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Abstract: The potential of producing eco-friendly, formaldehyde-free, high-density fiberboard (HDF)
panels from hardwood fibers bonded with urea-formaldehyde (UF) resin and a novel ammonium
lignosulfonate (ALS) is investigated in this paper. HDF panels were fabricated in the laboratory by
applying a very low UF gluing factor (3%) and ALS content varying from 6% to 10% (based on the
dry fibers). The physical and mechanical properties of the fiberboards, such as water absorption
(WA), thickness swelling (TS), modulus of elasticity (MOE), bending strength (MOR), internal
bond strength (IB), as well as formaldehyde content, were determined in accordance with the
corresponding European standards. Overall, the HDF panels exhibited very satisfactory physical
and mechanical properties, fully complying with the standard requirements of HDF for use in load-
bearing applications in humid conditions. Markedly, the formaldehyde content of the laboratory
fabricated panels was extremely low, ranging between 0.7–1.0 mg/100 g, which is, in fact, equivalent
to the formaldehyde release of natural wood.

Keywords: wood-based panels; high-density fiberboards; bio-adhesives; ammonium lignosulfonate;
zero-formaldehyde emission

1. Introduction

The growing need for sustainable products and the stringent legislative requirements
related to the hazardous formaldehyde emissions from wood-based panels have boosted
scientific and industrial interest in the production of eco-friendly, wood-based panels [1–7]
and optimal utilization of the available lignocellulosic materials [8–13].

Fiberboards are wood-based panels produced by breaking down softwood and hard-
wood material into fibers, mixing them with wax and a formaldehyde-based thermosetting
resin, such as urea-formaldehyde (UF), phenol formaldehyde, or melamine-urea formalde-
hyde, and forming panels by applying pressure and high temperature in a hot press [14,15].
Depending on the density, fiberboards can be classified into low-density fiberboards, with
densities less than 400 kg·m−3, medium-density fiberboards, with densities ranging from
400 to 900 kg·m−3, and high-density fiberboards (HDF), with densities ranging from 900 to
1100 kg·m−3. HDF panels are one of the most widely used wood-based products world-
wide, with a variety of end-uses, such as high-grade furniture, laminate flooring, wall
panels, shelves, and door skins. High-density fiberboards are denser than particleboards,
and can be even denser than ordinary plywood; this characteristic broadens their appli-
cation. HDF panels have many advantages, such as having a smoother surface, easier
machinability, and increased strength. Resistance to direct screw withdrawal is relevant
only for those fiberboard products used in furniture and cabinetmaking. Such panels
are ideal for use as substrates for thin overlays in indoor conditions [16–18]. Another
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important advantage of HDF panels is the utilization of small-sized, low-quality wood,
which is otherwise used mainly for energy purposes [19–21].

Traditional synthetic adhesives used in the production of wood-based panels are based
on fossil-derived constituents, mainly urea, melamine, and phenol [22–25]. At present,
about 95% of total wood adhesives used in the production of wood-based panels are
formaldehyde-based resins [25]. UF resins dominate the global market, accounting for
about 85% of the amino resins produced worldwide, with an estimated annual production
of 11 million tons/year [2,25,26]. UF resins are thermosetting resins, the product of a
reaction between urea and formaldehyde. These resins have been widely used in the
production of engineered wood-based panels as a result of their numerous advantages, e.g.,
low press temperatures, short press times, excellent strength properties, chemical versatility,
and a relatively low price [23–30]. The main drawback of UF resins, apart from their lower
water resistance in comparison with phenol and melamine formaldehyde resins [31], is the
release of hazardous volatile organic compounds (VOC) and free formaldehyde from the
final UF-bonded products, especially with indoor use [32–34].

Formaldehyde (HCHO, CAS No. 50-00-0) is associated with a number of significant
environmental issues [35] and serious human health hazards, such as skin and respira-
tory tract irritation, skin sensitization, nausea, genotoxicity, and cancer [36–38]. In 2004,
formaldehyde was reclassified from “probable human carcinogen” to “known human
carcinogen” (Group 1) by the International Agency for Research on Cancer [39]. Since
then, the formaldehyde limit values have steadily been lowered, which has led to the
development of less toxic, low-emission, eco-friendly, wood-based panels, where con-
ventional synthetic resins have been partially or completely replaced by sustainable, bio-
based adhesives [40–47] or by adding formaldehyde scavengers to adhesive formulations,
such as urea [48], sodium metabisulfite (Na2S2O5), ammonium bisulfite ((NH4)HSO3),
other ammonium-containing agents [49,50], Al2O3 nanoparticles [51], etc. Various natural
compounds, such as wood bark flours [32,52–54] and tannins [55–57], have also been
successfully used to reduce the free formaldehyde content of wood panels.

Different renewable biomass resources, such as proteins [58–60], starch [61,62], tan-
nins [63–65], and lignin [9,66–69] have been used as sustainable raw materials for the
development of bio-based adhesives for engineered wood panels.

Lignin is a polyaromatic amorphous macromolecule and the second most abundant
organic material after cellulose [70,71]. It is considered to be low-value waste or a byprod-
uct, e.g., of the pulp and paper industries, which generate approximately 50–70 million
tons of lignin annually [72]. With the increased production of biofuels, it is estimated that
this number will reach 225 million tons per year by 2030 [72]. The enhanced scientific
and industrial interest in lignin valorization is due to its abundance, renewability, and
potential for providing an economically and environmentally sustainable alternative raw
material for the production of value-added products, including adhesives for wood-based
panels [4,43,73]. The application of lignin in the formulation of adhesives is primarily due
to its polyphenolic structure. Thus, lignin may be used in lignin-phenol-formaldehyde
resins, where it is applied to partially replace phenol [6,74,75]. Additional chemical modi-
fication of lignin, such as phenolation and methylolation, can be applied to increase the
lignin reactivity to formaldehyde [1,75,76].

Technical lignins are obtained by different pulping technologies, but only lignosul-
fonates, which are water-soluble polyelectrolytes derived as byproducts of the sulfite
processes, are available in large quantities, with an estimated annual production of ap-
proximately 800,000 tons [77–80]. Lignosulfonates contain a large number of functional
groups, resulting in excellent surface activity; ammonium lignosulfonates (ALS) have been
shown to be the most suitable ones for adhesive applications due to their large number
of hydroxyl groups [75,81]. Another important advantage of ALS is their solubility in a
number of organic solvents, unlike sodium, calcium, and magnesium salts, which are only
soluble in water [82].
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The aim of this research work is to investigate the potential of producing eco-friendly
HDF panels from hardwood fibers, bonded with UF resin and a novel ALS adhesive, in
order to reach the European standard requirements.

2. Materials and Methods

Industrially produced fibers obtained in factory conditions through the Asplund-
method, using a L46 Defibrator (Valmet, Stockholm„ Sweden), were used in this work.
The fibers were supplied by the factory of Welde Bulgaria AD (Troyan, Bulgaria). The
fibers were obtained by the thermo-mechanical defibration of wood chips with dimensions
(length) from 5 to 30 mm, subjected to steam treatment at 0.8 MPa steam pressure and
170 ◦C temperature. The industrial wood fibers had a bulk density of 29 kg·m−3 and a
pulp freeness of 11◦ SR (Schopper Riegler test). The fibers were composed of the hardwood
species European beech (Fagus sylvatica L.) and Turkey oak (Quercus cerris L.) at a ratio
of 2:1, and were oven dried to a moisture content of 6.2%. The fibers had lengths from
1116 µm to 1250 µm (factory data).

Urea-formaldehyde resin with a solid content of 64% and a molar ratio (MR) of 1.16
was provided by Kastamonu Bulgaria AD (Gorno Sahrane, Bulgaria).

Commercial ammonium lignosulfonate (D-947L) was supplied by Borregaard (Sarps-
borg, Norway). The ALS (CAS No. 8061-53-8) adhesive had the following characteristics:
ammonium content—4.1%, sodium content—0.1%, total sulfur content—6.8%, high per-
formance liquid chromatography (HPLC) sugars—20%, pH—4.5%, total solids content—
48.6%, specific gravity—1.220, boiling point 104 ◦C, evaporation rate 0.4, vapor pressure
14.2 mmHg, and viscosity (cps)—400 at 25 ◦C.

Under laboratory conditions, the HDF panels were produced with dimensions of
400 × 400 mm2, a thickness of 6 mm, and a target density of 910 kg·m−3. The adhesive
formulation was comprised of UF resin at 3% and three addition levels of ALS (6%, 8% and
10%), based on the weight of fibers. The UF resin was used at 50% concentration. Urea at
3% based on the dry resin at 50% concentration was used as a formaldehyde scavenger.
Ammonium sulfate ((NH4)2SO4, CAS No. CAS 7783-20-2) at 1.5% based on the dry UF
resin and 2% based on dry D-947L at 30% concentration was used as a hardener.

A control panel was fabricated with 6% UF content, based on the dry fibers, and
without ALS (HDF type 4). This resin addition level (6%) is typical for commercial HDF
panels.

The manufacturing parameters of the laboratory-fabricated HDF panels are presented
in Table 1.

Table 1. Manufacturing parameters used in this research work.

Panel No. Adhesive Type Target Density
(kg·m−3)

UF Resin Content
(%)

Ammonium Lignosulfonate Content
(%)

1 UF + ALS 910 3 6
2 UF + ALS 910 3 8
3 UF + ALS 910 3 10
4 UF 910 6 0

The industrial wood fibers were mixed with the adhesive formulation in a high-speed
laboratory glue blender (850 min−1). The hot pressing process was carried out using a
single opening hydraulic press (PMC ST 100, Italy). The press temperature used was
200 ◦C. The press factor applied was 30 s·mm−1. The following four-stage pressing regime
was used: in the first stage, the pressure was increased to 4.5 MPa for 20 s; in the second
stage, the pressure was steadily decreased to 1.2 MPa; in the third stage, the pressure was
decreased to 0.6 MPa. The fourth pressing stage was performed at a pressure of 1.8 MPa.
After pressing, the fabricated composites were conditioned for 10 days at 20 ± 2 ◦C and
65% relative humidity.
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The physical and mechanical properties of the fabricated HDF panels (Figure 1)
were tested according to European standards, namely EN 310, EN 317, EN 319, and
EN 323 [83–86]. A precision laboratory balance Kern (Kern & Sohn GmbH, Balingen,
Germany) with an accuracy of 0.01 g was used to determine the mass of the test specimens.
The dimensions of the test pieces were measured using digital calipers with an accuracy
of 0.01 mm. The physical properties (water absorption and thickness swelling) were
measured after 24 h of immersion in water. The thickness swelling was assessed using
the differences between the initial and final panel thicknesses, and the water absorption
was determined using the difference in weight. The mechanical properties of the HDF
panels were determined using a universal testing machine Zwick/Roell Z010 (Zwick/Roell
GmbH, Ulm, Germany). For each parameter, eight HDF samples were used for testing.
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Figure 1. High-density fiberboards from industrial hardwood fibers bonded with UF resin and
ammonium lignosulfonate; 910 kg·m−3 target density, 6 mm thickness and three addition levels of
ammonium lignosulfonate (6%, 8%, 10%).

The formaldehyde content of the laboratory-produced panels was tested in the lab-
oratory of Kronospan Bulgaria EOOD (Veliko Tarnovo, Bulgaria) on four specimens in
accordance with the commonly used Perforator method [87].

Variation and statistical analysis of the results was carried out by using the specialized
software, QstatLab 6.0.

3. Results
3.1. Physical and Mechanical Properties

The results of the physical and mechanical properties of the HDF panels, comprised
of industrial hardwood fibers bonded with UF resin and a novel ALS adhesive (D-947L),
are presented in this part. The density of the laboratory-produced panels varied from 893
to 930 kg·m−3, which was close to the targeted value. The differences in the final density
of the panels were significantly below 5%; thus, it did not have a significant effect on the
mechanical and physical properties.

The physical properties of the laboratory-produced HDF panels, i.e., water absorption
(WA) and thickness swelling (TS), were determined after 24 h of immersion in water. Both
WA and TS are critical panel properties that are directly correlated with the dimensional
stability of wood-based panels [22,24].

A graphical representation of the WA (24 h) of the laboratory-produced HDF panels is
presented in Figure 2.

It was determined that increasing the ALS content from 6% to 10% resulted in de-
creased WA values of HDF panels from 31.5% to 26.1%, respectively; this means an average
improvement of this property by 21%. The increased ALS addition resulted in a gradual
decrease of WA values—a relative improvement of the WA by 10%, while increasing the
ALS content by 2%. ALS has a pH of about 4.5, and the increased addition of ALS in
the UF resin resulted in a decreased pH of the adhesive mixture. This acidic condition
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resulted in decreased fiber moisture absorption, and hence, improved the water resistance
of the finished HDF panels. The increase in resistance of the UF resin modified by ALS
was also caused by the decreased brittleness of the adhesive, which, in the case of the
unmodified UF, causes the cured resin to crack and allow moisture to penetrate into the
bonded product [88,89]. Only the HDF panel, fabricated with 3% UF resin and 6% ALS
content, had higher WA values compared with the control HDF panel, produced with 6%
UF resin and without ALS addition. The HDF panels, produced with 8% ALS and 10%
ALS, had 1.06 times and 1.16 times lower WA values than the control panel, respectively.
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Figure 2. Water absorption (24 h) of HDF panels produced.

WA is not a standardized technical property; nonetheless, according to the liter-
ature [24,90], the WA of common HDF panels typically varies between 30% and 45%.
Thus, the HDF panels, produced under laboratory conditions from industrial wood fibers,
bonded with a UF resin and an eco-friendly, formaldehyde-free ALS adhesive, exhibited
comparable or better WA values compared with the industrially-produced HDF panels
bonded with formaldehyde-based adhesives.

A graphical representation of the TS (24 h) of the laboratory-produced HDF panels is
shown in Figure 3.
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As seen in Figure 3, TS of HDF panels bonded with ALS varied from 18.3% to 12.9%,
i.e., increasing the ALS addition from 6% to 10% resulted in a 1.41 times improvement
in TS values due to the decreased pH of the adhesive. All laboratory-produced panels
had significantly better (lower) TS values than the standard requirement for application
in humid conditions—25% [91]. The decreased pH of the adhesive may not be the only
reason for the improvement in the TS values. Press temperature has a significant effect on
the hygroscopic thickness swelling rate of HDF as well. The press temperature used in
our research was 200 ◦C. It has been confirmed that the swelling rate increases as the HDF
press temperature increases [92]. Only the HDF panel, produced with 3% UF resin and 6%
ALS content, had higher TS values compared with the control panel (HDF type 4).

In terms of mechanical properties, the modulus of elasticity (MOE), bending strength
(MOR), and internal bond (IB) strength of the laboratory-produced HDF panels were
evaluated.

A graphic representation of the MOE of the laboratory-produced HDF panels is shown
in Figure 4.
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The MOE of fabricated HDF panels reached high values, ranging from 3197 to
4114 N·mm−2. The estimated values significantly surpassed the European standard re-
quirements [91] for HDF panels for use in humid conditions (≥2900 N·mm−2). Increasing
the ALS addition from 6% to 10% resulted in a 29% improvement in MOE values. The
incorporation of the increased ALS addition into the UF resin effectively reinforced the
composites. The larger ALS quantity in the adhesive acted as a barrier against the influx of
water, which resulted in better MOE values. Comparable results, i.e., MOE values ranging
from 3730 to 4476 N·mm−2, were reported by [6] in their work on the development of
eco-friendly, medium-density fiberboards bonded with low phenol-formaldehyde (PF)
resin content (3–5%) and calcium lignosulfonate, varying from 5% to 15%, depending on
the dry fibers.

Only the HDF panel produced with 3% UF resin and 6% ALS addition content had
lower MOE values compared with the control panel (HDF type 4). The HDF panel produced
with 10% ALS content had 16% higher MOE values than the control panel.

A graphical representation of the MOR of the laboratory-produced HDF panels is
shown in Figure 5.
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The fabricated HDF panels had very satisfactory MOR values, ranging from 30.99 N·mm−2

to 40.47 N·mm−2, meeting the EN 622-2 standard requirements for HDF panels in humid
conditions (MOR ≥ 30 N·mm−2) [91]. MOR and MOR of HDF may be affected by a number
of factors that are discussed in [93]. According to that study, the fiber dimensions have a
significant effect on the physical, mechanical, and thermal properties of HDF panels. The
wood species and digester conditions, i.e., press temperature, time, pressure, and defibrator
grinding disc distance, are the most important parameters for the fiber quality. Increasing
the ALS content from 6% to 10% resulted in improved MOR values by 31%. In the case of
MOE, the greater ALS quantity in the adhesive mixture acted as a barrier against the water
influx, which resulted in improved MOR values. The panels produced with 6% and 8%
ALS content had lower bending strength values than the control panel. The HDF panel
fabricated with 10% ALS content had a 27% greater MOR value than the control panel,
bonded with 6% UF resin content. The maximum MOR value obtained in this work, i.e.,
40.5 N·mm−2, was determined at 3% UF resin content and 10% ALS addition. Similar
values were reported by Antov et al. (2020) [6] in their work, in which the maximum MOR
of 35.2 N·mm−2 was recorded for medium-density fiberboards bonded with 5% PF resin
and 5% calcium lignosulfonate.

Finally, a graphical representation of the average IB strength of the laboratory-produced
HDF panels is shown in Figure 6.

The IB strength of the HDF panels ranged from 0.58 N·mm−2 to 0.67 N·mm−2; this
means that increasing the ALS content from 6% to 10% resulted in a 17% increase in
IB strength values. A significant improvement, i.e., by 12%, was recorded when the
ALS content was increased from 6% to 8%. An increase in ALS significantly improved
the interfacial compatibility of the materials. ALS acts as an anionic surfactant, and its
molecular structure contains not only polar groups (e.g., hydroxyl and sulfonic groups),
but also nonpolar groups (e.g., benzene propane skeleton and aliphatic side chains). With
the increase of ALS, its activation gradually reduced the interfacial tension and interfacial
free energy, thereby improving the mechanical properties of the composites [94]. There is
an apparent correlation between internal bond and thickness swelling; the better a HDF is
bonded, the better it resists the forces trying to cause thickness swelling. All laboratory-
produced HDF panels met the standard requirements for HDF use in dry conditions
(IB ≥ 0.50 N·mm−2) [91]. Only the HDF panel bonded with 3% UF resin content and 6%
ALS had a lower IB value than the control panel. The laboratory-produced HDF panel,
produced with 10% ALS content, had a 13% greater IB strength value compared with the
control panel.
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3.2. Formaldehyde Content

The results for the free formaldehyde content of the fabricated HDF panels, tested in
accordance with the standard EN ISO 12460-5 (called the Perforator method), are presented
in Table 2.

Table 2. Formaldehyde content of HDF panels according to EN ISO 12460-5.

HDF Type Adhesive UF Resin Content
(%)

Ammonium Lignosulfonate Content
(%)

Formaldehyde Content
(mg/100 g)

1 UF + ALS 3 6 1.0 ± 0.1
2 UF + ALS 3 8 0.8 ± 0.1
3 UF + ALS 3 10 0.7 ± 0.1
4 UF 6 - 4.3 ± 0.1

The results obtained for the free formaldehyde content of the laboratory-produced
HDF panels from industrial hardwood fibers, bonded with UF resin and ammonium
lignosulfonate adhesive (D-947L), were remarkably low and can be considered as a zero-
formaldehyde content [1,24]. All laboratory-fabricated HDF panels fulfilled the require-
ments of the super E0 emission grade (≤1.5 mg/100 g). The lowest formaldehyde content
of 0.7 ± 0.1 mg/100 g was achieved for the HDF panel bonded with 3% UF resin and
10% ALS (D-947L) content. In accordance with the free formaldehyde content results,
the reference HDF panel, bonded with 6% UF resin only, can be classified under the
emission class E1 (≤8 mg/100 g). These results are in agreement with previous research,
where using lignosulfonates as binders for wood composites resulted in decreased free
formaldehyde content [6,9,45,69]. ALS has very good characteristics for methylolation due
to its large number of phenolic hydroxyl groups and amount of aromatic protons of the
guaiacyl units, whose presence tends to increase the reactivity of lignosulfonate toward
formaldehyde [94,95].

Natural wood releases low, yet still measurable, amounts of formaldehyde formed by
its main polymeric components and extractives at approximately 0.5 to 2 mg/100 g [96–98].
Considering this, HDF panels bonded with UF resin and ALS (D-947L) can be defined as
extremely low-emission wood-based panels.

4. Conclusions

Eco-friendly HDF panels with acceptable physical-mechanical properties and close-to-
zero formaldehyde emissions, fulfilling the European standards, can be produced from
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hardwood fibers bonded with a very low conventional UF resin (3%) and a novel am-
monium lignosulfonate at a content of 6% to 10%, depending on the dry fibers. The
laboratory-fabricated HDF panels met the stringent standard requirements for use in load-
bearing applications in humid conditions. The formaldehyde content of panels produced
in the laboratory was distinctly low, ranging from 0.7 mg/100 g to 1.0 mg/100 g (according
to EN 12460-5), which is equivalent to the formaldehyde release of natural wood. The HDF
panels manufactured with 3% UF gluing content and ammonium lignosulfonate addition
>8% exhibited superior physical and mechanical properties compared with those of the
control panels produced with a straight UF resin (at 6%). Future studies should focus on
decreasing the hot-pressing factor by modifying the formula of ammonium lignosulfonate
by adding suitable cross-linking agents, and studying in-depth the bonding interaction
among formaldehyde-based resin, lignosulfonate additives, and lignocellulosic fibers.
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20. Kulman, S.; Boiko, L.; Gurová, D.H.; Sedliačik, J. The Effect of Temperature and Moisture Changes on Modulus of Elasticity and
Modulus of Rupture of Particleboard. Acta Facultatis Xylologiae Zvolen 2019, 61, 43–52.

21. Savov, V.; Antov, P. Engineering the Properties of Eco-Friendly Medium Density Fibreboards Bonded with Lignosulfonate
Adhesive. Drvna Industrija 2020, 71, 157–162. [CrossRef]

22. Youngquist, J.A. Wood-Based Composites and Panel Products. In Wood Handbook: Wood as an Engineering Material; USDA Forest
Service, Forest Products Laboratory: Madison, WI, USA, 1999; pp. 1–31.

23. Wibowo, E.S.; Lubis, M.A.R.; Park, B.D.; Kim, J.S.; Causin, V. Converting crystalline thermosetting urea-formaldehyde resins to
amorphous polymer using modified nanoclay. J. Ind. Eng. Chem. 2020, 87, 78–89. [CrossRef]

24. Mantanis, G.I.; Athanassiadou, E.T.; Barbu, M.C.; Wijnendaele, K. Adhesive systems used in the European particleboard, MDF
and OSB industries. Wood Mater. Sci. Eng. 2018, 13, 104–116. [CrossRef]

25. Kumar, R.N.; Pizzi, A. Environmental Aspects of Adhesives–Emission of Formaldehyde. In Adhesives for Wood and Lignocellulosic
Materials; Wiley-Scrivener Publishing: Hoboken, NJ, USA, 2019; pp. 293–312.

26. Dae, P.B.; Woo, K.J. Dynamic mechanical analysis of urea-formaldehyde resin adhesives with different formaldehyde-to-urea
molar ratios. J. Appl. Polym. Sci. 2008, 108, 2045–2051.

27. Bekhta, P.; Sedliacik, J.; Saldan, R.; Novak, I. Effect of different hardeners for urea-formaldehyde resin on properties of birch
plywood. Acta Fac. Xylologiae Zvolen 2016, 58, 65–72.

28. Dunky, M. Adhesives in the Wood Industry. In Handbook of Adhesive Technology; Pizzi, A., Mittal, K.L., Eds.; Marcel Dekker: New
York, NY, USA, 2003; Chapter 47; pp. 872–941.

29. Zhang, W.; Ma, Y.; Wang, C.; Li, S.; Zhang, M.; Chu, F. Preparation and properties of lignin-phenol-formaldehyde resins based on
different biorefinery residues of agricultural biomass. Ind. Crops Prod. 2013, 43, 326–333. [CrossRef]

30. Jivkov, V.; Simeonova, R.; Marinova, A.; Gradeva, G. Study on the Gluing Abilities of Solid Surface Composites with Different
Wood Based Materials and Foamed PVC. In Proceedings of the 24th International Scientific Conference Wood Is Good–User
Oriented Material, Technology and Design, Zagreb, Croatia, 18 October 2013; pp. 49–55, ISBN 978-953-292-031-4.

31. Kumar, R.N.; Pizzi, A. Urea-Formaldehyde Resins. In Adhesives for Wood and Lignocellulosic Materials; Wiley-Scrivener Publishing:
Hoboken, NJ, USA, 2019; pp. 61–100.

32. Tudor, E.M.; Barbu, M.C.; Petutschnigg, A.; Réh, R.; Krišt’ák, L’. Analysis of Larch-Bark Capacity for Formaldehyde Removal in
Wood Adhesives. Int. J. Environ. Res. Public Health 2020, 17, 764. [CrossRef] [PubMed]

33. Tudor, E.M.; Dettendorfer, A.; Kain, G.; Barbu, M.C.; Réh, R.; Krišt’ák, L’. Sound-Absorption Coefficient of Bark-Based Insulation
Panels. Polymers 2020, 12, 1012. [CrossRef]

34. Mirski, R.; Bekhta, P.; Dziurka, D. Relationships between Thermoplastic Type and Properties of Polymer-Triticale Boards. Polymers
2019, 11, 1750. [CrossRef]

35. Łebkowska, M.; Radziwiłł, M.Z.; Tabernacka, A. Adhesives based on formaldehyde—Environmental problems. BioTechnologia
2017, 98, 53–65. [CrossRef]

36. U.S. Consumer Product Safety Commission. An Update on Formaldehyde (Publication 725); U.S. Consumer Product Safety
Commission: Bethesda, MD, USA, 2013.
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