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a b s t r a c t
Novel UV-light curable methacrylic-siloxane-cellulose composite coatings for wood protection were prepared, fully characterized and, then, applied on walnut wood samples in order to assess the potential
protective performances of the wooden treated substrates, such as hydrophobicity and surface properties. A comparison between nanocellulose and microcellulose ﬁlled coatings (5 and 10 wt%) was also
performed. Thermal-mechanical analysis highlighted the higher effectiveness of nanocellulose in increasing the glass transition temperature, improving thermal and dimensional stability and stiffness of the
neat photoresin with respect to microcellulose. A more pronounced increase of hydrophobicity (contact
angle and water capillarity), surface hardness (Shore D and pencil scratch tests) of the neat UV-light
cured matrix ﬁlled with nanocellulose and applied on wood was, ﬁnally, observed in comparison to
microcellulose composites.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
Wood is one of the most used and abundant renewable material
in the world. It is utilized for a wide of applications, but its main
drawback is the high propensity to decay for various degradative
processes [1]. The degradation of wood in artworks and buildings
is still an open issue. Environmental agents and microbial attacks
combined to the water action are the main causes of wood’s decay
[2]. In fact, the most frequent and dangerous degradation phenomena are correlated to the presence of water, that can act as
a medium to convey aggressive agents or alone, causing internal
stresses due to pressure and temperature changes. The capillary
rising, for instance, is the most widely phenomenon visible on the
facades of the buildings, especially those built with porous wood.
These materials have, in fact, a very complex structure, that promotes water absorption by capillarity [3]. Furthermore, biological
degradation is very frequent for wood substrates and their repair
is still an open issue. In fact, some wood types are very sensitive
to biological attacks, due to their microstructure and porosity. All
these chemical, physical and/or mechanical degradative processes
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are catalyzed by the water presence and the overall effect is to
impair the mechanical properties of wood [4,5].
Thermal or chemical treatments and impregnation modiﬁcation have revealed good prospective in reducing water absorption
and deformation, rising biological resistance and improving
weathering performance [6]. In details, linear anhydrides, aldehydes, furfuryl alcohol,1,3-dimethylol-4,5-dihydroxyethyleneurea
(DMDHEU), phenolic or melamine resins, could be considered the
most efﬁcient treatments to increase the durability of wood substrates [7,8].
Polymers based on acrylic and metacrylic monomers are extensively used for the protection and conservation of wood, too [9].
Acrylic based coatings, however, have shown durability issues for
the protection of outdoor buildings for long time [10–12]. Acrylic
coatings generally manifest a reduced adhesion on porous substrates and offer a certain drainage of water from the treated surface
[8,13–15].
In addition, most common wood protectives, such as nitrocellulose lacquer, polyurethane, unsaturated polyester and amino acid
curing [16], are solvent-based coatings containing volatile organic
compounds (VOCs). Some products contain benzene, toluene,
xylene, and substances of great carcinogenicity, which could damage the environment and human health. Environmentally friendly
coatings, such as high-solid-content, waterborne, radiation-curable
or powder coatings could substitute the solvent-based coatings

A. Cataldi et al. / Progress in Organic Coatings 106 (2017) 128–136

129

Fig. 1. TEM images of CNC particles isolated from CMC by acid hydrolysis.

[17,18]. In addition, the use of UV-curable wood coatings contributed to the growth of environmentally friendly coatings. UV
curing has now been recognized as a substitute curing method
to thermal one. The photopolymerization reaction allows a fast
chain growth curing reaction, by using photon energy from radiation sources. Furthermore, UV-curable coatings possess superior
durability, chemical and stain resistance, as well as faster reaction
rates and substantial reductions, or complete elimination, of VOCs
[19–23]. There is an increasing attention on the use of cellulosebased ﬁllers as renewable reinforcing agents in order to replace the
standard synthetic ﬁllers. In this work the cellulose nanocrystals
(CNC) were selected as nanoscale ﬁller.
CNCs are isolated through the acid hydrolysis of natural cellulose ﬁbers [24] or from already hydrolyzed cellulose microcrystals
(CMC) [25]. In fact, rod-like CNC particles have interesting properties, in terms of biocompatibility, anisotropy, good optical
transparency, low thermal expansion coefﬁcient and, especially,
high elastic modulus, similar to steel [26,27].
Interestingly, even if cellulose is a hydrophilic polymer it can
promote an increment of the barrier properties of polymeric matrices when dispersed at a nanoscale level [13,28]. In fact, cellulose
nanocrystals can produce a reduction of the diffusivity of penetrant
liquids thanks to an increase of tortuosity provided by their bonding with the polymer chains [29]. Additionally, the chemical afﬁnity
between wood and cellulose-based ﬁllers and the promising preliminary results obtained by the photoresin ﬁlled with cellulose
microcrystals (CMC) [23] have encouraged the investigation of this
nanoﬁller.
Therefore, the purpose of this work is the development,
characterization and application of photopolymerizable siloxanemethacrylic-based resin/CNC, speciﬁcally intended for the surface and barrier protection of wood substrates. The comparison
between micro- and nanocomposites was performed as well. The
nano and microstructured UV cured coatings, obtained by the inclusion of both CNC and CMC, are evaluated as protective coatings
on wood with improved performances (i.e. surface properties and
hydrophobicity).

2. Experimental
2.1. Matrix synthesis and CNC isolation
The basic components and their content into the formulation of
the neat photomatrix are listed below:

- Trimethylpropane trimethylacrylate (TMPTMA), provided by
Sigma Aldrich (St. Louis, MO, USA) at 85 wt%;
- Trimethoxypropyl silane methacrylate (MEMO), provided by
Dow Corning (Midland, MI, USA) at 10 wt%;

Fig. 2. Apparent viscosity of neat photomatrix and its corresponding nanocomposites.

- Poly(dimethylsiloxane)-terminated vinyl (VTPDMS), supplied by
Sigma Aldrich at 4.97 wt%;
- Alkoxy- silane compound (MPTS), supplied by Sigma Aldrich at
0.03 wt%;
- Bis(2,4,6-trimethylbenzoyl)-phenylphosphineoxide, supplied by
Ciba as IRGACURE 819 (1 pph), was used as photoinitiator.
The synthesis procedure, the composition of the photo-resin and
chemical formula of all components are reported in previous works
[23,30].
Microcellulose (CMC), speciﬁc gravity of 1.56g cm−3 , a mean
molecular weight of 90.000 g/mol, average aspect ratio of 2.4 as purchased from Sigma Aldrich, USA. Aqueous suspensions of cellulose
nanocrystals were obtained through the sulfuric acid hydrolysis of
microcellulose according to the method described by BondesonOksman and Cranston-Gray [31,32] with minor modiﬁcations. The
acid hydrolysis was carried out at 45 ◦ C under vigorous stirring
for 120 min, using a 64% w/w sulfuric acid solution, a CMC/acid
ratio of 10 g/100 ml and a mechanical mixer. A CMC amount of
20 g was processed each time. The reaction was stopped adding
10 folds distilled water. The acid was removed by two centrifuge
cycles at 6000 rpm for 15 min each one. The pH of suspension
was neutralized through dialysis using cellulose membranes with
a cut-off limit of 3.5 kDa. The suspension was then sonicated for
5 min with a Hielscher UP400S device equipped with a cilindrical
sonotrode 3 mm in diameter. An average concentration of about
1.4 wt% of CNC in the suspension was determined by TGA analysis in an isothermal test at 120 ◦ C for 20 min under a nitrogen ﬂow
of 100 ml min, in order to allow the complete removal of the sol-
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Fig. 3. FESEM images the cryofractured surfaces of (a) neat photomatrix, (b–c) photomatrix-CNC-5 at different magniﬁcation, (d–e) photomatrix-CNC-10 at different
magniﬁcation.

Table 1
DSC results of neat photomatrix and corresponding nano- and microcomposites.
Hresidual is the residual speciﬁc power of the cure reaction normalized to the resin
content.
Sample

Tg (◦ C)

Hresidual (W g−1 )

photomatrix
photomatrix-CNC-5
photomatrix-CNC-10
photomatrix-CMC-5
photomatrix-CMC-10

47.3 ± 1.1
50.8 ± 0.7
54.4 ± 1.2
48.6 ± 1.4
47.5 ± 0.9

45.8
45.2
56.4
53.3
57.8

vent. at the end of each process. The obtained CNC was stored at a
temperature of −4 ◦ C.
Transmission electron microscopy (TEM) observations of CNCs
®
were performed using a Philips EM 400 T microscope. The samples for TEM analysis were ultrasonicated for 1 min, in order to
allow a better dispersion of nanoparticles. A little drop of solution
was deposited on a copper mesh grid and the observations were
conducted after the complete evaporation of the water.
2.2. Composites preparation
In order to mix the hydrophobic photoresin to CNCs, the aqueous suspensions of nanocellulose were freeze-dried using a 5Pascal
freeze dryer model LIO–5 P (Milano Italy) at a minimum condenser
temperature of −50 ± 3 ◦ C and a pressure <3 mbar.
Different amounts of freeze-dried CNC (0, 5 and 10 wt%) were
mechanically mixed with the photomatrix by means of a homog®
enizer (Dispermat FI SIP) for 1 h at 2000 rpm. The composite
solutions were sonicated for 5 min using a 14 mm tip and degassed
until a complete removal of air bubbles. The liquid solutions were
poured in silicon molds with rectangular cavities of size 15 × 5 x
1 mm3 for DMTA analysis and 50 × 5 × 2 mm3 for mechanical tests.
Samples for hardness tests and static contact angle measurements
were poured in circular cavities in order to obtain disks with a
thickness of 10 mm.
UV-polymerization of liquid samples poured in silicon molds
was carried out for 24 h in a UVB chamber by the exposure to six
UVB lamps model UVB 313EL (Q-lab corporation, UK) with a maximum peak of emission at about 315 nm, a maximum power of
480 W and a typical irradiance of 0.68 W/m2 .
Microcomposites were also prepared by using the same CMC
particles utilized for the production of CNC at the ﬁller loadings of
0, 5 and 10 wt%.

Before testing, samples were conditioned at a temperature of
23 ◦ C and a relative humidity of 55% in a chamber with a saturated solution of Mg(NO3 )2 ·6H2 O until the reaching of a constant
weight. Nano- and microcomposite samples were identiﬁed by
the photomatrix, the ﬁller type and its weight concentration (i.e.
the samples named photomatrix-CNC-5 indicates the formulation
ﬁlled with 5 wt% of nanocellulose).
2.3. Characterization of composites
The rheological measurements of the liquid formulations were
performed in a strain controlled Rheometer (Ares Rheometric
Scientiﬁc) with a plate/plate geometry (radius = 12.5 mm) under
steady state mode, at room temperature and a shear rate ranging from 0.05 to 100 s−1 . In order to check the repeatability of the
results, each test was repeated at least three times.
Microstructural observations of cryofractured surfaces of the
neat photomatrix and the corresponding CNC composites were carried out by a Zeiss Supra 40 high resolution FESEM microscope with
an accelerating voltage of 1.5 kV and a beam aperture of 20 m.
Differential scanning calorimetry (DSC) measurements were
carried out by using a Mettler Toledo calorimeter. A sample average weight of about 10 mg, a nitrogen ﬂow of 150 ml min−1 and
covered aluminium crucibles were utilized. A heating stage from
0 to 250 ◦ C by a rate of 10 ◦ C/min was analysed. The glass transition temperature (Tg ) was evaluated as the inﬂection point of the
thermograms.
The thermal behavior of the photocured composites was evaluated through thermogravimetric analysis (TGA). A Mettler TG50
thermobalance with uncovered alumina crucibles, in a temperature
interval between 25 and 700 ◦ C, at a heating rate of 10 ◦ C min−1 , and
under a nitrogen ﬂow of 150 ml min−1 was used. The onset temperature (i.e., the temperature associated to a mass loss of 10%), the
maximum degradation temperature (i.e. the maximum of the mass
loss peak) and the residual mass at 700 ◦ C were determined.
Dynamic mechanical thermal analysis (DMTA) were performed
with a TA Instruments DMA Q800 device under tensile conﬁguration. At least three rectangular specimens 15 mm long, 5 mm wide
and 1 mm thick were tested in order to estimate the storage modulus (E’), loss modulus (E”) and loss factor (tan␦) as a function of
temperature in a range between −10 ◦ C and 120 ◦ C, at a heating rate
of 3 ◦ C min−1 and a frequency of 1 Hz.
The coefﬁcients of linear thermal expansion (CLTE) of nano- and
microcomposites were determined through the DMTA analysis of
rectangular samples (15 × 5 × 1 mm3 ) using a TA Instruments DMA
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Fig. 4. Relative values of glass transition temperature of CNC and CMC ﬁlled composites.
Table 2
Results of TGA test on neat photomatrix and corresponding nano- and microcomposites. Tonset is the temperature of the initial degradation step (corresponding to a
mass loss of 10 wt%), while TMAX is the temperature of the maximum degradation
rate.
Sample

Tonset (◦ C)

TMAX (◦ C)

Residual mass at 700 ◦ C (%)

photomatrix
photomatrix-CNC-5
photomatrix-CNC-10
photomatrix-CMC-5
photomatrix-CMC-10
CNC
CMC

400 ± 2.0
412 ± 1.9
400 ± 2.1
380 ± 0.9
380 ± 1.7
228 ± 1.5
306 ± 1.9

472 ± 0.9
477 ± 1.2
477 ± 1.9
472 ± 1.5
472 ± 1.8
290 ± 1.6
337 ± 1.7

3.6
4.4
6.9
4.0
6.6
25.7
0.8

Q800 device under tensile conﬁguration in controlled force mode
under a zero applied load in a temperature range from 0 to 150 ◦ C
at 6 ◦ C/min.
Three-points bending tests according to ASTM D790 standard
were carried out by means of an Instron 4502 universal testing
machine. At least 5 rectangular specimens (width 5 mm, thickness
2 mm, span length 40 mm) for each sample were tested with a
crosshead speed of 1 mm/min and a 1 kN load cell. The ﬂexural
modulus (Ef ), the maximum tensile stress (MAX ,f ) and the maximum tensile strain (MAX ,f ) in each specimens were determined.
Hardness Shore D of UV-light cured samples was obtained using
a digital durometer Sh D, Gibitre Instruments, according to ASTM
D2240. The thickness of each specimen was 10 mm and 5 specimens
were tested for each sample.
The scratch hardness values of the samples were obtained with
pencil hardness test, according to ASTM D 3633.
Static contact angle measurements were measured on unﬁlled
and ﬁlled samples with a First Ten Angstroms FTA1000 Quick Start
instrument, equipped with a video-camera, at room temperature
by means of the sessile drop technique, according to NORMAL
Protocol 33/89. Thirty measurements were done on each sample,
averaging the results. The measuring liquid was bi-distilled water
(surface tension ␥ = 72.1 mN/m).

Fig. 5. TGA thermograms of neat photoresin, neat CNC, and corresponding
nanocomposites. (a) Residual mass as a function of temperature, (b) derivative of
the mass loss.

be polisheed to a very smooth ﬁnish, which make it attractive for
various applications.
A ﬁxed amount (i.e. 1 g/25 cm2 ) of each liquid formulation (neat
resin and resin ﬁlled with CNC and CMC) was applied on one of the
surface of the walnut wood samples, by brush. All treated samples
were photo-cured by exposure to UV light, working in air atmosphere at room temperature, by using a medium pressure Hg UV
lamp (UV HG 200 ULTRA), with a radiation intensity on the surface
of the sample of 9.60 Watt/mm2 . Sets of 10 coated and uncoated
specimens (20 × 20 × 20 mm3 ) of walnut wood were oven dried at
105 ± 2 ◦ C until a constant weight was reached and then placed
in a tank, ﬁlled with deionized water for 8 days. Water was daily
replaced with fresh one during the immersion period. The samples
were periodically removed from the tank, shacked to remove residual water, weighed and their dimensions measured. Then, water
absorption values at the time t (WAt) were calculated according to
the following equation:
(Wt − W0 )
W0

2.4. Application on wood

WAt = 100

The photo-polymerizable protective composites were applied
on walnut wood elements as protective coatings in order to conﬁrm
if the existence of the coating and the introduction of micro- and
nanocellulose are able to decrease the water absorption of this kind
of wood. The walnut wood is hard, dense, tight-grained and it can

where Wt is the weight of the specimen soaked in water for time t
(g) and W0 is the initial weight of a dry specimen (g).
Static contact angle measurements were performed with a First
Ten Angstroms FTA1000 Quick Start instrument, equipped with a
videocamera.

(1)
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Table 3
Storage modulus (E’), loss modulus (E”), loss tangent (tan␦), glass transition temperature (Tg) and coefﬁcient of linear thermal expansion (CLTE) values as measured by DMTA
tests of neat photoresin and corresponding nano- and microcomposites.
Sample

E’ (GPa) at 25 ◦ C

E” (GPa) peak value

tan␦ peak value

CLTE (10−6 K−1 )

Photomatrix
photomatrix-CNC-5
photomatrix-CNC-10
photomatrix-CMC-5
photomatrix-CMC-10

1.13 ± 0.12
2.04 ± 0.15
2.92 ± 0.20
1.50 ± 0.14
1.65 ± 0.11

0.093 ± 0.012
0.107 ± 0.003
0.142 ± 0.008
0.108 ± 0.003
0.119 ± 0.008

0.074 ± 0.008
0.064 ± 0.003
0.055 ± 0.004
0.069 ± 0.005
0.053 ± 0.005

108.70 ± 0.05
46.53 ± 0.03
34.8 ± 0.02
75.46 ± 0.02
71.82 ± 0.04

Table 4
Flexural modulus (Ef ), maximum ﬂexural stress (MAX ,f ) and maximum ﬂexural
strain (MAX ,f ) as measured in 3-points bending tests on neat photoresin and corresponding microcomposites.
Sample

Ef (GPa)

MAX,f (MPa)

MAX,f

photomatrix
photomatrix-CNC-5
photomatrix-CNC-10
photomatrix-CMC-5
photomatrix-CMC-10

1.49 ± 0.04
2.36 ± 0.02
3.02 ± 0.06
1.98 ± 0.05
2.32 ± 0.05

22.19 ± 1.85
25.82 ± 0.34
23.60 ± 0.53
24.08 ± 1.18
26.75 ± 1.74

0.052 ± 0.002
0.041 ± 0.001
0.040 ± 0.001
0.046 ± 0.003
0.042 ± 0.001

Table 5
Contact angle values and ShoreD and pencil hardness values of neat photoresin and
corresponding microcomposites.
Sample

Contact angle (◦ )

ShoreD Hardness

Pencil hardness

photomatrix
photomatrix-CNC-5
photomatrix-CNC-10
photomatrix-CMC-5
photomatrix-CMC-10

103.5 ± 0.8
107.3 ± 0.4
111.1 ± 0.7
107.7 ± 0.7
107.7 ± 0.8

81.0 ± 1.6
92.4 ± 0.6
98.7 ± 0.5
87.1 ± 0.2
92.9 ± 0.3

6H
9H
9H
9H
7H

reinforcing capacity of CNCs. Generally speaking, particles having
an elevated aspect ratio exhibit a higher reinforcing capability [33].
The average L/D obtained by CNCs is in line with literature evidencing that the cellulose nanocrystals isolated from wood and cotton
sources through sulfuric hydrolysis have a L/D value between 20
and 100 [34,35].
3.2. Characterization of composites

Fig. 6. DMTA thermograms of neat photoresin and corresponding CNC and CMC
ﬁlled composites: (a) storage modulus E’, (b) loss modulus E”.

The assessment of color alteration on untreated and treated
wood elements was carried out by means of a Konica Minolta
CR-410 in total reﬂectance and double channel mode, using a
Xenonlamp light source.
Hardness Shore D of the treated and untreated samples was
measured using a digital durometer Sh D, Gibitre Instruments,
according to ASTM D2240.
3. Results and discussion
3.1. Characterization of cellulose nanocrystals
From the analysis of TEM pictures of CNC suspensions (see Fig. 1)
it was possible to assess that the nanocellulose rod-like particles
were roughly 400–600 nm long and 5–10 nm wide. The average
ratio of length to diameter (i.e. aspect ratio, L/D) of produced CNC is
around 50. The aspect ratio L/D, is a good parameter to estimate the

3.2.1. Rheological behavior
The viscosity of unﬁlled photocurable matrix is plotted as a function of the shear rate in Fig. 2. In the same ﬁgure, the ﬂow curves
of the photomatrix ﬁlled with 5 wt% and 10 wt% of CNC particles
are also displayed. The rheological curves reported in Fig. 2 show
a pseudo-plastic behavior, evidencing the typical behavior of ﬁlled
resins, i.e. the viscosity increases with increasing the weight fraction of CNC, assuming a value almost independent from the shear
rate at higher values. It is worthwhile to underline that the viscosity
of the innovative coatings remains suitable for the speciﬁc application even at the highest CNC content and always lower than that
measured for CMC composites with the same composition [23].
3.2.2. Microstructure analysis
The dispersion degree of freeze-dried CNCs within the photomatrix was estimated by FESEM observations. In Fig. 3 FESEM
micrographs of cryofractured surfaces of all formulations are
reported. Fig. 3b and c refer to samples with 5 wt% of CNC, while
Fig. 3d and e refer to samples ﬁlled with 10 wt% of CNC at different
magniﬁcations.
Reaching a high-level dispersion of hydrophilic CNCs within
hydrophobic matrices is not easy because of the presence of
hydrogen bonds among the nanocrystals that rises the agglomeration phenomena in non-polar matrices [36]. Analysing the FESEM
images of ﬁlled formulation at different magniﬁcations, it is difﬁcult
to assess the dispersion degree of CNC into the photomatrix. There
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is the presence of some particular structures in all ﬁlled samples.
However, it is not possible to afﬁrm if those are aggregates of CNC
since a good contrast was not achieved, because CNC are transparent to electrons [37].The size of these evidences seems to be around
20–40 m, but they could be related to the creation of artifacts during the sample preparation or maybe to the increase of the surface
roughness of the neat matrix.
Lewandowska and Eichhorn [36] found a similar microstructure using freeze-dried CNC into high-density polyethylene. In their
work, thanks to Raman imaging and the image analysis it was
possible to quantify the dispersion degree of cellulose nanocrystals within the matrix. Interestingly, starting from structures about
40 m long, they were able to assess effective agglomeration area of
few micrometers [36]. No aggregation phenomena were detected
in microcomposites even at highest amounts of CMC. The FESEM
images of CMC ﬁlled composites are reported in a previous work
[23].
3.2.3. Thermal properties
The glass transition temperature (Tg ) and the residual heat of
curing (Hresidual ) values of neat photomatrix and CNC and CMC
composites obtained from DSC thermograms are listed in Table 1.
CNC promotes an increment of Tg of about 7 ◦ C at the highest ﬁller
loading, while CMC does not have a comparable effect. In Fig. 4
the effects of both CMC and CNC on the relative increment of Tg
of cured systems with respect to the unﬁlled matrix can be easily
compared. It is worthwhile to note that an increase of Tg corresponds to a reduction of the mobility of polymeric chains CNC.
Concurrently, both CNC and CMC ﬁller contents higher than 5 wt%
lead to an increase of the Hresidual of the photoresin. This suggests a decrease of the photocurable resin reactivity due to the light
scattering of particles. Particles may act as a shield in preventing
the light penetration into the liquid system [38]. Nevertheless the
reactivity of ﬁlled suspensions is still suitable for the application
[39].
TGA thermograms of neat photomatrix, freeze-dried CNC and
ﬁlled nanocomposites are reported in Fig. 5a, while in Fig. 5b the
derivative of the mass loss curves is represented. Thermal resistance properties of the constituents and the relative CNC and CMC
composites are listed in Table 2. Although the degradation of CNC
occurs much earlier than that of the neat photomatrix, all ﬁlled formulations show the shift of the main degradation peak to higher
temperatures (around 5 ◦ C). Also the temperature associated to the
initial degradation step, Tonset , increases of about 12 ◦ C after the
CNC addition of 5 wt%, while samples with 10 wt% of CNC present
the same Tonset value of the neat matrix.
Comparing the results of nano- and microcomposites one can
conclude that CMCs is ineffective or even detrimental on the thermal behavior of the neat matrix. Actually, if the introduction of CNC
leads to an enhancement of the Tonset , CMC composites manifest
a decrease of this temperature of about 20 ◦ C regardless the ﬁller
loading (Table 2). The presence of cellulose compounds, regardless the particles size, lead to the formation of a solid residual. In
fact, the residual mass determined at the end of the heating treatment increases proportionally to the ﬁller content with nano- and
microcomposites exhibiting a similar residual content.
3.2.4. Dynamic mechanical thermal analysis and thermal
expansion coefﬁcient
The thermograms of storage and loss moduli of neat photoresin
and corresponding CNC and CMC ﬁlled composites are reported
in Fig. 6, while some viscoelastic parameters of the unﬁlled and
ﬁlled UV-light cured systems are summarized in Table 3 along with
the coefﬁcient of linear thermal expansion (CLTE) values. Nano and
microcellulose produce a similar stabilizing effect on the photomatrix with a progressive enhancement of dynamic moduli (E and

Fig. 7. Comparison between CNC and CMC ﬁlled composites response as determined
from DMTA analysis at 25 ◦ C: (a) relative storage modulus, (b) relative loss modulus,
(c) relative coefﬁcient of linear thermal expansion.

E ) and a systematic reduction of the thermal strain as the ﬁller
content increases. A remarkable effect of CNC on these parameters is evidenced from the obtained DMTA results. In Fig. 7 the
comparison between CNC and CMC photocomposites viscoelastic
responses is represented by the relative trends of storage modulus
(E at 25 ◦ C), loss modulus (E peak value) and coefﬁcient of linear
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Fig. 8. Representative load/displacement curves of neat photomatrix and corresponding nanocomposites from three-points bending tests.

Fig. 9. Relative ﬂexural modulus of neat photomatrix and CNC and CMC ﬁlled composites.

thermal expansion (i.e the ratios between the composites values
and the neat matrix values). Nanocomposites manifest an increment of storage and loss moduli up to 160% and 50% respectively,
while microcomposites show a maximum increase of E and E until
45% and 30% respectively, in comparison to that of the neat matrix
(Fig. 7a and b). For all ﬁlled formulations the increase of stiffness
corresponds to a decrease of the loss factor proportionally to the
ﬁller content (Table 3). CLTE values are reduced by the presence of
both cellulosic ﬁllers. Nevertheless, CNC appears to be much more
efﬁcient than CMC in limiting the thermal expansion of the polymer
matrix reaching CLTE values about 70% lower than the neat matrix
in comparison to the 25% reduction observed for microcomposites
at the highest ﬁller loading (Fig. 7c).
3.2.5. Mechanical properties
Fig. 8 shows the representative stress/strain curves of the neat
photoresin and of the corresponding nanocomposites. Three-point
bending tests conﬁrm the stiffening effect of CNC on the photoresin due to introduction without any signiﬁcant embrittling
effect. In Table 4 the most important mechanical parameters measured under 3-points bending conﬁguration are summarized for
both neat photoresin and CNC or CMC ﬁlled composites. An increment of the ﬂexural elastic modulus (Ef ), a slight increase of the
maximum ﬂexural stress (MAX,f ) and a decrease of the maximum
ﬂexural strain (MAX,f ) with the ﬁller loading can be observed. Even
in this case it is possible to note that CNC exhibits a stronger inﬂuence on the mechanical behavior of photoresin with respect to CMC.
The trend of relative modulus (i.e. Ef normalized over the corresponding value of the neat matrix) is reported in Fig. 9 for both CMC
and CNC: The introduction of 10 wt% of CNC promotes an increment
up to around 100% of the modulus while CMC ﬁlled composites
reach a maximum increment of 50%. Similar results were found by
Cataldi et al. [40] comparing the thermo-mechanical effect of nanoand microcellulose within a water soluble polymeric matrix, with
a more effective action of the nanoscale ﬁller with respect to the
microscale one.
Higher aspect ratio, efﬁcient load-carrying capabilities and
mechanical properties of CNC with respect to CMC lead to a better
efﬁciency of these nanocrystals in the improvement of the thermomechanical response of the neat photoresin [40].
3.2.6. Contact angle, ShoreD and pencil hardness
Hydrophobicity, surface Shore D and pencil hardness of both
products were also obtained and listed in Table 5. Each system

Fig. 10. Images of walnut wood samples treated with unﬁlled (TW-photomatrix)
and CNC ﬁlled formulations (TW-photomatrix-CNC) and CMC ﬁlled composites
(TW-photomatrix-CMC).

shows an hydrophobic behavior, evidenced by a contact angle
higher than 90◦ , reported in Table 5. The highest contact angle
of about 111◦ . (i.e. the strongest hydrophobic behaviour) can be
observed for the sample containing the highest amount of CNC.
On the other hand, Shore D surface and pencil hardness values
measured on photocured- nano- and microcomposites underline
that the presence of a slight amount of CNC particles (i.e. 5–10% by
weight) produces the highest enhancement of the surface hardness
of the neat matrix with respect to CMC ﬁlled composites. A comparable tendency in physical properties was recorded in the case
of boehmite ﬁlled nanocomposite UV-cure coatings, as previously
reported [22].
3.3. Coatings on wood
In order to assess the effect of CNC and CMC based coatings on
the performances of the neat photomatrix as protective coating
on wood, unﬁlled and ﬁlled formulations were applied on walnut
wood samples as depicted in Fig. 10. The results, reported in Table 6
for walnut wood treated with both unﬁlled and CNC or CMC ﬁlled
coatings, prove that each system was able to improve the physical properties of wood, in terms of water sorption, hydrophobicity
and surface hardness. Even in this case, samples protected with the
nanoﬁlled coatings show the best performances. As far as the contact angle values is concerned, all walnut wood samples treated
with the photo-polymerizable coatings exhibit a value higher than
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Table 6
Water absorption percentage, Color change evaluation results, Contact angle values and ShoreD and pencil hardness values of walnut wood samples untreated (UW) and
treated with neat photomatrix (TW-photomatrix) and its CNC and CMC composites (TW-photomatrix-CNC and TW-photomatrix-CMC, respectively).
Sample

WAt (%)

Sorptivity coefﬁcient (g/cm2 s1/2 )

Color variation E

Contact angle (◦ )

ShoreD Hardness

UW
TW-photomatrix
TW-photomatrix-CNC-5
TW-photomatrix-CNC-10
TW-photomatrix-CMC-5
TW-photomatrix-CMC-10

144.88
87.34
50.31
13.00
72.89
75.40

1.91
0.90
0.0084
0.0080
0.66
0.36

–
9.15
10.58
10.08
12.89
13.01

56.3 ± 4.1
106.3 ± 1.1
132.1 ± 0.9
131.3 ± 0.6
109.4 ± 1.1
108.2 ± 0.9

61.0 ± 6.5
65.0 ± 1.3
69.4 ± 3.2
71.1 ± 2.5
68.2 ± 2.7
66.2 ± 3.1

WAt: water absorption values.
E: color variation.

Fig. 11. Representative capillary water sorption curves of walnut wood samples
untreated and treated with unﬁlled and nano and microstructured photo-curable
composites.

100◦ . Interestingly, samples treated with the nanoﬁlled coatings
reach the highest contact angle, i.e. about 130◦ , comparable to the
values registered for the commercial protective products for wood
[30]. While the presence of CMC does not produce any relevant
effect on the hydrophobic features of the neat matrix.
Since in porous building materials, such as wood, concrete, brick,
mortar and stone, water sorptivity (i.e., water capillary absorption rate) which describes the amount of water that penetrates
into the material per unit surface area per square root of time
is a key parameter, the water absorption kinetics of both coated
and uncoated specimens of walnut wood, were ﬁnally determined
by using the procedure previous described [41]. The experimental
results obtained are shown in Fig. 11. Each point of the kinetics
curves represents the average weight measurements of a set of
ten specimens per sample. The water sorptivity of the wood was,
hence, determined according to European Standard 15801 (“European standard 15801, Conservation of cultural property − test
methods − determination of water absorption by capillarity, 2010,”
2010), starting from data reported in Fig. 11. In details, during capillary absorption, the sorptivity coefﬁcient was calculated as the
slope of the linear part of the graph obtained by plotting the weight
increase for unit surface vs. the square root of time, hence its value
corresponds to a constant rate of change of the phenomenon. As
expected, the water absorption capacity of the coated samples was
greatly reduced with respect to uncoated specimens, in particular
in the case of the wood coated with the formulation with the highest
loaded of CNC. In details, the samples coated with nanocomposites
absorb much less water not only respect to the uncoated wood, but
also respect to wood coated with unﬁlled coating. This different
behaviour was quantiﬁed by determining the ﬁnal water absorp-

Fig. 12. Images of walnut wood samples treated with unﬁlled (TW-photomatrix)
and CNC ﬁlled formulations (TW-photomatrix-CNC) and CMC ﬁlled composites
(TW-photomatrix-CMC) after water sorption test.

tion values (WAt), calculated according to Eq. (1) and the sorpitivity
coefﬁcient for treated and control wood specimens. and reported in
Table 6. One can notice the outstanding hydrophobic capability of
the nanoﬁlled coatings containing 10 wt% of CNC that report a WAt
value of 13% with respect to the neat matrix and especially to CMC
ﬁlled composites showing a ﬁnal WAt value of 87% and 73–75%,
respectively.
All wood treated samples exhibit a higher value of surface hardness. The increment of this property is remarkable for samples
coated with CNC ﬁlled composites. In Fig. 12 it is possible to evaluate the state of treated wood samples after the water sorption test.
Interestingly, samples treated with CNC ﬁlled formulations show
the best appearance and the absence of relevant damage, while
the samples coated with the neat photomatrix and especially with
microcomposites exhibit the worst conditions.
Finally the color change of the treated wood samples was also
estimated and the results are reported in Table 6. The presence of
the treatment, in particular, in the case of the ﬁlled coatings causes
an alteration of the natural color of the wood sample (Fig. 12), even
if to a limited extent, since a E less than 11 was determined for
nanocomposites [8]. CMC ﬁlled formulations lead to the highest
chromatic variation (about 13) of the wood after treatment.
4. Conclusions
Both cellulose nanocrystals and microcrystals were dispersed
in a UV-light-photocurable methacrylic-siloxane resin in order to
estimate their effect on the properties of the resin and to assess
their suitability to be used as protective coatings on wood. Only CNC
was able to effectively increase the thermal properties of the neat
matrix. Nanocellulose promoted the best increment of the stiff-
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ness into the neat cured systems in comparison to microcellulose
response. No embrittling of the matrix was observed after the introduction of both CNC and CMC. A more pronounced enhancement
of the hydrophobicity (contact angle), surface hardness (Shore D
and pencil scratch tests) of the neat matrix ﬁlled with CNC was
detected. Interestingly, application of CNC-ﬁlled coatings on wood
conﬁrmed their higher efﬁciency with respect to CMC-ﬁlled coatings in reducing the water sorption of wood through a modiﬁcation
of the hydrophobicity and surface hardness of wood.
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