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Abstract: Finishing coatings used in the wood-based composites industry play a key role in the final
appearance of the finished product. However, the use of such coatings is not only for aesthetic purposes but
also to protect the product against surface damage and moisture or minimize the emission of harmful
substances. The latter is an extremely important factor in terms of safety for both the manufacturer and the
user, which is why the emissivity test is one of the most important tests conducted in this case. Such a role can
be played by carbon-rich materials, as those remaining from the extraction of birch bark. In this article, an
attempt to create coatings in the form of a film by combining a biopolymer with suberinic acid residues (SAR)
was made. There were two types of biopolymers used — polylactide (PLA) and polycaprolactone (PCL), in
various polymer-SAR ratios. SAR as a residue, is a material that bounds CO2 from the atmosphere and creates
a possibility of further use. As part of this study, the obtained coatings were tested in terms of resistance
to scratch, relative hardness, cold liquids, total volatile organic compounds (TVOC) and formaldehyde
emission, surface absorption etc. Differences in the polymers used and the effect of the SAR additive on selected
surface properties were demonstrated. The addition of carbon-rich SAR significantly improves gas barrier
properties of the surface finishing materials based on PLA and PCL. Relative hardness and scratch resistance
have also increased with rising SAR content. However, the increasing content of SAR filler acts as a limiter in
the depth of penetration of deposited surface finishing materials onto the wood surface. It is possible to state
that the innovative approach, regarding 1) utilization of biopolymers as a matrix, instead of conventional, crude
oil-based resins, and, 2) incorporation of post-processed carbon-rich waste lignocellulosic materials to produce
the surface finishing and/or protective films, has been confirmed.
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1. Introduction

Wood finishes give the desired appearance, protect wooden surfaces and provide an easy-to-
clean surface [1]. Regarding traditional finishing the biggest increase in wood gloss happens when
covered with acrylic lacquer or shellac [2], drying oils provide exquisite bio-based finishes for wood
[3] and wax has a role of protective coating for wood surfaces, though it is transparent to UV light
[4]. According to EN 14342:2013, for wooden elements for indoor use, reaction to fire, formaldehyde
content, tensile strength, thermal conductivity and biological sustainability are some important
features [5].Synthetic finishes still dominate the industry, because they are the easiest to obtain,
provide desirable properties and aesthetics and are economically profitable. Phenolic resins and
saturating kraft papers are raw materials used in the manufacture of decorative laminates [6]. The
quality of decorative laminate boards depends on the impregnation process of Kraft papers with a
phenolic resin [7][8]. Resins are applied to act as plasticizers and soften the wood cell wall [9].. Well
known are also modifications of resins to improve their properties. For example, with the addition of
nano-silica content, the mechanical properties of composites finished with PF resin increase
continuously, with the maximum modulus of rupture (MOR) by the mass fraction of nano-silica of
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4% [10]. The use of phenol-formaldehyde (PF)-impregnated paper overlays significantly reduce
discoloration reaching the lowest color change in the case of using maple top veneers and the
application of melamine-formaldehyde (MF). When applied to boards with top veneers from maple,
they significantly reduce surface structuring and gloss reduction. However, the most promising
effects were obtained by combining both MF and PF [11]

Except of synthetic resins, another commonly used finishings can be lacquer coating. Samples
treated with a combination of tannin and polyurethane coating change the color less than samples
treated with water-based coating and tannin [12]. The susceptibility of lacquer coatings on spotting
in chemoresistance tests depends mainly on the kind of wood species [13]. Two-component coatings
(acrylate-polyurethane) have a greater hardness than one-component coatings (polyurethane-based)
[14]. To increase the service life of wood flooring, a property is suggested by [15]: self-healing, which
turned out to increase crosslinking density while keeping self-healing behaviour [16].

Other methods can be used when desired are better surface properties, and so mechanically
induced vibration fusion welding techniques can also be used to obtain a wood surface finish
resulting in increased hardness and surface properties [17]. Less roughness is observed for plane
milling than for sanded surfaces [18].

The finishing coatings mentioned above perform numerous benefits, providing desired
properties. However, rising health concerns have increasingly focused on the use of wood finishing
substances in the furniture industry based on vegetable oils instead of paints, pigments and lacquers
[19], which is why the current trend is developing sustainable coating formulations that provide
equivalent functionality while mitigating associated environmental impacts [20]. The use of
formaldehyde-based adhesives and finishing in the wood-based composite industry represents a
healthcare concern due to its toxic volatile compounds [21]. Results showed that the addition of
cellulose nanofibers (CNC) layers significantly reduced the emission of formaldehyde (26% less) [22].
The barrier performance of compatibilized CNC with regards to neat CNC is higher, however,
although the gains in oxygen barrier properties of nanocomposites are lower than that of CNC
multilayer materials, their properties are more stable in service conditions [23]. The dispersions of
xylan and alkyl ketene dimer were proven by obtaining coated paper with improved barrier
properties [24]. A significant, linear reduction of formaldehyde emission has been observed [25] via
the addition of charcoal. Bagasse-activated charcoal can be used for the removal of chromium [26]
and reduction of formaldehyde emission from particleboard. The emission value met the SNI 5008.2:
2016 standard [27]. Also, the alkali-soluble resin has been investigated by [28][29] regarding barrier
properties. Applying a second coating layer covers the surface defects of the first coating layer,
thereby improving the barrier performance. It turned out that water-borne coating is dependent on
relative humidity since absorbed water acts as a plasticizer and leads to decreased barrier
performance.

When making an attempt to reduce the VOC emission from wood composites, also another
approach has been made, by usage of tree bark. Single-layer [28] and three-layer [29] particleboards
were produced by replacing virgin wood particles with partially liquefied bark (PLB) in the core or
surface layers. PLB was prepared by the acid-catalyzed liquefaction of industrial bark residues in
polyhydric alcohol. Formaldehyde emissions from the particleboards were below the E1 class limit
required by European Standard EN 13986:2004.

The valorization of tree bark through chemical treatment into valuable products, such as bark
acid, leads to the formation of process residues with a high solids content [30]. Depolymerized
suberinic acids (SA) can be considered as an alternative resource to different feedstocks for value-
added product obtaining [31][32][33], for example, to develop bio-polyols that can be further used in
polymeric material production [34]. This approach contributes well to the minimization approach of
the CO:z emission from industry and to waste re-use [35]. The birch (Betula spp.) outer bark is a
valuable product rich in betulin. After the removal of betulin extractives, suberin-containing tissues
are left [36][37].

The aim of this research was to create and investigate the selected properties of coatings in the
form of a film, made by combining a biopolymer with SAR, as a carbon-rich, alternative upcycled
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raw material. There were two types of biopolymers used — PLA and PCL, in various polymer-SAR
ratios. SAR as a residue, is a material that bounds CO: from the atmosphere and creates a possibility
of further use. The innovative approach of the following research can be stated, regarding not only
utilization of biopolymers as a matrix, instead of conventional, crude oil-based resins, but also the
incorporation of post-processed carbon-rich waste lignocellulosic materials to produce the surface
finishing and/or protective films.

2. Materials and Methods

2.1. Materials

Surface finishing layers were produced with three different matrices: reference, phenol-
formaldehyde (PF) resin (Silekol Sp. z o.0., Kedzierzyn-Kozle, Poland), 66% dry matter content
according to [38]; pure, laboratory-purpose PLA (Sigma-Aldrich, Saint Louis, MO, USA, product no.
38534), PCL (Sigma-Aldrich, product no. 704105) in drops with a diameter of 3 mm. Suberinic acid
residues used in the research that have been used to prepare the blends have been in detail described
in [30]. The basic chemical properties of SAR: acid number 95.8 mg/KOH, epoxy groups 0.61 mmol/g,
cellulose 9.0 wt%, aromatic suberin, lignin 21.4 wt%, w-hydroxy acids 17.5%, and a, w-diacids 11.9%.

The following finishing layers have been produced:

1) reference (hereafter called REF), PF layer that has been prepared by the manual spreading of the
PF resin in the amount of 185 g m™ on the surface of industrial birch (Betula spp.) 3-layer, 5 mm
thick, urea-formaldehyde (UF) plywood, then drying of the spread PF resin under 70 °C through
2 h and after this, curing the finishing resin layer in the hot press (AKE, Mariannelund, Sweden)
under following parameters: pressing time 420s, temperature 180 °C, pressure 0.8 MPa.
The assumed resin surface spread (185 g m=2), with known dry matter content, has been chosen to
be able to achieve a similar final 1 mm thickness of all tested finishing layers;

2) PLA finishing layer, made by methylene chloride (CH2Clz) solution for PLA, 21% dry matter
content, mixed with SAR powder, 20% and 50% w/w, respectively, hereafter called “PLA20”
and “PLA50”; a pure PLA surface finishing layer has also been tested (hereafter called “PLA”).
All the prepared blends have been spread on PTFE sheets under a fume hood to evaporate the
solvent, and then were milled to achieve a powder smaller than 0.1 mm. Such a powder has been
formed in a hot press (as above) to achieve a 1 mm thick film as was done by [39]. The prepared
film has been pressed in a hot press (pressing time 75 s, temperature 185 °C, pressure 0.8 MPa)
on the surface of the plywood described above;

3) PCL finishing layer, made by toluene (CsHs) solution for PCL, 25% dry matter content; the
remaining steps of surface finishing preparation — as in the case of PLA. By such method the
following samples have been achieved: PCL (hereafter called “PCL”; no SAR addition) “PCL20”
and “PCL50”.

Following the research plan, the produced surface finishing layers on plywood base (Table 1)
were conditioned in ambient conditions (20 °C; 65% R.H.) to a constant weight for seven days before
tests.

Table 1. Compositions of tested surface finishing layers.

Variant label Matrix SAR filler content (w/w of dry matter)
REF PF 0
PLA 0
PLA20 PLA 20
PLA50 50
PCL 0
PCL20 PCL 20
PCL50 50

2.2. Density profile
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Density profiles of the tested samples were measured in 3 repetitions on a GreCon DAX 5000
device (Fagus-GreCon Greten GmbH and Co. KG, Alfeld/Hannover, Germany) with a sampling step
of 0.02 mm. The density profile measurement results were the representative plots selected after
analyses of 3 individual plots for every tested finished surface. A surface layer and a half of the
thickness of the face veneer density have been presented on plots.

2.3. Resistance to scratch and a relative hardness

Scratch resistance has been measured according to the “A” procedure described in [40]. As many
as 5 repetitions per every tested material type have been used.

The hardness has been measured according to the procedure described in [41]. As many as 2
repetitions per every tested sample type have been used.

2.4. Cold liquids resistance

Cold liquids resistance has been measured according to the procedure described in [42].
As many as 5 repetitions per every tested sample type have been used. The following cold liquids
have been used: acetic acid 10%, acetone, citric acid, ethanol, and distilled water. The exposition time
was 24 h. As many as 3 samples have been used per every finishing surface type.

2.5. Surface water absorption

Surface water absorption has been measured according to [43] on 5 samples per every finishing
surface.

2.6. Contact angle

Contact angle measurements were made using the contact angle analyzer PHOENIX 300 (SEO —
Surface & Electro Optics Co., Gyeonggi-do, Ltd., Suwon City, Korea) equipment, using the method
of distilled water sessile drop in 3 repetitions per every finishing surface. The contact angle has been
measured directly after drop deposition, as well as 60 s after drop deposition for the same drop.

2.7. Total VOC and formaldehyde emission

The Total VOC and formaldehyde emission tests have been completed in the emission test
chamber, at temperature of 23 °C +/- 0.5 °C and relative air humidity of 44% +/—1%. Other parameters
of sample conditioning - as in [44]. The TVOC and formaldehyde emission tests were carried out after
24 hours of conditioning the samples by analyzing the chamber air over three repetitions after 20
minutes each, with use of JD-3002 Air Quality Tester (Dongguan Jinlide Electronic Technology Co.,
Ltd., Dongguan City, Guangdong Province, China). We adhered to the standards when it comes to
air conditioning conditions for samples during the emission test.

2.8. Statistical analysis

Analysis of variance (ANOVA) and t-test calculations were used to verify significant differences
(ot =0.05) between factors and levels where appropriate, using the IBM SPSS statistic base (IBM, SPSS
20, Armonk, NY, USA). A comparison of the means was performed when the ANOVA indicated a
significant difference.

3. Results and Discussion

3.1. Density profile

The density profiles of the tested samples have been presented in Figure 1. Since the differences
between the density profiles of pure biopolymers (PLA and PCL) were insignificant, the profiles of
the main materials have been presented. However, it was found that the depth of penetration of the
tested surface finishing materials was decreasing with the amount of SAR added. The data presented
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in Figure 1, except the density distribution, represents also the estimated border (adhesion line)
between the surface finishing material (left side from Y axis) and veneer material (right side from Y
axis). This estimated border has been indicated by the location of the Y axis. As it is shown, the highest
depth of penetration, about 0.62 mm, has been achieved in the case of the reference, PF resin. This is
due to the fact that the resin has been spread on the surface of plywood in a liquid state, and then
cured. The PLA surface finishing material has penetrated wood only at a depth of about 0.36 mm.
Results provided by [45] show that the penetration of semi-crystalline PLA is generally greater in
outer bondlines of a plywood, with average penetration values of 40 to 70 um compared to <50 um
for inner bondlines. The difference between these results and ours may be due to the fact that the
authors tested PLA films with a thickness of 0.3 mm, while our coatings were about three times
thicker. Also, the pressing parameters varied. For PCL the penetration depth was only 0.2 mm. Such
a low penetration of PCL can be connected to the high hydrophobicity of PCL, which was mentioned
below. As it was mentioned above, the contribution of SAR filler has slightly limited the depth of
penetration of the tested surface finishing materials. The depth of penetration can influence the final
properties of the wood surface covered, because, when the penetration depth is low, the anchoring
force of the protective layer is weak and in the worst case can lead to delamination. The highest
achieved density, about 1200 kg m= is comparable with the findings of [46] for 0.55 mm thick
continuous press laminates (CPL).

Density [kg m™]

1200

1000 -

800 -

600 -

400 4

200 A

o

o

T T T T
02 04 06 038

1

T
12 14

1000

800

400 -

200 o

N

600 -

1200 A

1000 A

800 +

600 -+

400

200 ~

o

Fa

0 02 04 06 08 1 12 14 o o2 04 05 08 1 12 14
(a) (b) (©)

Figure 1. Density profiles of the main tested surface finishing materials: reference (PF) (a), PLA (b),

PCL (c) (x-axis units: mm).

3.2. Resistance to scratch and a relative hardness

The scratch resistance and the relative hardness of the tested surface finishing layers have been
presented in Error! Reference source not found.. The highest hardness (0.67) and scratch resistance
(6 N) have been found for the reference, PF surface layer. These results were statistically significantly
different from those achieved for PLA and PCL. The highest scratch resistance and relative hardness
for tested biopolymers have been found for pure PLA. The addition of SAR caused a statistically
insignificant increase in relative hardness and scratch resistance for both blends, PLA and PCL.
However, the achieved results of scratch resistance of the tested materials are lower than for high-
pressure laminates (HPL) where almost 9 N has been recorded [47]. The improvement of the stiffness
and mechanical properties of PLA has been confirmed by [48], where various addition of wood flour
has been applied. Also, according to [49], the incorporation of 1% lignin HPL leads to significant
hardness improvement. The lower hardness of PCL has been noted by [50], where the blends of PLA
and PCL have been modified by thermoplastic starch. A promising potential of biopolymers
modification by SAR addition has been found here, to improve scratch resistance and hardness of
surface finishing materials based on renewable and upcycled raw materials.
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Figure 2. The relative hardness and scratch resistance of the tested surface finishing layers.

3.3. Cold liquids resistance

The cold liquids resistance evaluation results of the tested surface finishing layers have been
presented in Table 2. As it has been shown, the reference finishing layer seems to have one of the
highest resistances to the applied cold liquids. The results show that in the case of PF resin, a slight
turbidity after acetone and citric acid activity has been found. When it comes to pure PLA, only in
the case of acetone there was slight cloudiness found. There was no significant influence of the
addition of SAR to PLA regarding the resistance to cold liquids. The pure PCL layer has been less
resistant when referred to PF and PLA. The changes in the surface have been found when acetone
and ethanol have been applied. The addition of SAR to PCL led to lowering of the resistance of the
tested blends to acetone and ethanol (C-grade for both liquids).

Comparing the results obtained to conclusions drawn from studies on different finishing
coatings, it is worth to mention the results provided by [51] on addition of organoclay to pure PLA.
It has been found that modification with organoclay led to improvement of water vapor permeability
of the films examined. Regarding commercial waterborne coatings (acrylate-based and polyurethane-
based), [14] found out that the best resistance to cold liquids was performed in case of exposure to
water and citric acid, while the fastest changes were observed after acetone application. The coatings
that were acrylic-based performed better resistance compared to the polyurethane-based ones. It was
also stated by [52] that most of the agents had caused no changes on waterborne UV acrylic coatings
even after 24 h. Only the ethyl alcohol showed negative impact on evaluated surfaces, causing slight

changes.
Table 2. The grades of resistance of the tested surface finishing layers to cold liquids.
Variant L e
label Acetic acid Acetone Citric acid Ethanol Water
REF A* B B A A
PLA A B A A A
PLA20 A B A A A
PLA50 A B A A A
PCL A B A B A
PCL20 A B A B A
PCL50 A C A C A

* The scores A — E meaning: A— no change, B- slight change, C- moderate changes, D- significant change, E-
strong change.

3.4. Surface water absorption
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Though the surface water absorption of the wood-based materials provides important
information about further features of the surface when subjected to finishing or when in use, the
results of the measurement of surface water absorption of the reference layer and those made of PLA
and PCL show no water uptake by the tested samples. The achieved results were on the level of the
method error. That means the tested surfaces, when exposed to 2 h water influence, remain tight and
impermeable. That remark provides promising information regarding the potential of the application
of biopolymer/SAR blends as surface finishing layers.

Comparing the SAR addition to other possible modifications, one can mention the results
revealed by [53]. It has been stated that the effect of the addition of 0.1 wt% nano TiO: to glass fiber
(GF) reinforced polymer reduces moisture diffusion coefficient about 9%. According to [54], water
absorption of the polyolefin- wood/rice flour blends slightly increased as the filler loading increased,
but to a negligible extent, while the study conducted by [55] showed that jute and sisal reinforced
epoxy resins show satisfying water absorption properties when compared to non-reinforced polymer
and it is possible to further improve them by alkali treatment.

3.5. Contact angle

The results of the measurements of the contact angle on the tested surface finishing layers made
of different biopolymers with various content of SAR have been presented in Error! Reference source
not found.. As it was shown, the lowest contact angle, 62, has been found for the reference layer.
After 60 s this angle decreased to 58°. The contact angle for pure PLA was 76° and 72°, respectively,
directly after deposition and 60 s after deposition. This contact angle found for PLA reaches the
results provided by [56]. Values of water contact angle reported by [57] for poly(D,L-lactide) without
surface modification ranges from 87 to 69°. The subsequent addition of SAR, 20% and 50% to PLA,
led to a statistically insignificant increase in contact angle. A much higher contact angle, 136° and
121°, respectively, directly after deposition and 60 s after deposition, has been found for pure PCL.
According to [58], contact angle of 17wt% PCL dissolved in acetone equals 101° and of 11wt% PCL
dissolved in acetic acid with triethylamine 84°. This shows the influence of the type and concentration
of dissolvent on the contact angle values. The results obtained in this study confirm a strongly
hydrophobic nature of PCL, which should be an advantage when applied as a protective layer. The
subsequent addition of SAR, 20% and 50% to PCL led to a statistically significant decrease in the
contact angle. As it was confirmed by [59], the changes in the contact angle of biopolymers influence
the properties of wood-based materials containing these as a binder, especially when exposed to
humidity or water.
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Figure 3. The contact angle of the tested surface finishing layers.

3.6. Total VOC and formaldehyde emission
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The results of Total VOC and formaldehyde (HCHO) emissions from the tested surface finishing
materials applied on plywood have been displayed in Table 3. When the achieved results of TVOC
will be compared to those for laminated particleboards [60], it is clearly visible that the emission for
reference panel (REF) is lower than for particleboard. The reason can be a barrier layer of PF resin, as
well as a lower content of VOC of deciduous species, such as Betula spp. is, which was a raw material
for plywood production [61]. There also has been a significant reduction of TVOC and HCHO
emission when the investigated surface finishing layers have been applied. The increasing content of
SAR significantly reduces the revealed emissions. The mentioned reduction of TVOC and
formaldehyde emission from plywood covered with different surface finishing layers can be an effect
of the scavenger nature of lignin, which is the main component (over 21 wt%) of SAR. The SAR-
containing surface finishing layers act as a bi-functional barrier layer, which can avoid the gas transfer
from the core of the composite to the environment, as well as can fix the formaldehyde and other
emitted compounds in the finishing layer structure [62]. According to [63] and [64], the blends of
PLA, as well as PCL can be recognized as extremely promising for the development of bio-based and
biodegradable polymeric materials with low oxygen permeation, that is, for the development of
suitable alternatives to conventional and highly pollutant oil-based plastics. It can be concluded that
the tested surface finishing materials, based on biopolymers with SAR incorporation, have promising
features regarding gas barrier layer on wood-based material surfaces.

Table 3. The emission of TVOC and HCHO of the tested surface finishing layers.

Variant label Tvoc HCHO
mg m-
REF 0.072 0.112
PLA 0.063 0.081
PLA20 0.059 0.069
PLA50 0.051 0.061
PCL 0.061 0.079
PCL20 0.059 0.066
PCL50 0.049 0.058

4. Conclusions

The aim of this research was to create and investigate the selected properties of coatings in a
form of a film, made by combining a biopolymer with SAR, as a carbon-rich, alternative upcycled
raw material. There were two types of biopolymers used — PLA and PCL, in various polymer-SAR
ratios. SAR as a residue, is a material that bounds CO: from the atmosphere and creates a possibility
of further use.

The results show that there is a positive influence of 20% and 50% addition of SAR to PLA and
PCL blends, regarding Total VOC and formaldehyde emission from plywood. This can be caused by
high lignin content in SAR particles. Also, SAR addition improves the relative hardness and scratch
resistance of PLA and PCL-based surface finishing materials.

No significant differences between surface water absorption have been found when testing the
mentioned surface finishing materials.

The reduced features of resistance to selected cold liquids, such as acetone and ethanol, have
been noticed in the case of PCL with raising SAR content.

Based on the achieved results and conclusions mentioned above, it is possible to state that the
innovative approach, regarding 1) utilization of biopolymers as a matrix, instead of conventional,
crude oil-based resins, and, 2) incorporation of post-processed carbon-rich waste lignocellulosic
materials to produce the surface finishing and/or protective films can be successfully developed and
advantageous. The main disadvantage of the proposed approach is the need to enlarge the range of
biopolymers applied as a matrix, to be able to improve the mechanical properties of the tested films.
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