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Abstract: Shellac is a natural varnish still known as one of the most elegant finishes for furniture
and musical instruments, and currently used for restoration and refinishing of wooden antiques.
However, it displays some limitations such as (i) sensitivity to alcoholic solvents (ii) softness of the
coating, and (iii) considerable weathering due to photo- and bio-degradation. Hence, the main aim
of this study was to improve the properties of shellac-based finish by introducing functionalized
nanoparticles. Two inorganic nano-sized materials were considered: ZnO that was expected to reduce
photo- and bio-degradation problems, and ZrO2 that was expected to improve the hardness of the
varnish. Nanoparticles were synthesized and treated with a bifunctional silane coupling agent. Both
plain and functionalized nanoparticles were extensively characterized using different experimental
techniques. Functionalized nanoparticles were grafted on shellac through a reaction involving the
epoxy-rings introduced on their surface. The resulting modified varnishes were applied on maple
wood specimens according to traditional procedures. Different instrumental techniques and testing
methods were used to characterize both nano-sized materials and the corresponding nanocomposites,
as well as to evaluate the performance of the new coatings. The investigated composite materials
display the same aesthetic appearance as plain shellac, while some other properties were improved.
In particular, both nanocomposites are distinctly less soluble in alcohols than plain shellac and display
antifungal properties. Moreover, coating containing functionalized ZnO nanoparticles displays photo-
protection behavior, while shellac modified with ZrO2 nanoparticles exhibits a higher hardness when
compared to the traditional varnish.

Keywords: shellac; wood protection; nanoparticles; GPTMS; zinc oxide; zirconium dioxide; SEM-EDS

1. Introduction

Surface coating is the most common method used to protect wood against deteri-
oration and improve and stabilize its distinctive appearance. Shellac (SH) is a natural
polymer and one of the thermosetting resin of animal origin secreted by the lac insects (e.g.,
Kerria lacca, Laccifer lacca) [1–3]. Shellac has been widely used as a protective material for
wooden furniture and musical instruments, due to its excellent properties such as ease of
application, high adhesion to the wood surface, and protective properties along with its
non-poisonous nature [3–5]. Moreover, it is still known as one of the most elegant finishes
for furniture and currently used for restoration, conservation of wooden artifacts, and
refinishing wooden antiques [3,6,7]. In particular, shellac is one of the most used varnishes
for string musical instruments [3,8]. Despite these advantages, the uses of shellac have
significantly declined, because of some limitations such as the softness of the coating, sensi-
tivity to photodegradation and to alcoholic solvents [3,5,9]. In recent years, introduction of
cross-linking agents [4,10] or of inorganic nanoparticles [3] have been reported as promis-
ing methods to improve the performances of shellac in different applications, including the
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resistance of shellac-based varnishes when exposed to aggressive agents (light, solvents,
scratches). Nano-sized materials, particularly nanoparticles (NPs), have been recently
tested in the Cultural Heritage conservation field, for instance as photo-protective and
anti-microbial agents [11,12]. Various nanomaterials such as metal NPs (gold, copper and
silver) and different metal oxide NPs are currently used in the preservation and restoration
treatments of different heritage objects [11].

Based on the above, and following our interest in the development of new materials
for the preservation of cultural heritage items [3,5,13,14] we decided to further investigate
the effect of nanoparticles in the shellac-based varnishes.

Although inorganic NPs simply dispersed in the resin can provide promising re-
sults [3], it should be considered that they may progressively migrate through the coating
matrix after application, inducing aggregation phenomena and performance loss over
time. This possible drawback can be faced by using nano-sized materials that have been
appropriately modified in order to avoid or reduce possible migration and/or aggrega-
tion phenomena. In fact, as reported in literature, surface grafting/functionalization of
nanoparticles with organic compounds can improve the dispersion of the NPs as well as
prevent their aggregation and migration in polymer matrixes [15,16].

The present investigation aimed to improve the properties of the traditional shellac
varnish by incorporating properly functionalized inorganic NPs into the resin. Two differ-
ent types of nanoparticle, namely ZnO and ZrO2, were chosen considering their excellent
properties. In particular, ZnO was expected to reduce photo- as well as bio-deterioration
problems of the shellac matrix, while ZrO2 was added with the aim of improving the
film hardness.

Zinc oxide, ZnO, is a semiconductive material that has attracted great interest in
different research fields due to its excellent properties together with its non-toxic and
environmentally friendly behavior. Hence, ZnO NPs have been widely applied, e.g., in
the preparation of photo-catalysts, solar cells, chemical sensors, piezoelectric transducers,
transparent electrodes, electroluminescent devices and gas sensors, electrostatic dissipative
coating, ultraviolet laser diodes [15,17–19]. Among oxide nanoparticles, nano-sized ZrO2
is an attractive material too, due to some interesting properties, such as chemical inertness,
excellent thermal stability, high refractive index and high hardness [16]. Therefore, ZrO2
has been used in a variety of industrial and engineering applications that include high
durability coating, catalytic agents, cutting tools, seals, valves and tiles for space shuttles
and missiles, turbines, and the most demanding aviation engines [20–23].

Surface functionalization of inorganic fillers by an organic agent, beside reducing
re-aggregation phenomena, is usually an effective way to enhance the compatibility be-
tween organic and inorganic phases. Furthermore, the functionalization of nanoparticles
with organic compounds represents a method for properly activating the NPs surface in
order to fit the target applications [15–17,24,25]. Silane coupling agents are commonly
used for the functionalization of different oxide NPs [16,26–29]. The bifunctional silane
3-glycidoxypropyltrimethoxysilane (GPTMS) containing a reactive organic epoxide in addi-
tion to the hydrolyzable methoxysilane group, has been extensively applied to functionalize
inorganic NPs. In fact, owing to its features, GPTMS may react with both inorganic and
organic compounds, behaving as an efficient surface modifier [16,26,30]. In this research
work, this coupling agent was indeed chosen for its dual reactivity: methoxysilane groups
of GPTMS can be exploited to functionalize the surface of the envisaged inorganic NPs
through the condensation involving –OH functions on the oxide surface, while epoxy
functionality is suitable to link NPs to the organic varnish matrix. In fact, carboxylic groups
present in shellac structure are expected to react with GPTMS by the opening of the epoxide
ring. As a result, nanoparticles can be covalently linked to shellac backbone, and, at the
same time, a partial cross-linking of the varnish can take place. The peculiar properties of
inorganic NPs (i.e., ZnO and ZrO2) combined with the possible cross-linking are expected
to positively affect the properties of native shellac.
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Therefore, the main aim of this work was to prepare new shellac-based varnishes
containing functionalized inorganic nanoparticles, which display improved performances
compared to plain shellac (e.g., resistance to alcohol, hardness, photostability, resistance
to fungal attack). To achieve this purpose we planned the following steps: (i) preparation
of ZnO and ZrO2 nanoparticles functionalized with 3-glycidoxypropyltrimethoxysilane,
(GPTMS); (ii) preparation of nanocomposites by reacting dewaxed shellac with function-
alized inorganic NPs; (iii) evaluation of modified shellac properties in comparison with
the plain varnish. Different instrumental techniques were used to characterize both nano-
sized materials and the corresponding shellac derivatives, such as dynamic light scattering
(DLS), X-ray powder diffractometry (XRPD), optical microscopy (OM), scanning electron
microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS), Fourier transform infrared
spectroscopy (FTIR), thermogravimetric analysis (TGA) and differential scanning calorime-
try (DSC). A variety of measurements and tests were also performed in order to assess the
performances of the investigated varnishes, such as contact angle and chromatic variation
measurements, hardness and solubility tests, as well as specific tests to evaluate the effects
of ultraviolet (UV) induced ageing and fungi-induced biodeterioration.

2. Materials and Methods
2.1. Materials

Zinc acetate di-hydrate, Zn(CH3COO)2·2H2O, and sodium hydroxide, NaOH, were
purchased from Carlo Erba reagents. Zirconyl chloride octa-hydrate, ZrOCl2·8H2O, 3-
glycidoxypropyltrimethoxysilane (C9H20O5Si, GPTMS, ≥98%), Tetrahydrofuran (C4H8O,
anhydrous THF, ≥99.9%) and ethanol (absolute EtOH, ≥99.8%) were supplied by Sigma-
Aldrich. Deionized water was used during the synthesis of NPs. Moreover, dibutyltin
dilaurate (C32H64O4Sn, DBTL, 95%) were supplied by Fluka (Munich, Germany) and
used as a catalyst. Dewaxed natural shellac (food quality) was purchased from Kremer
Pigmente (Aichstetten, Germany) and used without any further purification. The wood
specimens (provided by Rivolta srl company, Desio, Italy) were obtained by a single
Maple tree (wood species: Acer pseudoplatanus L.) grown in Slovenia. The density of the
wood (heartwood) was 0.58 ± 0.05 g/cm3. The specimens were conditioned for 21 days
at 22 ± 2 ◦C and 54 ± 5% RH. The final moisture content was about 7%. Specimens
used in the present work were 45, in total, and their dimensions were 5 × 5 × 0.5 cm3

(tangential/longitudinal/radial, respectively).

2.2. Synthesis and Characterization of Functionalized Nanoparticles

Plain ZnO and ZrO2 NPs were synthesized according to the literature methods, with
slight modifications [20,31].

For ZnO NPs: NaOH dissolved in EtOH (50 mL, 0.3 M) was added dropwise into a
round bottom flask containing a solution of Zn(CH3COO)2 in EtOH (50 mL, 0.2 M) with
continuous magnetic stirring. The resulting mixture was heated and a white precipitate
formed when the temperature reached 78.4 ◦C (boiling point of EtOH). After that, the solid
product was washed several times with water (until the pH was 7) to remove residual
sodium salt (CH3COONa) and then with absolute EtOH. Finally, the product obtained was
dried in an oven at 150 ◦C for several hours in order to obtain ZnO nanopowder.

For ZrO2 NPs: NaOH aqueous solution (15 mL, 1 M) was added dropwise into a
round bottom flask containing an aqueous solution of ZrOCl2·8H2O (50 ml, 0.1 M) with
continuous magnetic stirring. The temperature of the resulting mixture was set at 80 ◦C.
After obtaining a white precipitate, it was centrifuged and washed with deionized water
and then dried in an oven at 150 ◦C for several hours.

Synthesized NPs were functionalized with GPTMS by adapting a method from the
literature [32]. For this purpose, NPs (1.0 g, either ZnO or ZrO2) were suspended in
anhydrous THF (20.0 mL) by using an ultrasonic bath. The suspension was transferred into
a 100 mL round bottom flask containing GPTMS (2.0 mL) and anhydrous THF (5.0 mL).
The reaction was carried out at 40 ◦C for 24 hours under dinitrogen atmosphere. At the
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end of the reaction, the solution was centrifuged and resuspended in THF for several times
in order to remove unreacted silane. Finally, the isolated product (either ZnO or ZrO2 NPs)
was dried in an oven at 90 ◦C. The functionalized nano-sized materials were labeled as
ZnO-ES and ZrO2-ES.

2.3. Synthesis of Varnishes

In order to obtain the nanocomposite materials (NPs-GPTMS grafted shellac varnish),
the functionalized NPs (either ZnO-ES or ZrO2-ES, 2%, w/w with respect to shellac: were
mixed with the ethanolic solution of shellac (30 mL, 200 g/L) in the presence of dibutyltin
dilaurate (DBTL, 0.5% w/w with respect to shellac) as a catalyst for the reaction involving
carboxyl groups of the shellac and epoxide groups on the NPs surface. NPs percentage
value (2%) was chosen on the basis of previous experiments [3]. In fact, larger amounts
of both ZnO and ZrO2 nanoparticles, when dispersed into shellac, induced perceptible
color changes and turbidity problems. The resulting mixture was continuously stirred
for 24 h, then it was treated by Ultrasonic Homogenizer (Badeline Sonoplus HD 2070,
BANDELIN, Berlin, Germany; dispersion time: 5 min; power set at 50%). The resulting
nanocomposites (shellac combined with functionalized NPs) were labelled as ZnO-ES-SH
and ZrO2-ES-SH, respectively, and readily used for the application on wood specimens
and for the preparation of coating films.

2.4. Preparation of Coated Wood Samples and Coating Films

Both nanocomposites (ZnO-ES-SH and ZrO2-ES-SH) and native shellac (SH) were
applied to maple wood specimens as mentioned in our previous papers and in accordance
with the method used by string instrument makers, particularly concerning the procedure
of coating application by brushing [3,33,34]. In particular, wood specimens were smoothed
by abrasive paper sheets (progressively from 400 to 1000 mesh, similarly to the procedure
used by string instrument makers) and cleaned to remove dust [3,33]. The treatment was
performed by consecutively applying the varnishes for 20 times with a special brush
(Martora Kolinsky, Tintoretto, Arezzo, Italy) and the direction of brush in each application
was perpendicular to the previous one in order to obtain, as much as possible, a regular
coating surface. Most of the wood specimens were treated only on one square surface.
Specimens intended to be used to test the antifungal activity of varnishes were completely
coated. Moreover, films of the different varnishes were also prepared by casting, using
polyvinyl chloride (PVC) sheets as well as glass slides (microscope slides) as supports.
Finally, the wood specimens and the films were kept in the laboratory condition (T = 20 ◦C)
for 3 weeks in order to fully dry the coatings before performing further analyses.

2.5. Instrumental Techniques and Testing Methods

Dynamic light scattering (DLS) measurements were performed by a MALVERN ZS90
apparatus (Malvern Panalytical Private Limited, Malvern, UK). Both NPs and doped NPs
were well mixed in EtOH using an ultrasonic bath and then, 1 mL of each solution was put
into the plastic stub. The measurements (time = 60 s) were performed at 25 ◦C. Moreover,
the each analysis was repeated three times in order to get the accurate measurement.

X-ray powder diffraction (XRPD) measurements were taken using a Bruker D5005
diffractometer (Bruker Corporation, Billerica, MA, USA) with the CuKa radiation, graphite
monochromator, and scintillation detector. The measurements were performed from 5◦ to
80◦ with step scan mode: scan step 0.02 ◦, counting time 10 s per step; X-ray tube working
conditions: 40 kV and 40 mA.

Infrared spectra were collected by a PerkinElmer Spectrum 100 Fourier transform
infrared (FT-IR) spectrometer in the attenuated total reflectance (ATR) mode (PerkinElmer,
Waltham, MA, USA). Well ground powder samples were used and spectra were obtained
after pressing the sample towards the ATR diamond crystal at room temperature (20 ◦C).
Moreover, three spectra for each sample were collected to obtain an average spectrum.
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Optical microscope observations of wood specimens were performed by a light-
polarized microscope Olympus BX51TF (Olympus Corporation, Tokyo, Japan), equipped
with visible lamp (Olympus TH4-200).

Scanning electron microscopy (SEM) images (backscattered electron, BSE) and energy-
dispersive X-ray spectra (EDS) were collected by using a Tescan FE-SEM Mira 3XMU-series
(TESCAN, Brno, Czech Republic), equipped with a Schottky field emission source and
with a Bruker Quantax 200 energy-dispersive X-ray spectrometer (EDX) (Bruker, Billerica,
MA, USA), operating in both low and high vacuum and located at the Arvedi Laboratory,
CISRiC, Università di Pavia. Before SEM-EDS analysis, samples were gold-sputtered using
a Cressington sputter coater 208HR (Ted Pella, Inc., Redding, CA, USA).

Thermogravimetric (TGA) measurements were performed by a Q5000 apparatus (TA
Instruments, New Castle, DE, USA) under nitrogen flux (10 ml/ min) in a platinum pan by
heating about 10 mg of sample from room temperature up to 700 ◦C (heating rate 5 K/min).

Differential scanning calorimetry (DSC) was performed by a Q2000 apparatus (TA In-
struments, New Castle, DE, USA) by heating about 10 mg of powder in an open aluminium
crucible from −50 ◦C to 250 ◦C (heating rate 5 K/min) under nitrogen flux (50 mL/min).
Three independent measurements were taken on each sample. The temperature accuracy
of the instrument is ±0.1 ◦C, the precision is ±0.01 ◦C, and the calorimetric reproducibility
is ±0.05%.

Solubility tests were performed according to a previously reported method [5]. Fully
dry films (3 weeks after the preparation) were used. In particular, ethanol (16 mL) was
added to glass vials containing small strips of each film (0.5 g) and then, the vials were
shaken for 1 h by a linear shaker. After that, insoluble fractions were isolated, dried
and weighed.

Colour measurements were taken by using a Konica Minolta CM-2600d spectropho-
tometer (Konica Minolta, Inc., Tokyo, Japan), determining the L*, a*, and b* coordinates of
the CIELAB space, and the global chromatic variations expressed as ∆E* values, according
to the UNI EN 15886 protocol [35].

Static contact angle measurements were performed by a Lorentzen and Wettre instru-
ment (Zurich, Sweden) according to the UNI EN 15802 Protocol [36].

Concerning color and contact angle measurements, three different wood specimens
were used for each kind of treatments (SH, ZnO-ES-SH, and ZrO2-ES-SH) and five mea-
surements were taken on each specimen area, therefore, all the given results are average
values from 15 measurements.

UV ageing tests were performed by using an irradiation system (Helios Italquartz,
Milan, Italy) equipped with a couple of mercury lamps (15 W) for 500 h, as previously
reported [34,37,38]. During the irradiation, temperature and relative humidity in the
chamber were controlled at 25 ◦C and 30%, respectively. At the end of the experiment, the
specimens were analyzed by measuring chromatic variations.

Antifungal performance was evaluated on wood specimens treated with the examined
varnish (ZnO-ES-SH, ZrO2-ES-SH, and SH, taken as a reference) according to a procedure
from the literature [37,39]. Three different wood specimens were used to test each kind
of coating. Maple specimens were water saturated (by immersion), and then they were
placed in desiccators with controlled conditions (relative humidity and temperature set
at 95 ± 2% and 24 ± 1 ◦C, respectively). The desiccators were kept in the laboratory with
natural illumination in the day time and a dark break at night for 40 days. The presence
of molds on each wood specimen was investigated every day and ultimately, they were
examined by OM and SEM.

The pencil hardness test was performed both on wood specimens treated with ZrO2-
ES-SH and with plain SH as well as on the corresponding coating films, according to
ISO15184:1998 standard [40].
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3. Results and Discussion
3.1. Characterization of Nanoparticles (NPs) and Functionalized NPs

Plain and GPTMS-functionalized NPs were characterized by different techniques in
order to gain information about their chemical compositions, sizes, and shapes.

DLS analyses (Figure S1) suggested that most of ZnO and ZrO2 NPs (99%) were in the
range size 30–110 nm and 90–230 nm, respectively. After functionalization, a slight increase
of particle sizes was observed. In particular a size ranging between 70 and 160 nm was
detected for ZnO-ES, while the diameter of ZrO2-ES ranged between 100 and 320 nm.

The XRPD patterns (see Figure 1) showed the presence of zinc oxide and zirconium
dioxide as the main components of the analyzed powders (ZnO and Zr2O NPs, respec-
tively). ZnO is in the form of hexagonal wurtzite (space group P 63 m c, JCPDS No. 96-
230-0114) [15,41–43] and ZrO2 is in the tetragonal polymorph (JCPDS No. 70-1769) [44,45].
The tetragonal (t) phase could be stabilized due to its lower surface energy if compared
to the monoclinic (m) phase, which is generally the stable one at room temperature [20].
Similar diffraction patterns were observed even in the corresponding GPTMS-capped NPs,
meaning that the functionalization with silane does not interfere on the crystal structure of
the NPs [15,41].

Figure 1. X-ray powder diffraction (XRPD) patterns of nanoparticles (NPs) and 3-glycidoxypropyltrimethoxysilane
(GPTMS)-capped NPs: ZnO and ZnO-ES (left); ZrO2 and ZrO2-ES (right).

XRPD measurements also provided information about the size of both plain and
functionalized NPs. According to the Scherrer equation, the size of ZnO particles ranges
between 63 and 71 nm, while the size of ZnO-ES NPs is in the 26–56 nm range. Size values
calculated for ZrO2 NPs are in the 51–93 nm range, and they drop down to 43–60 nm after
silane grafting (Zr + ES). According to the XRPD data, the sizes of plain NPs are larger
than the functionalized NPs both for ZnO and Zr2O. This behaviour may be ascribed to
the prevention of agglomerations due to the surface functionalization of NPs.

SEM observations showed that the particles contained in ZnO powder have a roundish
shape with a size mostly ranging between 40 and 80 nm (Figure 2a) [17,31]. A similar shape
and an about 20–60 nm size range was observed in the case of ZnO-ES (Figure 2b). Some
larger particles formed by aggregates of quite spherical smaller subunits were also observed
both for plain and functionalized ZnO NPs (Figure 2a,b). Microanalyses performed by EDS
confirmed the expected elemental composition of the nano-sized materials. In particular,
EDS spectrum of plain zinc oxide NPs showed only the peaks corresponding to Zn and O
while the presence of C and Si due to the surface functionalization by GPTMS is clearly
observed in ZnO-ES, in addition to the main components (Figure 2a,b, insets).



Coatings 2021, 11, 419 7 of 18

Figure 2. Scanning electron microscopy (SEM) micrographs of investigated NPs and GPTMS-capped NPs: (a) ZnO; (b) ZnO-
ES; (c) ZrO2; (d) ZrO2-ES. Corresponding EDS spectra are in the insets; Au peaks (2.1–2.2 KeV) in the spectra are due to
gold sputtering of the samples.

According to SEM images, ZrO2 NPs mainly have a rounded appearance [20,46] with
their sizes roughly ranging between 40 and 140 nm, although several particles are actually
made by aggregates of smaller entities (Figure 2c). Moreover, some larger particles display
also hexagonal shape (see Figure S2) similar to what has been already observed for other
nano-sized zirconia-based materials [47]. ZrO2-ES NPs also display almost spherical shapes
whose dimensions approximately range between 30 and 100 nm. EDS spectra confirmed
the composition of zirconia NPs (Zr and O peaks only) and demonstrated the presence of
the grafted silane moieties on the surface of ZrO2-ES NPs, since the peaks of C and Si were
observed in addition to the main elemental components (Figure 2c,d, insets).

Taking into account the results of the XRPD and SEM experiments, it is worth noting
that the functionalization of inorganic NPs with epoxysilane does not affect to a great
extent their size and shape. In particular XRPD data indicate that GPTMS grafting on the
surface of NPs induce a small reduction of their average size, which could be explained
in terms of inhibition of the aggregation process. Anyway, agglomeration of plain as well
as functionalized NPs cannot be ruled out at all, as demonstrated by SEM observations,
which clearly show some large particles composed of several spherical aggregated subunits.
Moreover, size ranges determined by DLS experiments for all investigated NPs are wider
than the corresponding ranges obtained by the other techniques, suggesting that some
aggregation processes can take place in the investigated EtOH suspensions.

In order to investigate the chemical composition of NPs before and after grafting and
particularly to point out the presence of organic moieties on their surface, FTIR analyses
(ATR mode) were also undertaken on powder samples and on GPTMS, taken as a reference.
The spectra collected for all the examined materials are reported in Figure 3.
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Figure 3. Fourier transform infrared (FTIR) spectra (attenuated total reflectance (ATR)
mode) of NPs and GPTMS-capped NPs: ZnO (left) and ZrO2 (right); spectrum of 3-
glycidoxypropyltrimethoxysilane (ES) is also reported for comparison.

The spectrum of plain ZnO NPs does not display significant bands in the 4000–800 cm−1

range [48]. The expected broadband at 472 cm−1 due to Zn–O stretching [15,49] is out of
the usable wavenumber range and cannot be detected. The spectrum of ZnO-ES powder
exhibits several signals, the most intense being at 3000–2800 cm−1 and at about 1100 cm−1,
which can be ascribed to the stretching of C–H bonds in the side chain of the grafted silane and
to Si–O bond, respectively. Other, less intense peaks observed in the 1500–1200 cm−1 region
can be ascribed to C–H (bending modes) and to C–O bond of the grafted organic chains.
Comparison with the spectrum of unreacted GPTMS also indicates that the distinctive
peaks of the epoxide group at 1256 and 910 cm−1 (due to symmetric and asymmetric
deformation of the oxyrane ring [16]) are still present in the spectrum of ZnO-ES.

ZrO2 powder displays a very broad band in the 3600–3300 cm−1 range and other broad
bands between 1600 and 1400 cm−1, which can be ascribed to the surface O–H groups
(stretching and bending, respectively) and to the presence of adsorbed moisture. The
spectrum of functionalized ZrO2 nanoparticles displays two peaks at 2950–2840 cm−1 (C–
H stretching) and of a broad band around 1100 cm−1, in the region where the signal of the
Si–O bond is expected, suggesting that silane moiety is anchored on the NPs surface [16,50].
Differently from ZnO case, the two peaks typical of oxyrane derivatives (expected at about
1260 and 910 cm−1) cannot be clearly detected in the ZrO2 spectrum, probably because
they are obscured by the other broader bands in the same wavenumber range. The peak
at about 820 cm−1 that has been ascribed to Si–O–CH3 in the spectrum of GPTMS [48,51]
almost completely disappears in the spectra of ZnO-ES and ZrO2-ES, suggesting that the
reaction of methoxysilane groups with –OH functions of NPs has taken place.

Results of FTIR investigations are substantially in agreement with data obtained by
SEM-EDS and confirm the functionalization of the inorganic NPs with the organic moiety
deriving from GPTMS.

Thermogravimetric analyses showed that plain NPs and their GPTMS-capped deriva-
tives are stable up to 150 ◦C subsequently showing a mass loss, that correctly increases by
heating up to 1000 ◦C from about 5 wt% for the pure NPs to 10 wt% of the treated ones
due to the presence of the organic fraction. In the calorimetric profiles, no evident signals
are evident up to 350 ◦C, confirming the stability of all the examined materials.

3.2. Characterization of Coatings

In order to understand the properties of modified varnishes (ZnO-ES-SH and ZrO2-
ES-SH) with respect to the natural shellac (SH), experimental analyses were done on both
coating films and coated wood specimens.

3.2.1. Coating Films

Solubility tests on varnish films were performed to evaluate the resistance of modified
shellac towards ethanol with respect to the native shellac. Plain varnish displays an almost
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complete solubility in EtOH in the experimental condition of the test, as indicated by the
low amount (about 17%) of insoluble residue. Owing to its organic nature, shellac is indeed
expected to exhibit considerable solubility in organic solvents, particularly in alcoholic
media [5,10]. By contrast, both varnishes obtained by modified shellac (ZnO-ES-SH, and
ZrO2-ES-SH) show improved resistance to ethanol after 3 weeks from the film preparation,
as indicated by the larger amount of insoluble fraction (more than 60%, Figure S3, Table 1)
detected at the end of the tests. This observation suggests that an irreversible modification
takes place as a result of functionalization of native shellac with GPTMS-grafted NPs. In
fact, the epoxide ring of the GPTMS moieties on the NPs surface may react with carboxylate
groups of different shellac chains, providing a partial cross-linking that induces a solubility
decrease of coating films in EtOH. The reaction involving carboxylate and epoxide groups
is well-known [52–54] and in a few cases it has been exploited to cure or functionalize
shellac [55,56]. Although the high solubility of shellac in alcohols can be considered as an
advantage for users (e.g., easy application and/or removal of old coatings), the sensitivity
to alcoholic solvents is a drawback for a shellac finish, because it can be damaged even
by short contact with alcoholic compounds (for instance perfumes, alcoholic beverages).
Therefore, increasing the resistance towards alcoholic solvents is an important property of
shellac-based varnishes, because it gives long term protection to the finish.

Table 1. Glass transition temperatures determined for coating films and their insoluble fractions
in alcohols (three independent measurements on each sample were done in order to obtain the
average values).

Films Tg/◦C Insoluble Fraction in EtOH (%)

SH 112 (±1) 17 (±6)
ZnO-ES-SH 108 (±1) 73 (±10)
ZrO2-ES-SH 105 (±1) 72 (±6)

The thermal properties of plain shellac and of the modified varnishes were investigated
by performing TGA and DSC analyses on films of SH, ZnO-ES-SH, and ZrO2-ES-SH coatings.

Concerning the shellac-NPs composites, the comparison of their thermogravimetric
profiles with the one recorded for pure shellac indicates that the NPs have a moderate
stabilizing effect (Figure 4). In fact, the starting degradation temperatures of the two
nano-composites is higher than the plain SH for each degradation recorded step. The effect
is almost similar for the 2 metal oxides, although the curve of ZrO2-ES-SH is shifted at a
higher temperature than ZnO-ES-SH up to about 400 ◦C.
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In the calorimetric profiles of the three samples, only the glass transition (Tg) can be
observed up to 350 ◦C, whose temperature value decreases from pure shellac to the samples
containing oxide NPs (Figures S4–S6). In particular, the lowest Tg value is observed for
ZrO2-ES-SH, suggesting again that zirconium oxide NPs provide the highest stability
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among the tested materials. Decreasing Tg upon functionalization of shellac, although with
different organic moieties, has been already reported [10,57].

3.2.2. Treated Wood Specimens

Shellac, as has already been mentioned, has been used for centuries to varnish wooden
artifacts because of its excellent features, including the ability to enhance the aesthetic
appearance of wood surface. NPs dispersed into the coatings could affect this peculiar
property of SH. Therefore, treated wood specimens were at first examined to evaluate
chromatic variations induced by ZnO-ES-SH, and ZrO2-ES-SH coatings in comparison
with plain shellac. Colour changes expressed as ∆E* values, which were observed after
wood surface treatments are reported in Table 2. Overall color changes experienced by
wood surface were very similar for all the examined specimens (16.7 < ∆E* < 22.1) and, in
any case, the different specimens cannot be distinguished from each other by the naked
eye on the basis of their colour. The chromatic variations induced by all coatings on the
maple surface were mainly due to the increased value of b* coordinate (related to the
blue-to-yellow change), as expected based on the yellow colour of natural shellac.

Table 2. The chromatic variations and the contact angle measurements of wood specimens after
treatments and ultraviolet (UV) ageing. All data are average values from 15 measurements (three
different wood specimens for each and every treatment and 5 measurements on each specimen).

Varnishes
After Treatments After UV Ageing

∆E* (a) α (◦) ∆E* (b) α (◦)

SH 20.9 (±1.2) 73 (±4) 17.3 (±0.3) 65 (±2)
ZnO-ES-SH 16.7 (±0.1) 91 (±7) 8.6 (±0.6) 87 (±3)
ZrO2-ES-SH 22.1 (±0.3) 104 (±5) 13.8 (±0.3) 95 (±2)

(a) Overall chromatic variation referred to plain wood specimen. (b) Overall chromatic variation referred to unaged
treated specimens.

Wood coatings are expected to provide protection also from environmental humidity.
Therefore, the hydrophobic behaviour of the investigated shellac-based materials was
evaluated by performing static contact angle measurements on the surface of treated
maple specimens (Table 2). Plain shellac coatings usually display a weak-to-moderate
hydrophobic character [3,58,59], which was confirmed by the α value (73◦, this work)
measured on the specimens coated with the native resin. A considerable increasing of α
was observed in specimens coated with both ZnO-ES-SH, and ZrO2-ES-SH (91◦ and 104◦,
respectively), suggesting that modification of the resin matrix due to functionalized NPs
induced a significant improvement of the local water-repellence behaviour exhibited by
shellac varnish.

These outcomes indicate that chromatic features of shellac varnish on wood are
preserved despite the presence of functionalized NPs, while its hygroscopic behaviour is
even improved.

In order to have a better insight on the microscopic properties of the coatings, wood
specimens treated with SH, ZnO-ES-SH, and ZrO2-ES-SH were investigated by electron
microscopy. Selected SEM micrographs taken on the surface of the examined specimens
are shown in Figure 5.
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Figure 5. SEM micrographs of treated wood specimens: (a) SH; (b) ZnO-ES-SH and (c) the corresponding energy-dispersive X-ray
spectroscopy (EDS) elemental mapping of zinc; (d) ZrO2-ES-SH and (e) the corresponding EDS elemental mapping of zirconium.
Selected EDS spectra are shown in the insets of SEM images. Au peaks (2.1–2.2 KeV) in the spectra are due to gold sputtering of the
samples. High concentrations of Zn or Zr (and of the corresponding nanoparticles) are represented by red spots in the maps.

The surface of SH coating was very homogeneous: rare bright spots that were observed
can be ascribed to occasional dust grains deposited as the varnish was drying. On the
contrary, the examined areas of ZnO-ES-SH and ZrO2-ES-SH coatings display the presence
of widespread whitish spots which can be ascribed to the inorganic NPs, although the
contribution of occasional dust grains cannot be ruled out, as suggested by some irregular
very bright spots. The rather homogeneous distribution of NPs into the shellac matrix was
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confirmed by EDS analyses carried out on the same areas observed by SEM (Figure 5b,d,
insets). In particular, the EDS spectrum taken on ZnO-ES-SH coating displays not only the
peaks due to C and O, main elemental components of shellac, but also peaks corresponding
to Zn and Si that are the elements expected in the silane-functionalized ZnO NPs. Similarly,
the peaks due to Zr and Si were observed in the EDS spectrum measured on the surface of
the ZrO2-ES-SH coating, in addition to the signals corresponding to C and O. It should be
noted that the broad peak centered at about 2.1 keV ascribed to zirconium actually results
from the overlapping of Zr–La and Au–M peaks (2.042 and 2.120 keV, respectively) [60].
In fact, all the examined samples were gold-sputtered prior to carrying out the SEM-EDS
experiments and, as a consequence the Au–M peak can be observed in all EDS spectra.
However, the correct identification of Zr can be performed by using a proper peak-fitting
technique [61].

The distribution of GPTMS-grafted NPs in the organic matrix was also investigated by
EDS elemental mapping experiments performed on treated specimens. Zinc and zirconium
distribution maps obtained by analysing wood surfaces treated with ZnO-ES-SH and
ZrO2-ES-SH are reported in Figure 5c,e, respectively. Zn and Zr-containing nanoparticles
(represented as red spots) are quite homogeneously dispersed into the organic resin,
although some larger spots, possibly due to aggregated particles, can be also observed in
the elemental maps.

3.3. Performances of Coatings

Shellac-based nanocomposites were examined by specific tests in order to evaluate
the performances of the corresponding coatings applied on the wood surface, in compar-
ison with the plain resin. In particular, surface hardness was evaluated for ZrO2-ES-SH,
while resistance to degradation induced by UV irradiation and antifungal features were
investigated for the specimens coated with ZnO-ES-SH.

Hardness of wood coatings represents an important parameter when protective ef-
fectiveness from mechanical decay such as scratching is required. In order to evaluate the
hardness properties due to the modification of native shellac by functionalized NPs, pencil
tests on wood specimens treated with both ZnO-ES-SH and ZrO2-ES-SH as well as on the
corresponding coating films were performed. Reproducible results were obtained from the
measurements that were repeated three times both on plain and modified shellac (three
different wood specimens as well as films for each kind of treatments were used in order to
provide average values). They are summarized in Table 3.

Table 3. The results of the pencil hardness test.

Varnishes Films Wood Specimens

SH F F
ZnO-ES-SH H H
ZrO2-ES-SH 3H 3H

According to the pencil test, hardness of plain shellac coating corresponds to the
intermediate level “F” in the scale ranging between 9B (softer) and 9H (harder) [62]. The
same results were obtained for each examined coating when testing both treated wood
specimens and the corresponding coating film samples. It is noteworthy that the coatings
formed by modified shellac display an increased hardness compared to the plain varnish,
particularly in the case of ZrO2-ES-SH, which provided the hardest material (“3H”). In the
case of Zn-ES-SH, the introduction of inorganic NPs induced only a moderate enhancement
of shellac coating hardness (from “F” to “H” in the hardness scale).

Shellac usually undergoes alteration when exposed for a long time to sunlight, partic-
ularly due to its UV component [57]. Photo-oxidation and other light-induced chemical
reactions, cause variations in the physico-chemical and mechanical properties of the bio-
polymer [63]. The alterations include chromatic changes whose intensity are commonly
related to the photo-degradation extent.
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Therefore, indirect evaluation of decay induced on shellac-based varnishes were
evaluated by performing measurements of colour changes experienced by plain and
modified shellac after light exposure. Maple specimens treated with shellac and modified
shellac (6 specimens for each coating), were irradiated by UV lamp up to 500 h in order
to simulate the naturally occurring photo-degradation processes. The variations of the
chromatic coordinates detected after the irradiation cycle are graphically summarized in
Figure 6.

Figure 6. Chromatic variations experienced by wood specimens coated with SH, Zn-ES-SH, and
ZrO2-ES-SH after ultraviolet (UV) irradiation (500 h).

The UV irradiation of plain shellac coating mainly affects b* and L* parameters, related
to the blue/yellow chromatic change and to the brightness, respectively. The value of
a* (the parameter related to chromatic changes towards the red) is affected to a lower
extent. In particular, accelerated ageing induces a chromatic change towards the yellow,
(positive ∆b* value) and a decrease of the surface brightness (negative ∆L* value). As a
consequence, a considerable chromatic variation (∆E* ~ 17) was observed when comparing
SH specimens after UV irradiation to the corresponding non-aged shellac coating (see
Table 1). In the case of the nanocomposite containing ZnO nanoparticles, all chromatic
coordinates undergo less intense variations due to UV-aging than the plain shellac, as
graphically summarized in Figure 6. In particular, a distinctly lower value of ∆E* (~8) was
observed for ZnO-ES-SH (Table 2), suggesting that the modified shellac is more resistant
toward the photo-degradation induced by UV light. This behavior can be ascribed to the
well-known efficiency of ZnO as UV absorber, particularly when it is applied as nano-sized
particles, as previously reported [37,62,64]. Coating containing ZrO2 NPs undergoes less
intense colour variation (∆E* ~13) than shellac, but its performance is considerably worse
than ZnO-ES-SH, in agreement with similar results reported in a previous paper [3].

In order to assess possible effects of photo-induced ageing on the hydrophobic prop-
erties of varnishes, contact angle measurements were also performed. A slight, albeit
detectable, decrease of observed in the case of SH and ZrO2-ES-SH indicated that the natu-
ral resin and its zirconia-containing derivative are less water-repellant after being exposed
to UV light. This could be explained by taking into account that photo-oxidation processes
occurring under irradiation usually provide oxygen-containing polar groups and that
ZrO2 NPs, as expected, do not display any protective effect. By contrast, the hydrophobic
behaviour of ZnO-ES-SH was not affected by the prolonged irradiation, as the differences
of values measured before and after artificial ageing are within the experimental error.

The anti-fungal behavior of modified shellac varnish was investigated by monitoring
the growth of common fungal species, i.e. mold, on the surface of treated maple specimens
according to a literature procedure [39].

Mold growth was monitored by exposing water-saturated specimens (ZnO-ES-SH,
ZrO2-ES-SH, and SH) to controlled ambient conditions (constant temperature and relative
humidity, and natural daylight) Optical (OM) observations were performed after 3 weeks
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and at the end of the test (40 days) in order to check for the presence of mold on the wood
surface. Moreover, SEM experiments were carried out at the end of the experiment to better
characterize the fungal microorganisms. After 3 weeks, the appearance of mold was clearly
observed on SH (Figure S7), while the surface of ZnO-ES-SH, ZrO2-ES-SH did not show
evidence of mold growth. In particular, ZnO-containing varnish was still free from fungi,
even at the end of the experiment, i.e., after 40 days.

SEM micrographs taken on the surface of SH and ZnO-ES-SH specimens before and
after 40 days are reported in Figure 7. At the end of the test, mold colonies are diffusely
present on the surface of plain shellac (Figure 7b,c), while the surface of wood specimens
treated with ZnO-ES-SH has the same appearance as before treatment (Figure 7d,e) and no
structure ascribable to mold can be observed even at high magnification (Figure 7f).

Figure 7. SEM micrographs taken on the surface of treated wood specimens during the fungi test: (a) SH before test; (b) SH after
40 days; (c) higher magnification of (b); (d) ZnO-ES-SH before test; (e) ZnO-ES-SH after 40 days; (f) higher magnification of (e).

These results confirm that the nano-sized ZnO behaves as anti-fungal agent in accor-
dance with literature data [37,65–67] and that this feature is preserved even after function-
alization. Although the antifungal effect of ZrO2 has been investigated to a lower extent
than ZnO [68,69], the results of the present study show that nano-sized zirconia, besides
its numerous interesting properties, is also able to prevent the growth of mold on wood
surface. As a consequence, shellac-based coatings containing ZnO-ES or ZrO2-ES NPs
display an increased resistance, when compared to plain shellac, toward biodeterioration
induced by fungal agents and may improve the protection activity towards the wood sub-
strate. Nevertheless, more research work is needed in order to assess the resistance of the
modified coatings towards other biodeteriogens, e.g., some fungal species that specifically
attack wood substrates.

4. Conclusions

In the present work inorganic nanoparticles (NPs) functionalized with 3-glycido-
xypropyltrimethoxysilane (GPTMS) were prepared and used to provide chemically mod-
ified shellac varnishes. GPTMS-grafted ZnO and ZrO2 NPs obtained after reaction of
the inorganic nano-sized materials with the epoxysilane were characterized by SEM-EDS
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and FTIR techniques, which confirmed the presence of organic functionalities on the
NPs surface.

Varnishes prepared by dispersing GPTMS-grafted NPs (2%) into shellac (SH) provide
coating films that display a good homogeneity and exhibit an improved resistance towards
alcoholic media that usually damage shellac-based finish. The decreased solubility in
ethanol can be ascribed to the partial cross-linking induced by reaction between oxyrane
rings belonging to the organic moieties on the NPS surface and carboxylate groups of the
natural resin.

The structural modification due to the partial curing process is also supported by
thermal analyses, which show that the starting degradation temperatures of the two nano-
composites is higher than the plain SH. Interestingly, the modification of shellac with
GPTMS-capped nanoparticles does not affect or affects to a poor extent the chromatic
properties of the plain SH coating, while its water-repellence behaviour is even improved,
as testified by contact angle measurements. Moreover, both the new coatings exhibit
an enhanced resistance to alcoholic solvents. Varnish containing functionalized zirconia
displays also a significantly increased resistance to scratches if compared to plain SH, as
demonstrated by the surface hardness enhancement evaluated by the pencil test. On the
other hand, modification of shellac induced by GPTMS-capped zinc oxide NPs provides a
coating that displays an increased resistance towards ageing caused by UV irradiation and
an enhanced resistance to common biodeteriogens (e.g., mold growth). Almost unexpect-
edly, a good antifungal behavior was observed also in the case of shellac modified with
zirconia NPs.

In conclusion, this work has shown that the addition of the small amount (2%) of
GPTMS-functionalized inorganic nanoparticles (ZnO and ZrO2) to the traditional shellac
varnish may induce relevant enhancement of its properties. Functionalization of NPs
surface allows the inorganic particles to be fixed in the shellac matrix, preventing possi-
ble migration and/or aggregation processes that over time may cause loss of protecting
effectiveness of the nanocomposite. In addition, the partial cross-linking of the natural
resin can contribute to improving the varnish performance without negatively affecting
the desirable features of native shellac (e.g., chromatic and water-repellence properties).

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-6
412/11/4/419/s1, Figure S1: Dynamic light scattering (DLS) analyses of synthesized nanoparticles
(NPs) and 3-glycidoxypropyltrimethoxysilane (GPTMS)-capped NPs, respectively: (a) ZnO; (b) ZnO-
ES; (c) ZrO2; and (d) ZrO2-ES; Figure S2: Scanning electron microscope (SEM) image of ZrO2
NP displaying hexagonal shape; Figure S3: Insoluble fractions (%) of the varnish films in EtOH;
Figure S4: Differential scanning calorimetry (DSC) profile obtained for plain shellac; Figure S5:
DSC profile obtained for ZnO-ES-SH; Figure S6: DSC profile obtained for ZrO2-ES-SH; Figuer S7:
Optical microscope images of treated wood specimens at the end of the fungi test: (a) shellac (SH);
(b) ZnO-ES-SH; (c) ZrO2-ES-SH.
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