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ABSTRACT

The wood is exposed to possible damages caused by weather, requiring the application of a
finishing coat to provide extra protection. The aim of this work was to evaluate the influence
of the addition of microfibrillated cellulose in waterborne varnish on the colorimetric
parameters, wettability and finish characteristics of wood products. Color was evaluated with a
CM-5 spectrophotometer; surface wettability was analyzed by contact angle measurement
using a drop shape analysis goniometer; and abrasion, adhesion and impact tests were
performed to evaluate the quality of the coating. The coating’s optical characteristics were not
affected by the addition of microfibrillated cellulose. The changes in wood wettability were
small, with no statistical difference between the wood treated with plain varnish and that with
unbleached microfibrillated cellulose. In the analysis of the variation of the contact angle during
the elapsed time, the coating containing unbleached microfibrillated cellulose presented the best
results. The results of finish quality did not show numerical changes after the addition of the
microfibrillated cellulose, but qualitatively the microfibrillated cellulose caused better
anchoring of the coating to the specimens. Therefore, the use of microfibrillated cellulose as
reinforcement in coatings has potential, but tests with different consistencies and tests of other
properties are necessary.

Keywords: Colorimetry, microfibrillated cellulose, waterborne coating, wettability, wood
finish.
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INTRODUCTION

Wood is a porous and hygroscopic material, so its appearance and structural integrity
can vary according to moisture content due to absorption and desorption of water, resulting in
reduced durability and/or increased development of fungi, among other characteristics (Gezici-
Kog et al. 2018, Kluge et al. 2017). That is why it is necessary to use coating materials, such as
varnish, to extend the service life of wood as well as to enhance decorative aspects.

According to the use of the wood, it could be defined whether it will be necessary to
apply a preservative product or whether a surface coating is sufficient. If the wood is intended
for more rigorous applications in an aggressive environment, it is necessary to use preservative
products that must be efficient against the intended disadvantages and must be discarded at the
end of their useful life without presenting any environmental risk (Yona et al. 2021). For
purposes where the wood is not in a hostile environment, it is recommended to apply an
appropriate coating, which when interacting and adhering to the wood substrate, will form a
coating film that can extend the service life of the products, reducing the impact of degraders
agents, providing changes in the visual aspect and preserving its original performance (Zigon
2021, Gibbons et al. 2020).

While in the past, processing, performance and price characteristics were the main
determining factors for the development of coating materials, in recent decades, environmental
and health aspects have been considered increasingly important (Veigel et al. 2014). More
stringent regulations regarding the use of volatile organic compounds (VOCs) have caused
solvent-based coatings to be progressively replaced by waterborne coatings (Duan et al. 2016,
Tan et al. 2016). However, because the latter are more sensitive to water, depending on the
intended use of the final product it is necessary to increase the coatings’ mechanical properties,

which can be done by inclusion of fillers and other additives.
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Due to their morphology, nanofibers have a very large surface-to-volume ratio, which
allows them to interact strongly with the environment and improve the mechanical properties
of polymeric matrices. Furthermore, their nanometric scale mostly preserves the transparency
of the coating. In particular, cellulose nanofibers, i.e. microfibrillated cellulose (MFC) has a
polar and reactive surface, in addition to having substantially lower hardness, strength and
rigidity than inorganic nanoparticles, making it promising to replace inorganic fillers and
additives (Kluge et al. 2017, Veigel et al. 2014).

The good potential of cellulose nanofibers is based on the possibility of its use as
reinforcement in composite materials, but this depends on adequate dispersion in the matrix
(Islam et al. 2013). Since cellulose is hydrophilic in terms of surface chemistry, it disperses
well in aqueous media, generating a homogeneous mixture (Kluge et al. 2017). Nanocellulose
combines important properties of cellulose, such as hydrophilicity, chemical modification
capacity and formation of fibers with semicrystalline morphology.

The present study investigated the possibility of adding MFC, as filler in waterborne
wood coatings, by evaluating the influence on colorimetric characteristics, wood wettability
and on the properties of resistance to impact, adhesion and abrasion of the coating applied to

the wood.
MATERIALS AND METHODS

Preparation and characterization of microfibrillated cellulose

Industrial kraft pulp from Pinus spp. (bleached and unbleached) was used. Moisture
content was determined by gravimetry to calculate the percentage of pulp and water necessary
to prepare nanocellulose with a consistency of 2 % by dry weight. Microfibrillated cellulose
was obtained by mechanical processing in a defibrillator mill (Masuko Sangyo
Supermasscolloider MKCAG6-3) using 10 passes and a constant frequency of 157,08 rad/s

(Potulski et al. 2016, Silva et al. 2019).
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MFC morphology was evaluated by transmission electron microscopy (TEM) with a
JEOL JEM 1200EX-II microscope, with resolution of 0,5 nm, magnification range of up to 600
kX and voltage of up to 120 kV, equipped with a Gatan high-resolution CCD camera (Orius
SC1000B).

The crystallinity index of cellulose and MFC was determined with an X-ray
diffractometer (Shimadzu XRD-7000) applying the method of Segal et al. (1959). This method
involves applying equation 1 to calculate the crystallinity index based on the ratio between the

intensity of the crystalline peak and the intensity of amorphous regions.

__1002—-Iam

ICr =

100 (1)

Where: ICr = crystallinity index; lam = diffraction intensity of amorphous portions;
1002 = diffraction intensity of peak of crystalline portion of plane 002.
Wood samples

Samples of Enterolobium schomburgkii (Fabaceae) wood with dimensions of 145 mm
x 80 mm x 20 mm were used in the tests. The samples were made available by a flooring
industry, the material was already presented in the form of a floor, with stable moisture content
(dry) and containing only heartwood. Despite being a durable wood, Enterolobium schomburkii
was chosen, not only for the availability of samples, but also to value the species and encourage
nobler uses, such as floors and furniture, in addition to the traditional uses in Brazil in civil
construction.

Before the tests, the longitudinal surface of each specimen was polished with
sandpaper with grades 80 and 120 to avoid the influence of saw marks on the results. A total of
27 samples were evaluated. Samples were conditioned in a climate-controlled room in order to

reach the equilibrium moisture content (12 % + 1 %).
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Varnish

Transparent water-based marine varnish (Sayerlack - YO.1371.00) was used, with satin
finish and 38,35 % + 2 % solid content. Based on the manufacturer’s information, dilution must
be done with 10 % to 15 % water. So, tests were performed with three different dilutions: 1)
varnish with only 10 % water; ii) varnish with further addition of 10 % bleached MFC; and iii)
varnish with addition of 10 % unbleached MFC.

Since the nanocellulose suspensions had low fiber concentration, and water is the largest
portion by volume, the same water density was applied in the calculation of MFC mass for
addition in varnish. Each solution was applied by brushing on nine 9 specimens per treatment,
totaling 27 samples.

After varnish solutions’ application, samples were dried in a kiln with forced air
circulation for 4 hours and temperature of 25 °C, as recommended by the varnish manufacturer.
The samples were smoothed with 120-grit sandpaper and the varnish application and drying
was repeated twice. For each application, moisture weight applied to each specimen was
measured by weighing before and after brushing.

Colorimetry

Colorimetric characterization was performed with a Konica Minolta CM-5
spectrophotometer, operating in the range of 350 nm to 750 nm, with a xenon lamp, 8 mm
sensor aperture diameter, observation of 10°, and illuminant D65 (CIELab standard). Spectra
and colorimetric data were obtained for wood without treatments, at three different points per
sample for each varnish solution applied, for a total of 162 spectra/specimen.

In each sample, data were obtained from the longitudinal section, which provided the
values for L* (luminosity), a* (chromatic coordinates of the green-red axis), and b* (chromatic
coordinates of the blue-yellow axis). The values for C* (saturation) and h (hue angle) were

calculated according to Equations 2 and 3, respectively.
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Total color variation AE* was calculated based on Equation 4, to measure color
changes after varnish application. This parameter can facilitate comparison because it

represents three parameters in the CIE L*a*b* space (Ferreira and Spricigo 2017).

Classification of AE* is based on Table 1.

AE* = YAL2 + Aa*? + Ab*? (4)
Where: AE* = total color variation; AL*, Aa* and Ab* = variation of luminosity and

chromatic coordinates (treated sample — untreated sample).

Table 1: Wood total color variation (AE*) based on Hikita et al. (2001) and Barreto and
Pastore (2009).

AE* Classification
0,0-0,5 Negligible
0,5-1,5 Slightly noticeable
1,5-3,0 Remarkable
3,0-6,0 Appreciable

6,0-12,0 Very appreciable

Wettability

Wettability of samples was investigated by the sessile drop contact angle method with
a drop shape analysis goniometer (Kriiss). Three droplets (5 pL) of distilled water were
deposited on the longitudinal surfaces of each sample, through a syringe held perpendicularly
to the surface. The contact angles were measured after 5, 15 and 30 seconds. All measurements
were performed in the same experiment in an air-conditioned room at 20 °C = 2 °C and 60 % =+
5 % relative humidity, to avoid external influences.

The work of adhesion (WoA) is defined by the work required to separate the liquid
from the solid surface, and can be measured by surface tension of the liquid (yr) and contact

angle (0), according to the Young-Dupré equation (Schrader 1995) (Equation 5).
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Finishing tests
a) Abrasion test
The abrasion was tested according to the Brazilian standard NBR 14535 (ABNT 2008),
in a Taber abrasion tester with CS17 grinding wheel. Two samples with dimensions of 100 mm
x 80 mm were used for each treatment. The wear rates were calculated based on difference in

weight before and after surface abrasion (Equation 6).

1000x(A—B)

WR = - (6)
Where: WR = wear rate (mg/1000 cycles); A = Weight of samples before abrasion

(mg); B = Weight of samples after abrasion (mg); and C = number of cycles.

b) Coating adhesion
Coating adhesion was measured according to ASTM D4541 (ASTM 2017), with a
PosiTest AT-A pull-off adhesion tester. Three 20 mm diameter dollies were attached to each
sample with a two-component epoxy resin with minimum curing time of 24 hours before the
test. The coating/substrate adhesion tests were performed with the application of a constant rate
of 0,2 MPa/s to obtain the maximum coating resistance until the metal piece affixed to the

surface of the samples was peeled off.

c¢) Coating resistance to impact
The impact resistance of the coating was measured in accordance with NBR 14535
(ABNT 2008), adapted, which consists of assessing the damage caused by a steel ball with
diameter of 19 mm (£ 1 mm) weighing 28 g (£ 1 g) in free fall from 2 m above the specimen to
be tested. The assay was performed three times for each sample, totaling 27 tested areas. After

the collision of the steel ball, the specimens were analyzed in a 10x magnifying glass, and the
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impact caused by the contact of the steel ball with the finished surface was quantified according

to Table 2.

Table 2: Graduation of the area affected by the impact of the steel ball, based on NBR 14535
(ABNT 2008).

Degree Description
5 Light impact that leaves a smooth mark without cracks or fissures
4 One to two circular or semicircular cracks or fissures around the impact area
3 Moderate or severe cracks or fissures
2 Cracks or fissures extending out of the impact area, and/or slight film peeling
1 More than 25 % of film removed from the impact area

All tests were performed more than seven days apart after finish applications in a
climate-controlled room with a temperature of 20 °C + 2 °C and 60 % + 5 % relative humidity.
Statistical analysis

The data were submitted to analysis of variance and normality was determined. When
appropriate, the means were compared by the Tukey test at 5 % probability of error, to verify
if there were differences in the properties between the varnish with and without addition of

nanocellulose. The Sisvar 5.6 software (Ferreira 2008) was used in all the statistical tests.

RESULTS AND DISCUSSION
Microfibrillated cellulose characterization

Micrographs of cellulose nanofibrils obtained after 10 passes through the defibrillator
mill are shown in Figure 1. The average diameters of bleached and unbleached nanofibrils were
18,78 nm and 16,93 nm respectively, with no statistically significant difference. The average
thickness was close to the values found by Potulski et al. (2016).

The mechanical defibrillation process caused the cell wall fibers to fibrillate, reducing
their diameter and generating a structured network formed by nanofibrils. The diameter of
nanofibrils generally varies from 3 nm to 100 nm, depending on the origin of the cellulose, and

can have lengths greater than 1 um (Dufresne 2013).
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Figure 1: TEM images of cellulose nanofibers. (A) bleached, (B) unbleached.

The crystalline peak and amorphous halo intensities of bleached (BCF) and
unbleached (UCF) cellulose fibers and bleached (BMFC) and unbleached (UMFC)
microfibrillated cellulose are illustrated in Figure 2, and the average values found for the
crystallinity index (ICr) are reported in Table 3. The diffractogram contains a low intensity peak
in the 20 region of 15° and a more intense peak in the 20 region of 22°, which represent the
crystal planes for both cellulose fiber and MFC. These values agree with those reported by Silva
et al. (2019).

By determining the crystallinity index, it is possible to analyze the degradation
suffered by the fiber due to the mechanical defibrillation process. The crystallinity index of
cellulose refers to the number of crystalline regions, where the fiber has greater tensile and
elongation resistance, which directly influence the mechanical properties of the material

(Potulski et al. 2016).
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219 Figure 2: X-ray diffractogram of cellulose fibers and MFC samples.
220
221  Table 3: Crystallinity index of cellulose fibers and suspensions (MFC).
Sample Too2 Lim ICr
Bleached Cellulose 202 62 69 %
Bleached MFC 606 160 74 %
Unbleached Cellulose 1672 382 77 %
Unbleached MFC 1074 256 76 %
222
223 The bleached MFC had an increase in ICr after the mechanical defibrillation process,

224  which resulted in greater exposure of the fibrils than in the cellulose fiber sample, increasing
225 its ICr, but did not cause fiber degradation and tearing to the point of affecting the index.
226  Lengowski et al. (2018) and Viana et al. (2019) found ICr values close to 80 % for unbleached
227  pine cellulose fiber, near those found in work, which is consistent with other published studies.
228 One possible reason why the crystallinity index of the unbleached cellulose fiber and
229  MEFC is higher than that of the bleached cellulose is the delignification process. The bleaching
230  process may have caused fiber degradation and consequently increased the reduction of the
231  crystallinity index.

232
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Colorimetry
Figure 3 shows the reflectance curve of the samples, revealing clear separation of the
control wood curve from that of the finished samples. The colorimetric parameters of the

samples without any type of coating (control) and with the coating are presented in Table 4.

Varnish + Unbleached

Varnish Varnish + Bleached

Control

Reflectance (%)
= N w H ul
o o o o o

o

360380400420440460480500520 540560580 600620 640 660 680 700 720 740
Wavelength (nm)

Figure 3: Visible reflectance spectra of evaluated samples.

Table 4: Mean values and (standard deviation) of colorimetric parameters.

Treatment L* a* b* C* h
Control 58,84 b 10,24 a 27,28 a 29,19 a 69,29 b
(4,30) (1,43) (3,06) (2,99) (3,24)
Plain Varnish 47,58 a 14,20b 37,30 b 39,96 b 68,81 b
(6,21) (1,23) (5,53) (5,25) (3,23)
. 45,72 a 15,35¢ 35,58b 38,78 b 66,51 a
Varnish + Bleached MFC (4.30) (1.33) (4.02) (3.89) (2.41)
Varnish + Unbleached 48,02 a 14,71 be 36,08 b 39,00 b 67,61 ab
MEC (4,69) (1,28) (4,59) (4,40) (2,69)

Where: L* = luminosity; a* = green-red chromatic coordinate; b* = blue-yellow chromatic coordinate; C* =
chroma; h = hue angle. Same letter in the column indicates no statistical differences at 5 % probability by the
Tukey test.

The average brightness values (L*) showed that the application of the coating caused
a reduction in the wood brightness, but there was no significant difference due to the addition
of MFC to the varnish. This is advantageous because the addition of bleached or unbleached

MFC did not change this property. The brightness reduction can be explained by the basic
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characteristic of the chosen varnish. Since it is a satin (matte) varnish, it can cause a reduction
of the natural brightness of wood.

The coordinate a* (red-green axis) is considered the main coordinate for wood color
change between species (Garcia et al. 2014). This coordinate presented statistically different
values for control wood, wood with varnish, and with varnish and bleached MFC, whereas the
finishing with varnish and unbleached MFC differed from wood without finishing. There were
no differences in the other treatments.

In general, the addition of the coating increased the value of a*, intensifying the red
chromatic coordinate. Possibly some chemical present in the varnish absorbed a certain
wavelength in the visible range, so the color observed, as reflected, was complementary, as
described by Martins et al. (2015).

For parameter b*, all finish treatments differed from the control sample, but did not
differ significantly from each other. There was also an increase in the b* coordinate, indicating
intensification of the yellowish hue of the wood.

The total color variation (AE*) determined by equation 4 considers the differences
between color coordinates and brightness (Table 5) and thus provides a broader view of color

variation between the coating types (Figure 4).

Table 5: Total color variation (AE*) after finish application in contrast to plain varnish.

Treatment AL* | Aa* | Ab* AE* Classification
Plain Varnish x Control -11,26 | 3,96 | 10,01 | 15,58 | Very appreciable
Plain Varnish x Bleached MFC -1,86 | 1,15 | -1,72 | 2,78 Remarkable
Plain Varnish x Unbleached MFC 0,45 | 0,50 | -1,22 | 1,39 | Slightly noticeable




266
267

268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287

288

Figure 4: Visual color variation: A) control wood; B) wood with plain varnish; C) wood with
varnish containing bleached MFC; D) wood with varnish containing unbleached MFC.

Figure 4 clearly reveals the wood color variation caused by the application of the
coating, reducing the brightness and increasing the color coordinates, intensifying the wood
hue. According to Table 5, the color variation of the samples containing plain varnish compared
to the control wood sample fits into the very appreciable classification, emphasizing the great
influence that the varnish has on AE*, whereas the samples with bleached MFC compared to
the samples of plain varnish have a variation considered notable, but subtler than the variation
suffered by the sample when applying only the varnish. The same behavior occurred with
samples containing unbleached MFC, however, they were classified as slightly perceptible in
comparison with the plain varnish.

Although samples containing nanocellulose differed in the classification of the total
color variation, Vardanyan et al. (2014) stated that when exposed to weathering, wood coated
with varnish containing nanocellulose (1 wt% and 2 wt%) has better resistance to color
deviation caused by the absorption of UV light by the pulp, since the coating layer with
nanocellulose better protects the wood from weathering changes.

Wettability

The results of apparent contact angle (CA (°)) are presented in Table 6 and Figure 5.
The contact angles from 5 to 30 seconds of the samples finished with plain varnish and with
varnish containing unbleached MFC increased more than the specimen treated with varnish

containing bleached MFC. This happened because the unbleached MFC contains lignin, which
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is a hydrophobic component. In the classification proposed by Ferreira (2013) at the time of 5

seconds, the finish containing unbleached MFC was considered to be hydrophobic (6> 90°),

but it was not significantly different than the plain varnish. Therefore, it can be said that at the

time of 5 s, the unbleached MFC coating had hydrophobic character compared to the other

treatments. For the other treatments and the other analyzed times, all coatings maintained

hydrophilic character (© <90 °).

Table 6: Means values and (standard deviation) of apparent contact angle.

Contact Angle (°) WoA (55)|  variation
Treatment of CA (%)
Ssand | 15s and
5s 15s 30s 15s 30s
. . 89,98 a 87,98 a 86,54 a 72,11b o 0
Plain Varnish (4.98) (5.59) (5.67) (6,24) -2,22% | -1,64 %
Varnish + 85,28 b 82,66 b 80,79 b 78,00 a o 0
Bleached MFC | (5.95) | (6,10) | (5.99) | (739) | >07% | -2:26%
Varnish + 92,00 a 89,37 a 88,04 a 69,59 b o o
Unbleached MFC | (6.14) | (721) | @29y | (1.68) | 2867 | -149%
WoA = work of adhesion. Same letters in the row indicate no statistical difference at 5 % probability
by the Tukey test.
—&—Varnish  —fll=—Bleached MFC Unbleached MFC
94
92
= 90
w 88 ‘\.\’
2 86
= 84
2 82 .\.\.
Z 80
8 78
76
74

5S

15S
TIME (S)

Figure 5: Kinetics of the apparent contact angle for each treatment.

The work of adhesion (WoA) was measured after 5 seconds, which was the starting

point for all CA-linked analyses (°). The WoA is the work necessary to separate the interface
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from the equilibrium state of two phases. The decrease in the CA (°) with time indicates
absorption or spread of water, so there will be an increase in the WoA coefficient, since the
water penetrated in the material will have a bond with the larger wood molecules and will
require greater work for separation.

When analyzing the contact angle variation between the 5 s and 15 s, the samples
finished with varnish without additives had the smallest contact angle reduction, while for the
times of 15 s and 30 s, the specimens coated with varnish containing unbleached MFC had
smaller variations.

Finishing test

The wear rate (WR), referring to the abrasion resistance, was measured with 500 and
extrapolated to 1000 cycles per sample. The finish that had the highest wear rate, meaning the
largest mass loss after 1000 cycles, was the varnish without additive (0,031 mg/1000 cycles),
followed by treatment with varnish containing unbleached MFC (0,024 mg/1000 cycles), and
that with bleached MFC (0,017 mg/1000 cycles). However, none of the treatments showed
statistically significant differences at 5 %, i.e., the inclusion of MFC caused virtually no change
in the average wear rate, according to the standard, this test has no minimum requirement.

In the study by Veigel et al. (2014), the addition of microfibrillated cellulose and
cellulose nanocrystals in waterborne varnishes did not significantly improve the abrasion
resistance. This is because during the abrasion test, the coating layer is almost completely
removed, or can even be totally removed so as to expose the wood fibers over a comparatively
large surface area. Thus, this test measures the internal cohesion of the coating layer and to
some extent also the adhesion to the substrate.

The results of the adhesion test indicated no significant numerical difference between
the plain varnish and the varnishes with the addition of the MFC solutions (Figure 6), but

visually the specimens coated with varnish containing MFC underwent greater particle pull-out



327  during the test (Figure 7). In other words, the finishes containing MFC had a greater penetration

328  and anchorage than the plain varnish, but this was not perceived numerically by the equipment.

8,00
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329
330 Figure 6: Average values of adhesion test.
331
332
333 Figure 7: Particle pull-out in adhesion test: plain varnish (A), varnish with bleached MFC
334 (B), varnish with unbleached MFC (C), particles pulled out during the test, sample with
335 bleached MFC (D).
336
337 Poaty et al. (2014) performed the same test using cellulose nanocrystals (CNC) added

338  to the varnish, and obtained approximate results of 6 Mpa for the varnish with CNC, a result

339  similar to that found in this work.
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In the impact resistance test, all samples had an impact degree of 5, respecting the
requirements of the standard for use in any category of furniture finishing, considered slight

impact, which can an almost imperceptible mark, without the presence of cracks (Figure 8).

e e T

—— T

Figure 8: Finishing with plain varnish (A), varnish with bleached MFC (B), varnish with
unbleached MFC (C). Images captured a 10x magnification.

The waterborne varnish had good ability to absorb the impact caused by the falling
sphere, preventing wood cracking. The same was observed by Fonte (2016), who classified the
impacts on wood coated with water-based varnish as grade 5.

The addition of MFC did not result in large variations in this test. The same degree of
impact was found for all three treatment types.

CONCLUSIONS

The optical coating characteristics, such as color, were not affected by the addition of
microfibrillated cellulose, and did not change the visual appearance when compared to samples
with plain varnish.

The changes in wood wettability were also small. There was no statistical difference
between the specimens coated with plain varnish and that containing unbleached MFC. But the
contact angle for the coating containing unbleached MFC increased, consequently producing
the best results.

In general, in the qualitative evaluation tests of the finish, the addition of nanocellulose
did not cause significant differences, but in the adhesion test, there was greater particle pull-

out, which could be the result of a better anchoring of the varnish to the wood.
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It is possible to conclude the use of MFC as reinforcement in coatings has potential,

but tests with different consistencies and tests of other properties are necessary.
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