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ABSTRACT: Growing environmental concerns and the need for sustainable alternatives to synthetic materials have
led to increased interest in bio-based composites. This study investigates the development and characterization of
sustainable egg packaging waste (EPW) biocomposites derived from recycled wood fibers and fungal mycelium
filaments as a natural binder. Three formulations were prepared using EPW as the primary substrate, with and
without the addition of hemp shives and sawdust as co-substrates. The composites were evaluated for granulometry,
density, mechanical strength, hygroscopic behavior, thermal conductivity, and fire performance using cone calorimetry.
Biocomposites, composed exclusively of egg packaging waste, exhibited favorable fire resistance, lower total heat
release (THR) and total smoke release (TSR), extended time to ignition (TTI), reduced hygroscopicity, and higher
flexural strength. Biocomposites, containing hemp shives, demonstrated improved compressive strength and thermal
insulation but showed weaker fire resistance. Biocomposites, incorporating sawdust, showed intermediate properties
with the longest flameout time (TTF) and highest heat release values. Overall, the results demonstrate that EPW-based
biocomposites can be tailored through substrate composition to achieve desirable combinations of mechanical, thermal,
and fire-retardant properties, highlighting their potential as sustainable alternatives to conventional synthetic materials
in building and packaging applications.

KEYWORDS: Egg packaging waste; fungal mycelium; biocomposites; mechanical properties; thermal conductivity;
fire resistance

1 Introduction

The slow but persistent transition from synthetic polymers to renewable sources represents an essential
strategy of civilization in mitigating environmental degradation, addressing climate change, and promoting
a sustainable industrial future. So far, the increasing global reliance on synthetic polymers, particularly
fossil fuel-derived plastic materials, has resulted in severe environmental, economic, and health-related
consequences [1]. One of the harshest effects is the accumulation of plastic debris in oceans and freshwater
systems leading to alarming levels of microplastic contamination, infiltrating food chains and human health
systems [2]. Furthermore, the production and disposal of synthetic polymers release large amounts of
greenhouse gases, exacerbating climate change [3]. As a response, Europe has prioritized the development
and adoption of renewable materials to mitigate these pressing issues while fostering a circular economy. The
European Union has taken a leadership role in implementing policies and research initiatives that promote
renewable materials as viable substitutes. Legislative frameworks, such as the European Green Deal [4]

@ Copyright © 2025 The Authors. Published by Tech Science Press.
This work is licensed under a Creative Commons Attribution 4.0 International License, which permits

unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



https://www.techscience.com/journal/JRM
https://www.techscience.com/
http://dx.doi.org/10.32604/jrm.2025.02025-0107
https://www.techscience.com/doi/10.32604/jrm.2025.02025-0107
mailto:ilze.irbe@kki.lv

2140 ] Renew Mater. 2025;13(11)

and the Single-Use Plastics Directive [5], emphasize the reduction of synthetic polymer consumption while
encouraging the development of bio-based and biodegradable alternatives from renewable sources. In addi-
tion to regulatory actions, scientific and technological advancements have contributed to the feasibility of
renewable materials in industrial applications [6,7]. Simultaneously, consumer demand for environmentally
friendly products has pressured industries to integrate sustainable materials into their production processes.

Sustainable materials are designed to minimize environmental impact throughout their lifecycle, from
production to disposal. They are primarily made from renewable resources, such as plant-based fibers,
biodegradable polymers, and recycled materials, ensuring a reduced dependence on finite fossil fuels [8].
Biocomposites are composed of more than one component utilizing the interaction to ensure and improve
the properties of the obtained materials [9].

Mycelium biocomposites (MB) are innovative, sustainable materials derived from the fungal hyphae
—filamentous, thread-like structures that form the mycelium, the primary vegetative body of a fungus. The
majority of fungal species employed in MB belong to white-rot fungi from the phylum Basidiomycota. White-
rot fungi are the most efficient and versatile degraders of lignocellulosic biomass, owing to their ability
to secrete a broad range of hydrolytic and oxidative enzymes [10], which efficiently mineralize lignin in
addition to the wood polysaccharides to CO, and H,O [11]. These biocomposites are produced through the
cultivation of mycelium on organic substrates, mostly lignocellulosic waste, where the fungal network grows
and binds the substrate into a solid structure [12]. Due to their biodegradability [13], lightweight properties,
and potential for customization, mycelium-based materials have gained attention in various industries,
including packaging [14], construction [15,16] and textiles [17] as eco-friendly alternatives to conventional
synthetic materials. The unique ability of mycelium to interact with bio-based substrates and form durable,
versatile materials position it as a promising solution in the transition toward a more sustainable economy
in the field of renewable materials [14].

Various cellulose-containing raw materials can be used as substrates for MB [18]. Cellulose fibers are
known as multiple-use recyclable raw material from a renewable primary source, such as wood or other
lignocellulosic plants. The current paper fiber recycling rate in Europe is 79.3% which means that most of
the used paper and board was recycled, and every fiber completes on average 4.8 recycling cycles [19] while
the theoretical number of recycling reaches 25 [20]. Recycled fibers are mainly used to re-create newsprint
and packaging materials, as well as to develop innovative composite materials such as reinforced cement
materials [21,22], high-density polyethylene (HDPE) composites [23], high-strength foam materials [24],
superabsorbents [25], polyurethane elastomer composites [26], polypropylene composites [27]. However,
large amounts of secondary fibers are used to form three-dimensional shaped molded fiber products for
different applications, such as electronic packaging, specialty items, and food packaging [28,29], which can
be further recycled in new packaging or used for more advanced applications, e.g., as a nanocellulose source
for active food packaging [30].

According to Eurostat, the EU generates around 84 million tons of packaging waste in a year, with paper
and cardboard accounting for over 40% [31]. Since most egg cartons are made from molded fiber derived
from recycled paper, they represent a relevant portion of this category. For example, in Germany alone, it is
estimated that approximately one billion egg cartons are used each year [32]. Given that a typical fiber carton
weighs around 45-50 g, this results in roughly 45,000 to 50,000 t of packaging material annually in just one
country. Across Europe, the total volume is undoubtedly higher, making egg packaging an important stream
in discussions on waste reduction and material sustainability.

Despite extensive research on recycling and upcycling of molded fiber product waste, no existing
studies have specifically addressed its application as a substrate for MB. The proposed study aims to fill
the detected gap by developing MB using molded fiber-based egg packaging waste (EPW) as substrate.
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Although the main component, cellulose fibers, comes from natural and renewable sources, the possible
presence of unexpected emerging pollutants [33] synthetic manufacturing additives [29] and other biological
and chemical contaminants [34] should be considered when using EPW as a substrate for biocomposites.
The study aimed to develop EPW mycelium biocomposites and analyse their mechanical and hygroscopic
properties, thermal conductivity, and reaction to fire.

2 Materials and Methods
2.1 Substrate Preparation

All ingredients used to develop biocomposites were sourced locally. The primary substrate-molded
fiber-based EPW was obtained using recycled pulp obtained from SIA “V.L.T” (Valmiera, Latvia), a manu-
facturer of molded fiber products. Based on the supplier’s information, the EPW was composed of mixed
waste paper (such as journals, books, newspapers, and office paper), cardboard, printing house waste, and
waste from egg packaging production and synthetic wet-strength resin Maresin PST 150 (Mare S.p.A, Ossona,
Italy).

The co-substrates, hemp shives (HS), were purchased from a local hardware store, while silver birch
sawdust (BS) was obtained from a wood processing company (SIA Osukalns, Jekabpils, Latvia). Both
materials are readily available and derived from renewable resources, supporting the efficient and sustainable
utilization of industrial by-products. Wheat bran (WB) was obtained from a commercial supplier. WB is a
cheap and widely used by-product, which is a well-suited growth additive, promoting the lignocellulolytic
enzyme production by the majority of basidiomycetes. WB, as an additional supplement, is the primary
source of nutrition that supports mycelial biomass increment.

Three different compositions of EPW biocomposites were prepared with primary- and co-substrates,
each mixed with 8% WB and 75% distilled water (Table 1).

Table1: Composition of EPW mycelium biocomposites and weight percentage of each ingredient. EPW: egg packaging
waste; HS: hemp shives; BS: birch sawdust

Composition EPW (wt%) HS (wt%) BS (wt%)

EPW1 100 - -
EPW2 50 50 -
EPW3 50 - 50

2.2 Granulometry

Substrate particle size distribution and fraction proportions were determined with an AS200 analytical
sieve shaker (Retsch GmbH, Haan, Germany) using vertically arranged sieves of 10, 7, 5, 3, and 1 mm. The
mass retained on each sieve after sieving was determined, and its proportion relative to the total sample
weight was calculated.

2.3 Inoculum Preparation

The basidiomycete Trametes versicolor (L.) Lloyd 1920 was initially cultured on Malt Extract Agar (MEA)
medium containing 5% malt extract and 3% agar for 14 days at 22 + 2°C and 70 + 5% relative humidity
(RH) to prepare inoculum for liquid cultivation. Mycelial growth in liquid medium was carried out in a
composition containing (per 1000 mL of distilled water): 15.0 g glucose, 3.0 g peptone, 3.0 g yeast extract,
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0.8 g NaH, POy, 0.4 g K;HPOy, and 0.5 g MgSOy, adjusted to pH 6. All reagents were sourced from Sigma-
Aldrich (Schneldorf, Germany). Cultivation proceeded in a Multitron incubator shaker (Infors HT, Basel,
Switzerland) at 27°C and 150 rpm for 14 days.

2.4 Incubation

Following cultivation, mycelial pellets were homogenized using a Waring laboratory blender (Waring
Commercial, Torrington, CT, USA) and evenly mixed with sterile substrates in 4 L filter patch bags.
Incubation of the inoculated bags was carried out in the dark at 20 + 2°C and 70 + 5% RH for 14 days
(Fig. 1). Subsequently, the mycelium-substrate mixture was transferred into molds (200 mm x 200 mm x
40 mm) for a second growth phase under the same environmental conditions for an additional 7 days. Upon
completion, the EPW biocomposites were removed from the molds followed by drying at 70°C for 24 h
to terminate fungal growth and assess moisture content. Moisture content (%) was calculated based on the
weight difference between wet and dry samples. The dried panels were then sectioned into different specimen
sizes with a bandsaw for further testing.

Figure 1: Development stages of EPW mycelium biocomposites: (A) initial cultivation in filter patch bags;
(B) secondary growth in molds; (C) final biocomposite panels
2.5 Mechanical Properties

Each specimen was weighed and its length, width, and thickness measured with a digital caliper. Volume
and density were subsequently calculated using Eqs. (1) and (2):

Ixwxh
=, 1
1000 1)
where V is volume (cm?), [ is length (mm), w is width (mm), and  is height (mm).
m
= —, 2
P=v (2)

where p is density (g-cm™), m is mass (g), and V is volume (cm?).

Compression tests were conducted on five parallel specimens measuring 30 mm x 30 mm x 30 mm
using a Zwick/Roell Z010 (ZwickRoell, Ulm, Germany) universal testing machine. The procedure followed
a modified ISO 844:2021 [35] standard under controlled laboratory conditions of 23°C and 50% RH. The
mechanical load at 10% relative deformation of the specimen was determined. The compression speed
corresponded to 10% def/min, and the preload was 2 N. During the test, a force-displacement graph was
recorded, from which the compressive modulus of elasticity (E) was determined by drawing a tangent to the
steepest part of the curve. Both the compressive strength at 10% deformation (0;¢) and E were calculated
automatically by the software.
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Flexural strength was evaluated on five parallel specimens measuring 170 mm x 30 mm x 30 mm using
a Zwick/Roell Z010 (ZwickRoell, Ulm, Germany) universal testing machine. The flexural test was conducted
according to ISO 1209-2:2007 [36] under controlled laboratory conditions of 23°C and 50% RH. The load
was applied at a rate of 10 mm min~' with a 1 N pre-load, using a three-point bending configuration with a
150 mm support span. The maximum flexural strength (0fM) and modulus of elasticity (Ef) were calculated
automatically by the software.

2.6 Thermal Conductivity

Thermal conductivity measurements were performed using a Linseis HFM 200 (Linseis GmbH, Selb,
Germany) in line with ISO 8301:1991 [37], with the cold and hot plates set at 0°C and 20°C, respec-
tively, yielding a AT of 20°C. Three replicate specimens, each measuring 200 mm x 200 mm x 30 mm,
were analyzed.

2.7 Hygroscopic Sorption

Hygroscopic sorption was measured in accordance with ASTM C1498-01:2017 [38]. Three specimens
of each EPW biocomposite composition, measuring 30 mm x 30 mm x 30 mm, were selected and dried
in an oven at 50°C to a constant mass. The specimens were then placed in a climate chamber Binder MKF
240 (Binder GmbH, Tuttlingen, Germany) at 23°C, and exposed to a series of test environments with RH
increasing from 60% to 90%. The specimens were periodically weighed until equilibrium was reached in
each environment. The equilibrium moisture content (%) for each test condition was calculated based on the
difference between the constant mass in each environment and the dry weight of the specimen, using Eq. (3).

u(%):m—mo

x 100, 3)
my

where u is equilibrium moisture content (%), m is mean mass of the specimens at equilibrium (g), m, is mean

mass of the dry specimens (g).

Subsequently, the adsorption isotherms were constructed.

2.8 Cone Calorimetry

The cone calorimetry method was used to evaluate the heat release characteristics of EPW biocompos-
ites during combustion. Reaction to fire was assessed using an FTT Dual Cone Calorimeter (Fire Testing
Technology Ltd., East Grinstead, UK) following ISO 5660-1:2015 [39]. Four replicate specimens measuring
100 mm x 100 mm x 30 mm were exposed to a constant external heat flux of 35 kW-m™2. The study assessed
critical fire performance indicators such as time to ignition, time to flameout, total heat release, peak heat
release rate, time to peak heat release rate, total smoke release, and heat release rate.

2.9 Statistical Analysis

The statistical analysis was conducted using R 4.2 and the RStudio IDE. Data manipulation and
summary statistics (mean and standard deviation) were handled using the dplyr package. Normality of
residuals within each substrate group was assessed visually using Quantile-Quantile (Q-Q) plots generated
with the gqplotr package. Homogeneity of variances across substrate groups was formally tested using
Levenes test from the rstatix. The significance of differences across groups was tested using a one-way analysis
of variance (ANOVA). Tukey’s Honest Significant Difference (HSD) test was employed for post-hoc pairwise
comparisons between substrate means. Differences with p < 0.05 were considered statistically significant.
The correlation was quantified using Pearson’s correlation coefficient.
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3 Results and Discussion
3.1 Characterization of EPW Mycelium Biocomposites

Moisture is a critical parameter for the successful development of fungal mycelium, as it directly
influences the organism’s physiological processes. In the present study, the moisture content of the finalized
EPW biocomposites ranged from 56% to 58%, which falls within the optimal range for fungal growth. Decay
fungi typically thrive at moisture levels between 40% and 80% [40]. In addition to moisture, the substrate
composition plays a pivotal role in the development of mycelium-based composites. The choice of substrate
not only supports mycelial growth but also markedly impacts the properties of the produced biocomposite.
Depending on the substrate used, the content of polysaccharides, proteins, lipids, and chitin in mycelium may
vary, thereby impacting the morphology, density, and functional properties of the resulting biocomposite.

The raw substrates used in EPW biocomposites exhibited distinct particle size distributions (Fig. 2).
EPW, present in all formulations, contained 60% coarse particles (>10 mm). Birch sawdust had the highest
proportion of fine particles (<3 mm), comprising 70% of its mass, whereas hemp shives were richer
in medium-sized particles (>3 mm), accounting for 37%. These differences are likely to influence the
microstructure and properties of the composites.
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Figure 2: Particle size distribution of raw materials used in biocomposites. EPW: egg packaging waste substrate; HS:
hemp shive co-substrate; BS: birch sawdust co-substrate

Lignocellulose, a key structural component of wood and non-wood fibers, represents a major renewable
resource. The white rot fungus Trametes versicolor degrades cellulose, hemicelluloses, and lignin simultane-
ously at relatively uniform rates [41]. Among the combinations (Table 1), EPW1, comprising egg packaging
waste and wheat bran, proved effective for composite development. EPW, derived from recycled paper,
contains approximately 35% cellulose, 19% lignin, 21% ash, 20% hemicelluloses, and 4.5% extractives [42]. Its
high ash content is attributed to non-fibrous impurities such as fillers, pigments, ink residues, and synthetic
binders. Nevertheless, these impurities, including wet-strength resins, did not inhibit fungal colonization.
EPW?2 biocomposites, incorporating 50% hemp shives, demonstrated effective fungal colonization. Hemp
shives are composed of approximately 50% cellulose, 20% hemicelluloses, and 10% lignin [43]. EPW3
composites incorporated 50% birch sawdust as a co-substrate, which contains approximately 43% cellulose,
25% hemicelluloses, and 23% lignin [44]. Substrate moisture, particle size, and chemical composition
collectively contributed to favorable fungal growth and successful biocomposite formation, as examined in
the following sections.
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3.2 Mechanical Properties
3.2.1 Density

EPW1 biocomposites, composed solely of egg packaging waste, exhibited significantly higher density
compared to EPW2 and EPW3 combinations containing hemp and sawdust co-substrates, respectively
(Table 2). The density of the composites was closely linked to the substrate composition and particle size
distribution. EPW1, comprising 60% coarse particles (>10 mm), yielded the densest composite (0.24 g-cm™).
In contrast, EPW2, incorporating hemp shives with a porous, loose structure, resulted in the lowest density
(0.15 g-cm™). EPW3 composites, combining fine sawdust and coarse EPW particles, showed intermediate
density (0.19 g-cm™?). These results align with reported density ranges for mycelium-based composites
(0.06-0.30 g-cm™?), where agricultural by-product fillers such as straw yield lower densities than forestry
residues like sawdust [45]. Similarly, Teeraphantuvat et al. [46] demonstrated that MB density increases with
higher paper waste content, with the highest values (0.32 g«cm™) observed in sawdust-based composites
containing 40% paper waste.

Table 2: Mechanical properties of EPW mycelium biocomposites. EPW: egg packaging waste; Compositions 1-3
correspond to different substrate formulations. Values are presented as mean + SD

Composition Density  Compressive =~ Compressive Flexural Flexural
of (grem™) strength modulus of strength modulus of
biocomposite (MPa) elasticity (MPa) (MPa) elasticity (MPa)
EPW1 0.24 £0.01 0.18 £0.06 290 +1.74 0.95+0.26 25.96 + 6.23
EPW2 015+ 0.00 0.32+0.01 8.11 £ 0.83 0.63 + 0.05 18.47 £ 6.85
EPW3 0.19+£0.00 0.22 +£0.07 4.37 £1.99 0.89 + 0.08 18.60 + 1.66

3.2.2 Compressive Strength

Compressive strength of EPW mycelium biocomposites ranged from 0.18 to 0.32 MPa, while the
compressive modulus of elasticity varied between 2.90 and 8.11 MPa (Table 2). EPW2 samples containing
hemp exhibited significantly higher compressive strength (p < 0.05) compared to EPW1and EPW3. Although
cellulose fibers possess high strength and stiffness [47], the higher density and predominance of coarse
particles in EPW1likely hindered fungal colonization, reducing compressive strength. Conversely, the porous
structure introduced by hemp shives in EPW2 facilitated improved fungal growth, enhancing mechanical
performance. Similar trends were observed by Teeraphantuvat et al. [46], who reported decreased com-
pressive strength with 40% paper waste addition in sawdust composites, while a 30% paper waste addition
to corn husk composites improved strength. Elsacker et al. [48] demonstrated that MB with dense fungal
colonization exhibit higher compressive stiffness, highlighting the significant influence of fungal morphology
and substrate interaction on composite properties. Their study reported the highest compressive stiffness
(0.51 MPa) in composites with hemp additions, whereas wood-based samples showed the lowest stiffness
(0.14 MPa). In the current study, the lower density of hemp-containing composites can be attributed to the
inherently low density of hemp particles (0.068 g-cm™>) rather than overall composite density. Fungal growth
in the void spaces of hemp composites likely created air pockets supporting sustained hyphal development.
Consequently, dense mycelium networks contributed to improved compressive properties, as observed in
EPW?2 samples.
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3.2.3 Flexural Strength

The highest flexural strength and modulus of elasticity were observed in EPW1 biocomposites, reaching
0.95 and 26 MPa, respectively (p < 0.05) (Table 2). EPW3 exhibited significantly higher flexural strength
(0.89 MPa) than EPW2 (0.63 MPa). Both co-substrates containing composites (EPW2 and EPW3) showed
similar flexural moduli (~18 MPa), which were significantly lower than that of EPW1. Flexural properties
positively correlated with density, as the denser EPW1 composite also demonstrated superior mechanical
performance. Similar trends were reported by Appels et al. [49], where MB with higher density (beech
sawdust) had higher flexural strength (0.26 MPa) and modulus (9 MPa), compared to lower-density rapeseed
straw-based composites (0.22, 3 MPa). In contrast, Teeraphantuvat et al. [46] found that adding 40% paper
waste reduced flexural strength in corn husk and sawdust biocomposites. This and previous studies [50,51]
emphasize that the mechanical performance of mycelium-based materials is influenced by multiple factors,
including fungal species, substrate type, growth conditions, and compaction. Therefore, direct comparisons
across studies should be approached with caution, and results interpreted within the context of specific
experimental setups.

3.3 Thermal Conductivity

Average thermal conductivity (1) values ranged from 43 to 51 mW-m™'-K™!, with the lowest observed
in the hemp-containing EPW2 composite (Fig. 3A). Composition of biocomposites significantly affected
thermal conductivity (p = 0.024), with A for EPW?2 significantly lower than EPW1 (p = 0.029) and marginally
lower than EPW3 (p = 0.052). The addition of hemp shives or birch sawdust influenced the thermal
conductivity of the biocomposites due to differences in microstructure and particle size of these co-
substrates. Hemp shives contain a relatively high proportion of hollow-core structures, which increase
porosity and contribute to lower thermal conductivity by limiting heat transfer. In contrast, birch sawdust
exhibits a denser and more compact microstructure, with approximately twice the bulk density (~200 kg/m?)
of hemp. Moreover, a finer sawdust particle size may enhance the number of contact points within the matrix,
thereby increasing thermal conductivity.
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Figure 3: Thermal conductivity (A) and its correlation with density (B) of EPW mycelium biocomposites. EPW: egg
packaging waste; Compositions 1-3 correspond to different substrate formulations. Different letters (a-b) indicate
statistically significant differences between composites (p = 0.029)
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A strong positive correlation was found between thermal conductivity and composite density (R = 0.959,
P <0.001) (Fig. 3B). EPW2, having the lowest density, exhibited the lowest A, while EPW1 showed the highest
values for both density and conductivity. Thermal conductivity in porous biocomposites is influenced by the
balance between solid and air phases. Lower-density materials tend to have a higher air content and more
void spaces, which reduce the overall thermal conductivity due to air’s poor ability to conduct heat.

Thermal conductivity values reported for mycelium-based composites in the literature range from 40 to
180 mW-m™!-K™!. Elsacker et al. [48] evaluated MB made from flax, hemp, and straw, finding the lowest
thermal conductivity (40 mW-m™"-K™') and moderate density (0.10 g-cm™) in hemp-based composites.
In contrast, flax-based composites showed poorer insulation (60 mW-m™'-K™!) due to higher density
(0.14 g-cm™?). Schritt et al. [52] developed T. versicolor MB using beech sawdust and spent mushroom
substrate, reporting thermal conductivities of 63-77 mW-m™!-K™! at densities of 0.19-0.20 g-cm™>. These
values exceed those of our birch sawdust-based EPW3 composite, which demonstrated a lower thermal
conductivity of 49 mW-m™"-K™'. Holt et al. [53] developed biocomposites using Ganoderma sp. and
processed cotton biomass, reporting high A values of 100-180 mW-m™'-K™!, more than twice the highest
conductivity observed in the present study. Wimmers et al. [54] tested five tree species and nine fungal strains,
yielding thermal conductivities of 51-55 mW-m™'-K™!, slightly exceeding our results.

The A values of EPW biocomposites are comparable to those of conventional insulation materials
such as expanded polystyrene (37 mW-m™'-K™!), glass wool (36 mW-m '-K™!), and wood fiber wool
(50 mW-m1-K™') [55]. Given their competitive thermal performance, coupled with potentially lower
production costs and embodied energy, mycelium-based insulation panels present a promising sustainable
alternative to traditional materials.

3.4 Hygroscopic Sorption

Moisture content of the EPW biocomposites increased significantly with rising relative humidity
(p < 0.001) (Fig. 4). EPW1 showed the lowest moisture uptake, ranging from 4.9% at 60% RH to 10.5% at
90% RH. In contrast, EPW2 and EPW3 exhibited higher values, increasing from 5.4%-5.6% to 11.7%-11.8%,
respectively. Moisture content in EPW1 was significantly lower than in EPW2 and EPW3 (p = 0.002).

= EPW1
- EPW2
EPW3

o

Moisture content (%)

60 70 80 90
Relative humidity (%)

Figure 4: Hygroscopic sorption isotherms of EPW mycelium biocomposites. EPW: egg packaging waste; Compositions
1-3 correspond to different substrate formulations. Error bars indicate SD
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RH is a critical yet often underestimated environmental factor affecting composite material perfor-
mance. Moisture content of composite materials varies significantly with RH, temperature, and material
composition, influencing long-term durability. It is essential that newly developed materials contribute to
maintaining indoor relative humidity within the optimal range of 40%-60% [56]. Mold development typi-
cally occurs at RH levels between 80%-95%, depending on temperature, exposure time, and material surface
properties [57]. While some materials tolerate high RH without mold formation, others are susceptible at
RH as low as 75% [58]. Water absorption studies show that solid wood absorbs the least moisture, followed
by plywood, with wood composites showing the highest uptake [59]. Furniture and building industry
panels such as medium-density fibreboard (MDF), particleboard, and oriented strand board (OSB) can
reach 15%-20% moisture content at 97% RH [60]. In contrast, EPW biocomposites demonstrated superior
performance, maintaining moisture content below 12% at 90% RH, highlighting their competitiveness as a
sustainable and moisture-resistant alternative.

3.5 Reaction to Fire

The cone calorimeter is a widely accepted method for evaluating the fire performance of polymer-
based materials. Parameters such as moisture content, physical characteristics, and chemical composition
significantly influence the flammability [61]. In this study, the fire behavior of EPW biocomposites was
characterized by measuring time to ignition (TTI), time to flameout (TTF), total heat release (THR), peak
heat release rate (pHRR), time to peak heat release rate (TTP), total smoke release (TSR) (Table 3), and heat
release rate (HRR) (Fig. 5).

Table 3: Cone calorimeter results (mean + SD) for EPW mycelium biocomposites at an irradiance of 35 kW-m™ (n = 4).
EPW: egg packaging waste; Compositions 1-3 correspond to different substrate formulations

Composition TTI (s) TTF(s) THR (MJ-m2) pHRR (kW-m2) TTP(s) TSR (m?>-m3)

EPW1 16.3 £ 3.3 594.8 + 43.6 1.9+ 77 112.4 + 7.7 28.0 £+ 2.8 54+0.7
EPW2 10.2 +£1.6 755.5+235 177 £ 1.9 151.8 + 3.6 21.8 +1.1 122+ 2.1
EPW3 125+17 963.5+19.2 26.2+3.1 164.8 + 13.8 235+ 0.6 54+0.6
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Figure 5: Heat release rate (HRR) curves of EPW mycelium biocomposites. EPW: egg packaging waste; Compositions
1-3 correspond to different substrate formulations
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EPW1 samples exhibited the highest average time to ignition (TTI) at 16 s, significantly longer than
EPW?2 (10 s), but not statistically different from EPW3 (12 s) (Table 3). EPW2 showed the shortest TTI
among all samples, likely due to the incorporation of hemp shives into the substrate. Hemp shives are known
to exhibit low TTI values (~11 s), consistent with the present findings, and contribute minimally to fire
conditions when used in composite materials such as hempcrete [62].

The thermal degradation behavior of lignocellulosic components also influences ignition characteristics.
Hemicellulose decomposes at 250°C-370°C, cellulose undergoes depolymerization above 300°C, and lignin
exhibits gradual degradation with major mass loss occurring above 380°C [63,64]. The higher ash content
in paper waste [42], and consequently, in EPW1 compared to the hemp (EPW2) and sawdust (EPW3) co-
substrates, may contribute to delayed ignition. Additionally, the presence of mycelium may enhance fire
resistance. Mycelium has been reported to exhibit flame-retardant behavior, including high char residue and
water vapor release during combustion, offering potential as a sustainable, fire-safer alternative to synthetic
polymers [65].

Time to flameout (TTF) is a critical parameter in assessing the fire safety of materials, particularly in
construction, where shorter flame durations reduce the risk of fire rapid propagation. In this study, TTF val-
ues for EPW mycelium biocomposites ranged from 595 to 963 s (Table 3). EPW3 samples, containing sawdust
as a co-substrate, exhibited the longest flameout times, whereas EPW1 samples showed the shortest TTF. For
comparison, sansevieria fiber-reinforced polyester composites have reported TTF values 0f 1883 s [66], while
silicon-based composites composed of ash and silicone rubber display TTFs between 417 and 705 s [67]. The
variation in TTF observed here is strongly dependent on the substrate composition. EPW1, consisting solely
of egg packaging waste, demonstrates flameout times comparable to silicon composites but approximately
three times lower than sansevieria polyester composites. Moreover, rigid polyurethane/polyisocyanurate
foams demonstrate substantially shorter TTFs, between 69 and 175 s [68], emphasizing the comparatively
enhanced fire resistance of the EPW biocomposites studied.

Lower heat release properties correlate with improved flame resistance of materials. Among the tested
samples, the EPW1 biocomposite, with egg packaging waste as the primary substrate, exhibited the lowest
total heat release (THR) of ~12 MJ-m 2. MJ (Table 3). The inclusion of hemp (EPW2) and sawdust (EPW3)
co-substrates increased the THR values, with EPW3 reaching 26 MJ-m™2. This may be attributed to the lower
density of the co-substrate-containing composites. The influence of density on fire behavior has also been
reported for bio-aggregate composites [69], where specimens with the lowest gypsum content exhibited
inferior fire resistance compared to their denser counterparts. Similar THR values, ranging from 10 to
20 MJ-m™2, were observed for lignocellulosic biomass insulation materials, which are lower than those of
certain wood composites [70]. Elevated THR in co-substrate-containing EPW composites indicates a greater
potential for heat release, thereby increasing fire hazard severity.

Heat release rate (HRR) is a critical metric for evaluating fire risk, as higher HRR promotes flame spread.
Peak heat release rate (pHRR) is particularly indicative of fire performance. EPW1 showed the lowest pHRR
of 112 kW-m™2 at 28 s time to peak (TTP), whereas EPW3 exhibited the highest pHRR of 165 kW-m™ at
23 s. EPW2 also displayed a higher pHRR than EPW1 (Table 3; Fig. 5). The addition of hemp or sawdust co-
substrates increased the heat release and accelerated TTP. Shewalul et al. [62] reported that incorporation of
hemp shives in hemp blocks reduced pHRR significantly, from 189 s to 23 kW-m™2, highlighting the influence
of substrate composition. In comparison, sansevieria polyester composites demonstrated a markedly higher
pHRR of 459 kW-m™? [66], underscoring the relatively favorable fire performance of the EPW biocomposites
examined in this study.

To ensure favorable fire-retardant performance, materials should exhibit minimal total smoke release
(TSR) during combustion. Smoke contains fine soot particles and toxic vapors that can irritate the eyes and
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respiratory tract, while also reducing visibility and obstructing evacuation routes during fire events, thereby
increasing life safety risks. In this study, TSR values for EPW biocomposites ranged from 5 m*-m~* (EPW1
and EPW3) to 12 m?-m~2 (EPW2) (Table 3). Although EPW2 exhibited the highest average smoke release, the
differences among compositions were not statistically significant. By contrast, rigid polyurethane foam has
reported TSR values between 400 and 990 m*-m™2 [71], which corresponds to values nearly 100 times higher
than those of EPW composites. Thus, EPW biocomposites represent a promising bio-based alternative to
conventional synthetic materials, offering substantially lower smoke toxicity during combustion.

4 Conclusions

The properties of EPW mycelium biocomposites can be effectively tailored through the selection of
both primary and co-substrates. The inclusion of hemp and sawdust co-substrates significantly influenced
the mechanical, thermal, and fire performance characteristics.

EPW]1 biocomposites, composed solely of egg packaging waste, exhibited a balanced combination of
mechanical, thermal, and fire performance properties relative to EPW2 and EPW3 combinations containing
hemp or sawdust co-substrates. Enhanced fire performance of EPWI, characterized by prolonged time to
ignition, lower total heat release, and reduced smoke emission, highlights its potential as a fire-retardant
alternative to conventional synthetic materials for building insulation. EPW1 composites, with the highest
density and flexural strength, are appropriate for structural or load-bearing applications. Lower hygro-
scopicity of EPW1 contributes to the suitability of the composites in environments with variable moisture
exposure, such as packaging and interior panels in humid climates. Among the three formulations, EPW2
with hemp shives exhibited enhanced compressive strength, the lowest density, and thermal conductivity,
making it the most suitable for thermal insulation or packaging applications where lightweight materials
are preferred. EPW3 showed intermediate values and may serve as a versatile option for general-purpose
biocomposites. This formulation-dependent property variation demonstrates the potential to tailor EPW
mycelium composites for specific end uses through controlled substrate processing. Egg packaging waste
can be considered a promising substrate for inclusion in mycelium-based composites, as it did not inhibit
fungal colonization despite the presence of a high content of non-fibrous impurities and synthetic wet-
strength resins. Supplementation with wheat bran was essential for successful fungal colonization of the
EPW substrate.
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