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ARTICLE INFO ABSTRACT

Keywords: The attractive physicochemical properties of chitosan make its derived materials promising candidates for the
Sustainable coating reliable and sustainable corrosion protection of metallic substrates. In this work, chitosan-based coatings em-
Chitosan

bedding different corrosion inhibitors, i.e. benzotriazole (BTA) and mercaptobenzothiazole (MBT), were in-
vestigated for the protection of copper-based alloys, with the aim to extend their application to the preservation
of works of art exposed to indoor atmosphere. The composition of the formulations was optimized paying
particular attention to their potential application in the field of cultural heritage. To assess the efficacy of the
coatings, tailored accelerated corrosion tests were carried out on bare and coated bronze substrates. Coated and
uncoated alloy disks were characterized before and after corrosion treatments by optical microscopy, scanning
electron microscopy, energy-dispersive X-ray spectroscopy and Fourier transform infrared spectroscopy.
Moreover, an image analysis protocol was defined to evaluate the extent of surface modifications after de-
gradation treatments. The obtained results revealed that the chitosan-based coatings containing BTA and MBT
fulfil the aesthetic criteria required in the field of cultural heritage and are able to inhibit the corrosion of bronze
alloys. It is worth noting that a synergic effect between the chemical protection provided by the inhibitors and
the physical one provided by the polymer matrix was observed. Our findings demonstrate that the developed
systems are suitable for a reliable and more sustainable protection of indoor bronze artefacts, thus representing a
promising alternative to commercial products and particularly taking advantage from the use of non-harmful
solvents for their application and removal.

Active protection
Corrosion inhibitors
Bronze

1. Introduction

The development of high-performance materials that satisfy re-
quirements related to environmental sustainability and cost-effective-
ness represents a serious challenge for the scientific community.
Specifically, in the field of art conservation the research of effective and
non-toxic corrosion protective treatments has recently registered a
significant increase, due to new strict health and safety regulations
related to the use of chemical products, as well as to the need of re-
ducing the use of petroleum-derived materials [1].

A valid strategy for the protection of metal substrates is the use of
“active” coatings consisting of a passive polymer matrix loaded with
chemically active compounds, such as corrosion inhibitors.

Differently from the direct application of corrosion inhibitors on the
metal surface, which is one of the currently used procedure [2], their
incorporation into the polymer matrix may provide a twofold
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advantage: (i) it allows to use low amount of inhibitors; and (ii) it
permits to immobilize them in the coating, thus possibly reducing their
leaching in the environment and obtaining long-lasting protective films.
Note that the most commonly used corrosion inhibitors for copper and
copper-based alloys, such as benzotriazole (BTA) and its derivatives
[3], are toxic (as pure inhibitor) and this aspect represents a critical
issue for what concerns their handling and leaching in the environment
[4,5].

In this scenario, the use of eco-friendly polymeric materials ob-
tained from renewable sources, which act both as barrier layer and
reservoir for corrosion inhibitors, is an attractive approach for the de-
velopment of reliable, sustainable and active protective coatings
[6-11]. The choice of natural polymers that are soluble in water-based
solutions may avoid the use of harmful solvents (as toluene, acetone,
white spirit and xylene) that are necessary for the application and re-
moval of commonly used commercial protective coatings, consisting of
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BTA dispersed in acrylic resins (Paraloid B72™, 70 methylmethlacry-
late/30 ethyl acrylate copolymer) or microcrystalline waxes [2].
Therefore the development of innovative water-soluble products is
mandatory, especially for conservation interventions on unmovable
works of art.

It is also worth noting that “ideal” protective coatings for cultural
heritage applications, besides preventing substrate degradation by
using safe procedures, have to fulfil demanding aesthetic requirements.
In particular, they have to be transparent and colourless, avoiding any
modification in the appearance of the works of art, and they have also
to be easily applicable and removable.

In the field of polymer-based coatings, chitosan turned out to be a
very interesting material and a good alternative to conventional coating
systems due to its intrinsic properties, including biocompatibility, an-
timicrobial activity, biodegradability, superior adhesion to metallic
surfaces and the ability to reversibly form complexes with potential
corrosion inhibitors [12,13]. Moreover, chitosan is soluble in aqueous
media and can be obtained from renewable sources. It derives from the
partial deacetylation of chitin, which is the main constituent of the
exoskeleton of crustaceans and insects and it is one of the most abun-
dant biopolymer in nature. The structure of chitosan, consisting of -
(1-4)-2-acetamido-p-glucose and p-(1-4)-2-amino-p-glucose units, also
gives to the polymer excellent film forming ability, which makes it
suitable for applications in various fields [14-17]. The interest in
chitosan as a coating for metallic substrates has increased in recent
years, especially for magnesium [18-20] and steel alloys [21] used for
biomedical applications. The development of chitosan coatings doped
with Ce®* metal cations or containing 2-mercaptobenzothiazole (MBT)
as corrosion inhibitors have been previously reported in literature also
for the protection of aluminium alloys [22,23]. Moreover, chitosan-
based low-pH-sensitive hydrogels loaded with BTA were prepared by Li
et al. [3]. They investigated BTA loading capacity and releasing ability
of the hydrogels and their performance in the corrosion protection of
copper. Little has been reported about chitosan as green inhibitor for
copper corrosion in acidic medium [24] and studies reporting the use of
chitosan for copper-based alloys in the field of cultural heritage are
scarce.

In the present work, active coatings based on chitosan with two
different corrosion inhibitors, BTA and MBT, as sustainable and water-
soluble corrosion protective systems for the conservation of indoor
bronze artefacts were investigated. A copper-based alloy, with chemical
composition and metallurgical features similar to those commonly used
in bronze objects of art, was used as the metallic substrate. The BTA was
selected since it is the most commonly used corrosion inhibitor,
whereas MBT is considered a promising low toxic alternative
[23,25-28]. The effect of the type of acid used for chitosan dissolution,
i.e. acetic acid (AcOH) and D-(+)-Gluconic 8-lactone (GDL), on the
quality of the films deposited onto the bronze substrates and on the
interaction of the polymer with the metal alloy was studied. The in-
fluence of glycerol addition, as plasticizer, on the morphological and
protective properties of the coatings was also evaluated. Optical mi-
croscopy and scanning electron microscopy (SEM) were employed to
evaluate the coating morphology and micro-structure. Fourier trans-
form infrared spectroscopy (FTIR) and energy-dispersive X-ray spec-
troscopy (EDS) were used to investigate the coating/substrate interac-
tion and to get information about the surface chemical composition. To
assess the protective efficacy, tailored accelerated corrosion tests were
optimized starting from a procedure previously reported in literature
[29]. They consist of a mild heating of the bare and coated bronze
substrates in the presence of acidic water vapours, which represent a
more realistic environment with respect to the commonly used im-
mersion in acidic solutions. The coated disks and the bare alloy used as
reference were characterized by optical microscopy, SEM, EDS and
FTIR before and after the accelerated corrosion treatments. An image
analysis protocol was also defined to evaluate the extent of surface
modifications after degradation tests. To the best of our knowledge, the
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active protection of bronze alloys by using chitosan-based coatings for
the preservation of indoor works of art and their assessment with tai-
lored procedures have not been reported so far.

2. Materials and methods
2.1. Materials

Chitosan (medium molecular weight, viscosity 200-800 cP, 75-85%
deacetylated), D-(+)-gluconic 8-lactone (purity =99.9%), 2-mercap-
tobenzothiazole (purity 98%) and glycerol (analytical grade) were
purchased from Sigma Aldrich. Benzotriazole (purity 99%) was pur-
chased from Bresciani. Glacial acetic acid (purity 99.9%) was purchased
from Carlo Erba, ethanol (EtOH, purity =99.8%) and water Cromasolv
plus for HPLC were purchased from Sigma Aldrich. Before using, chit-
osan was washed in boiling water for 1 h, filtered, thoroughly washed
with distilled water to remove impurities, and dried under vacuum for
12h. A bronze alloy, with commonly used chemical composition
[30,31] was purposely produced (labelled CNR 128, nominal compo-
sition of 92.8% Cu, 6.8% Sn, 0.2% Pb) and was used as the metallic
substrate. The alloy disks have been polished by using SiC papers at
1200 grit and diamond pastes up to 1/4 um in order to obtain a flat and
smooth surface with a mirror-like finish. After polishing, the Cu-based
alloys have been cleaned with ethanol.

2.2. Preparation of chitosan-based solutions and coatings

Chitosan solutions were prepared by dissolving 0.5 wt/vol% of
purified chitosan in aqueous 0.1 M AcOH solution or in 0.05M GDL
solution. The concentrations of the two acids was selected in order to
obtain a solution with a pH ~ 3.5. The initial dispersions were stirred
for 24 h at 30 °C to achieve total dissolution of chitosan. The pH of the
solutions was then adjusted to 6 by the addition of 1M NaOH. The
corrosion inhibitor, BTA or MBT (0.1 wt.% with respect to chitosan
solution), was added to aqueous chitosan solutions with either AcOH or
GDL. Glycerol (4 wt.% with respect to chitosan solution) was also used
in some formulations. All the solutions were diluted with EtOH to ob-
tain a mixture with a final water/ethanol (H,O/EtOH) composition of
50/50 v%/v%. Therefore, the final inhibitor concentration in the
water/ethanol formulation was 0.05 wt/vol%.

All the coatings were prepared by drop-casting 60 uL of the H,O/
EtOH chitosan-based solutions or 30 uL of only inhibitor solution
(0.1 wt/vol% in ethanol) onto bronze disks with a diameter of 2.5 cm
and by subsequent drying at room temperature. Removability tests
were carried by using tissue paper soaked in water or ethanol.

2.3. Determination of the bronze disk wettability

Contact angle measurements were performed to determine the op-
timal composition of the liquid phase of the coating formulations and to
quantitatively evaluate their wettability on the bronze substrates. The
static contact angle (6) was estimated with an automatic video-based
measurement of contact angle performed at room temperature and
humidity by using a Dataphysics OCA-20 Contact Angle System. Five
microliters of liquid were placed on the bronze substrate and the
Young/Laplace method has been used to calculate the static contact
angle. Fifteen independent measurements were carried out for each
type of liquid investigated to take into account the variability due to the
surface roughness of the bronze disks. In addition, every five mea-
surements the substrate was subjected to the polishing procedure. In
such a way, the reproducibility of the polishing step was also verified.

2.4. Measurements of film thickness

The thickness of the deposited coatings was estimated by using a
nanoindentation equipment (Nanotest Platform 2, Micromaterials) in
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scanning mode. First, a portion of the coating was gently removed from
the bronze disk using water, in order not to alter the characteristics of
the substrate surface. Then, the depth reached by the nanoindenter tip
was monitored along a path of about 5mm over the area with and
without the coating. The difference of the reached depth between such
two areas was taken as representative of the coating thickness. Note
that preliminary tests were performed to choose the applied probing
load (0.1 mN) in order not to deform the coating while measuring.

2.5. Transparency measurements

The transparency of chitosan coatings was measured by depositing
the different formulations on glass slides (same thickness of coatings on
bronze disks) and then measuring the percentage of transmitted light in
the visible range of wavelengths from about 390-700 nm, by using an
UV-vis spectrophotometer. An uncovered glass slide was used as re-
ference for 100% of transmittance.

2.6. Micro-chemical, morphological and structural analysis by SEM-EDS,
OM and FTIR

All bare and coated bronze disks were characterized before and after
corrosion tests. Micro-chemical and -morphological characterisations
were performed by means of a scanning electron microscope (SEM)
Cambridge 360 equipped with a LaB6 filament and a high brilliance
LEO 1530 field emission scanning electron microscope (FE-SEM) ap-
paratus equipped with an energy dispersive X-ray spectrometer (EDS)
INCA 250 and INCA 450, respectively, and a four sector back-scattered
electron (BSE) and secondary electron (SEI) detectors. Optical micro-
scopy (OM) investigations were performed by using a Leica MZFLIII
microscope equipped with a digital camera (Leica DFC 320).

Bronze disks coated with chitosan-based films and Pb disks coated
with chitosan, AcOH and GDL as control samples were characterized by
Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR)
spectroscopy. The spectra were collected using a Nicolet iS50 spectro-
meter (Thermo Fisher) equipped with an ATR accessory. The mea-
surements were recorded using a diamond crystal cell ATR using typi-
cally 32 scans at a resolution of 4 cm ', The samples were all measured
under the same mechanical force pushing the samples in contact with
the diamond crystal. No ATR correction has been applied to the data.

2.7. Accelerated corrosion test

Accelerated corrosion tests were carried out by heating bare and
coated bronze disks into a closed glass vessel at 50 °C for 1 h in presence
of acid vapours. Note that bronze disks were put into the closed vessel
in the presence of an aqueous HCl solution 1 M, but not in direct contact
with it [29,30].

Image analysis was exploited to observe modifications occurring at
the metal surface after accelerated corrosion tests at different time in-
tervals (up to 3h). Optical images were collected to investigate the
alloy surface without removing the coatings, thus observing only
modification induced by degradation treatments. The image analysis
was carried out on the bare alloy disks and on the disks covered with
chitosan-based coating containing BTA or MBT as corrosion inhibitors
to estimate the average corroded surface area. The description of the
image processing procedure is reported in the Supporting Information
(Fig. S1).

3. Results and discussion
3.1. Optimization of chitosan coatings
Chitosan is insoluble in most organic solvents, but readily soluble in

dilute aqueous acids at pH below 6 [32] because of the protonation of
its free primary amino groups [33]. They are regarded as a strong base
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Fig. 1. Contact angle values on the polished bronze substrate of (a) water/
ethanol mixtures at different ethanol content.

with a pKa value of 6.3 [34], thus under this pH value they are pro-
tonated and positively charged which lead chitosan as a cationic water-
soluble polyelectrolyte. Among various inorganic and organic acids that
can dissolve chitosan in aqueous solution [35-37], the acidifying agents
selected for our study are AcOH, the most commonly used, and GDL, for
a gradual pH decrease. The strong inorganic HCl, as well as other
chloride based acids, were avoided since is it well known that chloride
ions promote corrosion processes in copper based alloys [30,38-40].
After polymer dissolution, the pH of the solution was increased up to 6
in order to avoid the corrosion of bronze surface, catalysed by acidic
species. Anyway, the final pH value should not exceed 6 to prevent the
deprotonation of chitosan’s amines, which causes the polymer to loss its
charge, precipitating. According with a set of safety, health and en-
vironmental criteria recommended in literature [41], the water/ethanol
mixture was selected as final liquid medium of the coating formulations
and preliminary wettability analyses were performed to optimize the
composition of the solvent mixture. Specifically, the contact angle on
the bronze disks of water and water/ethanol mixtures at different
composition was investigated.

From the data in Fig. 1, it clearly emerges that the addition of
ethanol substantially influences the wetting behaviour of the liquid
drops on the bronze substrate. Specifically, the contact angle value
decreases almost linearly by increasing the ethanol content (Fig. 1). For
the chitosan solutions prepared with different acids, no differences
were observed in the wetting behaviour (Fig. S2). Such a result suggests
that the contact angle of the coating formulations on the bronze disks is
essentially governed by the solvent mixture.

From a practical perspective, the water/ethanolcomposition that
ensures both the lowest contact angle and the complete dissolution of
the polymer has to be preferred. In the light of this consideration, the
water/ethanol mixture at the composition of 50/50 v%/v% was se-
lected as liquid medium for the chitosan formulations. Note that mix-
tures containing higher contents of ethanol were not considered in the
analysis because they are responsible for a decrease of chitosan solu-
bility.

Optical images of the alloy disks coated with chitosan films are
shown in Fig. 2 and the bare CNR128 alloy disk is reported as reference.
The chitosan film from GDL solution appears colourless, more trans-
parent and uniform than that prepared from AcOH solution, and it sa-
tisfies the aesthetic requirements for application in cultural heritage.
Differently from the commonly used AcOH, the GDL acidifying agent
acts dissolving chitosan by a gradual decrease of the pH value. In fact,
when the GDL is brought into contact with water, its hydrolysis to
gluconic acid slowly occurs, thus resulting in a gradual shift of the
solution pH in the acidic region [42,43]. The decrease of pH is re-
sponsible for the protonation of chitosan amino groups and hence for its
gradual charging and dissolution. The possibility of getting a slow
dissolution of chitosan through the use of GDL could contribute to the
formation of a more homogeneous and stable dispersion of the
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-

Fig. 2. Photographs and SEM images of (a) bare CNR128 alloy disk, and disks coated with chitosan film prepared from (b) AcOH and (c) GDL solutions.

biopolymer, which likely gives rise to high quality films [42].

The role of the acidifying agent on the coating/substrate interaction
was thoroughly investigated. In particular, SEM analyses of CNR 128
alloy coated with chitosan film from AcOH reveal the presence of many
platelets on the disk surface and within the polymeric coating (Fig. 2),
thus pointing out the possible different interaction between the acid-
ifying agents and the alloy substrate. As shown in Fig. 3, the EDS
spectra reveal a significantly high Pb percentage in the platelets.

In order to get more information about their formation, chitosan
films from AcOH were deposited onto Cu-based alloys without Pb. SEM
analysis revealed the absence of platelets (data not shown), thus further
confirming that their formation is strictly related to the interaction of
the film with Pb. It is worth noting that SEM analyses of CNR 128 alloy
coated with chitosan from GDL solutions (Fig. 2) do not reveal the
presence of platelets and this could be responsible forthe observed
better quality and transparency of these films.

The role of the acidifying agent in the film interaction with Pb was
also investigated by depositing three different aqueous solutions con-
taining (i) only AcOH, (ii) only GDL and (iii) chitosan dissolved using
HCI (that is without either AcOH or GDL) onto Pb disks. HCl and GDL
solution does not affect the Pb appearance, on the contrary the de-
position of AcOH solution leads to the formation of a white patina (Fig.
S3), thus suggesting the formation of Pb acetate species. The Pb disks
coated with AcOH, GDL and chitosan prepared from HCl were also
investigated by FT-IR analysis (Fig. 4) and absorption bands around
1400, 850 and 700cm™?, attributed to the asymmetric stretching

vibration and to in-plane and out-plane bending vibration of carbox-
ylate groups [44], were detected only in the spectrum a of Pb disk
coated with AcOH solution. These data support the hypothesis that
platelets mainly consist of Pb-acetate species. In the other two spectra,
only typical peaks of GDL and chitosan can be observed according to
data reported in literature [23].

Based on these preliminary investigations, GDL was selected as
acidifying agents for the dissolution of chitosan, and the mixture water/
ethanol 50/50 as final liquid medium for the coating formulations. The
concentration of the polymer and the volume of the solution deposited
on the alloy disks was optimized to prepare thin film with a thickness of
about 200-250 nm.

3.2. Effect of the addition of different corrosion inhibitors and glycerol to
chitosan film

With the aim of developing chitosan-based coating for the active
corrosion protection of bronze substrates, different corrosion inhibitors,
namely BTA and MBT, were incorporated into the polymer matrix.
Their concentration was optimized to ensure the good appearance and
anticorrosion properties of the coatings and to minimize the amount of
inhibitor. It was observed that the addition of BTA leads to transparent,
uniform and cracks-free films. (Fig. 5a). The addition of MBT does not
affect the transparency of chitosan films but SEM analyses put in evi-
dence the presence of micrometric needle-shaped crystals, as shown in
Fig. 5b. EDS analysis on these crystals, with a high percentage of
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Fig. 3. SEM image and EDS analyses of chitosan films prepared from AcOH solutions deposited on alloy CNR128 substrate. The EDS spectra refer to the areas marked

as “a” and “b” in the SEM micrograph.
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Fig. 4. FTIR spectra of Pb disks coated with an aqueous solution of diluted a)
AcOH, b) GDL and c) chitosan film prepared by HCIL.

sulphur, support the hypothesis that they mainly consist of corrosion
inhibitor (Fig. S4). It is important to consider that even in the presence
of MBT crystals, the coating maintains a percentage of transparency
higher than 98% in all the visible range (Fig. 5c¢). The needle-like
crystals formation may be due to the poor solubility of MBT in water. It
is not possible to get further information on the MBT/chitosan inter-
action by FTIR spectroscopy because of the low amount of MBT trapped
within the chitosan matrix. However, some degree of chemical inter-
action cannot be entirely discarded. Considering the presence of pro-
tonated amine and hydroxyl groups on chitosan, as well as nitrogen and
thiol functionalities on MBT, hydrogen bonding, ion-dipole and dipo-
le—dipole interactions may occur.

According to the literature [19], some properties of chitosan-based
films are usually improved by the addition of plasticizing agents, which
increases film pliability and flexibility by interfering with the hydrogen
bonding between chitosan macromolecules. Based on these considera-
tions, chitosan formulation from GDL containing glycerol and both

EHT=200KV WD=2mm MAG=X100 R=4QBSD
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glycerol and BTA were also investigated with the aim to combine the
positive effect of the plasticizer on film quality and the anticorrosion
properties of the inhibitor on bronze. The addition of glycerol to the
chitosan/BTA formulation from GDL preserves the good quality of the
film, thus leading to the formation of a transparent and uniform film.

3.3. Anticorrosion properties of chitosan-based films

To evaluate the efficacy of the coatings, accelerated corrosion tests
were carried out on bare and coated bronze disks in the presence of
acidic water vapours, reproducing in a quite realistic way the actual
ageing environment. The coated disks and the bare alloy used as re-
ference were characterized by optical microscopy, SEM, EDS and ATR-
FTIR before and after the accelerated corrosion treatments. Different
chitosan formulations were used: pure chitosan, chitosan/glycerol,
chitosan/BTA, chitosan/MBT chitosan/glycerol/BTA all prepared from
GDL. In Fig. 6 the images of bare CNR128 disk and of CNR128 disks
coated with different chitosan-GDL formulations before and after the
corrosion tests are shown.

The occurrence of corrosion processes was clearly observed in the
bare disk, used as reference. In the case of bronze disks coated with
pure chitosan and chitosan/glycerol the corrosion treatments affect the
coating transparency and removability and also lead to the modifica-
tion of the alloy substrate appearance after film removal. In fact, SEM
analysis (Fig. S5) puts on evidence the presence of coating residues after
removal. Indeed, it cannot be discarded some extent of polymer de-
gradation under the test conditions, and it might explain the change in
appearance of alloy substrates and the incomplete removal of the pro-
tective coating. To address this issue, pure chitosan coating was in-
vestigated also by FT-IR spectroscopy before and after the accelerated
corrosion test (Fig. 7). The small peak at 880 cm Y, corresponding to
wagging (the CH bending out of the plane of the ring) of the saccharide
structure of chitosan [45,46], disappears after the thermal treatment
with HCl vapours, thus supporting the hypothesis of polymer de-
gradation probably due to the hydrolysis of the pyranose ring catalysed
by the acidic environment.

Nevertheless, it was observed that the pure chitosan film have
protective effect to some extent, since the formation of corrosion pro-
ducts was not detected on the alloy substrates after film removal
compared with the bare disk used as reference (see SEM images in
Supporting Information, Fig. S5).

Noticeably, in the case of inhibitors-containing coatings the films
remain completely transparent (Fig. 6), they can be easily removed
from the substrate disks after the treatment and, more importantly, the
alloy substrates remain unaltered. These evidences demonstrate that
the presence of inhibitors prevents modifications both of the coating
and of the alloy substrates. As shown in Figs. 8 and 9, chitosan/in-
hibitor films from GDL maintain their homogeneity after the corrosion
test. SEM images, at low magnification, clearly show the occurrence of
degradation processes in the bare alloy (Fig. 8a) and the absence of
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Fig. 5. SEM images of chitosan films prepared from GDL solutions with the addition of a) BTA and b) MBT corrosion inhibitor deposited on alloy CNR128 substrates.
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Fig. 7. FTIR spectra of bronze alloy coated with chitosan film prepared by GDL
before a), and after b) thermal treatment (1 h, 50 °C) with acid vapours.

damages onto the coated alloy surfaces (Fig. 8b and c).
The SEM images of chitosan-inhibitor coatings, in Fig. 9, were re-
corded near the area where the films were removed after the corrosion

EHT=20.0KV WD=8mm MAG=X90 SignalA=AsB

treatments, thus showing that the alloy morphology does not undergo
significant modifications. EDS analysis on the alloy surfaces after film
removal also confirm the absence of corrosion products and species
containing chloride after exposition to acid vapours (Fig. S6). These
findings reveal that even low amounts of BTA and MBT (0.05 wt.% with
respect to chitosan solution) embedded in chitosan films are able to
inhibit the formation of corrosion products on bronze alloys and to
stabilize the polymer matrix, thus avoiding the loss of film transparency
and giving to the coating a complete removability.

The efficiency of chitosan-BTA coatings from GDL in the presence of
glycerol was also evaluated. In spite of the presence of the inhibitor, a
loss of film transparency was observed (Fig. 6) when glycerol is added
to the formulation. The use of a hydrophilic plasticizer, such as gly-
cerol, even if it has a positive effect on the film quality, does not im-
prove the coating appearance after the corrosion tests, probably be-
cause it increases the ability of the film to retain water, thus decreasing
its stability. It is known [47] that the addition of glycerol results in a
higher hydrophilicity of the chitosan films, which is attributable to the
hygroscopicity of glycerol [48]. Moreover, plasticizers improve the
flexibility and extensibility of the film by decreasing the intermolecular
interaction of polymer chains and increasing their mobility. This is
useful to prevent the cracking of the film, but also increases the per-
meability to gases and vapours [49,50].

On the basis of these findings, chitosan/inhibitor coatings without
glycerol result the most interesting and promising for the corrosion
protection of bronze works of art and will be further investigated.

Since chitosan-based coatings are proposed for the conservation of
indoor artefacts, conventional electrochemical measurements with im-
mersion in water solutions cannot be used to quantify their protective
efficacy since they would cause coating dissolution. Then, the protec-
tive efficacy of the coatings was investigated by means of accelerated
corrosion treatments in the presence of aggressive species, able to
promote degradation processes and rapidly provide information. In
order to quantify the ability of coatings to prevent degradation pro-
cesses, an image analysis protocol has been exploited.

The protective efficacy of chitosan/inhibitor coatings prepared from

EHT=20.0KV WD=8mm MAG=X100 SignalA=AsB

B— B

200 um
i

Fig. 8. SEM images of a) alloy CNR128 bare substrate and substrates coated with b) chitosan/BTA and c) chitosan/MBT films from GDL solutions after thermal

treatment (1 h, 50 °C) with acid vapours.
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Fig. 9. SEM images of alloy CNR128 substrates
coated with a) chitosan/BTA and b) chitosan/
MBT films from GDL solutions after thermal
treatment (1 h, 50 °C) with acid vapours. In the
images the boundary between the film and the
alloy bare after film removal can be appre-
ciated. c), d) Magnifications of the image re-
ported in part a).

8.0

mm

100 — ; ;

corroded area [%]

time [min]

chitosan/MBT :

MAG =X 1.0

chitosan/BTA

After 60 min of accelerated treatment

Fig. 10. Percentage of corroded surface calculated by image analysis as a function of the duration of accelerated corrosion treatments: uncoated bronze disk (black
circles), disks covered with chitosan/BTA (red squares) and chitosan/MBT coatings (blue diamonds). Representative optical images of the alloy surface after
accelerated corrosion treatments for 60 min are reported on the right. From top to bottom: uncoated bronze disk, disks covered with chitosan/BTA and chitosan/MBT
coatings. Scale bars correspond to 10 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

GDL solutions was further investigated by prolonging the accelerated
corrosion treatments and observing the occurrence of surface mod-
ifications at different time intervals by optical microscopy. The results
of the image analysis, performed to estimate the percentage of corroded
surface, are reported in Fig. 10 for the chitosan/BTA and chitosan/MBT
coatings. The uncoated alloy disk was used as reference system.

The obtained results confirm that chitosan/inhibitor coatings no-
ticeably protect the bronze surface from corrosion and their efficacy is
much more pronounced in the presence of BTA. In particular, after 1 h
of accelerated corrosion treatment the surface bare alloy is almost to-
tally corroded (corroded surface = 80%), whereas less than 20% and
5% of surface is corroded in the presence of chitosan/MBT and chit-
osan/BTA coatings, respectively. When prolonging the accelerated
corrosion treatments, significant differences in the protective efficacy of
the two coatings emerge. Indeed, chitosan/BTA coating is able to
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protect the metal surface even after 3h, whereas for the disk coated
with chitosan/MBT more than 50% of surface is corroded after 2 h. The
main reason of such difference can be ascribed to the different pro-
tective efficacy of corrosion inhibitors. The results in Fig. 10 suggest
that chitosan/inhibitor coatings, in particular chitosan/BTA formula-
tion, are promising systems for a reliable protection of copper-based
alloys and the image analysis can be successfully applied for the
quantification of the performances of protective systems.

More insights into the protective properties of chitosan/inhibitor
coatings were achieved by comparison with their single components. In
order to evaluate if there is a merely additive effect, inhibitor and
polymer matrix were also deposited on the metal substrate by using a
two-step deposition procedure. The photographs in Figs. 6 and 11
clearly show that chitosan/inhibitor coating is able to prevent mod-
ifications in surface appearance after corrosion treatments and has a
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Chitosan-BTA

Only MBT
: 2 layer

Only BTA

Fig. 11. Photographs of CNR128 disks coated
with only MBT, only BTA, chitosan-BTA pre-
pared by a two-step deposition and chitosan-
BTA obtained by a one-step procedure after the
accelerated corrosion treatments. In the images
of only MBT and only BTA are visible both the
film (left half) and the alloy bare after film re-
moval (right half).

Chitosan-BTA
1 layer

higher protective efficacy with respect to the same amount of pure
inhibitor or pure chitosan coating. Moreover, the coating consisting of a
first layer of pure inhibitor and a second layer of pure chitosan has a
significantly lower stability and transparency then the mixed chitosan/
inhibitor coating, thus suggesting the existence of a synergic effect
between chitosan and corrosion inhibitor on the protection of copper-
based alloy (Fig. 11).

The polymer matrix probably acts as an inhibitor reservoir and also
contributes to the formation of a barrier layer, thus improving the
protective properties. Differently from pure chitosan coatings, no
changes in the FTIR spectra of chitosan-inhibitor coatings were ob-
served around 880 cm ™! after thermal treatments with acid vapours
(Fig. S7). This result suggests that the presence of the inhibitor may
avoid polymer degradation and enhance the coating removability after
the accelerated corrosion test.

Moreover, the high affinity between inhibitors and alloy [52,53]
plays a key role in the protective action, and it has been confirmed by
FTIR measurements, since after film removal the spectrum of the alloy
substrates show signals which can be attributed to the inhibitors
(spectra reported in Fig. S8). These peaks are not detectable in the
chitosan-inhibitor coatings, suggesting that their protective efficacy can
be ascribed to the migration of inhibitor molecules towards the alloy
surface and the formation of a protective inhibitor layer at polymer-
alloy interface [51,52]. This behaviour could be relevant in thin films
and makes them promising for the conservation of works of art.

3.4. Requirements for applications on works of art

Protective coatings for works of art have to satisfy specific re-
quirements, such as transparency, removability and protective efficacy.
To easily appreciate the aesthetic properties of chitosan-based coatings,
the developed formulations were tested using an alloy substrate with a
shiny surface finish. The results of the transparency measurements,
removability tests and corrosion treatments suggest that chitosan-in-
hibitor coatings are able to preserve the aesthetic properties of the
metal substrate, can be completely removed without any residues and
prevent the alloy degradation.

Moreover, these new formulations are more sustainable and safe
than commercial products typically used for the conservation of bronze
works of art. For example, the products based on BTA dispersed in
acrylic resins are applied and removed using harmful organic solvents
and the inhibitor content is about the 0.3 wt/vol%. The chitosan coat-
ings can be applied and removed from water/ethanol solutions and the
inhibitor content is the 0.05wt/vol%, thus representing a promising
alternative to commercial products for an effective and safe conserva-
tion.

4. Conclusions

The protective efficacy of chitosan-based coatings to hinder de-
gradation processes in copper alloy substrates was investigated for
applications in cultural heritage conservation. During the optimization
of the formulations the effect of the type of acid used for chitosan

dissolution has been investigated and the results reveal its key role on
the morphology of the deposited chitosan coating and on its interaction
with the copper-based alloy. In particular, the use of GDL leads to high
quality chitosan films, since it does not induce the formation of Pb-
based platelets, which were detected in the presence of AcOH.
Moreover, the incorporation of BTA and MBT in the chitosan-based
coatings improves their quality, anticorrosion properties and remova-
bility, due to a synergic effect between the polymer matrix and the
corrosion inhibitors.

The results of the image analysis, exploited to quantify the protec-
tive efficacy, confirm that the developed chitosan coatings with both
BTA and MBT are effective in the corrosion inhibition, in particular
superior performance can be achieved with BTA. All these findings
make chitosan-based coatings very promising for their application in
the sustainable, long lasting and safe protection of bronze works of art
stored or exhibited in indoor environment.
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