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Abstract: Bark as a sawmilling residue can be used for producing value-added chemicals and materials.
This study investigated the use of partially liquefied bark (PLB) for producing particleboard with or
without synthetic adhesives. Maritime pine (Pinus pinaster Ait.) bark was partially liquefied in the
presence of ethylene glycol and sulfuric acid. Four types of particleboard panels were prepared with
a PLB content of 4.7%, 9.1%, 20%, and 33.3%, respectively. Another five types of particleboard panels
were manufactured by using similar amounts of PLB and 10 wt.% of melamine–urea–formaldehyde
(MUF) adhesives. Characterization of bark and solid residues of PLB was performed by Fourier
transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), and automated vapor
sorption (AVS). Mechanical and physical properties of the particleboard were tested according to the
European standards EN 310 for determining modulus of elasticity and bending strength, EN 317 for
determining thickness swelling after immersion in water, and EN 319 for determining internal bond
strength. The results showed that the increase in PLB content improved the mechanical strength for
the non-MUF boards, and the MUF-bonded boards with up to 20% of PLB met the requirements for
interior uses in dry conditions according to EN 312. The non-MUF boards containing 33.3% of PLB
and the MUF-bonded boards showed comparable thickness swelling and water absorption levels
compared to the reference board.

Keywords: bark; bonding; partial liquefaction; MUF adhesives; water vapor sorption; thickness
swelling; wood-based panels

1. Introduction

Particleboard is a panel product made from wood particles, originating from low value wooden raw
material (e.g., chips and shavings) or other lignocellulosic materials, bonded by synthetic adhesives
and pressed at high pressures and temperatures [1,2]. Particleboard is a low-cost panel product
with adequate strength for furniture and interior applications and have been widely applied in
flooring, wall and ceilings, flat-pack furniture, cabinets, and work surfaces such as speaker boxes,
sewing machine tops, etc. [3,4]. Adhesives are an important element in the wood-based panel
industry. Particleboard is traditionally produced with wood adhesives such as urea–formaldehyde
(UF), melamine–urea–formaldehyde (MUF), and isocyanate-based adhesives. It is estimated that
the adhesives used for particleboard production in Europe are split among UF (92%), MUF (7%),
and isocyanates (1%) [5]. All these existing commercial adhesives are petroleum-based, and thus
not sustainable [6]. At the same time, the concern about formaldehyde emissions from wood-based
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panels, especially in indoor applications, is currently the most important driving factor for wood panel
manufacturers to move away from using formaldehyde-based synthetic adhesives [7]. Therefore,
the development of natural binders and bio-based adhesives for wood panel production is needed.
A common problem for bio-based adhesives is their industrialization, which requires stable qualities and
quantities of raw materials and final products. Adhesives based on a variety of natural materials such as
starch, proteins, lignin and tannin have been proved to be less reactive than their formaldehyde-based
counterparts, and this leads to much longer press times and considerably higher production costs.
Thus, the particleboard industry has not yet been able to use natural binders in the production and the
penetration of such adhesive systems in the market is rather small [8].

Recently, the utilization of bio-based adhesives from liquefied biomass has received considerable
attention. Liquefaction is a method that converts wood and other lignocellulosic biomass into liquids
for obtaining oils, chemicals, and other value-added materials [9]. Liquefaction of biomass includes
two methods: hydrothermal liquefaction (HTL) and moderate acid-catalyzed liquefaction (MACL).
HTL is usually carried out in the water or organic solvents at a temperature of 200–400 ◦C and
pressure of 5–20 MPa and MACL takes place at a lower temperature of 120–250 ◦C under atmospheric
pressure with the assistance of acid catalysts [9–13]. The primary products are chosen by the different
liquefaction methods and the liquefying conditions. HTL produces bio-oil as main products while
MACL mainly produces bio-polyol or phenolated compounds depending on the solvents that are
used [9]. Liquefied wood (LW) from MACL with polyhydric alcohols and phenols has been used
in different adhesive systems, such as polyurethane, UF, MUF, phenol-formaldehyde, and epoxy
systems [14–21]. LW has high reactivity with other adhesives precursors and reactive sites due to a
large amount of phenolic and alcoholic hydroxyl groups in their compositions [16].

Kunaver et al. [16] produced particleboard from melamine–formaldehyde (MF) or MUF adhesives
with added LW, where spruce was liquefied in glycerol–diethylene glycol mixture as a solvent and
p-toluenesulfonic acid as a catalyst for 3 h at 180 ◦C. The results showed that the addition of 50%
LW to the MF and MUF adhesives did not influence the mechanical properties of particleboard but
significantly reduced the formaldehyde emissions. Čuk et al. [22] bonded particleboard with MF that
was partially substituted by LW. Adhesive mixtures containing 20% of LW had the largest improvements
in the mechanical properties of the particleboard compared to the reference boards. Substitution of
MF by LW of up to 30% resulted in a comparable mechanical strength to board bonded only with
MF, while significantly reducing formaldehyde emissions. LW worked as a plasticizer and increased
the mobility of the MF resin molecules. However, the thermal stability of MF substituted by LW was
reduced because LW prolonged the curing time of the final adhesive, decreased the cross-linking
degree, and accelerated the thermal degradation. Janiszewska et al. [23] produced particleboard with
a mixture of UF and LW (ratio 4:1) and investigated the influence of different liquefying solvents,
e.g., a mixture of solvents from the polyhydroxy alcohol group, including glycerine, ethylene glycol,
propylene glycol, diethylene glycol, and dipropylene glycol, on the chemical structure, physical and
mechanical properties of the particleboard. For all liquefying solvents, boards exhibited comparable
properties to the ones produced without LW.

Bark, as an industrial residual material, with heterogeneous structure and diverse chemical
composition, can be used for the production of a variety of and bio-composites and bio-compounds
such as tannin and polyphenols, bio-oil, antioxidants, and bio-based adhesives [24–31]. Particleboard
based on larch bark has been reported by Tudor with a much lower formaldehyde emission content than
the wood-based panels, which means bark work as formaldehyde scavenger in the particleboard [31].
Limited publications can be found related to the utilization of liquefied bark in wood adhesives and
wood-based composites, while, all of them followed a complete liquefaction process. Janiszewska [24]
liquefied bark in polyhydric alcohols and p-toluenesulfonic acid at 120 ◦C for 2 h, and then prepared
three-layer particleboard by using an adhesive mixture of 80% MUF and 20% liquefied bark (LB)
with the addition of 1 M NaOH or 25% ammonium hydroxide for neutralizing the adhesive mixtures.
The boards made with MUF-LB adhesives had 10–20% lower modulus of elasticity, 22–29% lower
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bending strength, and 25% lower tensile strength in comparison with the ones made with commercial
MUF adhesives. It was also determined that replacing of MUF with LB led to a slight reduction in
formaldehyde content. Lee and Liu [32] prepared particleboard bonded by LB-based resol adhesives,
which was prepared from LB of Taiwan Acacia (Acacia confusa) and China fir (Cunninghamia lanceolata)
with two types of catalysts, i.e., sulfuric acid and hydrochloric acid. The results showed that the resol
type adhesives prepared from bark, liquefied with sulfuric acid, had a higher viscosity compared to
those made from liquefied bark with hydrochloric acid. Adhesives from liquefied China fir had a
higher viscosity than those from liquefied Taiwan acacia with the same acid catalyst. The thermal
analysis showed that the adhesives based on hydrochloric acid-catalyzed liquefied wood had a higher
maximum temperature, a greater height of exothermic peak, and a larger quantity of exothermic heat
at thermosetting than the adhesives based on sulfuric acid-catalyzed liquefied wood. Particleboard
made with resol adhesives based on liquefied Taiwan acacia bark catalyzed by sulfuric acid had the
best mechanical properties and the lowest thickness swelling among all particleboard panels.

A complete moderate-acid catalyzed liquefaction process of biomass in alcohols or phenols takes
approximately 90–120 min under constant stirring and heating [9,12]. The obtained compounds require
further purification stage to retrieve liquids for applying in adhesive formulations, which is time- and
energy-consuming. Therefore, present work explores a novel approach at the production of partially
liquefied bark (PLB) and its further utilization in manufacturing particleboard panels. Changes in the
chemical characterization structure, thermal stability, and water vapor sorption behavior of bark due
to partial liquefaction process were determined by Fourier transform infrared (FTIR) spectroscopy,
thermogravimetric analysis (TGA), and automated vapor sorption (AVS) apparatus, respectively on
the solid residues of PLB. The effect of PLB on the physical, mechanical, and microscopic structure of
particleboard made with or without MUF adhesives were then analyzed. It was hypothesized that bark
was partially solvolyzed after liquefaction generating PLB, which is a chemical-activated particle that
can be incorporated for better compatibility with wood particles, and can thus enhance the physical
and mechanical properties of the particleboard.

2. Materials and Methods

2.1. Materials

Bark of maritime pine (Pinus pinaster Ait.) was used for liquefaction. Bark was purchased
from BVB Substrates (De Lier, The Netherlands), and then milled by a Condux mill CSK 360/N1
(Hanau, Germany) to particles. Chemicals used for liquefaction were ethylene glycol (EG) (Honeywell,
Charlotte, NC, USA) as a solvent and 96% sulfuric acid (SA) (KEMIKA d.d., Zagreb, Croatia) as a
catalyst. 1,4-dioxane, purchased from Honeywell GmbH (Seelze, Germany) was used for purification
after liquefaction. Fresh wood particles from spruce (Picea spp.) were collected from a local sawmill in
Ljubljana, Slovenia. Melamine–urea–formaldehyde (MUF) adhesives H97 was provided by Melamine
Kočevje d.d. (Kočevje, Slovenia). Ammonium sulfate with 20% solid content was used as an adhesive
hardener at a content of 3% in the adhesive formulations.

2.2. Partial Liquefaction Process

Oven-dried bark particles (103 ◦C for 24 h) together with the solvent and catalyst were added into
a three-neck glass reactor submerged in an oil bath equipped with a mechanical stirrer and a water
condenser. A weight ratio of 3:1 was used for solvent and bark. The catalyst concentration was 3%
(w/w) based on the solvent mass. The liquefaction process was initiated at 180 ◦C with constant stirring
under ambient atmosphere. After 30 min, the liquefaction was stopped by removing the reactor from
the oil bath and transferring the liquefied bark to a clean beaker for cooling down to room temperature.

Figure 1 shows the bark, bark mixed with solvent and catalyst before liquefaction, and PLB after
liquefaction. PLB (Figure 1c) used for the production of particleboard is a wet material with a high solid
content (un-liquefied bark), unreacted EG and SA, and liquefaction liquid intermediates. PLB had a
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solid content of 41% (oven-dry mass of solids divided by total PLB mass). For further characterization,
PLB was oven-dried at 103 ◦C for 24 as the solvent-containing solid residue of PLB. Purified PLB as
a solvent-free solid residue of PLB was prepared by first dissolving wet PLB in a mixture solvent of
1,4-dioxane and water at a mass ratio of 4:1. Then the wet PLB and solvent mixture was centrifuged at
1000 rpm for 10 min by removing the residual solvents and the intermediate chemicals. The obtained
solids as purified PLB were dried in the oven at 103 ◦C for 24 h. Bark, oven-dried PLB, and purified
PLB were milled to powders with a size of 2 mm for subsequent analysis.
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Figure 1. Bark (a), mixture of bark with the solvent and catalyst (b), and partially liquefied bark (c).

2.3. Particleboard Production

Single-layer particleboard panels were manufactured with a target thickness of 8 mm by following
standard procedures that simulate industrial production in the laboratory. Wet PLB was mixed with
dry wood particles (less than 4% moisture content) at different loading levels of 4.7%, 9.1%, 20%,
and 33.3%, and then the corresponding panels were labelled as I, II, III, and IV. It should be mentioned
that the PLB content was measured based on the total mass of the mixture of PLB and wood particles.
Five panels were manufactured by adding 10 wt.% of MUF adhesives and PLB at a loading level of 0,
4.7%, 9.1%, 20%, and 33.3% to dry wood particles, and these panels were labelled as V, VI, VII, VIII,
and IX. For MUF, 3% (w/w of dry adhesives) of hardener was used. The mats were then manually
formed into frame dimensions of 500 × 500 mm2. The hot-pressing temperature was set as 190 ◦C.
The pressing speed was set to 52 s·mm−1 (pressing time including closing and opening was 420 s).
Such as long-pressing time was needed due to high mat moisture content due to the usage of wet PLB,
hence there is a degassing stage in the middle of the pressing schedule (Figure 2). The final density
and thickness of the particleboard are shown in Table 1.
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Table 1. Density and thickness of the manufactured particleboard.

Panel Description Density (kg/m3) Thickness (mm)

I 4.7% PLB 399 ±19 7.98 ± 0.21
II 9.1% PLB 397 ± 65 8.05 ± 0.54
III 20.0% PLB 554 ± 18 8.32 ± 0.27
IV 33.3% PLB 540 ± 74 8.18 ± 0.21
V * 10.0% MUF 755 ± 17 7.63 ± 0.09
VI 10% MUF + 4.7% PLB 662 ± 23 7.70 ± 0.05
VII 10% MUF + 9.1% PLB 734 ± 22 7.60 ± 0.15
VIII 10% MUF + 20.0% PLB 686 ± 62 7.79 ± 0.11
IX 10% MUF + 33.3% PLB 632 ± 16 8.03 ± 0.12

* as a reference board made from melamine–urea–formaldehyde (MUF) adhesives and wood particles.

2.4. Characterizations

2.4.1. Fourier Transform Infrared (FTIR) Spectroscopy

The chemical structure of bark, oven-dried PLB, and purified PLB powders was analyzed with
a Fourier Transform Infrared Spectrometer (Alpha FTIR spectrometer, Bruker, Karlsruhe, Germany)
with a versatile high throughput ZnSe ATR crystal. The FTIR analysis was conducted in a wavelength
region from 4000 to 800 cm−1 at room temperature, accumulating 64 scans with a resolution of 4 cm−1.

2.4.2. Thermogravimetric Analysis (TGA)

The thermal stability of bark, oven-dried PLB, and purified PLB powders were analyzed using a
NETZSCH STA 409PC instrument (Netzsch, Selb, Germany). Approximately 5 mg of dried samples
(24 h at 105 ◦C) were heated from 30 to 800 ◦C at a rate of 10 ◦C/min under a flowing nitrogen atmosphere.

2.4.3. Automated Vapor Sorption (AVS)

The water vapor sorption behavior of bark, oven-dried PLB, and purified PLB powders was
determined using an automated vapor sorption (AVS) apparatus (Q5000 SA, TA Instruments,
New Castle, DE, USA) as reported previously [33,34]. Approximately 5 mg of grounded samples,
passed through a 10-mesh sieve, were exposed to the relative humidity (RH) from 0 to 90% in step
sequences of 15% and then continued to reach 95% at a constant temperature of 25 ◦C. The instrument
maintained a constant target RH until the mass change in the sample (dm/dt) was less than 0.01% per
min over a 10 min period. The equilibrium moisture content (EMC) for each sample was assessed
based on their equilibrium weight at each given RH step throughout the adsorption run.

2.4.4. Mechanical Properties of Particleboard

The bending test for measuring the modulus of elasticity (MOE) and modulus of rupture (MOR)
of the particleboard panels manufactured with PLB was performed according to EN 310:1993 [35] by
using a universal testing machine (Zwick/Roell Z005, Zwick/Roell GmbH, Ulm, Germany). Six samples
per board measuring 210 × 25 mm2 were tested using a span of 160 mm and a cross-head speed of
7 mm min−1 (time to break was between 45 and 75 s). MOE was determined between 10 and 40%
maximum load.

Six samples measuring 210 × 25 mm2 (width × length) were cut from each panel and tested for
their tensile strength parallel to the surface by using a universal testing machine (Zwick/Roell Z005,
Ulm, Germany).

The internal bond (IB) strength test was conducted following EN 319:1993 [36]. Six samples per
particleboard measuring 50 × 50 mm2 were bonded with hot-melt glue and the test perpendicular to
their surfaces were performed using a universal testing machine (Instron 4466, Darmstadt, Germany).
A loading speed of 0.75 mm·min−1 was used for testing (time to break was between 50 and 70 s).
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2.4.5. Thickness Swelling and Water Absorption of Particleboard

Samples measuring 50 × 50 mm2 were cut from the particleboard and immersed in water at
20 ± 2 ◦C for 2 h and 24 h. Thickness swelling (TS) was evaluated by the difference between the final
and initial thickness, and water absorption (WA) was evaluated by the weight difference. Four samples
per panel were used for the determinations according to EN 317:1993 [37].

2.4.6. Scanning Electron Microscopy (SEM)

The formed bonds between wood particles, PLB and MUF adhesives were studied on the
cross-section of the particleboard with a scanning electron microscope (SEM, FEI Quanta 250,
FEI, Hillsboro, OR, USA), equipped with the energy dispersive X-ray spectrometer (EDX, AMETEK
Inc., Berwyn, PA, USA). Before observations, the surfaces of the selected area of samples were evened
by cutting on a Leica SM2010R microtome (Leica, Wetzlar, Germany). The SEM micrographs were
taken with large field detector (LFD) at 100×, 500× and 1000×magnifications in a low vacuum (50 Pa),
at a voltage of 5.0 kV, a spot size of 3.0, and a beam transition time of 45 µs.

2.5. Statistical Analysis

The SPSS version 25.0 statistical software package (IBM Corp., Armonk, NY, USA) was used for
the statistical analysis. One-way ANOVA was performed on the mechanical and water-related results
for the analysis of variance at a 95% confidence interval (p < 0.05). The statistical differences between
mean values were assessed by using the Tukey’s honestly significant difference (HSD) test.

3. Results and Discussion

3.1. Characterization of Bark and Solid Residues of PLB

FTIR spectroscopy analysis detected the chemical structure of bark and solid residues of PLB
(oven-dried PLB and purified PLB) (Figure 3). Raw bark showed a strong absorption peak at 3350 cm−1,
which corresponds to -OH stretch vibration in cellulose, lignin, and hemicelluloses. Bark and oven-dried
PLB illustrated two distinct peaks at 2918 and 2845 cm−1, which are assigned to -CH stretch vibration
in aromatic methoxyl groups and aliphatic methyl and methylene groups [38,39]. The spectra for
oven-dried PLB appears similar to that of purified PLB. A slight decrease in the -OH and -CH bonds
were observed in oven-dried PLB and purified PLB compared to bark. This might be related to the
degradation and dehydration of bark, and the formation of alcohol-soluble intermediates [12,40–42].
A peak representing the C-O linkage of alcohol or ether that are typical polyol products from the
complete liquefaction was found at around 1112 cm−1 in oven-dried PLB and purified PLB (Figure 3).
This peak verified the production of polyols through the partial liquefaction [43]. The absorption band
at 1030 cm−1 corresponding to -CO stretching for both PLB and purified PLB was weakened due to the
cleavage of β-O-4 bonds of lignin [42]. The broad band between 1266 and 1030 cm−1 in the spectrum
for oven-dried PLB and purified PLB indicates -CO stretching in primary alcohol, secondary alcohol,
ethers, and esters. The changes in the absorbance of -CO groups in bark and PLB confirmed that the
liquefaction has occurred with the formation of the above intermediates. The intensive vibration at
1727 and 1605 cm−1 in bark, oven-dried PLB and purified PLB correspond to -C=O in hemicelluloses
and lignin, and to -C=C- stretching in lignin, which indicates the high content of lignin remained in
the bark structure after partial liquefaction.

Thermal degradation behavior of bark, PLB, and purified PLB was examined by TGA (Figure 4a)
and derivative thermogravimetric (DTG, Figure 4b) analyses of the samples after drying in the oven at
105 ◦C for 24 h. There were apparent differences in the thermal degradation pattern of bark after partial
liquefaction and purification compared to raw bark. Figure 4a shows the weight loss of the three tested
samples up to a maximum of 40–60% of their initial weight. It was previously reported by Yang et al.
(2007) that cellulose pyrolysis occurs in a higher temperature range than lignin and hemicelluloses,
and lignin is the most difficult polymer to decompose with a solid residue of 45.7 wt.% [44]. As shown
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in Figure 4b and Table 2, decomposition of bark (Tonset) initiated at 219 ◦C and reached a maximum
mass loss (Tmax1) at 361 ◦C, thus representing typical pyrolysis of lignocellulosic material [45,46].
The respective Tonset of PLB and purified PLB were, respectively, 152 and 148 ◦C and were both lower
than that of bark. The decomposition of PLB and purified PLB started earlier than bark, which might
be attributed to a large number of hemicelluloses and amorphous part of cellulose that decomposed
in the liquefaction due to the effect of the acid catalyst [42]. The decomposition of the intermediate
products such as alcohols and esters in the PLB and purified PLB caused a shifted second maximum
degradation temperature Tmax2. As shown in Table 2, the Tonset, Tmax1, and Tmax2 of PLB and purified
PLB were very close to each other but considerably lower than bark, which can be related to the lower
content of volatiles in PLB and purified PLB [47].Appl. Sci. 2020, 10, 5253 7 of 15 
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Table 2. Thermal degradation properties of bark, PLB, and purified PLB.

Material Tonset (◦C) Tmax1 (◦C) Tmax2 (◦C) Toffset (◦C)

Bark 219 361 – 428
PLB 152 215 397 495

Purified PLB 148 218 403 495

The water vapor sorption isotherms of bark, PLB and purified PLB are presented in Figure 5a.
PLB and purified PLB showed considerably lower EMC than bark in the RH range of 0% to 75%.
A strong upward bend was observed in the EMC of PLB and purified PLB from 75% to 95% and
surpassed bark at 95% RH. PLB showed an EMC of 33% at 95% RH, while the EMC values of purified
PLB and bark at this RH level were 30% and 24%, respectively. Moisture increment (MI) of bark was
found to vary little over the entire RH range (Figure 5b), as it was slightly decreased from 15% to 45%
RH, then gradually increased from 45% to 90% RH, and then decreased from 90% to 95% RH. PLB
and purified PLB, however, showed a different MI trend. The MI of PLB gradually increased with
increasing the RH from 15% to 75% and then sharply increased from 75% to 95%. MI was decreased
in purified PLB at the RH range of 15% to 60% but then increased greatly after 60% RH. PLB and
purified PLB illustrated a more hydrophilic behavior than bark at the higher RH range over 75%.
This can be related to more accessible hygroscopic hydroxyl sites after partial liquefaction from the
degradation of cellulose due to alcohol hydrolysis catalyzed by strong acids [48,49]. It was reported
previously that liquefaction of lignocellulosic materials in polyhydric alcohols initially hydrolyzes
the glucoside linkage of the cellulose to produce glucoside monomers, which further decomposed
to levulinic acid esters [41,50]. During the liquefaction process, the polymeric structure of lignin
was degraded, and the obtained lignin monomers reacted with ethylene glycol to form a condensed
lignin-based polymeric material with predominant aromatic hydroxyl groups, which can enhance the
hydrophilicity of PLB [51]. The higher moisture sorption of PLB as compared to purified PLB can be
attributed to the remaining ethylene glycol that provided extra hydroxyl groups in the PLB. Some part
of these hydroxyl groups may have also been removed in purified PLB by the solvent during the
purification step.
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3.2. Performance of the Particleboard Containing PLB

The mechanical properties (i.e., MOE, MOR, IB, and tensile strength) of the particleboard panels
containing PLB in the presence of MUF or not are presented in Figure 6. The non-MUF bonded boards
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containing 4.7% and 9.1% PLB (boards I and II) did not show any cohesion, and, thus, easily decomposed
during cutting as illustrated in Figure 7. The MOR, MOE, and tensile strength values of the non-MUF
boards were improved by increasing the PLB content. The particleboard containing wood particles
and the highest amount of PLB (board IV) exhibited the highest values. A significant increment in the
MOE, MOR and tensile strength of the non-MUF boards occurred when the PLB content increased
from 9.1% to 20%. At least 20% of PLB was required for the non-MUF panels to be able to perform
the IB test. It should be noted that the mechanical property values of all the non-MUF boards (I, II,
III, and IV) were very low and did not meet the requirement of particleboard for interior uses in dry
conditions according to EN 312:2010.
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The mechanical properties of the particleboard were apparently changed by the synergistic effect
of MUF adhesives and PLB. The MOE, MOR, and IB strength of the boards bonded with MUF adhesives
increased by adding 4.7% and 9.1% PLB (boards VI and VII), and they were significantly higher than the
reference one, board V. However, the differences between MOE, MOR, and IB values of the boards with
4.7% and 9.1% of PLB, i.e., boards VI and VII, were not statistically significant. Further, increasing the
PLB content to 20% and 33.3% drastically decreases the MOE, MOR, and IB strength of the boards. This
might be attributed to the decreasing proportion of the wood particles in the board content, which led
to a decrease in the density (as shown in Table 1). The higher PLB amount may have also increased the
inhomogeneity of the boards, and thus disturbed the equal distribution of the applied stresses during
the mechanical tests. The results of mechanical properties showed that up to 20% of PLB can be used
in the particleboard content to produce boards that meet the minimum requirements for interior use in
dry conditions according to EN 312:2010, in terms of MOR, MOE, and IB values that are, respectively,
13, 1800, and 0.40 N/mm2. The tensile strength parallel to surface was negatively affected by increasing
the PLB content in the MUF-bonded boards. When over 20% PLB was applied, the tensile strength of
the boards (VIII, IX) was lower than half of the strength of the reference (V). As a conclusion, 9.1% of
PLB loading should be allowed for producing particleboard with good overall mechanical properties.

Thickness swelling (TS) and water absorption (WA) of the particleboard after 2 and 24 h immersion
in water are shown in Figure 8. The boards I and II exhibited remarkably high TS and WA after 2 h
immersion in water, and they were decomposed after 24 h. This can be related to the very low internal
bond strength between wood particles and PLB. Low interaction of PLB and wood particles may also
be an additional reason, which caused poor interfaces. The increase of the PLB level in the non-MUF
panels from 4.7% to 33.3% decreased the TS and WA suggesting that the PLB protected the wood
particles against water. Similar trends were observed in TS of the boards made with MUF adhesives.
This might be attributed to the increasing amount of compact PLB particles in the particleboard mat,
which resulted in a reduction of liquid water penetration into the board. The lowest TS value obtained
in the MUF-bonded boards containing the highest amount of PLB (33.3%), which was 3.15% after 2 h
and 4.04% after 24 h immersion in water. According to EN 312:2010, the maximum thickness swelling
within 24 h of particleboard for non-load bearing applications in humid conditions is 17%. Therefore,
the boards produced of the highest amount of PLB (33.3%) without MUF adhesives (panel IV) as well
as the panels manufactured with MUF adhesives and 9.1, 20, and 33.3% PLB (panels VII, VIII, and IX)
fulfilled the standard requirement. The WA values of the particleboard manufactured with MUF
adhesives and 4.7–33.3% PLB (VI, VII, VIII, and IX) were statistically lower than the reference (board
V). The current result from TS and WA test indicated that PLB acted as an excellent water-resistant
reagent in the particleboard.

The overall results from the mechanical and water-related tests confirmed the hypothesis of this
study that PLB particles provided an activated surface that can enhance its compatibility with wood
particles. The SEM micrographs provided a visual explanation of the mechanical properties and
TS changes due to the incorporation of different PLB levels in the particleboard. In detail, the SEM
micrographs displayed that PLB caused a compact region with good interaction with wood particles
(Figure 9). The compact PLB provided a less porous structure than wood particles and resulted in a
reduction of water penetration in the particleboard. The PLB itself showed a homogeneous compact
structure that can facilitate the transfer of stresses from the surface layers through the board [22].
An equal distribution of applied stresses at the PLB-wood particles interfaces could be achieved at a
PLB level of 9.1% in the particleboard. Moreover, PLB has an advantage of modifying the surfaces of
wood particles with the presence of unreacted solvent, acid and intermediates from partial liquefaction.
Pressing of particleboard took place under the same temperature of 180 ◦C as partial liquefaction helps
to transfer the liquid phases of PLB, containing remaining polyhydric alcohol and strong acids, to the
wood surface for creating chemical bonding and self-adhesion ability. It can be seen from Figure 9b–d
that cell walls of wood near the interface between PLB and wood particles are densified that can be
caused by the chemical-active components of PLB.
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4. Conclusions

Bark as an abundant and easily accessible industrial waste has not been economically and
significantly used. The current paper provides a new method for developing bio-based panels from
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pine bark with the partial liquefaction technique. In this study, pine bark was partially liquefied and
then used to produce single-layer particleboard. Four particleboard panels were produced (I–IV) with
wood particles and different load levels of PLB (4.7%, 9.1%, 20%, and 33.3%), and five boards (V–IV)
were manufactured with wood particles, 10% MUF adhesives and different load levels of PLB (0, 4.7%,
9.1%, 20%, and 33.3%).

Characterization of bark and solid residues of PLB (oven-dried PLB and purified PLB) revealed
that the cleavage of the glucoside linkage of cellulose and the β-O-4 bonds of lignin occurred during
the partial liquefaction for forming intermediates. PLB and purified PLB decomposed faster than
bark during the thermogravimetric analysis because the bark was degraded in the partial liquefaction.
PLB and purified PLB were more hydrophilic than bark at higher RHs, meaning that PLB has more
hydroxyl groups accessible to water. Excessive hydroxyl groups can be attributed to the bonding
between particles and PLB.

Production of particleboard by replacing wood particles with PLB was possible with or without
adding MUF adhesives. However, the boards made without MUF adhesives exhibited inferior
mechanical properties as compared to the ones with MUF. The mechanical properties and thickness
swelling of the non-MUF boards were considerably improved by increasing the content of PLB from
9.1% to 20%. The best mechanical properties were obtained in the particleboard with MUF adhesives
and a PLB content of 9.1%. However, up to 20% of PLB content can be used for manufacturing
particleboard for meeting the standard requirements. The boards manufactured with 4.7% and 9.1%
PLB (I and II) without MUF adhesives showed very poor water resistance, while further addition of
PLB at 20% and 33.3% in boards III and IV significantly enhanced the hydrophobicity of the boards.
The boards bonded with MUF and different load levels of PLB from 4.7% to 33.3% exhibited significantly
lower TS and WA values than the reference board V. The above results indicated that PLB acted as a
good water-resistant substance in the particleboard.
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22. Čuk, N.; Kunaver, M.; Poljanšek, I.; Ugovšek, A.; Šernek, M.; Medved, S. Properties of liquefied wood
modified melamine-formaldehyde (mf) resin adhesive and its application for bonding particleboards. J. Adhes.
Sci. Technol. 2015, 29, 1553–1562. [CrossRef]
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