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Abstract: Cultural heritage metallic artifacts are often subjected to environmental factors that promote
degradation through corrosion processes. Anticorrosion protection is needed both for the long-term
preservation of outdoor monuments and the short-term conservation of archaeological artifacts. In
this work, functional nanocoatings based on ZnO nanoparticles (NPs) in a silica matrix are prepared
as a replacement for a commercial Incralac lacquer. Facile sol–gel synthesis is employed for obtaining
silica filmogenic materials, using tetraethoxysilane (TEOS) and 3-glycidyloxypropyl trimethoxysilane
(GPTMS). Silica-based nanocomposite coatings, with and without ZnO NPs and benzotriazole (BTA)
as anticorrosion agents, applied on copper coupons by brushing are characterized by using VIS
and FTIR spectroscopy, SEM and AFM and compared to Incralac lacquer as reference materials.
The optical and morphological properties of the proposed silica coatings are similar to the Incralac
specimens. The protective effect against corrosion is investigated on the copper coupons as model
metallic objects subjected to a corrosion test by using potentiodynamic polarization in a 3.5% NaCl
solution at ambient temperature. The influence of the presence of BTA and ZnO NPs in both
silica and Incralac coatings is studied, and the variations in the anticorrosive, morphological and
optical properties with the concentration of ZnO NPs are evidenced. The presence of moderate
concentrations of ZnO in both nanomaterials leads to changes in the color parameters slightly above
the limit accepted in the field of cultural heritage (∆E* 5.09 and 6.13), while a high ZnO concentration
of 3% leads to higher values (∆E* > 10). Regarding the anticorrosive effect, the silica-based coatings
with ZnO and BTA present similar efficiencies to that of the Incralac reference material (corrosion
rates in the range of 0.044–0.067 mm/year for silica coatings compared to 0.055 mm/year for Incralac).

Keywords: anticorrosive protection; functional coating; ZnO nanoparticles; silica films; cultural heritage

1. Introduction

Protecting artistic and historical objects from corrosion is an important goal in the
process of restoring and preserving cultural heritage. Copper and its alloys have been
frequently used to fabricate objects during the entire human history; thus, many archaeo-
logical artifacts are targeted for conservation interventions, both for long-term protection or
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during restoration, as a temporary protective coating, to ensure the stability of the freshly
dug-up artifact [1,2].

Corrosion, the process of a gradual deterioration of metal caused by chemical reactions,
is a major threat to the conservation of metallic objects. Several methods are currently
used to reduce the corrosion of metallic objects, such as the following: (i) protective
coatings [3,4]; (ii) storage in a controlled environment; (iii) electrochemical methods [5];
and (iv) the microbial inhibition of corrosion [6].

However, the choice of method and material for the anticorrosion treatment of metallic
objects, when applied to cultural heritage monuments or historical works of art, is subject
to particular requirements imposed by the specificity of a domain. These requirements
are mainly related to the reversibility and the lack of modification of the appearance of
the treated object [7]. The common way in the conservation field is protection with coat-
ing materials, and in recent years, a significant amount of research has been devoted to
the development of novel materials, with superior efficiency, designed for application
on historic artifacts [8,9]. Different types of coatings, which are often based on various
polymeric materials, have been developed to protect metal surfaces and inhibit the cor-
rosion process [4,10]. Acrylic resins are considered the most suitable; thus, commercial
products, such as the Paraloid family, have been extensively employed in the last three
decades. Despite their proven advantages like the ease of application, good adhesion and
mechanical properties, acrylic polymers show significant disadvantages, in particular, a
lack of compatibility with copper and bronze surfaces, and degradation and yellowing
after exposure to higher temperatures and sunlight [8].

Incralac is a commercial product based on ethyl methacrylate/butyl acrylate copoly-
mer, with a composition devoted to acting as an anticorrosion treatment for copper artifacts.
Basically, it is a solution of Paraloid B44, to which benzotriazole and epoxy soybean oil are
added, and is extensively employed in the protection of copper artifacts. However, in the
last decades, many drawbacks have been reported, in terms of changes in the color of metal
surfaces after application, the relatively low protection performance when aged [11], and
microorganism colonization, followed by biodegradation, which fosters the deterioration
of protective films [12]. The major concerns are related to toxicity and the health risk to per-
sonnel involved in restoration procedures when using Incralac [13]. The modern approach
in both industrial and cultural heritage coatings aims to develop more sustainable solutions,
replacing traditional recipes with eco-friendly materials from renewable sources [14,15].

Fluoropolymers are also used as protective coatings, which are often combined with
silanes in hybrid materials [16,17]. They possess important advantages, such as high pho-
tostability and resistance, in comparison with other polymers, but their applicability is
hindered by low solubility in common solvents and reduced adhesion to metal surfaces. Fil-
mogenic materials based on silane films have been proposed as coatings for a large variety
of industrial applications, and have also been proposed for use in cultural heritage protec-
tion as a treatment for stone monuments and glass or paper artifacts, as well as for metal
objects. For example, the silane derivative 3-mercapto-propyl-trimethoxy-silane (PropS-SH)
was found to have significant anticorrosion efficiency on bare and aged bronze [18].

Silica coatings based on sol–gel materials with various organo-modified silane pre-
cursors have been studied, and superior superhydrophobic and resistance properties have
been reported, with targeted applications being in industrial domains, with no esthetic
limitations [19–21].

It is to be noted that for the cultural heritage domain, in most cases, silica coatings have
been applied in the protection of stone monuments, where they exhibit high compatibility
with lithic surfaces, and their lack of transparency does not change the appearance of the
monuments [22,23].

As the interface between the material and the environment is the place where corrosion
initiates, the surface morphology, texture and surface energy are key factors in controlling
the corrosion behavior of metal samples. Coatings deposited on the metallic surface lead to
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modification in the surface energy and hydrophobicity of the surface, with a significant
effect on the corrosion resistance of the object [24].

Sol–gel-derived silica coatings, in particular, organic–inorganic hybrid ones, exhibit
numerous advantages such as high anticorrosion protection, compatibility with a large
variety of materials and tunable hydrophobic properties. However, their composition must
be carefully adjusted in order to achieve the targeted optical properties, adherence and
resistance of the deposited films onto cultural heritage objects [25,26].

There are some studies that report the synthesis and characterization of sol–gel silica
materials as protective coatings for metals (bronze and brass), but the investigations do not
contain a comparison with commercial products currently used in the restoration practice.
Films prepared from 3-glycidoxypropyltrimethoxysilane (GPTMS) and methyltrimethoxysi-
lane (MTMS) were prepared and deposited on copper and brass, and a visual inspection
of the samples after exposure to high-sulfur/humidity conditions was evaluated, proving
higher anticorrosion protection when the multilayer with fluoropolymer was deposited [27].

However, the majority of the reported coatings do not meet low toxicity, long life-
service, compatibility with artifacts, transparency, reversibility, easy synthesis and low-cost
properties, which are mandatory requirements for employment in cultural heritage [28–30].

As additives in protective coatings, some chemicals that act as corrosion inhibitors are
employed, such as triazole derivatives. The best has been proven to be benzotriazole (BTA),
which is very efficient on a score of metal artifacts, but especially on ancient coins [31].
However, the recent trend in cultural heritage research is the replacement of BTA due to its
high toxicity and carcinogenic potential [32].

Various inorganic nanoparticles (NPs), in particular, metal oxides, have been inves-
tigated as less harmful anticorrosion agents. Among the tested nanomaterials, ZnO NPs
have gained increased attention due to their facile synthesis, high UV shielding effect,
compatibility with most film-forming materials and cost efficiency [33]. ZnO particles
embedded in various coatings show good results in anticorrosion protection as applied on
a variety of metallic surfaces [33].

Hydrophobic and anticorrosive materials prepared by mixing ZnO in a hybrid acrylic–
silicone polymeric matrix have been prepared and tested on steel, with remarkable results
in terms of surface hydrophobicity and anticorrosion protective efficiency [34].

We recently reported the preparation and characterization of some multifunctional
coatings with hydrophobic and antibacterial coatings, based on Ag and ZnO NPs embedded
in a fluoropolymeric matrix as a coating material for metallic objects of copper and steel [17].
The bilayer coatings were proven to have good adhesion, high anticorrosive efficiency and
antibacterial effects against Bacillus cereus.

Based on our previous work, we here propose a novel, cost-effective and environ-
mentally friendly coating based on hybrid ZnO NPs—a silica material as an anticorrosion
protective treatment for copper cultural heritage artifacts. The transparent and resistant
filmogenic matrix is prepared using a simple sol–gel method, from GPTMS and TEOS
derivative, and its protective efficiency is compared to commercial Incralac products.

To the best of our knowledge, no hybrid silica coatings containing both ZnO NPs
and azole derivatives as anticorrosion agents have been prepared. The influence of the
presence of various concentrations of ZnO NPs in both silica and Incralac coatings is also
studied. The composition of the novel silica nanocoatings is balanced in order to achieve
simultaneous corrosion protective efficiency similar to the Incralac product in both reduced
toxicity conditions and limited esthetic changes in the treated artistic objects.

2. Materials and Methods
2.1. Materials

For the silica coating materials, tetraethoxysilane (TEOS, 99%, Fluka, Philadelphia, PA,
USA) and (3-glycidoxypropyl)trimethoxysilane (GPTMS, 97%, Alfa Aesar, Haverhill, MA,
USA) were used as silane precursors. Solvents were methanol (MeOH, 99%, ChimReactiv
SRL, Bucharest, Romania) and xylene (p.a., Adra Chim SRL, Bucharest, Romania), used
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as received, without further purification. Hydrochloric acid (HCl, 37%) was purchased
from Lachner, Neratovice, Czech Republic. Incralac lacquer (Incralac 44) and benzotriazole
(BTA) were technical products for conservation purposes, purchased from CTS Europe
(Florence, Italy).

For the synthesis of ZnO nanopowders, zinc nitrate hexahydrate (Zn(NO3)2·6H2O,
purity > 98%, Aldrich reagent) and sodium hydroxide (NaOH) (purity ≥ 98%, Aldrich
reagent) were purchased from Sigma-Aldrich (Merck Group, Darmstadt, Germany). Bidis-
tilled water was produced by using a Milli-Q®Advantage A10 system (Merck Millipore,
Darmstadt, Germany).

Copper foil (99.99%, thickness: ~5 mm) was used as the model metal to evaluate the an-
ticorrosion efficiency, purchased from Tianjin Blueprints Iron & Steel Co. Ltd., Tianjin, China.

2.2. Methods
2.2.1. ZnO Nanoparticle Synthesis

For the preparation of ZnO NPs, a facile hydrothermal synthesis method adapted from
the literature in our laboratory was used [35]. Briefly, a solution of 0.725 g Zn(NO3)2·6H2O
in 10 mL of bidistilled water was prepared and magnetically stirred at 40 ◦C. A second
solution of 1 g NaOH dissolved in 7.5 mL H2O was poured into the zinc precursor solution,
and the mixture was kept for 30 min under magnetic stirring, while the aspect turned
slightly opalescent. The reaction mixtures were transferred to a Teflon autoclave reaction
vessel (Parr Instrument Co., Moline, IL, USA) and kept at 90 ◦C for 6 h. The solid powder
was collected, separated by centrifugation and washed 5 times with distilled water to
remove unreacted precursors. The freshly prepared ZnO nanopowder was dried at room
temperature for 24 h and kept in dark for later use.

2.2.2. Nanocomposite Coatings Synthesis

The protective coatings were synthesized using a simple sol–gel method under acidic
catalysis. A mixture of silane derivatives TEOS:GPTMS in a 2:1 molar ratio was dissolved
in 10 mL of methanol. Then, aqueous hydrochloric acid 1M was added to start the silane
precursor hydrolysis. The synthesis was performed under continuous magnetic stirring
(750 rpm) at 25 ◦C for 1 h. No further thermic treatment was applied to the film-forming
materials before the deposition on coupon samples. Coating materials were prepared with
various contents of ZnO NPs (0.5%, 1%, 2% or 3% mass ratio according to silane precursor
contents) and benzotriazole (0.15% and 0.3% mass ratio according to silane contents). The
ZnO NPs and BTA were added to the reaction vials under magnetic stirring during the
maturation of the silica gels. Some samples of silica-based coatings were prepared to contain
both ZnO NPs and BTA. They were synthesized as described above for simple silica film.
As a reference anticorrosion material, Incralac commercial product was used to produce
protective films, using the recipe indicated by the producer (dilution of the commercial
lacquer 5% in xylene). Incralac 44, also known as Incralac, was selected as reference material
since it has been used in the conservation of metallic historic objects as anticorrosive
treatment for many years and is still considered by the large majority of conservation
practitioners as a valuable choice [13]. The commercially available product consists of
Paraloid B44 (methyl methacrylate and ethyl acrylate copolymers) and benzotriazole in a
mixture of organic solvents.

The ©ncralac solution containing various amounts of ZnO NPs was prepared by
adding appropriate amounts of nanopowder and dispersing under magnetic stirring. After
preparation, the nanocomposites were deposited on copper coupons by brushing, as this
is the deposition method employed in conservation practice. The copper coupons were
obtained by cutting the original copper foil, cleaned with commercial detergents and
acetone and, finally, rinsed with alcohol. Before cleaning with solvents, the copper pieces
were polished with commercial sandpaper in order to remove copper oxide and other
residues from the metal surface. For AFM measurements, the films were prepared on
microscope glass slides by sequentially dropping volumes of filmogenic materials. The
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glass slides were previously washed with commercial detergents and rinsed with distilled
water. The films were dried at room temperature for 24 h and then used for further
characterization.

In Table 1 the composition of the coating materials is summarized.

Table 1. Composition of hybrid coatings.

Sample Molar Ratio
GPTMS-TEOS ZnO (%) Incral 44

Conc. (%)
BTA

Conc. (%)

M1 – – 5 Com. % 1

M2 1:2 – – –
P1 – 0.27 5 Com. %
P2 – 0.5 5 Com. %
P3 – 1 5 Com. %
P4 – 2 5 Com. %
P5 – 3 5 Com. %
P6 1:2 0.5 – –
P7 1:2 1 – –
P8 1:2 2 – –
P9 1:2 – – 0.15
P10 1:2 – – 0.3
P11 1:2 1 – 0.15
P12 1:2 0.5 – 0.3
P13 1:2 1 – 0.3
P14 1:2 2 – 0.3

1 Com. %—concentration of BTA in the commercial product.

2.2.3. Characterization

Size and size distribution of the synthesized ZnO nanopowders were measured using
dynamic light scattering (DLS) methods on a Zetasizer NanoZS instrument (Malvern
Instruments Ltd., Malvern, UK). The selected samples were dispersed in bidistilled water
at a concentration of 0.2 mg/mL and then subjected to ultrasonication for 10 min in an
ultrasonic bath (Branson Ultrasonic Cleaner, Branson, Danbury, CT, USA).

X-ray diffraction (XRD) was performed using a Rigaku SmartLab instrument (Rigaku,
Tokyo, Japan). The patterns were collected at room temperature using monochrome
radiation Cu kα (λ = 1.5406 Å, 40 kV, 200 mA) and a scanning rate of 2 degrees per minute.

Reflectance spectra of the silica- and Incralac-based coatings were measured on a
JASCO V-570 spectrophotometer (Jasco, Easton, MD, USA), in a range of 800 to 350 nm
using Spectralon as standard. Colorimetric parameters (CIELab) were calculated using the
software of the instrument.

Gloss analyses were performed using PCE-CM80 portable equipment (PCE Deutsch-
land GmbH, Meschede, Deutschland), having a resolution of 1 GU, repeatability of 0.5%
and accuracy of 1% (for measurements between 100 and 1000 GU), and a resolution of
0.1 GU, repeatability <0.45 GU, accuracy <1 GU (for measurements between 0 and 99.9 GU).
For each sample, five measurements were performed, and the results are presented as
means ± SEM. Statistical analysis of the results was conducted using freely available soft-
ware [36]. Values are means ± SEM, n = 5 per treatment group. Means in a row without
a common superscript letter differ (p < 0.05) as analyzed using one-way ANOVA and
Tukey’s test.

A contact angle Instrument, OCA 15 (DataPhysics, Filderstadt, Germany), was used
for the evaluation of hydrophobicity of the surfaces, with water as a reference liquid. The
static contact angles of water on deposited films were obtained using a sessile drop method
at room temperature. The reported contact-angle values were obtained by analyzing the
captured images, fitted with suitable equations provided by the instrument software. The
reported contact angle main values were computed as the average of four–five measure-
ments (liquid droplets placed in various regions of the film surface). Statistical analysis was
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performed by using one-way analysis of variance (ANOVA) and t-test. A p-value < 0.05
was considered statistically significant.

Fourier-transform infrared (FT-IR) spectra were registered with a Bruker Vertex
70 instrument (Woodstock, NY, USA), equipped with a diamond crystal ATR accessory.
The work conditions were 4 cm−1 resolution with 64 scans at 4000–400 cm−1. Spectra were
taken in triplicate, and highest-intensity spectra were kept for analysis.

The morphology of the prepared films was investigated using environmental scan-
ning electron microscopy (ESEM). An FEI-Quanta 200 microscope (FEI, Eindhoven, the
Netherlands) was employed, working under the following conditions: low vacuum, spot
value of 2.5, variable magnification between 200 and 12,000×.

For the investigation of the composition of ZnO aggregates in films, X-ray energy
dispersion spectrometry was performed. The samples were analyzed using an instrument
consisting of a field-emission scanning electron microscope, Hitachi TM4000plus II (Hitachi,
Hokkaido, Japan), coupled to a spectrometer by energy-dispersive X-ray (EDX). A BSE
detector was used at an accelerating voltage of 15 kV with a magnitude of 200. The
preparation of the samples for this study involved taking 40 µL of each suspension sample
and depositing them on the carbon strip, drying them at room temperature for 24 h and
then capturing SEM images and EDX spectra.

Atomic force microscopy (AFM) measurements were performed in non-contact mode
with XE-100 (Park Systems, Suwon, Korea) in order to minimize the tip–sample interaction.
All AFM images were recorded at scales of (8 × 8) µm2 and (2 × 2) µm2, with sharp
tips, PPP-NCLR (NanosensorsTM), with the following characteristics: less than 10 nm
radius of curvature (typically 8 nm), 225 µm mean length, 38 µm mean width, ~48 N/m
force constant and 190 kHz resonance frequency. AFM images were recorded at a scale of
(2 × 2) µm2 together with representative line scans (surface profiles). The topographical 2D
AFM images were processed with the XEI program (v1.8.0, Park Systems) for tilt correction
and roughness parameter evaluation.

The adhesion of deposited films was evaluated using tape test method, ASTM D3359,
method B (cross-cut) [37]. Briefly, a specific pattern was scribed onto the coatings deposited
on the copper substrates with a sharp blade. Then, scotch tape was applied on the surface,
a moderate pressure was applied by hand in order to ensure full contact and, finally, was
rapidly pulled off.

Electrochemical corrosion measurements were performed using a potentiostat–galvanostat
system Autolab PGStat 12 controlled by General Purpose Electrochemical System (GPES)
with Windows interface (version 4.9.007). Linear sweep voltammetry—Tafel plots were
made in saline medium (3.5% NaCl solution) at room temperature. Three electrodes in
one-compartment cell (10 mL) were used in all experiments: reference electrode was Ag/AgCl,
counter electrode was platinum with large area and working electrodes were coated and bare
copper plates. The scan rate was 10 mv/s, in a potential range of −0.8 to 0.4 V.

3. Results
3.1. Preparation and Characterization of ZnO NPs Used for the Hybrid Coating

ZnO NPs were prepared by using a facile hydrothermal synthesis previously reported [17],
and the size distribution, morphology and crystallinity (Figure 1) were characterized.

The time and temperature of the maturation step in the ZnO NPs’ synthesis play a
crucial role in the size and crystallinity of the obtained nanopowder. At low temperatures
(up to 60 ◦C), a mixture of Zn compounds with rather low crystallinity can usually be
obtained, while high temperatures (in a range of 120–180 ◦C) lead to ZnO powders with
superior quality, but they are energy-consuming [35]. Thus, an easy and cost-efficient
method was used, with a medium time reaction performed at 90 ◦C in a Teflon autoclave
vessel. Under the above-mentioned conditions, the solid product showed sharp signals in
the XRD diffractogram, suggesting good crystallinity (Figure 1a). The XRD diffractogram
contains peaks at 31.7◦, 34.3◦, 36.2◦, 47.5◦, 56.6◦, 62.8◦, 67.9◦ and 69.0◦ that correspond to
the (100), (002), (101), (102), (110), (103), (112), and (201) crystal planes. The obtained XRD
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patterns confirm the wurtzite hexagonal phase of ZnO NPs (JCPDS card number: 36-1451)
and are similar to other reported data [35,38]. Moreover, Figure 1a shows no additional
signals corresponding to impurities, confirming the high purity of our ZnO nanopowder.
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Figure 1. Physico-chemical characteristics of prepared ZnO NPs: (a) XRD diffractogram; (b) DLS
diagram; (c) SEM image (the yellow arrows indicate ZnO nanoparticles).

The size of the crystallites was calculated according to Sherrer’s equation using the line
at 36.2◦ (the most intense), corresponding to the (101) plane. The average size of crystallites
was found to be approximately 36 nm.

The DLS data prove that the produced ZnO NPs were monodisperse, with an average
particle size of around 127.6 nm and a polydispersity index of 0.218 (Figure 1b). As
compared to the size of the ZnO nanocrystallites obtained from XRD, it is presumable
that the particles were polycrystalline. Figure 1c shows a representative SEM image of
the particle morphology. It unveils quasi-spherical ZnO NPs, as expected, because no
growth-regulating agent was used in the synthesis.

The as-prepared ZnO nanopowder was further dispersed in the film-forming materials
without additional treatment.

3.2. Preparation of Organo-Modified Silica-Based Coating Materials

Various nanocomposite materials were prepared based on TEOS and organo-modified
silane derivative GPTMS-TEOS, with ZnO NPs embedded and further deposited on copper
samples (optical images in Figure 2 and Figure S1). In order to check the possible synergistic
effects, various amounts of benzotriazole were added to the composition of the silane-based
coating material.
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Figure 2. Representative optical images of Cu coupons coated with ZnO-silica nanomaterials and
Incralac reference materials: (a) bare Cu; (b) Incralac (M1); (c) Incralac + 1% ZnO (P3); (d) Incralac + 3%
ZnO (P5); (e) GPTMS-TEOS (M2); (f) GPTMS-TEOS + 2% ZnO (P8); (g) GPTMS-TEOS + 0.15% BTA (P9);
(h) GPTMS-TEOS + 0.15% BTA + 1% ZnO (P11).

The images in Figure 2 show that the application of ZnO-silica nanomaterials did not
significantly modify the color of the copper coupons.

Visual observations lead to the conclusion that the Incralac lacquer, as the reference
coating material used in the conservation of cultural heritage objects, produced a thin,
transparent, shiny film on the copper surface, as reported in the literature [13]. The addition
of ZnO in concentrations up to 2% did not obviously change the appearance of the surface
of the copper piece; instead, at concentrations of 3% ZnO, the appearance became slightly
opaque due to the high content of NPs and their possible aggregation.

Figure 2 also contains pictures of Cu samples treated with the GlyTES-TEOS silane-
based coatings. They show homogeneous films, with a slightly shiny look and without
a change in the color of the metal. The addition of 2% ZnO NPs resulted in a less trans-
parent film, while the presence of BTA up 0.15% had no effect on the visual aspect of the
copper coupons. The simultaneous presence of BTA and ZnO NPs up to 1% produced a
homogeneous transparent film.

3.3. Optical Characterization of Nanocomposite Films

Diffuse reflectance spectra were recorded and analyzed in order to evaluate the effect
of the application of the ZnO-silica-based coatings, compared to Incralac-based ones, on
the visual and esthetic aspects of the metallic coupons (Figures S1 and S2). The deposition
of the Incralac lacquer resulted in a film with negligible effect on the absorption spectra
recorded on the copper surface when compared to the bare metallic surface. The ZnO NPs
added in concentrations up to 2% did not significantly change the spectra of the coatings,
while a high content of ZnO material increased absorption in the region of 400–450 nm.

Minimal changes in the absorbance were also observed, as in the case of ZnO addition
to the Incralac coatings at low nanoparticle concentrations compared to the pristine silica
coating, but it is to be noted that this coating induced more changes in the visible spectra
than the Incralac reference material. As expected, the presence of BTA did not produce
any modification in the visible spectra of the silica coatings. Even for the silica-based
nanomaterial samples that contained both BTA and ZnO NPs, smaller changes in the
absorbance spectra could be observed compared to the material without additions.

The colorimetric parameters in the CIElab color space were determined from the dif-
fuse reflectance spectra recorded in the domain of 380–800 nm. The chromatic coordinates
L*, a* and b* are defined as the brightness (ranging from 0 for black to 100 for white),
the red–green component (considered + for red and − for green) and the yellow–blue
component (+ for yellow and − for blue). The color modification is quantified using the
equation:

∆E∗ =

√
∆L∗2 + ∆a∗2 + ∆b∗2 (1)
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The variation in the ∆E* values determined for coatings deposited on copper coupons
is shown in Figure 3, and the chromatic coordinates L*, a* and b* are listed in Table S1.
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Figure 3. Variation in the total color difference (∆E*) after deposition of coatings with various
compositions: (a) Incralac-based coatings with various ZnO concentrations; (b) silica-based coatings
with BTA and ZnO in various concentrations (compositions of coatings corresponds to Table 1).

A total color difference (∆E) of less than 1 means the variation can be perceived only
by experienced observers; between 2 and 3.5, an inexperienced observer can notice the
difference; while between 3.5 and 5, a clear difference in color can be noted. For use in
restoration practice, materials that produce a color difference, ∆E, of less than 3 or 5 are
considered suitable [39,40]. However, in the recent literature, there are studies that question
these limits by highlighting the influence of many factors such as the instrumentation
quality, metamerism, illumination and the variance in the deposition method.

As shown in Figure 3, Incralac could be considered to produce minimal visual impact,
with a color difference ∆E* of 2.22 ± 0.06, while the pristine silica coating is out of the
acceptable range, with a statistically significant higher value ∆E* of 8.13 ± 0.22. The
high values of color differences are mainly due to the defects of the silica films during
the brushing procedure. The Incralac films with ZnO NP concentrations of less than 3%
had all ∆E* < 5, while at high ZnO contents, a significant increase in the color difference
occurred (Figure 3a). Regarding the silica-based coatings, the influence of ZnO NP presence
showed similar behavior; little variations were induced compared to the pristine material
at low concentrations of ZnO NPs. The presence of BTA together with ZnO NPs showed a
beneficial effect: two of the coating samples with 0.15% and 0.30% BTA and 1% ZnO were
close to the acceptance limit (Figure 3b).

The shiny aspect produced by the conservation products on ancient cultural objects,
usually with the preserved original patina, is, in particular, a very sensitive issue in the
decision of the material to be used in restoration procedures. Thus, the obtained coatings
were investigated in terms of brightness using a glossmeter. The results are presented in
Table 2, accompanied by the significance of the recorded differences obtained from one-way
ANOVA and Tukey’s tests.

Table 2. The gloss properties of the coatings.

Sample Gloss
(g.u.—Gloss Units) Sample Gloss

(g.u.—Gloss Units)

M1 110 ± 4.96 a P7 69.6 ± 6.02 d,f

M2 159 ± 1.66 b P8 50.7 ± 5.55 f,g

P1 85.9 ± 6.03 c,d P9 103 ± 2.71 a,c

P2 77.4 ± 4.67 d P10 76.6 ± 4.02 e,h

P3 71.4 ± 0.653 d P11 41 ± 5.02 e,g

P4 21.7 ± 0.664 e P12 48.3 ± 2.83 g

P5 21.3 ± 0.707 e P13 32.9 ± 2.91 e,g

P6 85.2 ± 5.66 c,d P14 42.8 ± 2.01 g,h



Coatings 2023, 13, 1193 10 of 23

For the Incralac lacquer (sample M1), it recorded high gloss values, as has often been
reported in the literature [41].

However, in the restoration practice, the shiny aspect of the Incralac coatings is
considered undesirable, in particular, for old works of art with original patina, and matting
agents, such as waxes, are applied as the topcoats of anticorrosive treatments. The addition
of ZnO NPs in the Incralac lacquer led to a decrease in glossiness, with a drastic reduction
for contents in a range of 2%–3%. The pristine silica-based coating also produced a shiny
surface of the deposited film, which was significantly reduced when ZnO NPs were added
in concentrations of up to 2%. The presence of BTA together with ZnO NPs in the silica
coatings led to the highest decrease in gloss values. As expected, the presence of ZnO
NPs exhibits the main effect in the matting effect. Low concentrations of ZnO NPs (up to
1%) produced the same decrease in gloss for both the Incralac- and silica-based films. The
decrease in gloss produced by the presence of high ZnO contents (2%–3%) in Incralac did
not significantly differ from the effect produced by the high contents of ZnO together with
BTA in the silica coatings.

3.4. FTIR Analysis

The composition of the hybrid coatings and the possible interactions between their
components were investigated using FTIR spectroscopy. The FTIR spectra for some repre-
sentative coatings containing ZnO NPs, BTA or both anticorrosion agents are presented in
Figure 4.
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Figure 4. FTIR spectra for: (a) Incralac-based and (b) silica (GPTMS-TEOS)-based coatings, with
various added BTA and ZnO NP concentrations.

Figure 4a reveals the signals of Paraloid 44, the main component of Incralac coat-
ing. They appear at 2985 cm−1 (C–H antisymmetric stretch, 2951 cm−1 (C–H symmetric
stretch), 1724 cm−1 (C=O), 1447 cm−1 (CH3–CH2–O side chain), 1383 cm−1 (CH3 side
chain), 1236 cm−1, 1143 cm−1 (C–O–C), 1035 cm−1 (C–C–O), 989 cm−1 (H–C–H, -CH3),
847 cm−1 (C–C–CH3). The O–H band can be identified at 3442 cm−1. A very small concen-
tration of benzotriazole can be detected by the presence of the specific band characteristic
for the aromatic structure of BTA (aromatic ring C–H deformation vibration at 695 cm−1).
The spectra collected show similar peaks with the reported ones in the literature [42,43].

The Incralac-ZnO sample exhibits the typical Zn-O vibration at about 558 cm−1. Also,
small shifts in the band position and band intensity can also be observed, as compared to
the Incralac coating without ZnO, which is due to the physical interactions between the
ZnO surface and polymeric chains in the Incralac composition. This behavior is reported in
the literature for ZnO NPs embedded in various polyacrylic polymeric matrices [44].

The silane-based nanocoatings show GPTMS and TEOS peaks, which are similar to
the results reported in the literature [45].

The characteristic peaks are located at 3352 cm−1 (–OH band), 2931 cm−1 and 2873 cm−1

(C–H vibration), and the 1412 cm−1 C–H vibration of –CH2 and –CH3 groups. The signals at
1023 cm−1 correspond to the Si–O–Si bonds, 907 cm−1 (Si–OH) and small peaks at 786 and
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692 cm−1 to Si–O–Si stretching vibrations. In the samples with complex composition, the
ZnO peaks are present at about 570 cm−1, while the BTA peak in the region of 690 cm−1 is
absent due to the very small content of the azole derivative. Small shifts in the band position
and intensity for the signals of the silane backbone can be observed for various compositions,
suggesting a physical interaction between the ZnO NPs and the silica matrix components. No
additional signals revealing the formation of new chemical bonds were recorded in samples
with ZnO NPs or ZnO NPs and BTA, suggesting both anticorrosive agents do not chemically
react with the filmogenic materials and could freely provide their anticorrosive action on the
metallic surface.

3.5. Morphology of Nanocomposite Films

The morphology of the silica coatings with various additive components was evaluated
from SEM images. For comparison, the Incralac lacquer with and without ZnO NPs was
also investigated. In Figure 5, SEM micrographs are shown for the Incralac coatings, with
various ZnO NPs concentrations.
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Figure 5. SEM images of Incralac coatings with various ZnO contents: (a) reference Incralac coating
(M1 sample); (b) Incralac with 0.5% ZnO NPs (P2); (c) Incralac with 1% ZnO NPs (P3); (d) Incralac with
2% ZnO NPs (P4); (e) Incralac with 3% ZnO NPs (P5) (the yellow arrows indicate ZnO nanoparticles).

As previously reported [13], the commercial Incralac product formed uniform, smooth
coatings. The addition of ZnO NPs to the Incralac lacquer prior to deposition resulted in the
formation of rather large aggregates due to the low dispersibility of the ZnO nanopowder
in the nonpolar solvent of the coating material (Figure 5b–d). The increase in the ZnO
concentration, up to 3%, further increased the size of the particle aggregates, and the coating
aspect became less homogeneous (Figure 5e).

Figure 6 shows representative images for the GPTMS-TEOS silica coatings, containing
various amounts of ZnO NPs and BTA.

The addition of ZnO NPs into the silica material after the polymerization of silane
derivatives produced a very homogeneous coating, with no morphologically significant
differences to the pristine GlyTMES-TEOS silica film (Figure 6a,b). This is possible due
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to the better dispersion of the hydrophilic ZnO NPs into the alcoholic solvent of the silica
matrix. When the anticorrosion reagent BTA was introduced into the formulation of silica
coating, no significant changes in the micrographs of the deposited films could be observed
(Figure 6c,d). The simultaneous presence of the ZnO NPs and BTA led to the aggregation
of the ZnO NPs (Figure 6e) but to a significantly lower extent compared to a similar
composition in the Incralac lacquer (Figure 5c).
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Figure 6. SEM images of silica coatings with various ZnO NP and BTA contents: (a) reference
GPTMS-TEOS silica coating (M2 sample); (b) silica coating with 1% ZnO NPs (P7); (c) silica coating
with 0.15% BTA (P9); (d) silica coating with 0.3% BTA (P10); (e) silica coating with 1% ZnO NPs and
0.15% BTA (P11) (the yellow arrows indicate ZnO nanoparticles).

The elemental composition of the aggregates observed in the Incralac-based and
silica-based films (Figures 5c–e and 6d,e) was investigated by using energy-dispersive
spectrometry. The EDX plots and corresponding SEM images are presented in the Supple-
mentary Materials (Figure S3).

The EDX plot for the ZnO aggregate in the Incralac film (Figure S3b) shows the peaks
for Zn and O, with an additional signal for C due to the carbon strip used as the sample
stab. In the case of smaller ZnO aggregates in the silica-based film (Figure S3c), the major
signals are for Zn and O, confirming the composition of the aggregate, while the other
signals (Si, for example) appear due to the presence of the silica material, in which ZnO
was embedded.

AFM was the next step in the morphological characterization of the nanocomposite
films. The tests were carried out to observe whether the presence of ZnO and BTA changes
the topography of the base films deposited on microscope slides. The AFM images are
presented in an “enhanced color”™ view in order to highlight the morphological features.
Representative line scans were selected to show the z-scale (surface profiles) on a nanomet-
ric range (z-scale). Enhanced-contrast bi-dimensional (2D) AFM images of Incralac and
GPTMS—TEOS are shown in Figures 7 and 8.
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Figure 7. Topographic images of Incralac coatings with various ZnO NP contents: (a) reference
Incralac coating (M1 sample); (b) Incralac coating with 0.5% ZnO (P2); (c) Incralac coating with 1%
ZnO (P3).

The coating deposited from pristine silica shows a very smooth surface, confirming
the homogeneous morphology observable in the SEM images. On the contrary, for the
reference Incralac coating, some large entities appear, which are probably due to the drying
defects of the polymeric material on the hydrophilic surface of the glass (Figure 7a). The
Incralac films containing ZnO NPs exhibit a large amount of aggregates, with various sizes
and irregular shapes (Figure 7b). Those aggregates become larger as the concentration of
ZnO increases (Figure 7c), a result that agrees with the inhomogeneous aspect in the SEM
micrographs.
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Figure 8. Topographic images of silane GPTMS-TEOS coatings with various BTA and ZnO NP
contents: (a) pristine silica coating (M2 sample); (b) silica coating with 1% ZnO (P7); (c) silica coating
with 0.15% BTA (P9); (d) silica coating with 1% ZnO NPs and 0.15% BTA (P11 sample).

The separate addition of BTA and ZnO NPs did not change the topographical appear-
ance of the coating produced from silica-based materials (Figure 8b,c). When both adding
agents are present, even in small amounts, a tendency of aggregation occurs and ZnO
larger aggregates are visible.

The root-mean-squared roughness (Rq) represents the standard deviation of the height
value in the image; the average roughness (Ra) is the average deviation from the mean
height, the area between the roughness profile and its mean value per unit length; while
the peak-to-valley parameter (Rpv) of the image or line is the height difference between
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the lowest and the highest points in the analyzed area. Figure 9 illustrates the roughness
variation for both the Incaralac and silane-based films.
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Figure 9. The roughness variation with the composition of the Incralac (a) and silica-based coatings (b).

Coatings obtained from the pristine silica GPTMS-TEOS material (M2) and the ones
with ZnO NPs 1% and with BTA (P7 and P9) are characterized by low corrugation pa-
rameters (RMS (Rq) and average (Ra) roughness) of less than 1 nm (Figure 9a,b). This is
also reflected in the z-scale profiles (line scans collected along horizontal scan direction),
as plotted in Figure 8 (the corresponding AFM images), of only 1–3 nm, as well as from
the values of the peak-to-valley (Rpv) parameters of less than 6 nm. The simultaneous
presence of ZnO NPs at 1% concentration and BTA leads to higher values in the roughness
and peak-to-valley parameters (for example, sample P11, characterized by a succession of
hills and valleys).

For coatings produced from pristine and modified Incralac lacquers, unexpectedly
high values of the roughness and peak-to-valley parameters are due to the appearance
of the agglomeration of materials in the form of protruding hemispherical particles of
50–200 nm (sample P2) or hundreds of nm, in the case of sample P3. The pristine Incralac
coating also exhibits rare, large agglomerates. This leads to RMS values in the range of
4–7 nm and peak-to-valley parameters in the range of 22–47 nm.

The values of the determined roughness confirm the conclusions of the SEM micro-
graphs and topographic AFM images. However, even in the samples in which inhomo-
geneities appear on the nanometric scale, the roughness is still at a low level and, in most
cases, does not significantly influence the macroscopic visual aspects. The influence of
ZnO aggregation is more obvious in the non-polar solvent of the Incralac product, and is
expected to lead to higher modifications in the resistance and adhesion of the films. The
variation in the roughness of the modified coatings will be further discussed in correlation
with the corrosion data, as this parameter is known to significantly influence the pitting
susceptibility and corrosion rate of metals and alloys, such as copper, magnesium alloys
and stainless steel [46].

3.6. Wettability and Adhesion of the Coating Materials

The wettability properties of the coatings were evaluated by using the determination
of water contact angles on the coated surfaces. The results are presented in Figure 10.

As shown in Figure 10, both reference films made from Incralac and GPTMS-TEOS
silica are hydrophilic in nature, with average CA values of the coatings of 73.4 ± 1.32◦ in
the case of Incralac and a significantly higher value (p < 0.05), close to 90◦ (90.35 ± 4.97◦),
for the pristine GPTMS-TEOS silica film. The hydrophilicity of the commercial Incralac
coating is consistent with its composition. The addition of the hydrophilic ZnO NPs in
high concentrations, up to 3%, does not influence the contact angle values (Figure 9a).
Unexpectedly, for samples containing low amounts of ZnO NPs (0.5%), the contents of
added particles, together with the presence of larger aggregates on the surface, lead to a
statistically significant increase in the contact angle value compared to the Incralac coating
without the ZnO nanopowder.
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Figure 10. Contact angle values of Incralac coatings (a) and silica-based coatings (b) with various
compositions; * means p < 0.05.

The organo-modified silica coating shows a contact angle in the range of the reported
values from other coatings, depending on the molar values of the silane precursors [47]. For
silica-based coatings with low contents of ZnO NPs, up to 1%, no variation in the wettability
is evidenced, while an addition of 2% ZnO NPs produces a significant decrease (p < 0.005),
and a determined value of 58.33 ± 2.18◦. The addition of the anticorrosion reagent, BTA, at
low concentrations, does not change the contact angle value of the GPTMS-TEOS film. At
higher concentrations of BTA, the hydrophilic nature of the anticorrosion supplement leads
to a moderate decrease in hydrophobicity.

Similar behavior can be observed for silica films when high concentrations of BTA are
simultaneously present with rather high concentrations of ZnO NPs, for which the recorded
contact angles exhibit average values of 67.6 ± 5.53◦ and 57.38 ± 3.33◦, respectively. The
GPTMS-TEOS coatings with low contents of BTA together with a high amount of ZnO
NPs or high BTA contents together with low concentrations of 0.5% ZnO NPs exhibit
contact angles similar to those of the pristine silica film (average values of 83.6 ± 0.4◦ and
78.13 ± 14.88◦, respectively).

The prepared ZnO-silica nanocomposites show contact angles that suggest low hy-
drophobicity, with a tendency to become more hydrophilic when adding high concentra-
tions of solid nanopowder and/or BTA. A superior hydrophobic property of the coating
material would represent an advantage in increasing the anticorrosive effect by reducing the
contact between the water and the covered metallic surface. Some strategies usually focus
on increasing the hydrophobicity of silica filmogenic materials; unfortunately, these have
not been reported to be successful in the development of coatings suitable for the cultural
heritage field [48]. It is to be noted that these reported coatings show significant roughness
and inhomogeneous aspects, as revealed by SEM images, while no study was performed to
evidence the esthetic changes produced by the application on the metal surfaces. Thus, it is
unlikely that such superhydrophobic coatings are suitable for restoration purposes. Other
hydrophobic coatings for the protection of bronze and copper metallic objects have recently
been reported, using the fluoropolymer resin, Lumiflon, crosslinked with poly(isocyanate).
According to the chemical composition of the resin, the contact angles range from 78.6 to
112◦, which is low compared to the expected values for fluoropolymers [49]. Even if the
presence of fluorinated derivatives usually leads to an increase in the hydrophobicity of
the coating, the toxicity and high price of these materials make them undesirable in the
current practice of restoring cultural heritage objects, especially large ones.

Thus, it can be considered that the solution we propose in this study leads to obtaining
coating materials with a significantly higher hydrophobicity than the commercial Incralac
product, and which, although it does not have superhydrophobic properties, has multiple
advantages in terms of minimal changes in the appearance of objects and ensures the
increased reversibility of the treatment.
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All the obtained silica coatings were characterized in terms of adhesion on the metal
mock-ups using a tape test. For each copper plate sample, specific patterns with vertical
and horizontal incisions were made; then, the scotch tape was applied, pressed and plucked.
Representative optical images of some coatings subjected to the ASTM D3359 [50] adhesive
strength test are presented in Figure 11.
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Figure 11. The optical images of coatings subjected to the test tape adhesion test: (a) Incralac-based
coatings with various concentrations of ZnO NPs (codification samples as in Table 1); (b) silica-based
coatings with various concentrations of BTA and ZnO NPs (codification samples as in Table 1).

The adhesion property was ranked on a scale according to Standard AAA, from 5B
(no detachment, which is considered good adhesion) up to 1B (poor adhesion); the sample
exhibited more than 65% detachment. The obtained results are presented in Table 3.

Table 3. Silica and Incralac-based coating adhesion.

Sample Adhesion Sample Adhesion

M1 4B P7 4B-3B
M2 4B P8 4B-3B
P1 4B-3B P9 3B
P2 4B-3B P10 3B
P3 3B P11 2B-3B
P4 3B P12 2B-3B
P5 2B-3B P13 2B
P6 4B-3B P14 2B

For both pristine coatings (M1 and M2 samples), good adhesion properties were
shown since neither exfoliation nor significant marks on the scotch tape after pulling off
could be observed. A low detachment percentage was noticed for the Incralac coatings with
ZnO concentrations up to 0.5%; consequently, the adhesion was very close to the reference
coating. As expected, the loading of hydrophilic ZnO NPs, at high concentrations, into a
rather hydrophobic coating material, such as Incralac lacquer, decreased the adhesion of
the film on the metal surface. The Incralac films with 1%–3% ZnO NPs showed exfoliation
on the edge of samples, together with a tendency to remove the upper layer of the coating,
attached to the scotch tape when this was pulled off. The same effect of decreasing the
adhesion on the copper substrate was observed when ZnO NPs were embedded in the
silica-based materials.

Previous studies reported that coatings with the same compositions as Incralac, but
without BTA, exhibited a higher degree of adhesivity on metals [51]; thus, we expected a
similar effect with silica-based coatings containing benzotriazole. On the contrary, for our
organo-modified silica coating, the presence of BTA led to a decrease in the adhesion of the
films at both tested concentrations. A further decrease was observed for coatings containing
ZnO NPs and BTA in various ratios, with the lowest adhesion being registered in the case of
high BTA contents and 1% ZnO NP concentrations. However, it is to be noticed that similar
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values for the adhesion test were reported in survey studies on commercially available
Incralac-based coatings from various producers [51], with adhesion properties ranked from
5B to 2B. In conclusion, it seems that the addition of ZnO NPs, despite its targeted beneficial
effect on anticorrosive protection, leads to a decrease in the adhesion and resistance of the
coating. Thus, such ZnO-polymer nanocomposites are not particularly suitable for the
long-term conservation of metallic artifacts. On the other hand, these coatings could be
a valuable alternative for the temporary protection of archaeological objects immediately
after excavation.

3.7. The Anticorrosion Efficiency

Linear sweep voltammetry (LSV) is one of the most used techniques to evaluate
the corrosion process. It involves sweeping the potential applied at a working electrode
and measuring the current response. With LSV, one can obtain important information
concerning the susceptibility of materials to corrosion, the mechanisms of corrosion and
the rate of corrosion.

Figure 12 shows images of copper samples coated with different materials before and
after the corrosion measurements.
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Figure 12. Images of Cu coupons coated with Incralac and with silica-based materials before and after
the corrosion measurements. Right side of the copper bare was immersed in a 3.5% NaCl solution
during the electrochemical determinations.

The presence of corrosion products is clearly observable for the samples coated with
Incralac and silica materials without additional components. The effect is more pronounced
for the silica film. In the case of P6, P7 and P10 specimens coated with modified silica
materials, such as samples P6, P7 and P10, the content of corrosion products seems also to
be high.

The Tafel polarization curves of the bare and coated copper plates were obtained after
their exposure to the saline solution (NaCl 3.5%). The results are presented in Figure 13 for
the different types of coatings.
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Figure 13. Tafel polarization curves determined for copper coupons coated with Incralac and silica-
based materials with various compositions: (a) Incralac with various ZnO concentration; (b) silica-
based with various ZnO concentration; (c) silica-based with various ZnO and BTA concentration
(samples codes in Table 1).

The corrosion parameters including the polarization resistance (Rp), corrosion po-
tential (Ecorr), corrosion current density (Icorr) and corrosion rate are given in Table S2
(Supplementary materials).

The variation in the corrosion rate was computed, and the results are presented in
Figure 14 as a function of coating composition.
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Figure 14. Variation in the corrosion rate for Incralac coatings with various contents of ZnO NPs (a);
for silica GPTMS-TEOS films with various concentrations of ZnO NPs (b); and for silica GPTMS-TEOS
films with the composition complex of ZnO NPs and BTA (c).

Compared to the bare Cu coupons, which had a rate of corrosion of approximately
0.25 mm/year, the Incralac coating reduced the value to 0.055 mm/year, while the unmodi-
fied silica coating was less effective, with a corrosion rate of 0.125 mm/year.

The addition of ZnO nanopowders to Incralac materials led to an expected decrease in the
corrosion rate, with the lowest values for medium concentrations of ZnO NPs (0.027 mm/year
for 0.5% and 0.026 mm/year for 1%). When the ZnO NP contents were 2%–3%, the corrosion
rate increased up to values comparable to those of the pristine Incralac material.

For silica-based materials, the addition of ZnO NPs, up to 1%, did not influence the
anticorrosion effect, while a reduction in the corrosion rate was observed only for 2% ZnO,
where a value of 0.057 mm/year was measured, which is similar to the one recorded for
the reference Incralac coating.

Beyond the intrinsic anticorrosion effect of the ZnO nanopowder in the composition
of the coatings, the influence of the morphology and roughness must be taken into account.
The microstructure of the coatings influences anticorrosion efficiency in many ways, chang-
ing the mechanical resistance and adherence of the film, increasing the surface exposed to
corrosive factors, generating spots for localized corrosion and modifying the hydrophobic
properties of the surface [52,53].
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It is expected that physical interactions between ZnO NPs and the Incralac or silica
matrix decrease the coherence of the deposited film, and this effect is more intense when
ZnO concentration is higher and large aggregates are formed. This explains the higher
corrosion rate recorded for Incralac lacquer containing a high concentration of ZnO NPs
(3%) compared to coatings with 1% content when the values of roughness and the peak-to-
valley index confirm the formation of large ZnO aggregates, which is also observable in
the SEM images. The effect of the variation in ZnO NP contents in silica-based coatings is
less obvious, as the modification in the roughness produced is smaller, due to the lower
aggregation tendency of ZnO particles in the alcoholic solvent.

Since both coating matrices, Incralac and GPTMS-TEOS silica, are hydrophilic in na-
ture, the increase in the surface roughness did not increase the contact angle value, as in
the case of hydrophobic surfaces. The micro/nano-structure of the coatings containing
various amounts of ZnO NPs tends to decrease the contact angle value, together with the
increase in hydrophilicity produced by the presence of the ZnO component. Moreover, one
can consider that in samples with higher contents of ZnO NPs, which show an increased
tendency for aggregation and, consequently, surfaces with higher roughness, the anticor-
rosive protection is expected to be lower than in the case of more homogeneous, smooth
coatings, with a uniform dispersion of unaggregated ZnO NPs.

As expected, the addition of BTA in the composition of the GPTMS-TEOS filmogenic
materials led to an increase in the protective efficiency of the coating. However, in a range of
3 mg and 6 mg BTA contents, the values of corrosion rates are very similar (0.089 mm/year
and 0.83 mm/year, respectively).

A further decrease in corrosion was recorded for copper coupons coated with silica-
based materials, with both ZnO NPs and BTA in the composition. The best performances
for anticorrosion effect were obtained for samples with high contents of BTA and moderate
concentrations of ZnO NPs (below 2%), with values of corrosion rate comparable to the
Incralac lacquer. A lower effect was observed when increasing the ZnO content up to 2%,
probably due to the aggregation tendency that occurs in this case.

4. Conclusions

Hybrid silica materials, based on GPTMS and TEOS precursors, with loaded ZnO NPs
were successfully prepared using a simple sol–gel method under mild conditions. The
filmogenic materials were designed to fit the specific requirements of cultural heritage as
protective coatings for the conservation of historic objects or monuments made of copper.
The silica matrix and additional components have a low impact on the environment and
low health risks for restoration practitioners. In addition, they have similar anticorrosion
efficiencies to the reference material, Incralac, currently used in restoration works.

The physico-chemical and morphological characterization of the GPTMS—TEOS silica
coatings, with various contents of ZnO NPs and BTA, were performed, and the results were
compared to the reference coating from commercial Incralac. The addition of ZnO NPs, in
both silica-based and Incralac-based coatings, led to minimal to moderate changes in the
visual aspect and optical properties of the film-treated copper coupons, depending on the
concentrations of nanopowder. At high concentrations of ZnO, an aggregation tendency
was noticed, as proven by the SEM and AFM images. However, highly homogeneous
coatings, even at the nanometric scale, were obtained for GPTMS—TEOS silica coatings
with ZnO concentrations up to 1% and low BTA contents, which were similar to the pristine
silica films. Electrochemical measurements were performed to evaluate the anticorrosive
protection of the deposited films on copper solid substrates, emphasizing the effect of ZnO
NP and BTA presence in both Incralac-based and silica-based materials.

Among the samples described in this work, the two GPTMS—TEOS silica coatings
containing both ZnO NPs and BTA are suitable substitutes for the reference Incralac product
used in the conservation of copper artifacts. The reasons for recommending them for such
purposes are (i) better anticorrosion efficiency and adhesion to copper surfaces; (ii) films
with high homogeneity, visual aspect and optical properties; (iii) the lack of harmful
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organic solvents; and (iv) reversibility and ease of fabrication. The adhesion to the metal
surface of the prepared silica coatings was in the range of the behavior reported for various
commercial Incralac coatings. Thus, the GPTMS—TEOS silica coatings containing rather
low amounts of ZnO NPs and BTA seem to be a possible replacement for Incralac products
in the protection of copper archaeological artifacts, at least for temporary conservation, in
the period between excavation and final restoration and exposure in a museum.

Although the anticorrosion protection performance of the proposed protective mate-
rial was not significantly improved compared to the currently used Incralac lacquer, the
advantages of the new nanohybrid coating are obvious in terms of the elimination of toxic
solvents and the use of low concentrations of anticorrosion components while keeping
within acceptable limits the impact on the appearance esthetic of the artistic object subjected
to treatment.

Further studies are required to evidence the preservation of the efficiency and optical
properties of the proposed coatings after long-term applications on outdoor monuments.

Since the best results were recorded for silica-based materials with both ZnO NPs
and BTA, further systematic studies need to be conducted to allow for evidence of the
interaction between the two anticorrosive components and the quantification of possible
synergistic effects.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/coatings13071193/s1, Figure S1: Optical images of Incralac-based and
silica-based coatings; Figure S2: Diffuse reflectance spectra of Incralac-based and silica-based coatings
with various compositions; Figure S3: SEM images and EDX analysis for (a) ZnO nanopowder; (b) ZnO-
containing Incralac coating (sample P5); and (c) ZnO- and BTA-containing silica coating (sample P14);
Table S1: The chromatic coordinates ∆E*, L*, a* and b* determined for Incralac-based and silica-based
coatings with various compositions; Table S2: LSV and corrosion parameters (from Tafel) for bare and
coated copper in 3.5% NaCl.
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The Effect of Different Coupling Agents on Nano-ZnO Materials Obtained via the Sol–Gel Process. Nanomaterials 2017, 7, 439.
[CrossRef] [PubMed]

46. Ghosh, G.; Sidpara, A.; Bandyopadhyay, P.P. Understanding the Role of Surface Roughness on the Tribological Performance and
Corrosion Resistance of WC-Co Coating. Surf. Coat. Technol. 2019, 378, 125080. [CrossRef]

47. Foroozan E, A.; Naderi, R. Effect of Coating Composition on the Anticorrosion Performance of a Silane Sol–Gel Layer on Mild
Steel. RSC Adv. 2015, 5, 106485–106491. [CrossRef]

48. Uc-Fernández, E.; González-Sánchez, J.; Ávila-Ortega, A.; Pérez-Padilla, Y.; Cervantes-Uc, J.M.; Reyes-Trujeque, J.; Talavera-
Pech, W.A. Anticorrosive Properties of a Superhydrophobic Coating Based on an ORMOSIL Enhanced with MCM-41-HDTMS
Nanoparticles for Metals Protection. J. Coat. Technol. Res. 2023, 20, 347–357. [CrossRef]
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