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ABSTRACT

The present manuscript deals with the reuse and valorisation of agricultural wastes and by-
products (namely, hemp fibres and rice husk particles) to produce fire retardant fibreboards
and particleboards for applications in biobuilding. Since fire retardancy is one of the most
important challenges, a detailed study on the thermal and flame retardant properties of the
above materials assembled using starch as the binder and different ammonium dihydrogen
phosphate contents as fire retardant agents, is proposed. The combustion properties have been
investigated in developing fire conditions, employing a radiating heat flux of 35 kW/m?
generated by a cone calorimeter. An optimised formulation able to make both fibreboards and
particleboards not ignitable has been found and is predicted to be “A2/B” class in the
European fire classification for building products. The resultant materials have proven to
undergo pyrolysis and not to burn, favouring the formation of a dense and consistent final

residue.
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1. Introduction

Bio-based products derived from annually renewable agricultural feedstock represent a
portfolio of sustainable, eco-friendly and efficient products that may compete with and
replace markets currently dominated by oil-based products. Recently, a wide set of materials
has been produced using the agricultural wastes or by-products [1]. Indeed, it has been
reported that by 2020 about 10% of the base chemicals will come from renewable plant
resources. This trend is expected to rise to 50% by 2050 [2,3].

In the present scenario, some attempts concerning natural fibre-reinforced polymers have
been reported for applications in building and automotive [4-9]. However, relevant
challenges, including homogenization of material chemico-physical features, namely
mechanical and flame-retardant properties as well as durability in relation to the atmospheric
agents and UV light, are still unsolved. In particular, very few researches have taken in
account that, for being used in building, these materials should be fire retardant [10-14].
Unfortunately, all vegetal compounds and derived polymer composites are generally
flammable. The easiest and most effective technique for making fire retardant fibreboards and
particleboards consists in the production of ready-to-use products [15]. To this aim, different
approaches can be carried out: indeed, it is possible to use flame retardant binders or
alternatively to treat fibre or particle surfaces with a flame retardant (FR), sometimes in joint
action with inorganic fillers. Among FRs commercially available in the market, those having
a char-forming or intumescent character have proven to be the most effective for
lignocellulosic substrates [16-18]. Among phosphorus-based FRs, ammonium dihydrogen
phosphate (ADP) has already exhibited good performances for lignocellulosic substrates [19-
21]. As an example, Suardana et al. reported that the burning rate and the weight loss rate

decreased when the percentage of ADP used to treat the coconut and jute fibres increased
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[19]. In another research, Dorez et al. [21] studied the flax fibre grafting with phosphorus
compounds for improving the fire behaviour. Furthermore, ADP as flame retardant is soluble
in water and therefore can be easily used in combination with a water-soluble binder.

Without doubt, wood is the main lignocellulosic raw material used in the particleboard
industry. Wood flour [22-24] or wood fibres [23,25] are deeply investigated in the literature
and widely employed in industrial applications. On the other hand, annual plant wastes, such
as flax and hemp shives, bagasse, cotton stalks, small grain and rice straw, peanut husks, rice
husks, grape stalks, and palm stalks are valuable raw materials for the production of
lignocellulosic-based boards (both fibre- and particleboards) [7,8,26]. Within these, rice husk
presents the highest potential for utilization since rice is one of the most consumed cereals in
the world [9,27,28]. As far as natural fibres are concerned, hemp is the one which hold some
of the highest specific mechanical properties [29,30]. Hemp is a niche crop delivering fibres,
shives and seed. The high added value product in the hemp production chain is the long fibre
production, thus all the hurdy, dust and short fibres are considered by-products [31].

For making boards, synthetic binders or adhesives are extensively used; the most common of
them are phenol-formaldehyde and urea-formaldehyde resins [32]. Recently, some attempts
have been carried out in order to replace such chemicals with new adhesives or binders. By
this way, more attention to the environment impact and human or animal safety is given.
Polyelectrolytes [33], soybean protein [34] and starch [35] are innovative examples for
making particleboards with the use of water as dispersing medium. In the last two cases,
completely biodegradable materials are also obtained. In the present work, hemp fibres by-
products and rice husk particles have been assembled in fibreboards and particleboards using
starch as the binder and different ADP contents as the flame retardant agent [36]. The
combustion properties of the resultant materials have been investigated by a cone calorimeter

under a 35 kW/m? heat flux, mimicking the conditions of a real scenario in developing fire
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conditions. Furthermore, the best performing formulations have been irradiated also under a
50 kw/m? and classified following the European fire classification for building products EN
13823 [37].

To the best of the authors’ knowledge, the use of such technique has been rarely attempted

[14,38] on the materials under study.

2 Materials

Hemp fibres having a 960 kg/m3 density [39] (hereafter coded as H) and rice husk with 975
kg/m?® density [39] (coded as R) were kindly supplied by Assocanapa s.r.l. and S.P. S.p.A.,
respectively. Corn starch containing 25-28% of amylose content and having a 1500 kg/m?®
density (CERESTAR® RG 03408) used as the binder (coded as S) was purchased from
Cargill Inc. ADP, a water soluble ammonium phosphate salt (reagent grade; 1600 kg/m?

density), was purchased from Sigma Aldrich. All materials were used as received.

3 Board preparation

In order to prepare the fire resistant boards based on hemp fibres and rice husk particles, three
formulations were investigated containing starch and ADP. The binder content was
maintained constant for both fibreboards and particleboards and used in water solution (4.0
and 6.0 g of starch and water, respectively). Hemp fibre and rice husk particle amounts (5.5
and 4.0 g, respectively) were optimised for the obtainment of mechanically consistent samples
as a function of their different density and morphology [39]. In addition, in the base
formulation, ADP was added and the effect of its three different amounts investigated
(namely, 0.25, 0.5 and 1.0 g, Table 1). These quantities were chosen on the basis of the results

already collected by other researchers on cellulose fibres [36].



As far as fibreboard is concerned, its preparation was already described elsewhere [39], i.e.
5.5 g hemp fibres were pressed at 150 °C and 10 MPa for 2 min in 50x50x3 mm?moulds (see
Figure 1a). The obtained mat was initially cut for removing the protruding parts (Figure 1b),
then impregnated with the starch solution alone or with ADP (Figure 1c) and pressed at an
increasing temperature from 110 to 140 °C for 6 min. During that time, the mould was
continuously opened and closed in order to expel water vapour. At the end of this process, the
mould was pressed at 10 MPa for 1 min and then cooled down to room temperature (Figure
1d). The formulations under investigation are listed in Table 1 where the sample code
contains the acronym of the main component (H or R) and ADP amount expressed in g. As an
example, H-S-ADPO.5 represents a board made of hemp fibres treated with a water starch
solution containing 0.5 g ADP.

The apparent density of the prepared boards was calculated as weight to volume ratio. The
ADP-treated fibreboard densities increased by increasing ADP content and ranged from 1060
to 1240 Kg/m® (Table 1). The densities attained allow the fibreboards to be classified as high-
density materials, according to the ANSI A208.1 standard [40].

The process for producing the particleboards consists of a single press step, as already
described [39]. Grained rice husk (4.0 g) was directly mixed with the water solution of binder
(or binder and FR mixture) and then pressed in a 50x50x3 mm?® mould (Figure 1e) following
the same process already described for hemp fibres in order to obtain the final materials
(Figure 1f).

The ADP-treated particleboard densities were not deeply affected by ADP content and ranged
from 930 to 1009 Kg/m?® (Table 1). The different density of such materials with respect to
those containing fibres was ascribed to the different preparation procedure, as well as
different filler aspect ratio and morphology, which are reflected by the different presence of

voids in the composite structure.



For an industrial exploitation such as in building, it is mandatory that the proposed materials
are able to resist to mechanical deformations and stress. Therefore, the storage modulus (E’)
at 30 °C and 50% R.H. (relative humidity) of both fibreboards and particleboards were
assessed by dynamic-mechanical analysis as already reported in a previous study [39]. The
data collected in Table 2 for specimens of 50 x 10 x 3 mm? confirm that the above materials
possess the mechanical properties suitable for making boards (following CSN EN 312

standard [41]) also in presence of ADP.

4 Characterization techniques

Thermogravimetric analyses (TGA) were carried out both in nitrogen and air, from 50 to 800
°C with a heating rate of 10 °C/min, using a TA Q500 thermo balance (TA Instruments)
(experimental error: £0.5 wt.-%, £1°C). Samples (approximately 20 mg) were placed in open
alumina pans and fluxed with nitrogen or air (gas flow: 60 mL/min). Tio% (temperature at
which 10% weight loss occurs), Tmax (temperature at which maximum weight loss rate is
achieved) and mass of the final residues at 800 °C were evaluated.

Cone calorimeter tests (Fire Testing Technology, FTT) were performed according to the ISO
5660 standard [42] on 50 x 50 x 3 mm? specimens. Samples were placed in the middle of a
100 x 100 mm? holder and exposed to 35 and 50 kW/m? heat flux in horizontal configuration
in an aluminium tray. For each formulation, the test was repeated three times and standard
deviation (o) was calculated as the experimental error for all measured parameters. Time to
Ignition (TTI, s), Total Heat Release (THR, MJ/m?), and Peak of Heat Release Rate (PHRR,
kW/m?), Total Smoke Release (TSR, m?/m?), and final residue (%) were assessed. In order to
compare the performance of specimens having different weights, THR and PHRR parameters

were normalised with respect to the initial mass (MJ/m?g and kW/m?g, respectively).



Prior to combustion tests, all samples were conditioned at 23+1 °C and 50% R.H., in a
climate-controlled chamber Binder BFK240 for a minimum of 3 days, up to stable weight was
reached.

The surface morphology of cone residues was studied using a LEO-1450VP Scanning
Electron Microscope - SEM - (beam voltage: 20 kV); a X-ray probe (INCA Energy Oxford,
Cu-Ko X-ray source, k=1.540562 A) was used to perform elemental analysis (EDX, Energy
Dispersive X-ray). The samples were pinned up on conductive adhesive tapes and gold-

coated.

5 Fire performances

Many classification systems have been developed throughout the world to evaluate and rank
the fire performance of products. The official product classification in Europe, “Euroclass
system”, is not based on cone calorimeter test results but on Single Burning Item (SBI) test
performance [43]. In this system, the fire growth rate index (FIGRA) was selected to be the
principal classification parameter [43]. Thus, correlating SBI and cone calorimeter test results
is a useful tool for the product development as cone calorimeter is a well-established test
method that requires only small samples [44]. For this reason, following the report of
Hakkarainen [44], two classification indices proposed by Kokkala, Thomas and Karlsson [45]
are used: the ignitability index lig that is the inverse of time to ignition (tig) and the rate of heat
release index Iq that is obtained by integrating the rate of heat release (HRR) in time (t), with
a higher weight assigned to the rate of heat release values immediately after ignition than to

those occurring later. The equations for the two indices are:

Iig = 1/tig Eq.(1)
_ ctr [ HRR ®
=17 [(t-tig)’"] dt Eq.2)



where ts is the end time of the test, and the integration starts from the moment of ignition tig. A
larger value of the exponent m corresponds to a higher relative significance of the early
phases of the test and a smaller contribution to the lg index by the heat release rate in the later
stages of the test. With these definitions, higher values of each index correspond to a faster
rate of fire growth. The two indices are here calculated with m=0.89 and the tig as the moment
when the HRR reaches 50 kW/m? from the cone calorimeter test results measured at 50
kKW/m?, as suggested by Hakkarainen [44].

The calculated lig and Ig indices are used to predict the FIGRA values following the equation:
FIGRA =B «I5} « I}* Eq.(3)

The EQq.(3) has been fitted to a great set of experimental data in order to obtain agreement
between the experimental and predicted FIGRA values. The best fitting values (R=0.88) have
been calculated as B=3.3x10*4, p1=0.70 and p2=1.80 for lig values in the range of 1-12 min!

and measured FIGRA values in the range of 50-900 W/s [44].

6. Results and discussion

6.1 Raw materials

In order to better understand the thermal and combustion behaviour of the present boards, a
preliminary study on the parent raw materials has been carried out by microscopy,

thermogravimetry and cone calorimetry.

6.1.1 Morphological characterization of hemp fibres and rice husk particles treated with
ADP

When the raw materials were treated with ADP, it is possible to observe a layer covering the
surface of hemp fibres and geometric particles of the recrystallized FR on rice husk particles.

From the elemental analysis made on areas with FR particles (points 2 and 4 in Figure 2) and
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apparently free zones (points 1 and 3), it is possible to detect the presence of P element:
around 1 wt.-% for the point where apparently no fire retardant particles are visible and
around 5-10 wt.-% on such particles. Thus, the presence of phosphorous element is evident
also in the areas without FR particles, probably covering and partially migrating inside the

natural structures.

6.1.2 Thermal stability by thermogravimetry

The thermal and thermo-oxidative stability of raw materials (hemp fibres, rice husk particles,
starch) have been carried out by TGA. Figure 3 shows TG and dTG curves in nitrogen (a) or
air (b). H and R degradation occurs similarly: in a single step in nitrogen and in two steps in
air, as expected for cellulosic materials [46]. Namely, in inert atmosphere, cellulosics
thermally degrade by a single step centred around 300-350°C due to the competition of
depolymerisation and dehydration reactions. As a consequence, 50-60% of the pyrolysis
products are released as volatile species and only the remaining species are converted to a
thermally stable residue (char) [16]. In air, the competition of these two processes is more
significant and the oxygen presence further complicates the thermal degradation of cellulosic
substrates. After the first decomposition step, the char oxidation to CO and CO> follows.
Apart from an initial weight loss due to water, H and R loose more than 50% of their initial
weight in nitrogen in 250 and 375 °C range, leaving a residue thermally stable up to 800°C
(see Figure 3a and residues in Table 3). Due to the presence of silica, R exhibits a higher final
residue with respect to that left by H (35 vs. 27 wt.-%) [47]. In air, these residues are further
oxidized to CO and CO: in 375 and 500°C range, although, both H and R still leave

significant residues due to minerals and silica [22], respectively.



As far as S is concerned, its thermal behaviour is very similar to those of the two raw
materials [10,22] (Figure 3), with the exception of the final residue left at high temperatures
in air (see Table 3).

In order to better understand the effect of ADP on H and R, some samples have been prepared
without binder just for performing thermal and combustion tests. Indeed, such materials
cannot be used in biobuilding without a binder as they do not possess sufficient mechanical
properties. When fibres or particles are treated with ADP (Figure 3), cellulose sensitization
(meant as anticipation of degradation) has been observed in both atmospheres, as highlighted
by the reduction of T Values given in Table 3 (compare Tio% values of untreated H with
those of H-ADPO.5 and H-ADP1, and untreated R with those of R-ADP0.5 and R-ADP1).
ADP affects cellulose degradation mechanism. Generally cellulose decomposes through two
competitive pathways: depolymerization and dehydration. The former gives volatile species
that further feed cellulose degradation, the latter favours the formation of a thermally stable
residue, called char. ADP partially inhibits cellulose depolymerization and promotes char
formation in both nitrogen and air, as the final residues are always higher than those left by
untreated materials (see TG curves in Figure 3 and residues in Table 3). Thus, the formed char
is able to protect H and R from their thermal degradation, inhibiting and slowing down the
heat, mass and oxygen transfer from the environment to the material, according to the
literature [16,19,36]. This effect is due to the release of phosphoric acid from ADP that is able
to phosphorylate the primary hydroxyl group of cellulose to form a phosphorus ester. These
groups catalyse cellulose dehydration (anticipation), promoting the char formation and
unfavouring the depolymerisation (rate decrease) [19], as clearly evidence by TG and dTG

curves.
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It is important to notice that only TG and dTG curves of formulations containing 1 g of ADP
have been shown in Figure 3, as an example of the observed trend. Pertinent data for all

formulations are listed in Table 3.

6.1.3 Combustion tests by cone calorimetry

Hemp fibres, rice husk particles and the corresponding boards treated with only ADP have
been tested under a heat flux of 35 kW/m? generated by a cone calorimeter. Recently, a study
by Palumbo, Formosa, & Lacasta [13] investigated the fire performance of these materials
employing, in that case, a pyrolysis-combustion-flow calorimetry (PCFC) instrument. Cone
calorimeter and PCFC are two completely different instruments from a conceptual point of
view and are not able to give the same information, being based on the observation of two
different scenarios as discussed elsewhere [48,49]. Indeed, cone calorimeter is able to mimic
the conditions in a real fire scenario [50]; conversely, PCFC can only give information about
the combustion of pyrolysis products. Since the intent is to prepare fibreboards and
particleboards for building, the use of cone calorimetry has been proposed here [50,51]. Das
et al. [52] have investigated rice husk and other biomass wastes using cone calorimetry but
not with ADP as flame retardant.

Table 4 summarises the collected data in this research. Both raw materials exhibited a similar
behaviour: H and R ignite in less than 30 s and immediately spread fire, reaching quite rapidly
the PHRR (196 and 176 kW/m? for H and R, respectively) and releasing a comparable total
amount of heat (13.6 and 12.6 MJ/m?), data similar to what obtained in the literature [32,52].
The small differences between H and R can be attributed to the presence of inorganic silica
that is the main constituent of R residue. During combustion, silica forms an ash layer acting
as thermal shield to fire and heat [38]. By this way, the resulting HRR and THR values of R-

based composites are lower than those of H.
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When H and R are ADP-treated, their combustion drastically changes. Indeed, their TTI
increases and PHRR and THR values are significantly reduced. The formulations containing 1
g of ADP were even not ignitable. Indeed, H-ADP1 and R-ADP1 underwent pyrolysis and
continued to release gases for all the time of heat exposure, measured by the cone laser and
reported in the TSR column in Table 4.

The collected results show that ADP can be considered an effective FR; the materials treated
with only ADP left a dense residue in both H and R samples.

Both H and R combustion residue (Figure 4a and c) show the same morphology of the
original materials: fibres or particles respectively, which polysaccharide/lignin structure has
either partially charred or volatilised. Upon treatment with ADP, the hemp fibre structure was
preserved whereas the untreated combusted fibres were extremely fragile, turning into a
powder under handling. What remain after H-ADP combustion was mechanically strong and
composed of hollow fibres whose walls are made of a charred carbon-phosphorus richer
material than the burned untreated H fibres (Figure 4b). R-ADP combustion residue
morphology is similar to that observed from R combustion (Figure 4d). A limited adhesion
between particles has been found but not self-sustaining material as in the case of H. It is
probably due to the different materials morphology in form of particles or fibres/mat which
affects the interlocking capability of the particles without a binder.

From the elemental analysis, a lot of elements are present in the hemp residues with the main
percentage of C, O, K and Ca elements. The composition is slightly different from the white
part mainly present on the surface and the black one in the inner part. From a semi-
quantitative point of view, the hemp fibres treated with ADP (Figure 4b) show a higher
amount of C and P compared to that not treated, as expected from the components of the FR.
R residue consisting of powder is grey on the surface and black in the inner part (Figure 4c),

while that left by R-ADP is a completely black coherent solid (Figure 4d). From SEM
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observation, the R-ADP particles appear partially interconnected or even covered by a P-rich
layer. Also in the case of R-ADP sample, a higher content of C and P elements with respect to
neat R were registered.

The consistence of the residue found for the treated materials has already been observed in the
literature [19]. This peculiarity has been attributed to the char formed by cellulose contained
in fibres and due the esterification of phosphoric acid of primary hydroxyl groups of
cellulose. Furthermore, the presence of char obstructs the access of oxygen to unburnt
material by insulating and protecting the sample sub-surfaces and inner layers. In doing so,
the oxygen, heat and mass transfer is strongly reduced, giving a not completed degradation
resulting in black residues in the inner and lower surfaces and in a higher relative content of C

element.

6.2 Fibre- and particleboards

6.2.1 Morphological characterization of boards treated with ADP

The addition of ADP to the formulation with starch as the binder never changes the
morphological structure of the composites already studied [39], regardless of the raw material
type. The only difference shown in the results of EDX analyses revealing the presence of P

element (points 1 and 2 in Figure 5), not present in the composition without ADP.

6.2.2 Thermal stability by thermogravimetry

The thermal and thermo-oxidative stability of the untreated and ADP treated fibreboards and
particleboards has been studied (Figure 6). The corresponding data are reported in Table 5.
The thermal degradation in nitrogen and air of fibreboards and particleboards proceed

similarly to what observed for the neat fibres and particles in terms of mechanism (compare
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Figure 3 and Figure 6). The only difference that deserves to be highlighted is the role of starch
in the formulation containing also ADP. Due to its polysaccharide nature, it is subjected to
ADP action similarly to what happens for the cellulose within H and R. Indeed, due to the
char-forming characteristic [16,36], ADP strongly sensitises both natural reinforcements (H
and R) and binder (starch) decomposition, as evidenced by the reduction of Tio% and Tmax
values reported in Table 5. The phosphoric acid released at low temperatures favours the
formation of a thermally stable char that further decomposes at higher temperatures. Indeed,
H-S-ADP1 and R-S-ADP1 have shown a higher final residue with respect to untreated
materials (34 vs. 19 wt.-% and 38 vs. 25 wt.-% in nitrogen and 6 vs. 2 wt.-% and 12 vs. 9 wit.-
% in air, for H-S-ADP1 and R-S-ADP1, respectively). The same trend has been observed also
for the formulations containing a lower ADP amount. Once again in Figure 6a and b only TG

and dTG curves of formulations containing 1 g of ADP as an example of the observed trend.

6.2.3 Combustion tests by cone calorimetry

After assessing board combustion properties by cone calorimetry, it is important to highlight
that once the binder was added to the base formulation, sample weight was approximately
doubled with respect to those consisting of only pressed fibres or particles. Thus, binder
strongly increases the combustible mass. In order to correctly compare the efficiency of the
different formulations, it was necessary to normalise THR and PHRR parameters with respect
to specimen final mass (Table 6). This approach has been proven to be effective for
describing the combustion scenario under investigation [53].

First, the role of the binder has been investigated; TTI of materials with starch is more than
double with respect to those of raw materials (compare TTI values of H and H-S, and R and
R-S). Their normalised PHRR values are significantly reduced by the presence of starch (38

and 14% for H-S and R-S, respectively) while the normalised THR and TSR values are
14



almost constant in all formulations, considering the experimental error. Part of these
variations may be due to the higher density of the obtained composite materials which
exposed a smaller specific surface to the heat source and part to the different behaviour of the
starch itself. Unfortunately, the presence of binder hinders the formation of a thermally stable
residue, as visible comparing the data in the last column of Table 6 (13 vs. 10.5 wt.-% and
26.5 vs. 18.5 wt.-% for H, H-S, R and R-S, respectively).

The addition of ADP in different amounts progressively enhances the flame retardant
performances of prepared materials, as visible by the HRR curves reported in Figure 7,
reaching even not-ignitable formulations (namely, H-S-ADP1 and R-S-ADP1). PHRR and
THR reductions reported in Table 6 show that the higher ADP amount, the lower are these
values, i.e. the better FR properties.

From an overall consideration and taking into account the experimental error, TSR values are
almost equal for all formulations that ignited, while, when ignition does not occur, these
parameters increase in a remarkable way due to the release of pyrolysis products (from 4 to
374 m?m? for H-S, H-S-ADP1, and 15 to 281 m?m? for R-S and R-S-ADP1). This
phenomenon is well known in the literature due to the effect of phosphates or polyphosphates
applied to cellulosic materials [36] that increase the carbonaceous products.

The visual aspect of the board residue at the end of tests is of interest. The H-S residue is
significantly enlarged (the sample reached the height of 9 mm from 3 mm initial thickness)
and shows two different structures: in the upper part, it is light grey with impalpable
consistence, while in the lower part it is black with a more compact mat (Figure 8a). The
colour difference between the two parts is ascribed to different C content: a higher amount in
the black zone (point 2) with respect to that in the light one (point 1).

As far as particleboards are concerned, R-S residue shows a thin brown layer on surface

(Figure 8b) due to the decomposition products.
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Its expansion (9.5 mm height of final thickness) and consistency are similar to what has been
observed in the case of hemp fibres. Its morphology reproduces the shape of the original rice
husk particles. EDX confirms a high amount of Si element (points 3 and 4 in Figure 8) typical
of rice husk and a higher presence of C element in the lower part of the specimen (point 4 in
Figure 8) due to the protecting shield of the upper part.

Furthermore, it is interesting to observe the expansion of residue as a function of ADP
content. H-S-ADPO0.5 residue was expanded more than that left by H-S-ADP1 (11 vs. 7 mm of
final thickness), that however does not ignite. In both cases, the structure is black (Figure 9a
and b). The only aspect to be underlined in the H-S residue is the presence of bubbles on the
fibre surface most extensive in the sample that ignites, as evidenced by SEM. Referring to R-
S-based formulations, the expansion changes from 15 to 5 mm in the case of ignited or not
ignited samples (Figure 9c and d, respectively). SEM micrographs show an interconnected
bubble-rich structure with embedded particles for the material that ignited, Figure 9c and less
bubble presence in the material that did not ignite Figure 9d. It is likely that 1 g of ADP (the
highest concentration under investigation) releases the right amount of phosphoric acid, able
to create a thermally stable residue. This latter is capable of inhibiting heat, oxygen and mass
transfer from the atmosphere to fibres or particles, preventing their combustion. Moreover,
the increase of the charred material leaves less organic volatile release. Meanwhile, the
release of water from starch occurs and dilutes the volatile fuel species derived from H or R.
The formulations with 1 g of ADP do not allow the fuel mixture to reach the flammability
limit and prevent their ignition.

By observing the combustion behaviour, it is possible to note that the high expansion of H-S-
ADPO0.5 and R-S-ADPO0.5 occurs after TTI. Indeed, only a sudden increase of temperature due
to the flame spread may produce the release of a high amount of volatiles which increase the

quantity of bubbles and the resulting expansion of samples (Figure 9a and Figure 9c).
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The samples H-S-ADP1 and R-S-ADP1 did not ignite, thus the generation of fuel gases and
water is slow and consequently the expansion is limited (Figure 9b and Figure 9d).

The comparison with other studies is quite complicated. Indeed, in some cases the materials
are similar but another measuring technique or setting parameters were used, on the other
hand, in other researches, the fillers are similar but the matrices were not bio-based
[13,32,38,51,52,54]. In this scenario, Boccarusso et al. [54] investigated hemp/epoxy
composites manufactured by infusion process with 16.32 wt.-% of APP content and found a
74% reduction of PKHRR (187 kW/m?) with respect to the neat matrix at 50 kW/m?. Das et al.
[52] added rice husk with biochar to PP to manufacture fire retarded composites and found
52% reduction of PKHRR (502 kW/m?) with respect to neat PP at 50 kW/m?. Bilal et al. [38]
studied the optimum mixture of rice husk-reinforced polyethylene to have the best fire
retardant properties and they found for 50 wt.-% of rice husk at 50 kwW/m? a PkHRR of 808
KW/m?.

In this study a reduction of the pkHRR at 50 kW/m? with respect to not ADP treated materials
of 39% for H-S-ADP1 (161 kW/m?) and 48% for R-H-ADP1 (181 kW/m?) was registered.
Therefore, lower absolute values of pkHRR than those reported in the literature were found
but different matrices and samples dimensions were used. For a better comparison, the data
obtained in this research were classified in accordance with an European standard in the

following paragraph.

6.2.4 Fire performances

In the present study, fire performances were assessed on untreated boards and boards treated
with the highest percentage of ADP. The calculated lig and lg indices and the predicted
FIGRA values with corresponding classification are summarised in Table 7. lig and lq are

average values resulting from two cone calorimeter tests at 50 kW/m? for each material.
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Both the untreated fibre- and particleboard are classified into the category “C” in the EU
classification of construction products for resistance to fire, as reported for solid wood panels
with high density [37] and better than similar materials (particle and fibreboard) classified as
“D” [44]. From the calculated predictions of the ADP-treated boards, the assigned category is
the “A2/B”, the best for this Euroclass system. The EU member states are allowed to select
the particular performance appropriate to national requirements also ignoring some parts of
the classification, thus no general rules for specific building application are decreed.
However, manufacturers must use the entire classification system when supplying
construction parts into EU countries and other research can be compared by using this

classification.

7. Conclusions

In the present study, the effectiveness of ADP as FR for two agricultural wastes/by-products
(hemp and rice husk) has been tested by using a cone calorimeter. The results have shown that
such FR agent is able to protect these materials from a 35 kW/m? heat flux (developing fire
scenario conditions), by creating a carbonaceous layer on their surfaces that inhibits the heat,
oxygen and mass transfer. The final properties of fibre- and particleboards have proven to be
a function of ADP content. Formulations containing 0.25 or 0.5 g of ADP (3-6 wt.-%)
drastically increase the TTI of the boards as well as significantly reduce the combustion
parameters (THR and PHRR). The highest ADP content (1 g; 10 wt.-%) provides the most
efficient solution, as the samples do not ignite. Furthermore, the rate of heat release and
ignitability indices are applied to 50 kW/m? heat flux tests to predict the European fire
classification based on FIGRA values for building products. A prediction of A2/B class for

both fibre- and particleboard was reached, the best for this Euroclass system.
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The collected results suggest that reuse and valorisation of wastes or by-products from
agriculture are possible and allow to design performing materials suitable for building coming

90 wt.-% from renewable resources.
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Table 1 Codes and compositions of hemp fibre and rice husk particle-based samples.

sample code HorR S ADP ADP  Board density:s
content*  content* content  content [kg/m?]
[wt.-%]  [wt.-%] [0] [wt.-%]
H 100.0 - - - -
H-ADPO0.5 91.7 - 0.5 8.3 -
H-ADP1 84.6 - 1.0 154 -
H-S 57.9 43.1 - - 96050
H-S-ADPO0.25 56.4 41.0 0.25 2.6 1060+s0
H-S-ADPO0.5 55.0 40.0 0.5 5.0 1070450
H-S-ADP1 52.4 38.1 1.0 9.5 1240450
R 100.0 - - - -
R-ADPO0.5 88.9 - 0.5 111 -
R-ADP1 80.0 - 1.0 20.0 -
R-S 50.0 50.0 - - 975+50
R-S-ADPO0.25 48.5 48.5 0.25 3.0 950450
R-S-ADPO0.5 47.0 47.0 0.5 6.0 930450
R-S-ADP1 44.4 44.4 1.0 11.2 1009450

“ the content in grams for all the formulations is 5.5 g for H, 4.0 g for R and 4.0 g for S.

“Only the boards assembled with the binder can be tested for assessing their density.



Table 2 Storage modulus collected by DMA for the boards at 50% R.H.. Dynamic-mechanical

analysis (DMA Q800 TA Instruments) in bending configuration. Specimens of 50 x 10 x 3

mm? cut from the compression moulded boards. Experimental conditions: isothermal tests at

30°C, 1 Hz of frequency and 0.05% of oscillation amplitude in strain-controlled mode.
Sample code  E’ at 30°C+s [MPa]

H-S 1270+127

H-S-ADP0.25 1170+117

H-S-ADP0.5 15204152

H-S-ADP1 1615+162

R-S 1180=+118

R-S-ADP0.25 1250125

R-S-ADP0.5 1340:134

R-S-ADP1 12952130
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Table 3 Thermogravimetric data of hemp fibres and rice husk particles untreated and treated

with only ADP.
Sample Tiow  Tmax  Residue | Tiw  Tmaa  Tmae  Residue
code [°C]  [°C] [%] [°C1  [°C] [°C] [%]
Nitrogen Air

H 267 342 27 264 337 448 5
R 275 338 35 267 307 445 17
S 287 308 15 286 305 506 1
H-ADPO0.5 226 265 42 230 243-273 516 14
H-ADP1 227 274 36 233 280 491 8
R-ADPO0.5 250 299 44 250 290 523 20
R-ADP1 230 291 44 228 281 522 23

*From derivative curves
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Table 4 Cone calorimetry data of H and R untreated and treated with ADP.

Sample code THR:o PHRR:c ]
TTlso TSR+s Residuess
[MJ/m?] [kW/m?]
: : [m*m?]  [%]
(reduction, %) (reduction, %)

H 2643 13.6+1.4 196+15 5+4 13.0+1.0
R 2843 12.6+11 176+15 2543 26.5+1.0
H-ADP0O.5 124+19 4.1:04 (-70) 96+20 (-51) 815 25.5+1.0
R-ADPO0.5 47+2  4.4+08 (-65) 143+1 (-19) 39:10  33.0:10
H-ADP1 N.A. N.A. N.A. 224+68  34.0+10
R-ADP1 N.A. N.A. N.A. 116420  39.0+10

N.A.: data not available as samples do not ignite.
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Table 5 Thermogravimetric data of untreated and ADP-treated fibre- and particleboards.

Tiow  Tmax  Residue | Ti%  Tmaa®  Tmae  Residue
Sample code

[°C1  [°C] [%] [°C] [°C] [°C] [%]

Nitrogen Air

H-S 261 315 19 260 311 418-449 2
R-S 275 312 25 272 308 448 9
H-S-ADP0.25 253 267-304 33 249 265-295 495 5)
H-S-ADP0.5 250 261-299 32 252 264-295 514 4
H-S-ADP1 222 245-272 34 228 249-272 522 6
R-S-ADP0.25 250 259-310 36 248  258-302 501 10
R-S-ADPO0.5 241  250-304 38 238 246-294 508 12
R-S-ADP1 229  243-301 38 226 241-288 509 12

*From derivative curves
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Table 6 Cone calorimetry data of raw materials, fibreboards and particleboards untreated

and treated with ADP.
Sample code TTltos THR/mass+s PHRR/masszs TSRi1c Residuesc
[s] [MJ/m?g] [kW/m?g] [m?/m?] [%]
(reduction, %)  (reduction, %)

H 26+3 3.6+0.1 51.6+18 o4 13.0z10
R 283 3.1+03 440437 25+3 26.5:1.0
H-S 6516 3.9+03 32.1+28(-38) 44 10.5+20
R-S 67+7 3.7+01 37.7+49 (-14) 1545 18.5+10
H-S-ADP0.25 40+6 3.0:03(-17) 23.6+34 (-54) 84 18.0+10
H-S-ADPO0.5 4547 2.2+01(-39) 19.7+08 (-62) 94 23.0+10
H-S-ADP1 N.A. N.A. N.A. 374+10 34.0+20
R-S-ADP0.25 86+16 2.8:03(-10) 27.1+22 (-38) B2 30.0+10
R-S-ADPO0.5 63+7 1.7+0.1 (-45) 15.9+13 (-64) 2+1 34.0+10
R-S-ADP1 N.A. N.A. N.A. 281+10 39.0+10

N.A.: data not available as samples do not ignite.
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Table 7 Time to ignition (tig), Ignitability (lig) and rate of heat release (lg) indices
employed for calculating the predicted FIGRA values and SBI classifications (heat flux of 50

KW/m2).
Predicted )
Sample code tigts  lig+o lg+o Predicted
, FIGRA:0
[s] [min?] [KW/m?] Class
[Wi/s]

H-S 42+5 1.4+02 1036155 1434 C
H-S-ADP1 45+7 1.35:02 628134 4441 A2/B
R-S 38+ 1.6x04 934+162  129:14 C
R-S-ADP1 80+14 0.76:01 591+133 28+7 A2/B
Ordinary particle board” 33* 1.8 2046*  628* D*
Medium density fibreboard® 36* 1.7*  2286*  711* D*

“data from [44]
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Figure 1 Digital pictures of pressed hemp fibres (a), hemp mat (b), hemp mat impregnated
with water and starch (c), sample H-S (d), slurry of water, starch and rice husk (e) and sample

R-S ().
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Figure 2 SEM micrographs and elemental analysis of H-ADP1 (a) and R-ADP1 (b).
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Figure 3 TG and dTG curves of H, R, S, H-ADP1 and R-ADP1 in nitrogen (a) and air (b).
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Figure 4 Digital pictures, SEM micrographs and EDX analyses of the final residue for H
(a), H-ADP1 (b), R (c) and R-ADP1 (d).
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Figure 5 SEM micrographs and EDX analyses of H-S-ADP1 (a) and R-S-ADP1 (b).
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Figure 7 HRR representative curves of untreated H-S (a) and R-S (b), and related ADP-
treated materials.
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Figure 8 Digital pictures of cone calorimeter residues, SEM micrograph and EDX
analyses of H-S (a) and R-S (b).
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Figure 9 Digital pictures of H-S-ADPO0.5 (a), H-S-ADP1 (b), R-S-ADP0.5 (c) and R-S-
ADP1 (d) residues.
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