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Abstract: Upholstery nonwoven fabric is a waste product mainly generated during upholstered
furniture production. The polyester composition makes it problematic to recycle and reuse this
product. This study examined the manufacturing process of nonwoven fabric-reinforced plywood
composites and their selected mechanical and physical properties. Nonwoven fabric was integrated
between veneers bound with urea-formaldehyde resin to improve standard layered composites'
mechanical and physical properties. Several board variants were produced, differing in the position
of the nonwoven layers in the composite structure. The composites were evaluated for modulus of
rupture (MOR), modulus of elasticity (MOE), and screw withdrawal resistance, among others. The
results showed that the addition of nonwoven fabric significantly improved some properties.
Variants with strategically placed nonwoven layers showed the highest performance increases. The
results underscore the potential of nonwoven fabric as an effective reinforcing material, offering a
path to developing high-performance plywood composites suitable for demanding applications.
Another, environmental profit is that the nonwoven fabric waste, that was used in tested plywood
production, has not been subjected burning nor landfilling, but, by incorporation to plywood
structure, have positively contributed to Carbon Capture and Storage (CCS) policy. The findings
advocate for a circular economy approach, where industrial waste is effectively repurposed,
contributing to the development of green materials in the wood-based composite industry.

Keywords: nonwoven fabric; plywood composite; mechanical properties; physical properties;
recycling; upcycling; reinforcement; ccs

1. Introduction

Despite the development of many new wood materials, plywood is still valuable in many
industries [1], including construction, furniture, and automotive sectors, due to its favorable strength-
to-weight ratio and versatile properties [2]. However, traditional plywood often faces mechanical
strength, durability, and moisture resistance limitations, necessitating the development of enhanced
composite materials [3]. A plywood composite consists of at least two layers of outer laminate,
separated by an inner laminate [4]. The outer layers can be relatively thin - from about one millimeter,
while the core layer can range from a few millimeters to several centimeters. Such composites are
characterized by high strength properties, low specific weight, relatively low production costs, and
high durability [5]. A big problem in plywood production is the formaldehyde release, especially
from urea-formaldehyde-bonded plywood [6]. The technology used in plywood production has not
changed for over a century. However, research is constantly being conducted to improve its quality
[7]. On a daily basis, the furniture industry uses adhesives with the addition of various fillers for
plywood production. They improve the physical, mechanical, technological, and operational
properties. Components are increasingly subject to modifications - veneers and adhesives but also
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fillers [8]. Veneer impregnation has also been explored to improve fire resistance, given the use of
appropriate measures [9]. With increasing public awareness and emphasis on eco-friendly behavior,
the wood industry is forced to use more environmentally friendly practices. This has led to various
attempts to replace formaldehyde-based thermosetting resins with natural-origin adhesives. For
instance, glutaraldehyde-modified starch has been considered an alternative binder in plywood
technology, with studies confirming its effectiveness [10]. Wood bark has also been used as a filler to
minimize free formaldehyde emissions [3,11]. Green tea leaves have demonstrated a similar ability
to reduce formaldehyde emissions when used as a filler [12].

Nonwoven fabrics are characterized by their high porosity, flexibility, and ability to form
interfacial solid bonds with other materials [13]. These characteristics make them suitable for
reinforcing layered composites such as plywood [14]. Urea-formaldehyde resin, commonly used as
an adhesive in plywood manufacturing [15], provides good bonding strength and durability, further
improving the composite's performance when combined with nonwoven fabrics.

Integrating nonwoven fabrics into composite materials has enhanced their properties
significantly. An essential aspect of using nonwoven fabric in producing fiberboards is its impact on
the bonding process of these boards. Considering the production process of these materials, it may
turn out that they are not chemically inert, and their characteristics can be variable. However, the
Acid Buffering Capacity (ABC) parameter can be applied in wood technology, which may help adjust
the production parameters if such a non-inert material causes issues [16]. Consequently, this does not
pose a risk of necessitating the development of additional techniques and methods. Nonwoven
fabrics, particularly upholstery nonwoven, are characterized by their high porosity, flexibility, and
ability to form interfacial solid bonds with other materials, making them suitable for reinforcing
layered composites such as plywood [17]. Plywood composites, including nonwoven fabrics, can lead
to better stress distribution and bonding between layers, enhancing overall performance [18].

Nonwoven fabrics have unique structural characteristics due to their manufacturing process,
which involves bonding fibers together without weaving, knitting, or stitching. These fabrics offer
several advantages, such as improved tensile strength, impact resistance, and dimensional stability,
which are critical for enhancing the properties of plywood composites [19]. Specifically, needle-
punched nonwoven fabrics have shown promise in reinforcing polymer composites due to their
ability to distribute stress uniformly and provide better mechanical interlocking [20].

To investigate the potential of nonwoven fabric-reinforced plywood composites, this study
focuses on manufacturing and testing several board variants with different positions of nonwoven
layers. The mechanical properties, including modulus of rupture (MOR), modulus of elasticity
(MOE), and screw withdrawal resistance (SWR), were evaluated. Additionally, density and density
profile measurements, thickness swelling, and water absorption were conducted to assess the
physical properties of the composites. Industrial layered composites were used as reference materials
to benchmark the performance of the nonwoven reinforced composites.

2. Materials and Methods

2.1. Materials.

These studies concerned the production of five-layered plywood using rotary-cut birch veneers
(Betula spp.). The veneers had a thickness of 1.8 mm, moisture content (MC) of approximately 6%,
and dimensions of 300 mm x 300 mm.

The binder was industrial urea-formaldehyde (UF) resin Silekol S-123 (Silekol Sp. z o. o.,
Kedzierzyn-Kozle, Poland). Additionally, an ammonium nitrate water solution was used as a
hardener when subjected to a temperature of 100 °C to reach the curing time of about 86 s. In addition,
rye flour (PPHU JS, Magnoliowa St. 2/11, 15-669 Biatystok, Poland) was used as a bonding mass filler.

The nonwoven fabric used in the tests was from PPHU "ADAX" (Topola Szlachecka 21, 99-100
Leczyca, Poland). It is a two-component polyester fiber with a low melting point in white and a 200
g m?2 grammage fire-resistant fiber. The nonwoven fabric was a post-production waste of irregular
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shapes and dimensions from the production of upholstered furniture (Figure 1). The obtained pieces
of various sizes were used to form 300 mm x 300 mm mats.

a)
h  ENEE

Figure 1. (a, b) Examples of the nonwoven fabric as a post-production waste of irregular shapes and

dimensions from the production of upholstered furniture.

2.2. Preparation of Panels.

A five-layer reference plywood glued with urea-formaldehyde (UF) resin with hardener,
demineralized water, and flour filler was produced as part of the research. The adhesive mixture was
prepared in parts by weight (pbw): 100:10:16:5 (resin: hardener: filler: water). A brush was applied to
the adhesive mix spread to the veneers in 180 g m per single bonding line. Whenever nonwoven
fabric appeared between veneers, the glue mass has been spread to both surfaces surrounding the
fabric. The veneers were stacked alternately and then pressed in a heated hydraulic press (AKE,
Mariannelund, Sweden) for 7 min at a pressing temperature of 140 °C and a maximum unit pressing
pressure of 1.2 MPa. After pressing, the samples were conditioned at 20 + 1 °C and 65 * 2% relative
humidity for seven days to stabilize the mass before testing.

The amount and distribution of nonwoven layers differentiated the panels (Table 1). Five
different variants were created with layers of nonwoven fabric at various locations. The reference
panels (hereafter: REF) have also been produced, with no nonwoven fabric added.

Table 1. The codes and structure of produced composites.

Composite code Structure of the produced plywood
REF VIVVVV
VWVWVWVWV
W VVVVV W
VW VVV W V
VV W V W VV
WVWVWVWVWVW

1V —veneer; W — nonwoven fabric.

g = WO N -

2.3. Characterization of the Elaborated Panels.

Mechanical tests were performed on a computer-controlled universal testing machine (O$rodek
Badawczo-Rozwojowy Przemystu Ptyt Drewnopochodnych Sp. z 0.0., Czarna Woda, Poland). The
following tests were carried out: modulus of rupture (MOR) and modulus of elasticity (MOE),
conducted in accordance with current standard [21]. In addition, a screw withdrawal resistance test
[22] and an internal bond (IB) test [23] have been completed. Using the test procedure specified in the
standard for particleboard and fiberboard, the swelling thickness after immersion in water was
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determined, and analysis was carried out for all variants [24]. In addition, a water absorption test was
conducted on the samples used for the thickness swelling test. Each test was performed for six
repetitions. The density profile was also obtained for all variants (three replicates from each variant)
using a Grecon DAX 5000 instrument (Fagus-GreCon Greten GmbH and Co. KG, Alfeld/Hannover,
Germany), based on X-ray technology, with a sampling step of 0.02 mm and a measurement speed
of 0.1 mm s

2.4. Statistical Analysis.

Analysis of variance (ANOVA) and t-test calculations were conducted to identify significant
differences (a = 0.05) between factors and levels when applicable, using the IBM SPSS statistic base
(IBM, SPSS520, Armonk, NY, USA). The homogenous groups are indicated in Table 2. The results
shown in the graphs represent mean values and standard deviation as error bars.

Table 2. The statistical assessment results of mean values.

Type of the tested panel
Testtype REF 1 2 3 4 5
MOE al b b a,b b c
MOR a b b a C d
IB a a a b o d
SWR a a a a b C
TS 2h a b C a a a
TS 24h a a b a a b
WA 2h a b C a a a
WA 24h a a b a a b

a, b... homogeneous group.
3. Results and Discussion

3.1. Modulus of Rupture and Modulus of Elasticity.

Figures 1 and 2 show the dependence of the modulus of rupture and modulus of elasticity on
the content and location of nonwoven layers, respectively. It can be seen that the content of nonwoven
layers does not drastically change the results, and surprisingly, in most cases, it even worsens them.
For the reference sample, the MOR value is 119 N mm=2, and for variant 3 (nonwoven fabric mat
located under face veneers only), it is 126 N mm=. The lowest value was obtained for variant 5 with
non-woven fabric content. No rule showing a decreasing or increasing tendency in strength for the
number of nonwoven fabric layers can be deduced here. Dasiewicz and Wronka [25] obtained a
similar lack of dependence: the highest MOR for the reference sample and the lowest for the sample
with 1% chestnut flour filler content. A study conducted by Asgari et al. [26] yielded intriguing results
regarding the properties of polypropylene/poplar flour composites enhanced with microcrystalline
cellulose and starch powder. The research found that incorporating microcrystalline cellulose (MCC)
and starch powder (SP) into the composites led to an increase in the modulus of rupture (MOR).
Notably, the sample with the highest weight percentage of MCC and SP exhibited the greatest MOR,
demonstrating the significant impact of these additives on the composite's strength.

In the case of MOE (Figure 2), the reference sample achieved the best result without adding
upholstery nonwoven fabric (14308 N mm=). The lowest MOE value again occurs for variant 5
nonwoven content in the board — 2873 N mm=. The only relationship when comparing the MOR and
MOE results appears in the reference sample and the sample of variant 5 as the highest and lowest
results. However, analyzing the remaining variants with the addition of nonwoven layers, it can be
concluded that variants 1 - 4 have very similar MOE scores. However, Bal and Bektas [27], comparing
the properties of plywood made of poplar, eucalyptus, and beech, obtained increased flexibility after
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changing the plywood structure. These conclusions are consistent with the results of previous
research by Biadata et al. [28].
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Figure 2. Influence of the composite type on the MOR of produced plywood.
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Figure 3. Influence of the composite type on the MOE of produced plywood.

3.2. Internal Bond and Screw Withdrawal Resistance.

The results of internal bond strength measurements are shown in Figure 4. Internal bonding,
according to EN 319 [23], is designed to test materials based on wood particles. It is considered a
simple test and can be used to evaluate the perpendicular tensile strength of plywood [29]. As can be
seen in the figure, the highest strength was obtained by the sample of the third type, which had two
reinforcing layers of nonwoven fabric, and its strength was 3.52 N mm™=. The second sample that
obtained the highest strength is the sample of the fourth type, which received 2.54 N mm= of internal
bond strength. The lowest internal bond strength was obtained by the sample of the fifth type, with
a strength of only 0.8 N mm-2 The lowest average values of panel no. 5 can be partially explained by
the nonwoven fabric between all the veneers and the faces of the composite. Such a structure can
influence the pressing process since the nonwoven fabric can be a thermal insulation. However,
separate research should be completed to verify that theory. The examples of the tested composites'
destruction after the internal bond test have been presented in Figure 5. As can be seen, in the case of
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plywood 1, built with nonwoven fabric between every veneer, the destruction occurred in the core
zone, away from the surface, in the nonwoven fabric structure. The fabric structure was also damaged
during the IB test of panel no. 2, where the nonwoven fabric was only present on the surface of the
outer veneers. The exact figure (Figure 5c) confirms the proper adhesion of the fabric to the veneers
since the destruction after the IB test happened in the structure of the fabric. It is essential to mention
the influence on the test sample during preparation and testing. First, the effect of temperature (ca.
200 °C) when gluing the samples to the aluminum metal block caused tension inside the surface
layers due to sharp temperature differences. Second, the adhesive overlaps on the outside of the
sample in the tensile direction. These are two potential errors in the test results, as mentioned, among
other factors, by Bekir et al. (2015) [30]. To improve and gain a deeper understanding of the strain
distribution under tensile loading, it is recommended to use digital image correlation (DIC) for
analysis as a value addition method, according to Li et al. (2020) [31].
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Figure 4. Internal bond of the plywood with various content and location of the nonwoven fabric.

c)

BN

Figure 5. Examples of the tested composites destruction after the internal bond test: (a) plywood 1,
(b) plywood 2, (c) the inner surface of the nonwoven fabric layer.

The main connecting element for wood-based materials, such as plywood or OSB, is screws.
Therefore, the screw withdrawal resistance is one of the critical factors for wood-based materials used
in construction [32]. Figure 4. shows the average screw withdrawal resistances. The average
resistance obtained for the reference board is 346 N mm-2 This is neither the highest nor the lowest
value obtained from the tested samples. The highest value was obtained for the sample of variant 4,
which amounted to 388 N mm=. In contrast, the lowest value was again obtained for the variant 5
sample and was 292 N mm=. Some pictures of the samples during the SWR test have been presented
in Figure 7. The reference sample, which reaches one of the lowest average values of SWR, has been
damaged by delamination of the face veneer. In the case of plywood 2 (Figure 7b), where the SWR
was higher than REF panels, the withdrawing screw broke the composite structure in the screw
location zone. The lowest SWR average values have been registered for plywood 5, presented in
Figure 7c. It has been shown that the sample damage occurs due to delamination in the core zone.
This remark is in line with the observations of the IB tests, where panel no. 5 has the lowest IB values.
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The type of reinforcement provides a slight improvement for linen fabric compared to cellulose
A and B. Analyzing the different fabrics; there is a slight trend where a higher amount of glue
improves the screw withdrawal resistance. Pretreatment of the cellulose fabric affects this resistance.
Increasing the amount of glue leads to higher density, which is consistent with the idea that density
affects screw withdrawal resistance [33], in addition to other wood-related parameters such as fiber
direction, grade, moisture content, and temperature [34]. Fiber reinforcement affects screw
withdrawal resistance depending on the location of the reinforcing fabric in the board structure [35],
[36]. The influence of specific fabric characteristics requires further research [37].
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Figure 6. Screw withdrawal resistance of the plywood with various content and location of the
nonwoven fabric.

Figure 7. Examples of the tested composites destruction after screw withdrawal resistance test: (a)
plywood REF, (b) plywood 2, (c) plywood 5.

3.3. Density Profile.

Figure 8 shows the density profiles of samples with layers of upholstery nonwoven fabric with
a reference variant. The veneers showed a density of about 750-800 kg m-, depending on the sample.
The bond line showed a bond density slightly above 1200 kg m™ for the reference sample. The same
result was obtained by Wronka and Kowaluk [8] in a study of upcycling wood dust from recycled
particleboard as filler in lignocellulosic composite technology. A similar result was obtained by
Danitowska and Kowaluk [38] in an analysis of the use of coffee bean extraction residue as a filler in
plywood technology. As for the samples reinforced with non-woven upholstery fabric, all variants
have a similar bond line density and are almost identical to the reference sample, which is about 1200
kg m=. Differences in bond line densities within the same variant were also observed, which can be
explained by excessively high viscosity during adhesive application, resulting in uneven bonding. In
Bartoszuk and Kowaluk’s [39] research on HDF board with the addition of natural leather, the density
value in the core layer increased to about 880 kg m= at 10% leather particle content. In contrast, at 0%
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leather addition, it is about 810 kg m=. As the proportion of leather particle fibers increases, the
density difference between the boards' surface and core layers decreases. This observation aligns with
studies on incorporating textile fibers into HDF boards [40].
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Figure 8. Density profile depending on the type of composite.

3.4. Thickness Swelling and Water Absorption.

The results of thickness swelling and water absorption are shown in Figures 9 and 10,
respectively. After 24 hours of soaking, the intensity of the thickness swelling results was more
pronounced in all samples than after 2 hours. The lowest values after two hours and 24 hours were
in the samples whose outer layers were nonwoven upholstery layers. This can only indicate the
positive effect of the nonwoven fabric on the plywood and its reinforcing properties. After two hours,
the reference board had a swelling value of 5.4%; after 24 hours, it was already 12.6%. The most
significant difference in swelling per thickness after two and 24h was in the variant 4 sample, which
had nonwoven layers only inside the board. The swelling value after two hours was 5.3%, and after
24 hours, it was already 13.6%. The works of Buzo et al. [41] and Sugahara et al. [42] also found lower
thickness swelling values for particleboards made of PU compared to formaldehyde-based resins.

The results of water absorption of the tested panels with different arrangements of nonwoven
fabric layers are shown in Figure 10. The time after 24h is very close to each other in each type of
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sample, even the reference one. On the other hand, the samples' values after two hours are more
diverse. The variant 2 sample obtained the lowest value, 10.2%, and its value after 24h was 27.5%. In
contrast, the variant 1 sample obtained the highest value after two hours, which received 25.4%, and
its value after 24 hours was 34.4%.

Treatment with CCA (copper chromate and arsenate) reduced water absorption for both
adhesives used in the study “Comparative Study of Plywood Boards Produced with Castor Oil-Based
Polyurethane and Phenol-Formaldehyde Using Pinus taeda L. Veneers Treated with Chromated
Copper Arsenate” [43]. This is due to filling voids in the wood with salts [44]. PU resin showed lower
water absorption than PF in reference and CCA-treated samples. A study by Setter et al. [45] using
different resins (phenolic and urea-formaldehyde) also showed a significant difference in water
absorption. The authors concluded that PF adhesive is traditionally used in panels intended for
outdoor use because of its excellent moisture resistance.
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Figure 9. The thickness swelling of the panels produced with the use of different arrangements of
nonwoven fabric layers.
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Figure 10. The water absorption of the panels produced using different arrangements of nonwoven
fabric layers.
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4. Conclusions

The novelty of this research is the approach to using non-wood waste from the production of
upholstered furniture in wood-based composites such as plywood. The above work aimed to
demonstrate the possibility of recycling waste upholstery nonwoven fabric by incorporating it into
producing plywood panels. The results show that panels reinforced with nonwoven fabric on the
outer layers have the most significant impact on the strength of plywood. Boards with a layer of
nonwoven fabric added to the inner joints showed no substantial improvement in strength, and in
some studies, even a decrease in strength was observed. Instead, an inverse relationship can be seen
in the internal bond and screw withdrawal resistance tests, where higher strengths were obtained by
variants with the addition of nonwoven fabric in the inner layers. Nonwoven layers do not
significantly affect the density profile of the panels. The density of both the bond with adhesive alone
and the bond with the addition of nonwoven fabric is very similar.

In summary, it can be concluded that upholstery nonwoven fabric is a promising additive for
reinforcing plywood, especially in the outer layers. Such use is a promising result in the context of a
circular economy and waste recycling principles. The use of waste from the production of
upholstered furniture will, at a minimum, help solve the problem of the amount of waste generated
in this industry and its management.
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