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ARTICLE INFO ABSTRACT

Keywords: The present study investigated the reaction to fire of bio-based boards for indoor applications
Arundo donax made of A. donax and hazelnut shells as aggregates. A sodium silicate solution was employed as
Fire behaviour the adhesive due to its several advantages. Among others, the possibility of moderating some of
Giant reed the main drawbacks of bio-based building composites, such as the resistance to fire. The

Hazelnut shell

considered materials were analysed both individually, to test their inherent properties, and when
Sodium silicate

integrated into the composites, ensuring considerations about materials’ influence on the final
products’ properties. Two different test methods, using a cone calorimeter, were considered and
performed. The results showed that the sodium silicate solution avoided flaming and smoking, in
case of a constant heat application with and without an igniter (spark), demonstrating the benefit
of its use in this type of bio-based composites. Overall, the particleboards demonstrated their
ability to comply with fire behaviour consistent with the Class Al requirements, while the bio-
components on themselves were characterized by an intermediate fire risk propensity. Thus,
the present study provided an effective solution to avoid one of the main drawbacks of bio-based
composites. It demonstrated the feasibility of employing the proposed bio-based boards as indoor
coating, with no risk to human life in case of fire.
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Nomenclature, symbols and acronyms

A A. donax pHRR Peak Heat Release Rate

H Hazelnut shells THR Total Heat Release

AH A. donax + Hazelnut shells TGA Thermogravimetric analysis
S Sodium silicate solution SPR Smoke Production Rate

AS A. donax-based composite TSP Total Smoke Production

HS Hazelnut shells-based composite TTI Time To Ignition

AHS Mixture-based composite FIGRA Fire Growth Rate

FR Flame Retardant EHC Effective Heat of Combustion
HRR Heat Release Rate SBI Single Burning Item

1. Introduction

Due to the increasingly serious environmental problems, mainly caused by the construction sector, nowadays research is focused on
proposing and evaluating the performance of sustainable solutions [1]. Several possibilities are being investigated, such as new
building products, innovative construction practices, and environmentally friendly materials.

Particleboards present many advantages: easy on-site installation, flexibility of applications, and low costs [2,3]; they have a large
diversity of applications, and a significant volume of production is required worldwide. Furthermore, they can be produced by using
both wood chips and alternative materials, such as bio-fibres and wastes derived from agro-industrial practices and forest cleaning [4,
5]. As these materials are environmentally friendly [6], they have many benefits: they lower energy consumption [7] and the com-
posites embodied energy, guarantee circular economy practices [8], and secure the disposal of bio-wastes as well, which could cause
environmental problems [9-11]. Due to their several promising properties, studies on bio-based particleboards are more and more
carried out [12,13].

Depending on the employed bio-based materials, different performances could be achieved. For example, Mati-Baouche et al. [14]
considered a composite made of sunflower stalks bounded by chitosan that demonstrated promising acoustic absorption, guaranteed
by porosity. Paiva et al. [15] evaluated the thermal insulation performance of corn cob particleboards and achieved advantageous
values thanks to the raw material properties, as demonstrated also by Bovo et al. [16]. Nadhari et al. [17] assessed the mechanical
properties of banana trunk waste binderless particleboards and reported encouraging results.

Bio-based particleboards, and bio-based composites in general, in indoor applications, could improve hygrothermal and acoustic
comfort [18] passively contributing to indoor conditions and lowering operational costs [19]. The hygrothermal comfort is related to
several factors, such as temperature and relative humidity [20]. The acoustic one is related to the protection against noise and is mainly
guaranteed by adequate sound insulation [21], and proper distribution of the materials, as it may depend on both their layout and
sound absorption capacity [22]. Both comforts are important to guarantee safe and healthy places for the users.

On the other side, bio-based particleboards can present some drawbacks due to their intrinsic organic (typically cellulosic) matrix
[23]. They showed, indeed, low water resistance [24,25], they were prone to biological colonisation [26-28], such as mould growth,
fungi development, and insect attack [29], and they displayed poor behaviour in case of fire [30,31]. The latter, in particular, posed a
serious threat to the indoor applicability of bio-based particleboards, since cellulosic waste residues typically underwent decompo-
sition at moderate temperatures, often below 300-400 °C [32,33]. Thermal degradation resulted in the generation of heat, emission of
smoke and soot, and the release of volatile substances able to ignite [34]. In response, Flame Retardant (FR) systems were frequently
employed to mitigate or hamper the thermal decomposition and combustion processes inherent in combustible materials like polymer
composites [35]. These systems were designed to intervene in various stages of polymer combustion [35], either physically or
chemically, affecting the heating, pyrolysis, ignition, and propagation stages of thermal degradation processes.

Table 1
Past studies on fire retardants for boards and particleboards.
Type of board Fire retardant Ref.
Particleboards made of wood chips and urea-formaldehyde, produced by pressing at 160 bar Wollastonite nanofibers [42]
and 130 °C for 8 min
Particleboards made of wood chips, expandable polystyrene, a mixture of Polymethyl acrylic, =~ A mixture of polymethyl acrylic emulsion, expandable [43]
expandable graphite, and melamine polyphosphate, produced at 130 °C for 55 min graphite, and melamine polyphosphate
Particleboards made of walnut shells and urea—formaldehyde and phenol-formaldehyde Urea-formaldehyde blend [44]
binder, produced by a hydraulic press at 90 °C with 100 atm. for 19 min
Particleboards made of hemp fibres, rice husk, ammonium dihydrogen phosphate and a Ammonium dihydrogen phosphate [45]
mixture of water and starch, produced by pressing at 10Mpa, 140 °C for 6 min
Particleboards made of poplar wood powder treated with ammonium tris isocyanurate Ammonium tris isocyanurate triphosphate [46]

triphosphate, and urea-formaldehyde resin, produced in a hydraulic press at 165 °C and
2-3 MPa for 8 min

Plywood boards made of a thin layer of wood, melamine formaldehyde resin and phosphate Montmorillonite polyphosphate [47]
ester acid, produced at room temperature; the solution containing the flame retardant was
directly applied on the boards

Plywood boards made of a thin layer of wood, melamine formaldehyde resin and phosphate Cyclic acid phosphate ester loaded with nano-silica [48]
ester acid, produced at room temperature by dispersing the solution containing the flame
retardant directly on the plywood panels
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The enhancement of the behaviour in case of fire remains a critical challenge in contemporary industrial settings, prompting the
application of several different approaches. Among these, the application of coatings with FR materials [36,37], the incorporation of
FR materials into composites [38], or the utilization of inherently flame-resistant matrices can be chosen depending on the specific
requirements. The application of traditionally formulated FR additives or coatings (based mainly on halogens), employing principles
ranging from gas phase intervention to interrupt radicals chain reaction propagation, has recently faced scrutiny due to environmental
concerns [39]. Hence, the exploration of alternative FR materials and systems has been required. Organometallic complexes,
particularly ferrocene-based derivatives, emerged as a promising avenue, demonstrating catalytic properties in char formation that
effectively suppress smoke [40,41]. Nanofillers were also positively utilized in FR systems, primarily to promote the formation of a
protective intumescent layer in the condensed phase, hindering oxygen penetration, reducing the transfer of volatile gases to the flame,
and, ultimately, extinguishing it.

However, for particleboards, these options have limited applicability due to the intrinsic heterogeneous nature of the products,
which would imply the use of a dispersed matrix phase to be modified with these approaches. When dealing with heterogeneous
aggregates for particleboards, the selection of inherently FR matrices represents a viable route to produce FR composites. Table 1
reports some past studies that assessed this possibility.

According to complementary past studies [49,50], sodium silicate showed interesting properties as a fire protector. It is known as
“water glass”, and it is a non-toxic and environment-friendly material [51,52]. It was employed in several sectors due to its benefits and
economic convenience [53]: for detergents and cleaning compounds [53], for materials treatments [52] for ceramics and geopolymers
[54,55], as a remediation tool for water [56], as binders in bio-based building boards [50,51]. As for this latter, the sodium silicate
guaranteed both the feasibility of boards’ production [49] and the reduction of some of the main bio-based materials’ weaknesses, such
as biological attack [57]. Hence, silicon-based composites could be an efficient possibility to explore. With this approach, the issue of
flammability could be conveniently overcome, ensuring the production of sustainable particleboards made of agro-wastes and
bio-resources. Differently from traditional FR, sodium silicate is a safe material that, when released into the environment, does not
bring along specific concerns [51,52]. Thus, even in the aftermath of a potential fire, the discarded waste residue based on sodium
silicate aggregate should not pose additional environmental safety concerns.

Considering this background, the present study investigated bio-based particleboards for indoor applications by using a sodium
silicate solution as the binding matrix, for its several benefits. Among others, its good resistance to fire [49,50]. As for the aggregates,
giant reed (Arundo donax L.) and hazelnut shells were considered according to past studies [18,58]. Besides the advantages of
bio-based materials, both are widely available all over the year in the Euro-Mediterranean area [23], avoiding the problem of the
seasonality of bio-wastes/bio-resources, which could discourage their use for building composites’ production. Both hazelnut
shells-based and giant reed-based composites demonstrated promising properties to improve indoor comfort, such as high hygro-
scopicity and interesting sound absorption capacity. Hence, they could be suitable and effective as indoor coating boards [18,58].
However, to guarantee their application as such, their performance in case of fire must be verified.

Although fire behaviour has not been widely investigated yet [59], some past studies considered this property by assessing ignition,
incombustibility, and Heat Release Rate [60], as well as the smoke and toxic gas production, one of the most common causes of fire
deaths [61]. Different test methods could be considered to evaluate the fire reaction of bio-based materials. For example, Palumbo
et al. [62] described a small-scale flammability test, performed on a fire testing technology pyrolysis combustion flow calorimeter. The
researchers considered a bio-based board made of corn pith and a natural gum (sodium alginate) and determined the Heat Release Rate
(HRR) and the Total Heat Release (THR). They considered boric acid as a possible effective solution to improve the performance in case
of fire. Rocha et al. [60] tested the fire reaction of bamboo, wood, and rice husk wastes by using a cone calorimeter. They analysed also
their physical, chemical, and thermal properties, by performing the thermogravimetric analysis (TGA). The researchers determined the
HRR and the THR and considered a possible treatment to improve the performance in case of fire of these bio-aggregates (e.g., alkali
treatment, which could reduce heat release parameters for wood and bamboo). Antunes et al. [19] performed a non-standardised test
to assess the performance of a rice husk-earth-gypsum-air lime composite in case of fire. They exposed the considered composite to a
flame near a border with a resource to a torch. In all cases, the results of the fire-reaction tests allowed rating the materials according to
their performance, verifying if they meet the standard requirements, and suggesting possible improvements if necessary (e.g.,
application of fire retardants). Nevertheless, further investigation on bio-based composites’ performance in case of fire should be
performed to improve this property [63].

Starting from these considerations and past studies, this research work addresses the fire reaction of the A. donax-based and
hazelnut shells-based boards and a sodium silicate binding matrix by using a cone calorimeter. Some of the previously cited studies
described in detail the research project that investigated and analysed the proposed bio-boards. First, bibliographic research was
carried out to select some bio-aggregates [23], which were tested to provide their characterization as raw materials [64]. After that,
different adhesives were considered and assessed [57], and the sodium silicate was selected. Then, the bio-based boards made of
bio-aggregates and sodium silicate were produced and tested. The most suitable production process was investigated [65], and a
horizontal analysis was performed, by assessing different properties, such as the hygrothermal, acoustic, and mechanical ones [18,58].
Finally, the influence of materials formulation was investigated by considering the hygroscopic properties [66]. The research project,
described in the reported references, suggested that the hazelnut shell-based and the A. donax-based boards could be employed as
indoor coatings. As it can be an important drawback for this type of application, the present study wants to complement their char-
acterization, evaluating their performance in case of fire.

The aim is to evaluate the reaction to fire of the materials, considered individually (bio-aggregates and the dried sodium silicate
solution), and the composites produced by using them. Hence, in addition to the reaction to fire, considerations on the influence of
each material and the correlation between materials and composites will be made, supported by TGA characterization. Furthermore,
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this study wants to assess, by laboratory experience, the sodium silicate’s benefit, also when it is employed as an adhesive in bio-based
boards.

2. Materials and samples production

2.1. Bio-aggregates and adhesive

Arundo donax L., known also as giant reed and giant cane, was provided by cultivations in Cadriano and Ozzano dell’Emilia,
Bologna. Hazelnut shells were provided by Raccolti di Cin, Baldissero d’Alba, Cuneo, Italy. Both the aggregates were shredded, using a
mechanical mill, to have grain sizes between 4 and 8 mm (Fig. 1), dried in an oven at T = 60 °C until constant mass (variation in mass
<0.1 % after 24 h), and characterized as described by Cintura et al. [18,58].

A sodium silicate solution, Na-Oen(SiO2), with the properties reported in Table 2, was provided by Ingessil Srl, Montorio, Verona,
Italy [67].

The bio-aggregates were placed in plastic boxes without any binder; they were tested individually (100 % of the considered volume
of A. donax or hazelnut shells) and as a mixture (50 % of the considered volume of A. donax and 50 % of hazelnut shells). The sodium
silicate solution was placed into three silicon moulds 10 cm x 10 cm x 4 cm, filled at a height varying between 2 and 4 mm and it was
dried at laboratory conditions. The materials (both the aggregates and the sodium silicate) were stabilized at T = 20 °C and RH = 60 %
in a conditioned room, and then tested. For the samples’ designation, the first letter of the material was considered: A = A. donax; H =
Hazelnut shells; AH = A. donax + Hazelnut shells; S = Sodium silicate solution.

2.2. Composite samples

The composite samples were produced as described by Cintura et al. [18,58], considering the same quantities of the materials,
namely, 70 % aggregates - 30 % sodium silicate binder (percentages by volume). This ratio was selected after several practical tests, not
reported for the sake of brevity, and detailed in previous studies [57,65] where other properties of the composites were assessed. The
aim was to maximize the content of bio-wastes/bio-resources, minimize the sodium silicate solution, and guarantee enough me-
chanical resistance, avoiding the breaking of the samples.

Three composites were produced and consisted of.

e 70 % of A. donax and 30 % of sodium silicate solution
e 70 % of hazelnut shells and 30 % of sodium silicate solution
e 35 % of A. donax, 35 % of hazelnut shells, and 30 % of sodium silicate solution.

The bio-aggregates and the binder were mechanically mixed for 10 min, then placed into moulds, and levelled by a spatula without
compaction. The production process was described in more detail in the reference studies [18,58]. The moulds were closed, placed at T
= 60 °C for 3 h, then at laboratory conditions for 2 days, always rotated to secure a homogeneous distribution of the sodium silicate
solution [65]. Finally, the samples were demoulded and cured at laboratory conditions for 28 days and dried at T = 50 °C until constant
mass (variation in mass less than 0.5 % after 24 h) [50,68]. Three samples 10 cm x 10 cm x 4 cm and three cubic samples with 3.5 cm
sides for each composite were produced. Then, they were stabilized at T = 20 °C and RH = 60 % in a conditioned room and tested.

Again, for the composite samples’ designation, the first letters were considered: AS = A. donax + Sodium silicate solution; HS =
Hazelnut shells + Sodium silicate solution; AHS = A. donax + Hazelnut shells + Sodium silicate solution. Fig. 2a, b and c show the
produced samples adapted from Cintura et al. [66].

Table 3 reports the apparent density of the composite samples, evaluated in a past study [66].

Fig. 1. Bio-aggregates after shredding: (a) A. donax; (b) hazelnut shells (adapted from Refs. [18,58]).
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Table 2

Characteristic of the sodium silicate solution provided by Ingessil Srl.
Property Value
Weight ratio [—] 2.40
Density [°Be] 46.45
Molar ratio [—] 2.48
Sodium silicate concentration [% p/p] 41.33
SiO2 [% p/p] 29.17
Na,O [% p/p] 12.16
Density [g/ml] at T = 20 °C 1.471
pH (T =20°C) 12.40

a b c

)7 =
4 cm

Fig. 2. Composite samples 10 cm x 10 cm x 4 cm made of bio-aggregates and sodium silicate solution: a) A. donax-based; b) hazelnut shells-based; ¢) mixture-based.

Table 3
Characteristics of the obtained bio-composites: the apparent density of the composite samples adapted from Cintura et al. [66] and the inorganic residue evaluated via
muffle oven treatment.

Composite Apparent density [kg/m®] Inorganic residue [%]
A. donax-based composite — AS 470 £ 75 35
Hazelnut shells-based composite — HS 677 + 47 23
Mixture-based composite — AHS 607 + 52 34
3. Methods

The performed laboratory tests, and the number and size of the samples, were reported in the following sections.

3.1. Bio-aggregates and composites characterization

The thermal stability, water content, and the inorganic fraction composition of the considered bio-aggregates (i.e., A. donax, A, and
hazelnut shells, H), were assessed by thermogravimetric analysis, TGA, using a TA Instruments TGA Q550 Discovery Series under a
nitrogen atmosphere (flow rate 60 mL/min) at a 10 °C/min heating rate, from 25 °C to 800 °C using a Pt pan.

Fig. 3. Evaluation of the inorganic fraction of bio-aggregate composite cubic samples (3.5 cm): a) A. donax-based; b) hazelnut shells-based; c¢) mixture AH-based; d)
samples into the muffle furnace.
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As for the composite samples (AS, HS, AHS), the evaluation of their composition was carried out by thermal treatment. Three cubic
samples for each composite, with 3.5 cm (Fig. 3a, b, and c) were weighed (my), placed in a muffle furnace at T = 900 °C (Fig. 3d) until
the complete degradation, and then weighed again (mp).

3.2. Reaction to fire

Reaction to fire was evaluated by using an oxygen consumption cone calorimeter (Fire Testing Technology Limiter FFT Cone
Calorimeter) (Fig. 4a), according to ISO 5660-1 [69]. This method considers the correlation between the net heat of combustion and
the required oxygen and consists of burning the samples in ambient conditions. The cone calorimeter is one of the most effective
bench-scale methods for studying the flammability properties of materials [70].

The tests were carried out with a heat flow of 35 kW/m? (about 650 °C) which can be roughly compared to a small-scale fire. The
instrument could work with a heat flow ranging between 5 and 100 kW/m?2. The higher irradiation levels led to better reproducibility,
more clearly defined ignition time, and shorter measurement times. Furthermore, they also corresponded to more fully developed fire
conditions. Hence, often a smaller irradiation level better fits the fire protection goals. Indeed, it accounts for the material behaviour in
a condition close to the initial stage of a fire, showing its ability — or even better, inability — to ignite and propagate, and finally, to
contribute to the fire expansion. This condition seems the most interesting for a preliminary evaluation of particleboards employed as
building components which, as such, had an important role in fire safety conditions.

Among the several properties provided by the tests, the Heat Release Rate (HRR), the pHRR (Peak Heat Release Rate), the Total
Heat Release (THR), the Smoke Production Rate (SPR) and Total Smoke Production (TSP) were considered. HRR is the heat released
per unit area for samples under a constantly imposed heat flux; pHRR is the maximum value of the heat release rate profile. THR is the
potential for thermal energy available for the combustion of the material, which increases the probability of fire [60]. As for the smoke
production, described by SPR and TSP, it was analysed due to its dangerousness in case of fire [61,71,72].

Two different tests were performed and, in the present study, were identified as “Test Method A” (non-combustibility test) and
“Test Method B” (Single Burning Item test, SBI). Both would require different equipment than the cone calorimeter. However, the
results presented hereafter were intended for a preliminary evaluation of the potential of the proposed composites in terms of per-
formance in case of fire.

3.2.1. Test method A (simulating non-combustibility test)

Test Method A requires that the samples are subjected to a heat flow for 30 min, in the absence of ignition, simulating as much as
possible what is specified in EN ISO 13501 [73] and EN ISO 1182 [74]. The lack of an external sparkle ignition is applied to highlight
the intrinsic risk of fire of a material or composite, trying to assess its potentially non-combustible behaviour. The latter, indeed,
accounts for the safest class of products to be used in building and construction.

One sample for each material (A_01, H_ 01, AH_01, S_01) was placed into a metal standardized mould 10 cm x 10 cm x 4 cm. For the
bio-aggregates, the mould was filled until the top (Fig. 4b and c). For the dried sodium silicate solution, the sample was placed up to
non-flammable support and then into the mould. This allowed it to reach the top since the upper surface of the sample should be at a
standardized distance from the cone. A metallic net was used to retain the samples during the test (Fig. 4d) avoiding expansion which
would diminish the distance from the heat source in the cone. As for the composites, one sample for each one (AS_01, HS_01, AHS_01),
10 cm x 10 cm x 4 cm, was placed into the metal mould (Fig. 4e, f, and g). The mould was, then, placed under the cone heater at a

Fig. 4. Test to evaluate the fire reaction by exposing the materials to a constant heat source. a) Cone calorimeter; samples into the metal mould (10 cm x 10 cm x 4
cm) before the test: b) hazelnut shells H, ¢) A. donax A; d) air-dried sodium silicate solution S; ) hazelnut shells-based composite HS; f) A. donax-based composite AS;
g) mixture-based composites AHS.
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constant distance of 25 mm. A constant heat flux of 35 kW/m? (corresponding to a temperature between 650 °C and 670 °C) was
applied for 30 min (without an igniter). In addition to the previously reported properties, by Test Method A, the flashover index,
evaluated as pHRR/TTI (where TTI represents the Time to Ignition), was determined.

3.2.2. Test method B (simulating single burning item)

Test Method B is a complementary testing condition to the previously presented Test Method A. It was designed to simulate the
flame exposure that would be experienced by coatings on the walls of a room when a “wastepaper basket” ignites adjacent to the
coatings itself. Then, to simulate these conditions, a sparkle ignition is presented, representing the threat of an adjacent fire which
would surely set the volatiles on fire.

In Test Method B, samples were subjected to heat flow for 10 min in the presence of ignition, simulating as much as possible what is
specified in EN ISO 13501 [73]. This should ensure the simulation and the achievement of data correlated to an analysis carried out
according to EN ISO 13823 [75], namely the Single Burning Item (SBI) test. The remaining two replicas of each material (A_02-03,
H_02-03, AH_02-03, S_02-03) and composite (AS_02-03, HS_02-03, AHS_02-03) were placed into the metal mould, as previously
described. The composite samples, originally with a thickness of 4 cm, were sanded by a mechanical roller with sandpaper to reach a
thickness of 2 cm. This ensured enough distance between the sample’s surface and the source of the spark. The mould was placed under
the cone shape (constant distance = 25 mm) and as previously anticipated, in addition to the constant heat flux of 35 kW/m?2, a spark
(igniter) was generated. Besides the previously mentioned properties, by Test Method B, the Fire Growth Rate, FIGRA( 2y index, was
determined.

4. Results

4.1. Bio-aggregates and composites characterization

The curves obtained by the TGA test on the bio-aggregates are reported in Fig. 5a and b.
The results showed that, despite their different nature, size, and shape, the bio-aggregates were quite similar in terms of thermal
stability, with an onset weight loss located around 260 °C. Although A. donax, A, appeared more in a fibrous arrangement than

A) TGA Arundo Donax

100 {
¥ | Weight Percent Loss: 7,680 %
Onset x: 258 °C
80
Weight Percent Loss: 64,530 %
3
= 604
[=)
5] Weight Percent Loss: 79,247 %
=
404
Weight Percent Loss: 4,612 %
Onset x: 552,7 °C
20 T T T
0 200 400 600 800
Temperature T (°C)
a
B) TGA Hazelnut
100 }
\ | Weight Percent Loss: 9,761 %
Onset x: 263,6 °C
80 Weight Percent Loss: 56,215 %
&
£ 604
-%’ Weight Percent Loss: 76,597 %
=
40 =
Weight Percent Loss: 7,637 %
'
Onsm\-'\
20 T T T
0 200 400 600 800
Temperature T (°C)
b

Fig. 5. TGA thermograms of the bio-aggregate samples: a) A. donax; b) hazelnut shells.
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hazelnut shells, H (Fig. 1), the water content was not significantly different. Furthermore, while working in a nitrogen atmosphere, the
ability to leave a charred residue was slightly higher for H, with about 8 % wt char content at 800 °C vs. 5 % wt in the case of A. The
charring ability is usually an indication of the fire-resisting ability of a material [76,77]. Comparing the results of the two
bio-aggregates, a similar fire behaviour would be expected.

As for the composite samples, Table 3 shows the inorganic residue evaluated via muffle oven treatment. Owing to the macroscopic
size of the bio-aggregates, it was not possible to run representative TGA tests of the composites to provide a reliable indication of their
composition. The results showed that, overall, the binder fraction was slightly higher in the case of the two composites made of
A. donax, AS and AHS, while the hazelnut-based composite samples, HS, had a lower inorganic residue fraction. This result could be
determined by a higher capacity of A. donax, more fibrous, to retain the sodium silicate solution than the hazelnut shells, with a
different, less fibrous surface in the exterior part of the shell. The significant difference in the inorganic fraction content might affect
the overall flame response of the composites.

4.2. Reaction to fire

4.2.1. Test method a (simulating non-combustibility test)

The results of the test Method A, (application of constant heat, without generating any sparks, and analysing the fire reaction for 30
min), are reported in Table 4.

Fig. 6 shows the Heat Release Rate (HRR) for Test Method A of materials and composites (the type of the tested materials/com-
posites instead of the samples’ designation was reported).

The bio-aggregates curves presented an initial delay step, which represented the time required to reach the degradation temper-
ature and start releasing ignitable volatiles. Then, both A and H curves increased sharply until a peak, reached between the first and the
second minute of the test [60]. Both bio-aggregates were extremely fast in reaching the pHRR, with values of pHRR = 268.0 kW/m? (at
120 s) for hazelnut shells, pHRR = 217.3 kW/m? (at 51 s) for the mixture of the two aggregates, and pHRR = 200.8 kW/m? (at 42 s) for
A. donax (Table 4).

These results were in line with the results of TGA (Section 4.1), with a slightly higher charring ability of H, which indeed, delays the
peak in the HRR. Even when mixing A and H in a 50/50 vol ratio, the prevailing behaviour was determined by A. donax which first
ignited and then sparked an anticipated combustion of the hazelnut shells fraction (TTI = 42 s for A, TTI = 52 s for AH). This
observation, together with the testing conditions, accounted for the strong and inherent behaviour of the two different bio-aggregates:
they were set on fire depending on their tendency to release volatiles upon thermal degradation.

Petrella [78] defined that the ratio of the peak HRR to time to ignition, namely pHRR/TTI, is an indication of the materials’
propensity to flashover. Higher values of pHRR/TTI suggested a greater hazard, and a low tendency to flashover when below 0.1. In
this study, all the bio-aggregates entered an intermediate risk region (pHRR/TTI in the 1-10 range). A. donax seemed to impart a
higher hazard, even mixed with the hazelnut shells, having both A and AH similar flashover tendency, which doubled the one of H.
However, the full hazard risk cannot be determined by considering only this parameter.

The Total Heat Release (THR) provides a full picture of the potential fire hazard behaviour since it represents the inherent energy in
a material independent of environmental factors. As THR could be calculated by integrating the curve of HRR over time [30], its trend
shows how fast the materials achieved the highest values of HRR. The results are represented in Fig. 7.

The hazelnut shells reached the highest values of HRR the fastest, followed by the mixture of the two aggregates and the A. donax.
While A set to lower values of Heat Release after the first burst, H instead kept on releasing a higher amount of heat all over the test.
Indeed, after the peak, the achieved minimum values are HRR = 46.1 kW/m? (at 1740 s) for hazelnut shells, HRR = 26.6 kW/m? (at
1746 s) for the mixture of the two aggregates, and HRR = 10.7 kW,/m? (at 1227 s) for A. donax.

When the bio-aggregates were included in a composite structure with sodium silicate as a binder, the fire response was drastically
modified. The trend observed for all the composites, regardless of their main component, was almost flat all over the test and the curves
did not show any marked peak (Fig. 6).

In the absence of an external ignition source, as in the case of Test Method A, some random sparkle can occur during the 30-min test
span. However, none of them could be considered as sustained flame which represented “the existence of flame on or over the surface of
the specimen for periods of over 10 s” [69]. Hence, they cannot be used to define the flashover potential of the sample, which, conse-
quently, was 0, and accounted for intrinsically safe composites in all the cases. This result was outstanding, since the application of
such a convenient binder, which already demonstrated potential benefits in hygrothermal absorption [66] and also as a potential

Table 4
Reaction to fire tested by Test Method A: results of bio-aggregates and composite samples.
Samples  Time to Peak Heat Release Rate Heat Release Rate Total Heat Release Total Smoke Production  Flashover Index
Ignition [s] (pHRR) [kW/m?] (HRR) [kW/m?] (THR) [MJ/m?] (TSP) [m?] [kW/s.m?]
A01 33 200.8 10.5 64.4 1.5 6.1
H_01 108 268.0 81.5 145.6 4.9 2.5
AH_01 40 217.3 10.8 107.4 1.4 5.4
S 01 n.d.? 12.4 n.d.* 0.2 0.9 n.d.*
AS 01 n.d.” 11.7 5.8 10.4 0.5 n.d.®
HS_01 n.d.” 22.6 5.3 9.5 1.3 n.d.”
AHS 01 n.d.” 12.7 5.5 10.0 0.5 n.d.*

? n.d. = not detectable.
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Fig. 6. Heat Release Rate (HRR) of the materials and the composite samples determined by the cone calorimeter test: Test Method A simulating non-combustibility test
(reporting the type of the tested materials/composites instead of the samples’ designation).
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Fig. 7. Total Heat Release (THR) of the materials and the composites determined by the cone calorimeter test: Test Method A simulating non-combustibility test
(reporting the type of the tested materials/composites instead of the samples’ designation).

barrier for fungi and moulding attacks [57], was able to fully hamper fire development. The performance in case of fire of the
bio-aggregates was widely improved by the addition of the sodium silicate solution when producing the composites. Nonetheless, there
was a correspondence between the materials and the composites. While not reporting any hazard, the highest values of HRR were
achieved by hazelnut shells (both individually and in composites), possibly owing both to the intrinsic ability of H to release more heat
but also to the lower sodium silicate content in the composite (both pointing at the same result). The addition of A. donax to hazelnut
shells lowered the maximum values of the HRR both in the bio-aggregates and in the composite. Since the presence of sodium silicate
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Fig. 8. Smoke Production Rate (SPR) of the materials and the composite samples determined by the cone calorimeter test: Test Method A simulating non-
combustibility test (reporting the type of the tested materials/composites instead of the samples’ designation).
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binder hampered completely the peak heat evolution, this mixed approach was beneficial in terms of fire protection, even in the case of
fire development.

Another important parameter in fire protection is the prevention of smoke evolution. Indeed, smoke represents a significant threat
to people exposed to fires, since hampers visibility slowing down escape, while also producing a significant amount of toxic and
potentially lethal products. Fig. 8 reports the Smoke Production Rate (SPR) of the materials and the composite samples.

The principle of the smoke measurement is based on the observation that a volume of combustion products exponentially decreases
the intensity of transmitted light as a function of distance from the observation point; hence in the present case, SPR is a measurement
of the smoke obscuration ability.

The curves of the SPR were in line with the ones of the HRR for the aggregates, reaching a peak before the first 2 min — maximum
values of SPR = 0.100 m?/s (at 87 s) for hazelnut shells, SPR = 0.038 m?/s (at 36 s) for the mixture of the two aggregates, SPR = 0.074
m?/s (at 30 s) for A. donax. It is interesting to observe that the smoke production peak significantly anticipated the heat release peak,
supporting the hazard of this parameter that, even in the very initial stages of the fire development, represented an insidious threat to
human life. The smoke production of the composites was practically insignificant throughout the test for A. donax containing com-
posites and this behaviour was, in contrast, a very outstanding result in terms of fire safety and protection of the proposed particle-
boards. When the hazelnut shells composite was analysed, a higher amount of smoke was released. However, it is worth pointing out
that, differently from the aggregates, in the composite the smoke evolved all along the 30-min test, avoiding an intense fast smoke
release, namely a lower threatening condition. Hence, in all cases, the great impact of the sodium silicate binder presence was evident,
avoiding or strongly suppressing and diluting the production of smoke (Fig. 8).

Fig. 9 reports the Total Smoke Production (TSP) for Test Method A of materials and composites.

Analogously to THR and HRR, the TSP showed how fast the materials achieved the highest values of SPR, hence the fastness of the
hazard evolution, demonstrating that the small quantities of smoke were released after minutes. The sodium silicate both protected the
bio-based materials from burning and improved the smouldering effects, as these properties were closely related [30,60].

4.2.2. Test method B (simulating of single burning item)

The results of the test Method B, (application of constant heat, generating a spark, and analysing the fire reaction for 10 min), are
reported in Table 5.

Fig. 10 reports the Heat Release Rate (HRR) for Test Method B of the materials and the composite samples (as for the designations,
the type of the tested composites were reported instead of the samples).

The trends of the curves confirmed the results achieved by performing Test Method A, but the differences between the materials
were more evident. Indeed, exposing the samples to a spark resulted in a quicker ignition, occurring when they reached the minimum
flammability range due to the ignitable volatiles produced during thermal degradation. In Test Method B, A. donax, A, and the
composite, AH, exhibited more distinct values compared to Test Method A. The presence of ignition indeed preceded the flame event,
potentially aligning with the previously discussed higher charring ability of hazelnut shells under such conditions, thus delaying the
contribution of the H component to flame generation.

Again, for HRR, hazelnut shells achieved the highest peak (pHRR = 412.5 kW/m?, at 63 s), followed by the mixture of the two
aggregates (pHRR = 242.6 kW/m?2, at 42 5), and A. donax (pHRR = 171.0 kW/m?, at 24 s), considering the highest value between the
two samples for each composite. In the presence of a spark, all the aggregates reached a peak before the first minute, faster than for Test
Method A, due to the more critical conditions that aim at highlighting the very first flammability condition reached. Then, the curve
decreased and achieved minimum values of HRR = 35.4 kW,/m? (at 579 s) for the hazelnut shells, HRR = 61.7 kW/m? (at 417 s) for the
mixture of the two aggregates and HRR = 5.4 kW/m? (at 552 s) for A. donax, considering the minimum value between the two samples
for each composite. As for the Total Heat Release, THR, reported in Fig. 11, hazelnut shells reached an overall higher amount, followed
by the mixture of the two aggregates and the A. donax, analogously to Test Method A.
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Fig. 9. Total Smoke Production (TSP) of the materials and the composites determined by the cone calorimeter test: Test Method A simulating non-combustibility test
(reporting the type of the tested materials/composites instead of the samples’ designation).
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Table 5
Reaction to fire tested by Test Method B: results of bio-aggregates and composite samples, reporting both tested samples.
Samples  Time to Peak Heat Release ~ Heat Release Total Heat Effective heat of Total Smoke Fire Growth Rate
Ignition [s] Rate (pHRR) Rate (HRR) Release (THR) combustion (EHC) Production (TSP) (FIGRA  2my) [W/s]
[kW/m?] [kW/m?] [MJ/m?] [MJ/kg] [m?]
A 02 7 171.0 48.0 28.2 14.2 0.4 7855
A 03 8 164.3 33.3 19.6 13.5 0.2 6242
H_02 50 412.5 99.1 58.2 11.1 0.3 3947
H_03 51 400.1 88.9 52.2 11.8 0.3 3896
AH_02 26 242.6 83.5 50.0 7.3 0.1 4284
AH_03 27 241.5 82.5 52.2 7.4 0.2 4209
S_02 n.d.” 10.0 0.3 0.5 n.d.” 0.3 14
S_.03 n.d.” 13.1 1.7 1.1 0.8 0.6 231
AS 02 n.d.” n.d.* n.d.” 1.4 1.4 0.4 n.d.*
AS_03 n.d.” n.d.” n.d.” 0.2 n.d.” 0.1 n.d.”
HS_02 n.d.” n.d.* n.d.* 0.3 n.d.* 0.2 n.d.*
HS_03 n.d.” n.d.* n.d.” 0.3 n.d.” 0.3 n.d.*
AHS_02 n.d.” n.d.” n.d.” 1.3 1.1 0.1 n.d.”
AHS_ 03 nd.” n.d.” n.d.” 1.2 0.9 0.1 n.d.”

2 n.d. = not detectable.
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Fig. 10. Heat Release Rate (HRR) of the materials and the composite samples determined by the cone calorimeter test: Test Method B simulating Single Burning Item
(reporting the type of the tested materials/composites instead of the samples’ designation).
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Fig. 11. Total Heat Release (THR) of the materials and the composites determined by the cone calorimeter test: Test Method B simulating Single Burning Item
(reporting the type of the tested materials/composites instead of the samples’ designation).
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Fig. 12. Smoke Production Rate (SPR) of the materials and the composite samples determined by the cone calorimeter test: Test Method B simulating Single Burning
Item (reporting the type of the tested materials/composites instead of the samples’ designation).

The addition of the sodium silicate, once again lowered the value of the HRR and THR (Figs. 10 and 11 respectively), in line with
the results of Test Method A. Hence, the sodium silicate widely influenced the final performance and improved the fire reaction of the
bio-aggregates. For the composites, the curves of HRR (Fig. 10) did not show a peak.

As reported in Table 5, by Test Method B, it was possible to evaluate FIGRAq 2\y index, namely the Fire Growth Rate index, which
represents the maximum HRR throughout time. Then, it measures the heat contribution to developing fire from specific materials,
allowing predicting the tendency for fire growth. Similarly, to the previous case in evaluating the flashover potential, FIGRAq amy
showed that the bio-aggregates represented hazardous materials. The addition of sodium silicate widely changed the scenario, with the
condition in which FIGRA cannot be evaluated, practically accounting for the negligible risk of fire growth.

Fig. 12 shows the Smoke Production Rate (SPR) of the materials and the composites.

Considering the aggregates, for Test Method B, the SPR was lower than for Test Method A. By generating a spark, the maximum
values of SPR were 0.011 m?%/s for hazelnut shells, 0.010 m?/s for the mixture and 0.006 m%/s for A. donax. Differently from the
previous result, the A. donax showed the lowest value of the peak. In any case, in the presence of ignition, the smoke production was
significantly lower, possibly owing to the flame production in the presence of a lower concentration of ignitable volatiles. As for the
composites, again, the sodium silicate solution avoided smoke production and improved the fire reaction behaviour. The results of TSP
are reported in Fig. 13.

Fig. 14 shows the samples after the test. The bio-aggregates burnt (Fig. 14a) due to the low resistance to fire typical of bio-based
materials [30,31]; the sodium silicate swelled, alone (Fig. 14b) and in the composites (Fig. 14c). This reaction avoided composites’
burning and smoke production, hence the sodium silicate created a sort of barrier which protected the bio-aggregates, as better
discussed in the following section.

5. Discussion

5.1. Main findings of the research

The results of the reaction to fire of the bio-based composites were extremely promising and confirmed the sodium silicate’s great
influence [71]. Indeed it improved the performance in case of fire, lowering the values of the Heat Release Rate (HRR) and the Total
Heat Release (THR) and significantly avoiding smoke production, one of the main problems in case of fire [71,72]. The sodium silicate
created a silica-rich hybrid layer, which protected the bio-aggregates with an intumescent barrier, as explained by Li et al. [79]. Due to
its inorganic characteristics, it shielded the organic bio-aggregates from burning [71].

The results of the fire reaction tests (Tables 4 and 5) suggested that the analysed composites could be considered as non-
combustible products. Hence, they could be employed as indoor coating boards ensuring the minimization of the hazards due to
smoke and toxic gases.

Comparing the two performed tests, some differences were evident. For the HRR of the bio-aggregates, higher values were achieved
in Test Method B (Fig. 10), while the HRR curve decreased more evidently in Test Method A (Fig. 6). This was in line with the
expectation, as for Test Method A, the samples were exposed to constant heat during the test, without any other source of ignition,
differently from Test Method B, where a spark generation (igniter) was introduced. For this latter, the peak of the curve was achieved
faster, as also represented by THR trends (Figs. 7 and 11). These two curves also showed some differences between the composites: in
Test Method B their values were almost zero throughout the test, while in Test Method A they were a bit higher. As for the smoke
production for bio-aggregates (as no significant smoke was produced by the composites bonded by sodium silicate), in Test Method B
the Total Smoke Production (TSP) was lower than in Test Method A, coherently with the results of THR, as the two properties are
related [30,60]. This result was caused by the different heat applications: more uniform heat radiation burnt more quantities of
materials, thereby generating more smoke and heat [30].
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Fig. 13. Total Smoke Production (TSP) of the materials and the composites determined by the cone calorimeter test: Test Method B simulating Single Burning Item
(reporting the type of the tested materials/composites instead of the samples’ designation).
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Fig. 14. Samples after the assessment of fire reaction (Test Method B): a) mixture of A. donax and hazelnut shells AH; b) dried sodium silicate solution S; ¢) composite
samples: hazelnut shells-based ones HS (left); A. donax-based ones AS (centre); mixture-based ones AHS (right).

The considerations on the two performed tests demonstrated as Test Method A and Test Method B, simulating two different
conditions, produced different heat and smoke responses of the building materials. Thus, to assess the reaction to fire of building
materials, both were significant.

The comparison with past studies that assessed the fire reaction of bio-aggregates, and the sodium silicate validated the achieved
results.

Rocha et al. [60] considered rice husk, bamboo and wood shaving and carried out the same tests performed in the present study for
the materials: TGA and reaction to fire by using a cone calorimeter and applying, however, a higher constant heat flux of 50 kW/m?,
representing an already well-developed fire. For TGA the researchers achieved similar results, highlighting a preliminary water loss
and then a sequence of weight drops accounting for cellulosic base products’ decomposition. A final higher weight loss was possibly
referred to the decomposition of the aromatic lignin component which is the most stable fraction and possibly also responsible for the
charring ability of the bio-based products. As for the fire reaction, the bio-aggregates showed similar HRR curves to the ones of the
present study, namely an initial delay period, then a peak and a decrease. The achieved values of HRR were lower than the ones of the
present study, especially for the hazelnut shells. This was caused potentially by a different material distribution that might alter the fire
reaction, as well as by different heat flux applied. Moreover, while the actual values are not precisely stated by Rocha et al. [60], it
seemed that the analysed materials displayed a higher water content than the ones of the present study. Thus, they produced not only a
lower mass to burn but also a higher water fraction that helped smooth the fire evolution itself. However, the fire reaction behaviour
(trend of HRR curves) was positively comparable.

Li et al. [71] assessed the reaction to fire of wood modified with a sodium silicate solution and provided the HRR, THR, SPR, and
TSP. The results demonstrated that, by impregnating the wood with the sodium silicate, all the above cited properties were improved,
as the values of all the curves lowered. This confirmed the promising performance in case of fire of the sodium silicate, which acted as a
protection barrier for bio-based materials [79], in agreement with the present results.

While it is a difficult comparison to be carried out, since the manufacturing of the different products can be widely variable, it seems
that a key point in boosting the fire resistance of the boards is a complete covering of the biomass with the intumescent sodium silicate
binder. This feature, achieved in the present work, cannot be controlled, or compared with other literature data, but it should be a key
point in developing a potential scale up of such particleboards.
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5.2. Fire classification

The results of the present study indicated the composites’ fire classification. Indeed, building materials are divided into six classes,
from class A to F, plus related subclasses, based on their reaction to fire. Class A1, for example, includes those materials that do not
contribute in any phase of the fire, including the fully developed fire phase, and can automatically fulfil all the requirements of the
lower classes. Class F, the worst, labels all products for which their reaction to fire cannot be determined or cannot be classified in one
of the previous classes. EN ISO 1182 [74], EN ISO 1716 [80] and EN 13823 [75] are useful standards to refer to for obtaining the A
classification, according to ISO 13501 [73], and provide the use of different instrumentation and preparation of samples with a certain
geometry.

Several different approaches were issued over the years to set fire classification. The cone calorimeter was initially discarded owing
to the small sample size that can accommodate. However, in the present case, the cone calorimeter test carried out on particleboards
was used as a mead of comparison with a more complex (and costly) technique that would imply the preparation of significantly bigger
samples (such as a single burning item). Law et al. [81] analysed the evolution of such standards and reported that to comply with the
Al class — the non-combustible item class — in the Single Burning Item (SBI) condition, samples should show an Effective Heat of
Combustion (EHC) below 2.0 MJ/kg (according to the German requirements [81]) and no flame whatsoever.

All the analysed bio-based composites were compliant with this requirement, and they also well complied with the A2 class
requirement. This aspect, together with practically null Fire Growth Rate (FIGRA) and flashover index accounted all to the potential for
the discussed formulations to undergo certification in the A2, as the minimum, but possibly also Al. It was not clear what should be the
applied heat flux. In their discussion, Law et al. [81] reported that a Heat Flow of 20-40 kW,/m? was acceptable for defining the SBI,
with some hint at choosing 40 kW/m?. While the present data refer to a heat flow of 35 kW/m?, corresponding at nearly 650 °C, it
seemed an acceptable situation to work for assigning class A parameters, being them A1l or A2. Consequently, the data on flame
behaviour presented herein cannot be effectively utilized to ascertain the material’s adherence to the standard. However, an inference
may be drawn from the observed performance that, if tests were performed following the stipulated standard parameters, compliance
with the specified constraints would likely be achieved.

5.3. Additional considerations and future studies

The analysed bio-based composites presented several benefits. First, being made of agro-industrial wastes and being bio-resources,
they could be a suitable solution to reuse these wastes. Both the bio-aggregates were widely produced and available all over the year,
thus overcoming the problem of seasonality. Furthermore, the materials employed in this study were locally produced, hence the
energy requirement for both the production and the transport was minimized, boosting their sustainability.

Even if the selected adhesive was not bio-based, the sodium silicate has many advantages, as described in Section 1, as also
confirmed further in the present study. Indeed, the performed laboratory tests showed that the sodium silicate solution eliminated one
of the main drawbacks of bio-based products, namely the low fire resistance. This is an extremely promising result for this research
field. Furthermore, the achieved results demonstrated that the proposed boards, which could be used as indoor coatings improving
indoor comfort [18,58], possibly meet the Al fire class.

On the other hand, according to past studies [18,58,66], the proposed boards showed some weaknesses that should be moderated
or solved. For example, the mechanical performance appeared low, both for compressive and flexural strength. Cintura et al. [18,58]
reported values of compressive strength of about 6 = 2.1 N/mm? and flexural strength of about ¢ = 0.39 N/mm? for hazelnut
shell-based composite. The A. donax-based boards did not achieve the breaking load, and they seemed more similar to straw bales, with
value of compressive strength of about ¢ = 0.9 N/mm? and flexural strength of about ¢ = 0.35 N/mm? Hence, both the hazelnut
shell-based and A. donax-based boards seemed inadequate as structural boards or masonry units [18], although the results were in line
with past research [58].

The high hygroscopicity of the composites could be both a benefit and a drawback [66]. Indeed, despite it could be useful to control
indoor conditions, it could also cause the degradation of the materials [62]. Some strategies could improve low moisture resistance,
such as the addition of certain additives (i.e., phosphorus, boron, or silica fume [82]). However, this possibility should be demon-
strated and better detailed to define if the benefits might be more than the drawbacks.

Finally, a great weakness could be the low resistance to biological colonisation of the bio-aggregates [64]. Nevertheless, according
to past research [49,50] the sodium silicate solution could also avoid chemical decomposition and biological colonisation, but these
properties should be further investigated.

Thus, the present study demonstrated that the use of sodium silicate as a binder is an efficient solution to produce boards made of
eco-friendly materials, safe for human health from different points of view. Finally, the combination of these materials results in a
building composite that could improve indoor conditions.

To provide further support to these considerations a qualitative cost-effectiveness analysis of the proposed bio-based boards was
considered. As the employed bio-aggregates were by-products, their cost was derived only from the transport of the materials. Hence,
the final cost of the boards will be mainly caused by the sodium silicate and the manufacturing process. Although sodium silicate
production required some costs, it could be produced by innovative processes, which made it cheaper [83,84]. Furthermore, as
previously reported, the quantities of the adhesive were minimized (only 30 %), and the production process avoided high tempera-
tures, pressing and the use of specific treatments. Hence, a low production cost was expected. However, a more detailed analysis and a
life cycle assessment (LCA) would better support these considerations, as well as quantify the sustainability of the proposed boards.
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6. Conclusions

This study considered bio-based boards for indoor applications. The employed bio-aggregates were giant reed (A. donax L.) and
hazelnut shells. A sodium silicate solution was employed as the adhesive. The thermal stability, water content, and the inorganic
fraction composition of the raw materials and the composites and their reaction to fire were evaluated.

The following conclusions were achieved.

e The particleboards’ composition strongly resented the quality of the employed agro-wastes and bio-resources under fire. Hazelnut
shells determined significantly lower inorganic waste residue than A. donax.

e The two performed test methods were useful for carrying out considerations about the fire reaction of materials and composites. By
a cone calorimeter method, it was possible to apply constant heat, with and without generating a spark (igniter), and to have
different results for heat release and smoke production of the samples. These results allowed making different considerations,
crucial to assess the possible hazards of the proposed composites.

e Considering the standard requirements for building products and the results of the fire reaction test, the considered bio-based
composites could be classified as class A2 and potentially Al.

e The sodium silicate widely improved the fire reaction of the bio-aggregates, avoiding their burning and smoke production. Hence,
the considered bio-based boards show a good performance in case of fire and could be employed as indoor panels without risks to
humans.

An effective solution to improve the bio-based boards’ behaviour in case of fire was, hence, described and validated. Future studies
could further analyse boards’ properties by changing some parameters (e.g., the grain size of the bio-aggregates, the percentages of the
sodium silicate solution, and the additions of some additives) and investigate the possibility of using a sodium silicate solution as a
superficial treatment in bio-based building products. Furthermore, the performance in case of fire of the considered boards could be
further detailed by considering more replications, different conditions, and hence different test methods.
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