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ABSTRACT

The increasing demand for sustainable and biodegradable materials in the construction industry highlights the
importance of developing circular bio-based building materials that align with the principles of circular bio-
economy. This study forms part of a broader investigation aimed at developing novel construction materials with
suitable thermal and acoustic performance. In this context, the present work focuses on evaluating the biological
colonisation susceptibility of several natural organic materials in raw form and when used with bio-binder’s,
with particular attention to their fungal resistance in humid environments. The studied materials are rice husk,
rice straw, Posidonia oceanica and sunflower stalk, alone and in combination with three different binders: arabic
gum, xanthan gum and sodium alginate. Fungal resistance was tested exposing samples for four weeks under
controlled temperature and relative humidity conditions, allowing quantification of mould growth. Results
indicate that the tested unbound organic materials are highly susceptible to fungal colonisation. However, fungal
proliferation could be significantly reduced by the addition of binders. Among the binders tested, sodium algi-
nate showed the highest effectiveness in limiting fungal growth for all the tested materials, especially when
combined with Posidonia oceanica, which presented the lowest bio-colonisation susceptibility. On the other hand,
rice husk and sunflower stalk showed the highest fungal susceptibility, even with the application of binders. The
results of this work contribute to a better selection of bio-materials and binders in order to enhance durability
and sustainability for bio-based construction composites, contributing to the implementation of circular economy
strategies in the built environment.

1. Introduction

circular bio-based materials offer significant advantages in reducing the
environmental footprint of the built environment [4,5]. Among their key

The drive towards sustainability in the construction industry,
prompted by the climate emergency and framed within the European
Union’s strategy for a circular bioeconomy, is accelerating the devel-
opment of circular bio-based building materials [1,2]. These materials
align with the Sustainable Development Goals outlined in the 2030
Agenda [3] shared by the European Union and the United Nations, have
encouraged the use of bio-based materials as a sustainable substitute for
conventional building materials. Derived from renewable biomass such
as agricultural residues, plant fibres and agro-industrial waste, these

benefits, bio-based materials have a reduced environmental impact,
owing to lower energy use in their development and carbon usage,
making them highly suitable for sustainable construction applications
[6]. In this context, the use of natural binders—such as clay and lime
—represents a promising strategy for maintaining the sustainability of
bio-based composites. Although clay and lime have traditionally been
used in construction, they have mostly served as primary materials,
often reinforced with natural fibres—rather than as binders within
lightweight composites [7-9]. Their physical properties, such as high
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density and rigidity, make them less suitable for the development of
materials specifically intended for thermal insulation and acoustic
conditioning. For this reason, alternative binders are being explored to
meet the specific requirements of these applications. In particular,
polysaccharides such as arabic gum, xanthan gum and sodium alginate,
which are explored in this study, offer novel possibilities for enhancing
the performance and environmental profile of bio-based materials
[10-13]. In some studies, investigating different natural residues com-
bined with bio-binders, key approaches have been explored to under-
stand how the intrinsic properties of materials—such as fibrous
structure, chemical composition and water interaction—affect their
overall performance [14-16].

One of the main concerns regarding bio-based materials is that they
can be susceptible to fungal growth, which compromise in terms of
durability and long-term performance under fluctuating environmental
conditions [17,18]. Several studies have assessed the fungal suscepti-
bility of bio-based composites manufactured with traditional natural
binders such as earth and lime [19-21]. These investigations consis-
tently highlight that higher organic fibre content generally correlates
with increased fungal colonisation, mainly due to elevated water
retention and nutrient availability. Such findings underscore the
importance of considering both the binder and the aggregate when
evaluating the biotic durability of these materials. The presence of
relative moisture combined with favourable temperature conditions
create a fungal growth environment leading to material degradation and
health risk through indoor air pollution [22,23]. Such material vulner-
ability is determined by composition, density, porosity and water
holding capacity, which may affect the colonisation by fungal species
[24]. Given these risks, extensive fungal susceptibility testing has been
emphasised, particularly for insulation materials [25] where moisture
retention plays a critical role in maintaining long-term performance
[26]. Hoang et al. [26] conducted research on the resistance of different
green building materials to fungal growth, showing considerable vari-
ability in susceptibility based on material composition. The results
demonstrate that some bio-based materials are naturally resistant to
fungal colonisation, whereas other materials need to be equipped with
extra treatments to avoid microbial deterioration, consequently
emphasising the importance of using some protection measures.
Comparative studies have further examined the efficiency of several
different experimental methodologies for assessing fungal susceptibility,
facilitating the development of criteria for standardised assessments
[27]. While bio-based materials are gaining traction in the construction
industry, it is vital to conduct bio-susceptibility studies to assess their
viability as a building material and composites.

Organic natural binders, such as sodium alginate and arabic and
xanthan gum, are obtained from renewable sources, are non-toxic, have
low density and low thermal conductivity and are biodegradable.
Regarding their behaviour in front of biotic attacks, the antifungal ac-
tivity of xanthan gum, arabic gum and sodium alginate has been studied
[28-30] and several studies have reported the use of these binders as
carriers for antifungal agents [31]. In the case of sodium alginate,
Rahman A.M. et al. described that the addition of sodium alginate to
potato dextrose agar reduced fungal growth [32]. In this work, the in-
fluence of different bio-based aggregates as well as the combination with
different natural organic binders on fungal growth has been evaluated.

This study aims to evaluate the resistance to fungal growth of various
bio-based building materials, both in their raw form and as part of
composites that contain a natural organic binder. These composites
should be especially suited for use as thermal insulation panels or boards
for internal partitions or as infill in wall assemblies, where moisture
conditions are moderate and low environmental impact is desired.
Following established testing guidelines, the research aims to provide
insights into the development of durable, eco-efficient and bio-resistant
building composites, contributing to advancements in sustainable con-
struction and its circularity.
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2. Materials and methodology
2.1. Materials and composites

The western regions of Catalonia, specifically Lleida and Tarragona,
are characterised by significant agricultural activity, which leads to the
generation of substantial amounts of plant waste. In addition, the
province of Tarragona also obtains other types of plant waste, located in
its coastal areas. These factors motivated the decision to use various
plant wastes for this study on bio-construction materials and bio-based
insulation composites. After an initial selection of more than 12 mate-
rials, which were subjected to an initial physical and chemical study,
performed by this team [33], four were finally selected based on their
availability and characteristics. The selected materials are:

e Rice straw (RS) and husk (RH), due to the significant rice production
in the Ebro Delta.

e Sunflower stalk (SS), which are produced in abundance in the
province of Lleida.

e Posidonia oceanica (L.) Delile (PO), a Mediterranean marine plant
that accumulates on the beaches of the Costa Daurada after its natural
decomposition and which must be removed by the local councils
owing to the large quantities accumulated and in order to obtain the
blue flag quality label for the beaches in the area (Fig. 1).

In addition to availability, the selection considered the distinct
characteristics of each material. This diversity allowed the exploration
of different structural and compositional properties. The external and
internal structures of these materials present significant differences,
further enriching the research potential for the development of bio-
based construction composites.

The natural binders were selected with the aim of preserving the
environmental integrity of the developed composites. Preliminary tests
assessed the binding potential of rice starch, wheat starch, Arabic gum,
and xanthan gum. Starch-based binders were deemed unsuitable owing
to their high dosage requirements with a water-to-binder ratio of 1:1.
Additionally, their inefficiency became evident as, although the binder
initially appeared to successfully adhere the fibres, the composite
structures, particularly those composed of particles such as rice husk and
sunflower stalk, later exhibited significant disintegration. This insta-
bility made the compounds difficult to handle and limited their practical
application. Consequently, starch-based binders were excluded from this
study. In contrast, arabic gum and xanthan gum demonstrated superior
binding efficiency and structural stability, making them the focus of
further optimisation. In addition, a third binder of a different typology
was also used: sodium alginate, as it had been used in several studies on
sunflower samples and showed promising results [16].

The optimisation of the binder formulation was carried out through a
practical trial-and-error approach. The main criteria considered during
this process was the workability of the fresh mixture and the cohesion of
the composite after drying. Various water-to-binder and binder-to-
material ratios were tested to identify the minimum binder content
required to achieve sufficient structural integrity and ease of applica-
tion. The aim was to ensure adequate adhesion and handling while
preserving the porosity and lightweight character of the composites.
Although literature was consulted to inform the range of initial pro-
portions tested, the final values were determined empirically, as specific
guidelines for natural binder applications in bio-based insulation com-
posites remain limited. Only the ratios providing good cohesion without
compromising porosity or leading to disintegration were selected for
final testing. For arabic gum, an optimal ratio of 2:1 was established,
while xanthan gum required a higher dilution, with a ratio of 40:1. The
preparation of sodium alginate matrix requires a more elaborate process
compared to other binders to obtain a stable gel. In addition to water,
the method involves the addition of a source of Ca®* cations to promote
the gelation process. Two common sources of calcium are gypsum stone
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Fig. 1. Studied raw materials: from left to right rice husk (RH), rice straw (RS), sunflower stalk (SS) and Posidonia oceanica (PO).

and sodium citrate. Initially, sodium alginate is dissolved in water in a
water-to-binder ratio of 65.7:1. This solution is allowed to stand for 24 h
to achieve homogeneity. Once the solution is ready, it is combined with
gypsum and citrate solutions in mass proportions of 1:0.15 in both cases,
just before its application as a binder agent. The proportions for the
additional components are as follows: gypsum-to-water: 1:36.9 and
citrate-to-water: 1:22.3.

The binder:material mass proportions are synthesised in Table 1
below.

The variability of the binding behaviour between the materials
required customised adjustments in the formulations. This systematic
approach enabled the preparation of consistent and reproducible com-
posite samples, which is essential for the accurate evaluation of their
properties.

According to the test protocol, four samples measuring 40 mm
x 40 mm x 40 mm were prepared for each material and composite
combination, resulting in a total of 48 bonded samples.

2.2. Methodology

The method used to evaluate the biological susceptibility of the
materials and composites was adapted from ASTM D5590-17 standard
[34].

Prior to testing, all samples were sterilised according to the standard
protocol, using an autoclave at 100°C for 20 min and past 24 h another
autoclave cycle is performed for 10 min this time. This sterilisation
process was applied to all prepared samples, including the raw mate-
rials. Subsequently, two different preparation methods were used
depending on whether the samples were raw materials or composites.

For the raw materials, four 9 cm Petri dishes were prepared for each
sample type, resulting in a total of sixteen plates. For the composite
materials, four cylindrical containers were used for each material—
binder combination, totalling forty-eight containers (see Fig. 2). Each
Petri dish was filled with 20mL and each container with 60 mL of a
culture medium composed of 4 % malt and 2 % agar. Prior to placing the
samples, a plastic-coated metal mesh was positioned between the

Table 1

Binder to material ratios used in the present study, among the materials studied,
rice husk, rice straw, sunflower stalk and P. oceanica and the agglutinates arabic
gum, xanthan gum and sodium alginate.

Material Binder
Arabic Gum Xanthan Gum Sodium Alginate
(GA) (GX) (AS)
Rice Husk (RH) 1:1.50 1:1.88 1:3.63
Rice Straw (RS) 1:1.50 1:3.33 1:3.63
Sunflower Stalk (SS) 1:1.50 1:2 1:3.63
Posidonia oceanica 1:1.25 1:1 1:3.63

(PO)

material and the surface of the solidified medium in order to avoid direct
contact. This configuration allowed for fungal exposure under
controlled conditions while preventing submersion or direct materi-
al-substrate interaction, ensuring a representative simulation of surface
contamination.

The moulds Aspergillus niger Tiegh. and Penicillium funiculosum (De
Bary) G. Arnaud were used, according with the standard used and also
owing to their high prevalence in indoor environments. The fungal
strains used for inoculation were obtained from the fungal culture
collection at LNEC (National Laboratory for Civil Engineering, Lisbon,
Portugal). A suspension containing a mixture of spores was prepared and
1 mL of this suspension was inoculated into each Petri dish and
container already containing the materials to be analyse.

Once all containers with the materials and culture medium were
prepared, they were placed in a climate chamber for four weeks under
controlled conditions of 22°C + 1°C temperature, and 70 % + 5%
relative humidity. Visual inspections of the samples were performed
weekly and mould growth was evaluated according to the classification
criteria shown in the Table 2.

The assessment of mould-covered surface area on each sample was
performed through direct visual inspection, following the criteria
defined in ASTM D5590-17 [34]. The extent of fungal growth was
estimated by visually comparing the area covered with mould to the
total surface of each sample. Based on this estimation, each sample was
assigned to a contamination category from O to 4, as shown in Table 2. In
ambiguous cases, stereomicroscopic observation was used to confirm
fungal presence.

At the end of the four-week period, the samples were subjected to a
final visual assessment and examined with a stereomicroscope (Olympus
SZX12) to observe mould growth at higher magnifications and confirm
the visual observations.

Following visual and microscopic observation, two-way analysis of
variance (ANOVA) was used to examine the individual and joint effects
of the two factor variables—binder type and material type—on mould
growth. This statistical method examines differences in mean fungal
growth among groups and interactions between the variables. Post-
ANOVA, Tukey’s Honestly Significant Difference (HSD) post-hoc test
was used to determine pairwise differences among the group means. The
tests were selected based on their precision for evaluating multi-factorial
experimental designs and their capability for maintaining type I error for
multiple comparisons. Statistical analyses were performed using Python
(v3.13.2) on macOS, employing the statsmodels and scipy libraries. For
all statistical evaluations, a significance level of p < 0.05 was chosen.

3. Results and discussion
The results of this test exhibited significant variation depending on

both the material and the type of binder used. A detailed analysis of each
material is provided in the following sections, after which Table 3 will
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Fig. 2. Composite samples placed in containers prior to their introduction into the climate chamber to begin the bio-susceptibility test. The combinations of the
composite samples are of the raw materials rice husk (RH) rice straw (RS), sunflower stalk (SS) and Posidonia oceanica (PO) with arabic and xanthan gums and sodium

alginate binders.

Table 2
Classification of mould development as defined in ASTM D5590-17 [34].

Rating Description Contaminated surface (%)
0 None 0%
1 Traces of growth <10 %
2 Light growth 10-30 %
3 Moderate growth 30-60 %
4 Heavy growth > 60 %
Table 3

Average rate (+ standard deviation) of mould growth for all the samples, Rice
Husk, Rice Straw, Sunflower Stalk and Posidonia oceanica, with (composites) and
without binder (raw materials).

Material Binder Mould Development
Week 1 Week 2 Week 3 Week 4
Rice Husk No 4.00 4.00 4.00 4.00
Binder
GA 2.50 4.00 4.00 4.00
(+0.50)
GX 2.00 3.00 3.00 3.00
AS 1.00 1.50 2.00 2.50
(+0.71) (£0.50) (+1.00) (+0.87)
Rice Straw No 2.75 4.00 4.00 4.00
Binder (4+0.43)
GA 1.25 1.25 2.33 3.00
(£0.43) (£0.43) (£0.47) (£0.71)
GX 1.00 2.00 2.67 3.33
(+0.47) (+£0.94)
AS 0.75 1.00 1.33 2.75
(+0.43) (+0.47) (+0.43)
Sunflower No 4.00 4.00 4.00 4.00
Stalk Binder
GA 2.25 4.00 4.00 4.00
(+0.43)
GX 3.25 4.00 4.00 4.00
(£0.43)
AS 0.50 1.00 1.25 2.75
(+0.50) (£0.43) (+0.83)
Posidonia No 4.00 4.00 4.00 4.00
oceanica Binder
GA 0.00 0.00 0.00 0.75
(+0.43)
GX 0.00 0.50 0.50 1.00
(+0.5) (+0.5)
AS 0.00 0.00 0.00 0.50
(+0.5)

present a comprehensive summary of fungal growth across all material-
binder combinations for each week. Despite these variations, a consis-
tent pattern was observed for the unbonded materials. In all cases,
regardless of the material type, samples displayed substantial mould
growth within the first week following fungal inoculation, covering
between 30 % and 60 % of the surface, as shown in Table 2. By the
second week, all unbonded materials reached the highest level of mould
proliferation, classified as Heavy growth (more than 60 % of the surface
covered with mould).

Fig. 3 illustrates the mould development observed in the first week
for one specimen of each material. The image reveals widespread fungal
distribution across the samples, with the exception of the RS material,
which still shows areas of comparatively lower growth.

For RH samples, those bonded with GA developed mould covering
more than 60 % of the surface by the second week, with the fungal
growth increasing steadily up to the fourth week, eventually covering
the entire surface and leading to a higher mould density and thicker
fungal layers. Samples bonded with GX had widespread fungal coloni-
sation, but the growth was weak compared with that achieved with GA.
The binder with the best performance towards mould growth was AS:
while mould growth occurred, it never covered the surface completely,
reaching only about 30 % on average. Fig. 4 shows a sample from each
of the cases after exposure for four weeks. For the first and third cases,
there are quite a few scattered colonies of black spores that have formed
all over the sample; The first case exhibited between 30 % and 60 %
surface coverage, whereas the third case showed a lesser impact, with
coverage not exceeding 30 %. The second sample was almost entirely
covered by a thin, filamentous, web-like layer, displaying extensive
growth of over 60 % according to Table 2. Additionally, it featured the
same black spores observed in the other samples.

For the RS samples, the mould growth was considerably lower, and at
the end of the four-week exposure period, it was observed that there was
no full fungal coverage of the surface, affecting between 30 % and 60 %,
in contrast to the more than 60 % observed in the other materials. The
differences between the binders were relatively small; GA and GX had
almost identical performances. AS performed slightly better with light
growth, between the 10-30 % of surface covered, compared to the other
binders, indicating its improved resistance compared to the other ma-
terials. Fig. 5 represents samples of each binder after four weeks. All
samples show the growth of fungi on the top surface of the samples.
Upon closer examination, mould development is more pronounced in
the first and second cases. In the GX sample, shown in the first image,
fungal growth with a greenish hue can be seen, in addition to the black
spore formation seen in the other samples. In contrast, the third case
shows fungal growth restricted to specific areas.

The SS exhibited the poorest performance among all tested materials.
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Fig. 3. Studied raw materials in the Petri dishes, before and after one week of the inoculation: top the initial samples and bottom after one week and from left to
right, rice husk (RH), rice straw (RS), sunflower stalk (SS) and Posidonia oceanica (PO).

Fig. 5. Composites of rice straw (RS) with the different binders: from left to right, xanthan gum (GX), arabic gum (GA) and sodium alginate (AS).

By the second week, samples bonded with GA and GX displayed com-
plete fungal coverage across their surfaces. In contrast, samples bonded
with AS demonstrated a performance comparable to RH and RS, with
significant mould growth that did not exceed 60 % of the surface in most
cases. Fig. 6 illustrates the nearly identical behaviour observed in the
first two cases using GX and GH as binders, with a full coverage by
moulds, while the AS shows a markedly different pattern, with moulds
covering around 30 % of the surface of the samples.

Finally, PO exhibited the best performance among all tested mate-
rials. Mould growth was visible only in samples bonded with GX and

even then, it covered less than 10 % of the surface. For samples bonded
with AS and GA, fungal growth was observed only in isolated spots,
detectable exclusively through microscopic examination, as no visible
mould propagation was evident, having an average of less than 10 % of
the surface contaminated, according to the ASTM-D5590-17 table,
shown above in Table 2.

In the samples shown in Fig. 7, fungal growth is not easily detectable
visually.

However, Fig. 8 presents magnified images obtained through
microscopic observation, where small fungal colonies can be identified
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Fig. 8. Microscope images with different magnifications, indicated on the scale, of Posidonia oceanica (PO) composite samples with different binders: from left to

right, xanthan gum (GX), arabic gum (GA) and sodium alginate (AS).

in PO composites with the different binders. In all images, the red box
highlights the presence of small black spores on the samples. The pri-
mary difference between the binders in this case is that mould growth
was detected in all GX-bonded samples, whereas in GA-bonded samples,
mould growth was detected in three out of four specimens and in AS-
bonded samples, only two out of four specimens showed mould
presence.

To provide a more comprehensive overview of the results and
facilitate comparisons between different materials and binders, Table 3
presents a summary of the average mould growth rates. These values are
based on the ASTM D5590-17 standard [34] and were calculated as the
average growth rate, according to Table 1, across all tested samples,
along with their respective standard deviations.

The results presented in Table 3 indicate that raw materials, without
any binder, exhibit a very high biological susceptibility, while the
presence of binders on the composites helps to in reduce fungal growth
to some extent. Among the composites, SS showed the highest suscep-
tibility to mould development, followed by RH, whereas PO demon-
strated the lowest biological susceptibility when combined with a
binder.

Regarding the effectiveness of the binders, AS was the most effective
in inhibiting mould growth. Across all materials, samples agglomerated
with AS consistently exhibited the lowest percentage of mould growth,
with the PO-AS combination showing the best performance.

To validate these observations statistically, a two-way analysis of
variance (ANOVA) was conducted to evaluate the influence of both
material type and binder on mould growth. The analysis revealed a
significant effect of both factors (F = 69.47, p < 0.001 for material and F
= 38.02, p < 0.001 for binder), as well as a significant interaction be-
tween them (F = 8.94, p < 0.001), indicating that the impact of the
material varied depending on the binder.

To further understand the differences in mould growth across the
various combinations of materials and binders, a Tukey’s post-hoc test
was performed following the two-way ANOVA. The analysis showed
significant differences between the various combinations of materials
and binders and hence improved the understanding of both the in-
teractions and individual effects of the materials and binders on mould
growth.

Significant differences in fungal susceptibility were observed be-
tween Posidonia oceanica composites (PO_AS, PO_GA, PO_GX) and all
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other materials (p =0.0). Within the rice husk group, RH_AS also
differed from RH_GA and RH_NoBinder (p = 0.0362). Similarly, rice
straw composites RS_AS showed significant differences with RS_No-
Binder (p = 0.0). Finally, sunflower stalk (SS) samples differed signifi-
cantly with both RH_AS and RS_AS (p = 0.0362).

These results are displayed graphically in Fig. 9 where the samples
are grouped into statistically significant categories denoted by the letters
a, b and c. Samples sharing the same latter do no exhibit significant
differences, whereas those labelled with different letters show statisti-
cally significant differences.

These findings suggest that unbound materials do not show signifi-
cant differences among themselves, so material use alone does not in-
fluence mould growth. In contrast, PO exhibited consistent significant
differences with RH, RS and SS materials across all binder types, indi-
cating a strong influence of the material-binder combination on mould
growth. Furthermore, RH_AS and RS_AS showed significant improve-
ments compared to their unbound counterparts, highlighting the effec-
tiveness of AS in reducing mould susceptibility.

This analysis supports the findings observed in Table 3, where AS
was the most effective binder at inhibiting mould growth. Among all
materials, samples bonded with AS consistently showed the lowest
percentage of mould growth, with the PO-AS combination showing the
best performance. Selecting an appropriate binder, such as AS, can
significantly influence the mould susceptibility of organic materials-
based composites, potentially improving their durability and resis-
tance to biodegradation in humid environments.

4. Conclusions

The experimental results obtained within this research study have
allowed estimating the bio-susceptibility of different organic materials,
in unbound forms and as lightweight building composites, combined
with various organic natural binders, to the growth of fungi.

Unbound natural materials showed a high susceptibility to fungal
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growth: extensive mould proliferation was recorded on all types of
materials from the first week of exposure, reaching its peak in the second
week. The absence of a binder leaves the organic matrix exposed,
facilitating fungal proliferation. These results underscore the necessity
of incorporating protective strategies, such as binder addition, in bio-
based composites intended for humid environments.

The combination with an organic natural binder significantly
reduced mould growth, although its effect depended on the type of
biomaterial used and the type of binder. Sunflower stalk was found to be
the biomaterial most susceptible to fungal growth, with full colonisation
by the second week, while Posidonia oceanica showed the greatest
resistance to mould growth, especially when combined with sodium
alginate. These findings highlight the importance of the intrinsic prop-
erties of each material in determining susceptibility, beyond the effect of
the binder alone.

Among the binders tested, sodium alginate provided the best bio-
logically resistant across all composites with the test materials, per-
forming as a partial physical barrier against the fungal development.
Arabic gum and xanthan gum were less effective, particularly when
combined with rice husk and sunflower stalk, where contamination
levels remained high. The Posidonia oceanica and sodium alginate
combination was the most successful overall, having very little sign of
fungal activity even when viewed microscopically. This calls for careful
selection of adequate bio-binder-biomaterial combinations to develop
durable bio-based insulation composites.

These results put into evidence that the nature of bio-material, as
well as the type of binder, has to be considered in the development of
lightweight building insulation composites with improved resistance to
fungi growth to be applied where durability and biological stability are
critical factors.

While the results presented provide valuable insight into the bio-
logical susceptibility of bio-based composites, this study has certain
limitations. As a first point, the duration of exposure was only four
weeks and, in so doing and although under harsh conditions, might not

1o

ab a

SS_No PO_No RH_GA RS_GA SS_GA PO_GA RH_GX RS_GX SS_GX PO_GX RH_AS RS_AS SS_AS PO_AS

Samples

Fig. 9. Bar chart showing the mean growth after four weeks for the combinations of different materials and binders, including standard deviation. Significant
differences between samples are indicated by the letters a, b and c. Samples sharing the same letter do not show significant differences, while samples with different
letters exhibit statistically significant differences. Bars of the same colours correspond to the same fibres.
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adequately depict extended fungal colonisation. Second, the tests were
done in laboratory conditions where temperature and humidity were
regulated, without considering the overall variability provided by
environmental conditions like season, ventilation, or microbial diversity
in various geographic areas. Future research should consider extending
the time of exposure of fungi to observe long-term biodegradation. Also,
conducting tests in dynamic or semi-natural environmental systems
would enhance the understanding of the material’s and composites
performance in realistic environments. Future research can investigate
more varied combinations of binder blends and explore natural addi-
tives that have promising antifungal properties to achieve improved
durability along with sustainability.
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