabrese et al. [84] 2017 SAPO-34 80% none DMS +
TMS AA6061 15 µm 3.5% NaCl 5 × 10−11 2 × 10−5 2 × 109 1.2 × 104

Calabrese et al. [82] 2018 SAPO-34

20%
40%
60%
80%

none TMS –

5 µm
7 µm
9 µm

11 µm

3.5% NaCl – –

2 × 105

1 × 106

2 × 107

2 × 107

8 × 103

Rassolui et al. [85] 2018 X 1 none
Zn + MBI

MTES +
TEOS +
GLYMO

mild steel – 3.5% NaCl 1 × 10−6

5 × 0−7 1.4 × 10−5 1.5 × 104

3 × 104 0.7 × 103

TMS: N-propyl-trimethoxy-silane; GLYMO: 3-glycidyloxypropyl trimethoxysilane; ZTP: zirconium (IV) tetrapropoxide; DMS: dimethyl-dimethoxy-silane; OTS: octyltriethoxysilane; MTES:
methyltrie-thoxysilane; TEOS: tetraethyl orthosilicate; DEDTC: sodium diethyldithiocarbamate trihydrate; MBI: 2-mercaptobenzimidazole.
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It is worth noting that the anticorrosion performances of the composite zeolite coating extend on
a wide range of values. This variability is related to differences in coating microstructure. A composite
coating with low filler content is characterized by a thin layer microstructure, usually in the order of
some µm. A possible morphology is shown in Figure 3a related to AA 2024 substrate coated with
a hybrid sol-gel film filled with Ce doped 13X zeolite micro-particles (filler content 26.9 wt %) [77].
In the image, (1) identifies the sol-gel film, (2) an intermetallic particle, and (3) indicates zeolite
microparticles in CeNaX sol-gel coating. For this coating formulation, the filler is not able to offer
a relevant barrier protection to corrosion phenomena and its contribution is mainly limited to the
inhibitor nano-container action.

Instead, the realization of zeolite coatings with a high filler content (Figure 3b shows an example
for a coating with 70 wt % SAPO-34 zeolite filler on AA6061 support [81]), can obtain a coating with a
suitable packing of the solid filler. As shown in cross-section image, the filler is well interconnected
and 3-4 zeolite grains along the coating thickness can be identified. This implies, associated with the
higher thickness (from 2 µm to about 8 µm for 26.9 wt % and 70 wt % filler content, respectively), an
exaltation of the barrier properties of the coating so offering an effective protection from water and
ionic species diffusion. This leads to an improvement in corrosion resistance and durability in an
aggressive environment [83].
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Figure 3. SEM image of composite zeolite coating with (a) 26.9 wt % of zeolite filler (Reprinted with
permission from [77]. © 2013 Elsevier); and (b) 70 wt % of zeolite filler (Reprinted with permission
from [81]. © 2014 Springer Nature).

Figure 4 better highlight these considerations, summarizing the increase of electrochemical
impedance modulus at low frequency (0.1 HZ) with zeolite filler content, in accordance to review data
reported in Table 2. Furthermore, the marker size is scaled to coating thickness. A progressive increase
of impedance magnitude at increasing zeolite content can be observed. In particular for filler content
lower than 20 wt %, the impedance modulus is in the range of 104–106 Ω·cm2. Instead, for zeolite
content above 70 wt % |Z| reach values up to 109 Ω·cm2, three order of magnitude higher than low
filler content composite coating. At the same time, a progressive increase in thickness contributing to
resistance and capacitance improvement in performances of the coating [81] can be demonstrated too.
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5. Anti-Corrosion Mechanisms of Zeolite Coatings

In order to better evaluate the anti-corrosion mechanisms of the zeolite coatings, a deeper
evaluation on how this performance can be correlated to the coating structure and morphology
is essential allowing to highlight in a targeted way the phenomena that trigger the barrier and/or
self-repairing and self-healing mechanisms of the zeolite-based composite coatings.

5.1. Barrier Mechanisms

The barrier property that can reduce the substrate area available for anodic and cathodic reaction, is
one of the main characteristics that influence the anti-corrosion performances of zeolite film. The barrier
property increases if the inter- and intra-crystal porosity of the zeolite coating is reduced. To reduce the
inter-crystalline porosity, and therefore to increase the resistance to mass diffusion along the thickness
of the coating, a good packing of zeolite crystals during direct growth is required [52]. Furthermore,
an active action of the zeolite layer can be hypothesized. In particular, according to Figure 5, in
alkaline environments a significant decrease in corrosion rate can be observed. Calabrese at al. [56]
related this interesting behavior observed at high pH to the protective action of a compact and dense
aluminate layer deposited as corrosion product during the interaction of the zeolitic framework of the
coating with the electrolyte solution. In particular, the sealing mechanism is related to a precipitation
phenomenon triggered by the presence in the electrolyte solution of cations originating from dissociation
of hydroxides present in alkaline electrolyte. These cations can react with corrosion products of the
metal substrate producing insoluble salts. In saturated Ca(OH)2 solution the formation of an insoluble
surface layer of hydrated calcium aluminate Ca(AlO2)2·zH2O was observed [97] as a consequence
of the reaction of aluminate ions AlO2

−, originating from zeolite dissolution, that are present at pH
values above 12, with Ca2+ ions in the solution. This sealing mechanism stops any further corrosion
reaction on the exposed metal substrate. Therefore, the good corrosion protection capabilities of zeolite
coatings can be due to an active inhibitory action, according to the proposed scheme concerning the
corrosion protection on defected area on zeolite-based coatings [84].
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In fact, when corrosion occur on metal substrate in a defected area of a zeolite-based coating,
locally the cathodic reaction favors the increase in the solution pH (stage 1 Figure 5). The OH− groups
could be adsorbed by functional species (>Si–OH and >Al–OH) present on the zeolite framework both
on internal channels and external surface. Such interaction leads to the formation of >Si–O and >Al–O
groups with loose bonds to the mother lattice favoring, as a consequence, the detachment of zeolite
framework portions [98]. The free >Si–On− and >Al–On− groups can then react with the metal cation
generated due to dissolution phenomena at the anodic site (e.g. Al3+ ions), forming a passive silicate
layer [99] that preserves the metal substrate from further corrosion processes (stage 2 in Figure 5) [84].

5.2. Active Mechanisms

The peculiar characteristic that distinguishes the zeolite-based coatings is the opportunity to
couple to the barrier protection an active protection that selectively enhances the corrosion protection
allowing to obtain the so-called smart coatings.

As previously illustrated, zeolite can be applied in composite coatings as ion-exchange micro-
and meso-porous filler acting as nano-container of the corrosion inhibitor agent [100–102].

Zeolite carriers are able to be doped with inhibitor and healing agents. If the composite coating is
locally damaged (e.g., due to cracks or scratches) the inhibitor entrapped in its framework structure is
released promoting an active and self-healing process [103–105]. In the past, zeolite was applied as a
nano-reservoir for functional antimicrobial agents, like silver ions, that are gradually released in the
environment [106–108].

The advantage of a composite coating with multi-functional properties, such as antimicrobial and
corrosion resistance, combined to the possibility to deposit it on several substrates, presents zeolite
composite coatings as a reliable alternative to usual anti-corrosion coatings in specific industrial fields
where unconventional or critical environmental conditions are required, such as in adsorption-based
heat pumps or spacecraft applications [109–111].

Several anti-corrosion approaches were applied in order exalt the self-healing properties of zeolite
doped coatings. In such a context, anti-corrosion paint has been developed by Deya et al. [100] who
assessed a natural zeolite modified by molybdenyl ion exchange in order to improve the corrosion
protection of steel alloy substrate. Based on their approach, when the electrolyte ions penetrate into
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the coating, these ions are exchanged with molybdenyl cations, which generate molybdate anions
following hydrolyzation. Molybdates are well known compounds with reliable inhibitor properties on
steel alloy due to the formation of a compact and dense layer of ferrous molybdate [112,113].

Analogously, Dias et al. [60,77] showed very promising and suitable active anti-corrosion capability
on sol-gel composite coatings filled with NaX zeolite nanoparticles ion exchanged with cerium cations.
They highlighted that the driving protective mechanisms were activated by cerium hydroxide, Ce(OH)3,
precipitation occurred on the cathodic areas of the substrate.

In particular, in order to evidence the cation-exchange effectiveness of zeolite particles Dias et al. [77]
immersed in 0.5 M NaCl at different pH undoped and Ce-doped zeolite microparticles. They highlighted
that, for the solution with the commercial zeolite (NaX), the pH values increased up to 8.5–8.9 just after
5 min of immersion and afterwards it stabilize on this value. Instead on the solution additive with
Ce-enriched zeolite particles after 30 min of immersion, a stable pH value in the range 5.1–5.6 was
observed, due to a concentration of Ce3+ (around 500 ppm) released on the solution.

Although, several anti-corrosion mechanisms were schemed in order to explain the inhibitory
and self-healing capabilities of zeolite doped coatings. A large amount of them are related to the effect
of pH modification induced in the anodic or cathodic areas. In fact, in correspondence of scratched or
defected areas in the coating several micro-localized cells takes place. These micro electrochemical
cells are characterized by anodic (where the metal dissolution occurs) and cathodic areas (where the
oxygen reduction reaction takes place). In particular, for cerium-doped zeolite coatings, a relevant role
is offered by the cathodic sites, where the pH can exceed 8. In alkaline environment, the formation
of protective cerium oxide layer can be obtained, starting from cerium ions released from the zeolite
doped nano-container, according to the reactions [114]

Ce3+ + OH− → Ce(OH)3 ↓ (1)

2Ce(OH)3 + 2OH− → 2CeO2 ↓ +4H2O + 2e− (2)

A self-healing mechanism of cerium-doped zeolite composite thermoresetting coatings is schemed
in Figure 6. As proposed by Wang et al. [66], the cause of local surface damage in the coating was
a result of the electrolyte solution reaches the coating, activating local corrosion of the substrate.
In such a context, the presence of cathodic inclusion in the metal alloy substrate plays a relevant role
in corrosion activation and inhibition mechanism stimulating the formation of galvanic corrosion
cells at the metal/coating interface [60]. Anodic and cathodic areas are constituted. The process is
activated thanks to the high amount of Ce3+ ions based on cation exchange properties of the zeolite in
the composite coating [60,115]. The cerium ions are exchanged with cations present in the electrolyte
solution (e.g., Na+) favoring the release of the inhibitor locally in the defected area.
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After the cerium ions release, according to Equation (1), they interact with the hydroxyl groups
triggered by the cathodic oxygen reduction reaction [116] generating cerium hydroxide. The as-formed
cerium hydroxide can act as protective layer providing slight self-repair action of the originated
damaged area. Afterward, due to the alkaline environment on the cathodic area, the precipitation of
cerium oxide, CeO2 is a consequence of a further interaction with the hydroxyl groups according to the
reaction 2. The precipitation of a stable and compact CeO2 oxide significantly delays the activation and
evolution corrosion phenomena, providing reliable coverage on the defective areas, thus improving
the passivating action [117].

A similar self-healing mechanism was proposed by Guo et al. [74] in order to assess the
anti-corrosion performances of zeolite coatings doped with benzotriazole (BTA) inhibitor compound.
A scheme of the mechanism is reported in Figure 7.
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Figure 7. Schematic illustration for the self-healing mechanism of composite coating doped with
benzotriazole activated zeolite nanoparticles [74]. Reprinted with permission from [74]. © 2019 Elsevier.

The self-healing mechanism of the polymer coatings is based on three steps. At first,
in correspondence of a scratched zone, the electrolyte solution rapidly permeates along the scratch
and interact with zeolite doped nanoparticles. Afterward, the BTA inhibitor is released from
the zeolite container due to the pH-responsive nature of the metal–organic coordination. Finally,
the inhibitor creates a compact layer in the cracked area, which prevents the substrate from further
corrosion phenomena.

Consequently, the self-healing action of zeolite-based composite coatings can be acquired with
different classes of inhibiting agents. In this context, a potentially effective approach is to dope the
zeolite with different inhibitory molecules in order to provide a differential release of the encapsulated
species in the zeolite framework, in order to enhance the progressive release and reliability of the active
corrosion protection also in the medium and long term.

In such a context, Ferrer and coworkers [80] optimized a composite silane-epoxy zeolite coating.
In particular, they doped NaY zeolite nanoparticles with coupled cerium and diethyldithiocarbamate
(DEDTC) inhibitor agents in order to exalt the anti-corrosion performances and durability of the
coating for protection of an AA2024-T3 substrate. Furthermore, a similar approach was applied by
using molybdate and lantanium ions [78]. In this case, the self-healing mechanism was explained
by a gradual release of inhibitor ions from the doped zeolite inducing the formation of composite
Mo-La-Na compounds with inhibitory properties on intermetallic precipitates in the aluminum matrix.
All these results confirm the effectiveness of this approach for a suitable environmentally friendly and
active corrosion protection.

A scheme that summarizes the double doping concept on zeolite-based coating is reported in
Figure 8. Two different corrosion-inhibiting agents are encapsulated in the porous zeolite framework to
offer a coupled protection effect. When, due to a local coating damage (favored by cathodic inclusions
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in the alloy), the zeolite filler is exposed to the electrolyte medium (Figure 8, step 1), the inhibitor with
faster kinetic release is leaked (inhibitor B in Figure 8, step 2). In this way, the metal substrate can be
protected from corrosion phenomena in the short and medium term, thanks to the self-healing action
of the first inhibitor. Afterward, the second inhibitor (inhibitor A in Figure 8, step 3) remaining hosted
in the zeolite container favors its progressive release in the medium–long term, triggered by an ion
exchange mechanism when the corrosion process advances. The second inhibitor need to have a higher
inhibitor action in order to exalt at long time the corrosion protection when degradation phenomena
could take place. The double-doping approach of zeolite containers is reliable only if the coupled
inhibitor used in doping procedure is able to protect the substrate in synergistic way. In this case,
an effective protection also at long aging time can be obtained thanks to a progressive and selective
release during time of the different inhibitors. For example, in Ferrer et al. [78] the active corrosion
protection of the composite sol-gel coating filled with double doped NaY zeolite is due at first to the
release of the DEDTC in the short period. Because of the high affinity of the diethyldithiocarbamate
to cathodic inclusions of the aluminum alloy (such as copper based intermetallic particles), a rapid
surface corrosion protection can be obtained. Afterward, cerium released from the zeolite occurs
more slowly through ion exchange mechanism between the cations from solution and cerium in the
zeolite. The cerium has a higher inhibitory action and is able to offer a more effective protection up
to long aging time [118]. Analogously, Rassouli et al. [69] assessed the effect of NaX zeolite particles
loaded with coupled zinc cation and 2-mercaptobenzimidazole inhibitors evidencing an effective active
corrosion protection, prolonging the coating lifetime.

This approach allows to significantly increase the potential applicability of the nano-porous zeolite
particles as active inhibitor containers for corrosion protection of the metal substrates. Due to the
coupled doping action of selective inhibitors, the zeolite composite coatings could provide a reliable
multi-functional and long-term protective self-healing action.
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6. Conclusions and Future Trends

Anti-corrosion zeolite coatings is an emerging issue able to offer a reliable high performing and
environmental friendly alternative to conventional chromate-based protective coatings. These types of
coatings take advantage of the structural porosity of the zeolites, which can offer versatile functional
properties such as molecular selectivity, ion and molecule storage capacity, high surface area and pore
volume—which combined with excellent thermal and chemical stability—can extend its application
fields in several industrial sectors. In such a context, in recent years, several research activities were
focused on improving the knowledge of anti-corrosion performance and protection mechanisms of
composite zeolite coatings, proposing different deposition techniques and matrix types. In particular,
in the present review, the composite zeolite coating technology has been classified manly in two
categories: thermosetting and sol-gel coatings, indicating these approaches as the most mature and
suitable for their industrial field applicability.

Three main mechanisms act to enhance the corrosion resistance of zeolite coatings:

• Inhibition action: The inhibition action is strictly related to the release capability of the inhibitor
due to interaction with the electrolyte. It is worth noting that, on this protection mechanism, the
environmental conditions, such as the pH of the electrolyte, play a relevant role in the inhibitory
efficiency of the coating.

• Barrier action: The barrier protection is related to the limited diffusion of aggressive species,
through the coating, toward the metal substrate thanks to low liquid water permeability of the
matrix and, at the same time, to the reduction of the layer porosity due to the presence of zeolite
filler that increases the film thickness, exalting the anti-corrosion properties of the coating.

• Hydrophobic action: The surface hydrophobicity of the coating, that can be characterized by
water contact angle above 140◦, is due to the high chemical interaction between the composite
constituents of the coating. In particular, the surface of the zeolite crystals is characterized by a
large amount silanol functional groups that are able to create a chemical reaction with the organic
chains of the matrix, reducing the surface polarity and the interaction with water molecules.

An aspect that must always be taken into account is the economically sustainable productivity
able to satisfy the potential growing demand from users of active protective coating systems. In this
context, sol-gel technology has the requirements of flexibility, cost, and technological maturity that can
satisfy these needs [119].

Critical issues are long term durability and functionality (e.g., self-healing and corrosion inhibitor
actions). A limit of the composite sol-gel coating is the stability of corrosion protection performances
and long aging time. Although effective protective properties are observed up to about one year
of aging [79], further studies focused on the kinetic of inhibitors release and their interaction with
coating and substrate during time are required [120]. The unwanted release of the inhibitors can
reduce the durability of the self-healing properties. It is worth exploring functionality recovery in
self-healing composites and studying improvement in mechanical properties of these smart composites
over time [121].

Composite zeolite-based coatings still require further development in order to meet the various
application challenges induced by the industrial sector. Furthermore, in addition to the aforementioned
characteristics of long durability, other new relevant requirements need to be considered, such as
aesthetics, environmental sustainability, and hydrophobicity [122–126].

Further progress on assessing defect free film growth in order to avoid defect issues on zeolite
films should be value on the improvement of knowledge [127]. In such a context, the selection of a
proper zeolite filler for each composite is required optimizing a specific zeolite structure as bench
marking of the specific application [128].
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Multi-functional coating is a really attractive technology able to combine on-demand corrosion
protection to specific functionalities such as biocompatibility, electrical conductivity, self-diagnosis
extending the research field interest promisingly in biomedical and coating sensors applications [129–131].
This approach of future surface engineering will be extended by the improved knowledge and experience
on nano-materials, benefiting the capability and accelerating the applicability of sol-gel composite
zeolite coatings.
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