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ARTICLE INFO ABSTRACT

Handling editor: Federica Cucchiella The present work investigates the feasibility of producing boards, with unconventional materials, namely
hazelnut shells as a high-mass bio-aggregate and a sodium silicate solution as a no-toxic adhesive, and discusses
possible applications based on an extensive characterization. The aim is to define a feasible reuse of a largely
produced agro-industrial by-product to reduce the high environmental impact caused by both the construction
and the agriculture sectors, by proposing a building composite that improves indoor comfort. The presented
combination of aggregate-adhesive generated a product with characteristics interesting to explore. The thermal
conductivity is moderated, and the composite achieved values of 6pyax = 0.39 N/mm? for flexural strength and
Omax = 2.1 N/mm? for compressive strength, but it showed high sorption capacity with a moisture buffering
value of about 3.45 g/(m2 %RH), and a peak of sound absorption between 700 and 900 Hz. Therefore, the
boards’ most promising performance parameters seem to be their high hygroscopicity and acoustic absorption
behaviour, namely in the frequency range of the human voice. Hence, the proposed composite could improve
indoor comfort if applied as an internal coating board.
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1. Introduction Sambucci and Valente, 2021). Moreover, employing local materials to

produce eco-friendly building composites derived from natural products

Environmental problems and climate changes caused by human ac-
tivities have become so serious that a radical transformation is urgently
needed (Trobiani Di Canto et al., 2023; Posani et al., 2022). The con-
struction sector is widely responsible: building materials production,
use, and end-of-life cause emissions of harmful substances and energy
consumption (Lisienkova et al., 2022; Hung Anh and Pasztory, 2021).
Furthermore, building materials and products can guarantee a passive
control of indoor conditions, lowering energy demand (Martinez-Garcia
et al., 2020) and improving internal comfort (Barreca et al., 2019;
Posani et al., 2019, 2023b). Thus, current research is more and more
focused on finding strategies that can improve the sustainability of the
construction sector, such as the encouragement of circular economy
practices, the use of more advanced fabrication methodologies, and the
development of passive building techniques (Nistratov et al., 2022;

is a widely investigated possibility (Donini et al., 2022).

Together with the construction sector, agriculture, paramount to
feeding populations, may have a negative impact on the environment
(Duque-Acevedo et al., 2022). Indeed, it is responsible for excess land
use, deforestation, energy and water consumption, and the continuous
production of large amounts of waste that have to be disposed of (Bar-
bieri et al., 2013; Gaspar et al., 2020). In this scenario, the use of
agro-industrial wastes as building materials seems to be an attractive
possibility to explore. It may contribute to reducing energy consump-
tion, costs, and carbon emissions derived from the production process
(Binici et al., 2020; Bras et al., 2019; La Gennusa et al., 2021), as well as
encouraging a circular economy (Liuzzi et al., 2020b) and moderating
the problem of the disposal of agricultural wastes (de Azevedo et al.,
2022).
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Several studies have already addressed the feasibility of using agro-
industrial wastes as building materials, mainly considering the use of
fibres. For example, Sam-Brew and Smith (2015) considered hemp and
flax fibres as reinforcement for particleboard production; Ali and
Alabdulkarem (2017) evaluated the thermal and mechanical properties
of a composite made up of date palm fibres; Maraldi et al. (2018, 2016)
analysed the mechanical behaviour of straw bales; Akinyemi and Dai
(2020) and Nunes et al. (2021) employed banana fibres in particle-
boards. Some studies considered also other types of agro-industrial
by-products, such as corn cob (Ramos et al., 2021; Viel et al., 2019),
cork granules (La Rosa et al., 2014; Liu et al., 2017), olive stones (del Rio
Merino et al., 2017) and pruning waste (Martellotta et al., 2018). All
these residues have many advantages, being recyclable, biodegradable,
cheap, and with low environmental impact (Liuzzi et al., 2018; Van-
denbossche et al., 2012). In addition, they provide promising properties
when used to produce building composites, such as good thermal insu-
lation behaviour, high sound-absorption performance, no harmful ef-
fects on human health, and large availability (Bardage, 2017;
Mati-Baouche et al., 2016). Finally, bio-wastes-based composites can
passively control indoor conditions (Cascione et al., 2022; La Gennusa
et al., 2021; Laborel-Préneron et al., 2017), both improving indoor
comfort and lowering energy demands (Posani et al., 2023a; Viel et al.,
2017).

On the other side, agro-industrial-based composites also present
some drawbacks, namely low resistance to water and fire, and high
biological susceptibility (Palumbo et al., 2017). This latter is caused by
several factors, such as the organic composition, the presence of nutri-
ents, and the hygroscopic nature of bio-wastes (Ginestet et al., 2020;
Tobon et al., 2020). The low resistance to biological attack is a great
drawback of bio-based materials because it can modify their properties,
restrict their performance, worsen indoor air quality, and cause human
diseases (Brambilla and Sangiorgio, 2020; Stefanowski et al., 2017). It
can be avoided and moderated by specific treatments (e.g., heat or
chemical treatments), by using materials that increase the biological
resistance (e.g., lime (Krejsova and Dolezelova, 2019), sodium benzoate
(de Carvalho et al., 2020), boric acid (Palumbo et al., 2017) and citric
acid (Treu et al., 2020), by reducing of thermal bridges, increasing air
changes or ventilation rates, and controlling relative humidity (Bram-
billa and Sangiorgio, 2020). Even if many studies about bio-based
composites did not evaluate this property (Santos et al., 2017), its
assessment is important for their production and durability.

Both the origin of the agro-industrial wastes and their availability are
important (Cintura et al., 2021). The employment of local materials
lowers the environmental impact caused by materials’ transportation.
As for the availability, the seasonality of agro-industrial wastes could be
an obstacle to large-scale production. Cintura et al. (2021) collected
many past studies that employed agro-industrial wastes as building
materials, pointing out some literature gaps, namely some by-products
not already analysed that could be promising possibilities. Based on
this knowledge, the present work assessed the feasibility of using not
already widely investigated bio-wastes to produce a building composite.

Among the building products, particleboards (boards made of par-
ticles bounded by adhesives and used for internal and external appli-
cations (Giirii et al., 2015) present several benefits. They can be
produced by using wood chips, fibres, and agro-industrial wastes
(Monteiro et al., 2020). They are economically advantageous and easily
assembled and employed for different uses (Mantanis et al., 2018).

Past research already addressed the feasibility of producing bio-
waste-based boards and panels, analysing different properties (e.g.,
hygrothermal, acoustic, and mechanical properties). For example, Ric-
ciardi et al. (2021) evaluated the thermal performance and the Life Cycle
Assessment (LCA) of cork, rice husk, and coffee chaff-based insulation
panels. The aggregates were mixed and bounded by a cold-water-based
polyurethane glue and high quantities of cork improved the thermal
performance of the composites, while rice husk and coffee chaff secured
low environmental impact. They determined the best compositions of
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aggregates to achieve a good compromise on thermal insulation and
environmental impact. Luizzi et al. (2020b) considered the hygro-
thermal and acoustic properties of almond skin waste-based panels,
using polyvinyl acetate aqueous solution (PVA) and a biodegradable
gum Arabic aqueous solution as binders. They reported thermal con-
ductivity of less than 0.1 W/(m-K) and an acoustic absorption that
outperformed typical thick, porous materials. Auriga et al. (2022) pro-
duced particleboards by replacing wood particles with hemp shivs in the
face and core layers. They demonstrated that the replacement in the core
layer improved mechanical performance, moisture resistance, and
dimensional stability.

As past research showed, several possibilities can be investigated to
produce boards made up of agro-industrial wastes: by using fibres or
other parts of the by-products (e.g., straw, grains, piths, husk, shiv,
stones, skins), by changing the considered adhesives (binders, resins,
glues) and the production process (using heat treatments, hot-pressing,
spraying the adhesives), by using additives to improve properties and/or
moderate the drawbacks, as well as by assessing different final appli-
cations (Borysiuk et al., 2019; Monteiro et al., 2019).

The present work considers this literature background and presents
experimental studies to produce boards for indoor applications by
employing unconventional materials: hazelnut shells as bio-aggregate
and a sodium silicate solution as the adhesive.

Hazelnut (Corylus avellana L.) shell was considered due to their large
availability in the selected area for the present work (Cintura et al.,
2021). Fig. 1 reported the hazelnut world production trend between
2016 and 2021, considering only the first four world producers, ac-
cording to FAO (FAO, 2021).

Turkey has been the first producer during the last six years, with
much higher production, followed by Italy as the second and the United
States of America as the third, except for 2017, 2018, and 2019 where
Azerbaijan produced greater quantities. Hazelnuts are normally har-
vested in August and September and left to dry for some months. The
drying improves their chemical and physical stability and the resistance
to mould growth (Ozilgen and Ozdemir, 2001; Vrtodusi¢ et al., 2022).
After drying, the hazelnuts are stored for up to 48 months. Finally, they
are provided to the industry usually without shells (Markuszewski et al.,
2022; Ozilgen and Ozdemir, 2001). Since this process requires more
than two years after harvesting, there is a huge quantity of hazelnut
shells available all over the year. This information, collected by the
literature review and oral information of a producer, suggested selecting
hazelnut shells as aggregate as a widely available agro-industrial waste.
Table 1 reports some information about the chemical and physical
properties of hazelnut shells, according to past studies.

The possibility of using hazelnut shells for particleboards has been
already addressed in some past studies. Lopes et al. (2012) considered
the replacement of wood particles with hazelnut shells in the core and
face layers of particleboards produced by using a urea-formaldehyde
resin. The researchers reported that no significant differences were
detected in internal bonding, density, and thickness swelling. Hence,
this by-product might be used instead of wood chips, guaranteeing more
sustainable building products and circular economy practices. Copiir
et al. (2008) demonstrated the feasibility of using hazelnut shells and
husks in medium density fibreboards as a mixture with wood fibres.
Although the addition of hazelnut husk and shell reduced the internal
bond strength of the boards, this possibility could reduce the use of raw
material. Barbu et al. (2020) considered hazelnut shells with
melamine-urea formaldehyde to produce hot-pressed boards, demon-
strating that the dimensional stability and hardness were higher than
spruce-based particleboards. However, although past research consid-
ered the possibility of using hazelnut shells in boards’ production, they
have not already been widely investigated as such.

As for the adhesive, a sodium silicate solution was chosen because of
its bonding capacity, no toxicity, and high resistance to biological attack
and to chemical decomposition (Lee and Thole, 2018; Liuzzi et al.,
2020a). Despite the several benefits, sodium silicate is not completely
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Fig. 1. Hazelnut’s world production trend between 2016 and 2021 (FAO, 2021).

Table 1
Chemical and physical properties of hazelnut shells.

Chemical composition [%]

Physical Properties Reference
Cellulose Hemicelluloses Lignin Ash Loose bulk density [kg/m®] Thermal conductivity [W/(m.K)]
22.90 23.50 - 1.40 - - Licursi et al. (2017)
28.90 11.30 30.20 4.00 - - Lopes et al. (2012)
- - - - - 0.1 Cuhadaroglu (2005)
- - - - 550.50 + 19.53 0.107 + 0.003 Cintura et al. (2022)
34 20 35-41 - -

- Salasinska and Ryszkowska (2012)

non-environmentally impactful, it has low moisture resistance, and it
shows low bonding strength in wood-based composites (Lee and Thole,
2018; Song et al., 2021). Several past studies addressed the production
of low-density wood-based boards by using sodium silicate as an adhe-
sive; however, only a few of them detailed the production process (Lee
and Thole, 2018). In the present study, this latter is defined according to
Cintura et al. (2023b). The idea was to avoid harmful products, high
temperatures, and pressing in the production phase, and to cast and cure
the composites at environmental conditions.
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Thermal capacity, hygroscopicity, acoustic, and mechanical prop-
erties of the hazelnut shells-based composite were evaluated and
compared with literature values and commercial products. As an
outcome, a general characterization of the produced boards was pro-
vided to define possible suitable applications. The aim is to demonstrate
the feasibility of using the selected materials to produce indoor parti-
cleboards that can improve indoor comfort, lowering the environmental
impact derived from both the construction and agriculture sectors.
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Fig. 2. Samples of hazelnut shells (a) before shredding, (b) after shredding, used to carry out particle analysis, (c) particle size distribution, adapted from (Cintura
et al., 2023b), and (d) percentages of aggregates retained in each sieve (considering the average values of three samples).
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2. Materials and methods
2.1. Materials

2.1.1. Bio-aggregate

Hazelnut (Corylus avellana L.) shells, provided by Raccolti di Cin,
Baldissero d’Alba (CN), Italy, were used as bio-aggregate since they are
widely available in the area where analyses were conducted (Cintura
et al., 2021). Several practical tests were carried out to determine the
most suitable grain size to produce samples. The results demonstrated
that hazelnut shells cannot be used as they were obtained directly from
the industry (Fig. 2a), as their grain size and shape did not allow
cohesion between the aggregate and the adhesive (Cintura et al.,
2023b). Hence, they were shredded to grain sizes mainly between 4 mm
and 8 mm (Fig. 2b), as reported in a previous study (Cintura et al.,
2023Db). Fig. 2c and d shows the particle size distribution and the per-
centages of aggregates retained in each sieve, respectively, considering
the average values of three samples.

The hazelnut shells were dried at T = 60 °C and characterized ac-
cording to the recommendation of the RILEM Technical Committee 236-
BBM ‘Bio-aggregate-based building Materials’ (Amziane et al., 2017).
All the tests were repeated for three different samples and the average
values were considered. As reported in a past study (Cintura et al.,
2023b) the initial water content was (6.5 £+ 0.2) %; the loose bulk
density was (469.3 =+ 5.8) kg/m>. With the particle size distribution of
Fig. 2c and d, the thermal conductivity was evaluated by the heat flow
method (better described below) by placing the dried material in a
wooden mould 50 cm x 50 cm x 4 cm. The thermal conductivity value
was (0.099 + 0.006) W/(m.K).

2.1.2. Adhesive

A sodium silicate solution, Na-Oen(SiO2), provided by Ingessil S.r.1.,
Montorio (VR), Italy, and having the characteristic reported in Table 2,
was employed as adhesive, considering the promising results of past
studies (Cintura et al., 2023a; Liuzzi et al., 2020a) and its several ben-
efits, such as its bonding capacity, no toxicity, and high resistance to
biological attack and to chemical decomposition (as reported in Section
1).

The sodium silicate solution was used as it was obtained directly
from the industry, hence with the properties reported in Table 2,
without adding any chemicals.

2.2. Samples production

The mix design was selected after several tests, not detailed for the
sake of brevity. To maximize the content of aggregates, minimize the
amount of adhesive, and secure sufficient mechanical resistance, the
selected ratio was 70% hazelnut shells and 30% sodium silicate solution
(by total volume). The studies carried out to define the best production
process were detailed in a previous study (Cintura et al., 2023b). The
hazelnut shells and the sodium silicate solution were mechanically
mixed for 10 min. The fresh composite was placed in quadrangular sil-
icon (10 cm x 10 cm x 4 cm), cylindrical silicon (diameter = 10 cm,

Table 2
Characteristic of the sodium silicate solution provided by Ingessil Srl
(Ingessil, 2022).

Property Value
Weight ratio [-] 2.40

Density [°Be] 46.45
Molar ratio [-] 2.48

Sodium silicate concentration [% p/p] 41.33
Si0, [% 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
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high = 4 cm), and quadrangular wooden home-made (50 cm x 50 cm X
4 cm) moulds, and levelled by using a spatula, to obtain a horizontal
surface, and the moulds were closed by a wooden top. The samples were
dried at T = 60 °C for 3 h, being rotated every 30 min. After that, they
were dried at laboratory conditions, rotated every 30 min (for half the
day) to secure the homogeneity, and demoulded after 2 days. After 28
days of curing, they were put at T = 50 °C until reaching a constant mass
(variation in mass after 24 h less than 0.5%) and a complete drying
(Liuzzi et al., 2020a, 2020b). Fig. 3 shows the samples produced by
using silicon moulds.

2.3. Test methods

Table 3 reports the analysed properties, the designation, size, and
number of samples, and the considered standards and references to carry
out the laboratory tests, better described in the following text.

2.3.1. Visual observation

The samples were constantly monitored during the drying and curing
times. As reported by Cintura et al. (2023b) the sodium silicate solution
was not rapidly absorbed by the aggregate, and it could be deposited on
the bottom part of the samples, resulting in non-uniform samples,
required for a correct evaluation of the composites’ properties. The vi-
sual analysis provided a rapid check of the correct manufacture of the
samples.

2.3.2. Apparent density and thermal properties

The apparent density, which considers the volume including both the
solid and the intra-particle voids (Ratsimbazafy et al., 2021), was
calculated after the curing process and drying at T = 50 °C, as the
average ratio between mass and volume, considering an adaptation of
EN 323 (EN 323, 1993). Three quadrangular 10 cm x 10 cm x 4 cm
samples (H1, H2, H3) were weighted by using an electronic balance
Kern EW 2200-2NM. The dimensions were verified by using a Fervi
Digital Caliber (Fig. 4a).

The thermal properties can be determined by the steady-state
methods (e.g., guarded hot plate, heat flow meter, and guarded hot
boxes) and the transient methods (e.g., hot wire and line source) (Collet,
2017; Posani et al., 2022). The first one provides a more accurate
measurement and considers the thermal performance of materials in
equilibrium conditions (constant temperature throughout the samples),
but requires more expensive equipment, larger samples, and more time
(Yiiksel, 2016). This method, described in EN 12667 (EN 12667, 2001),
consists of registering the heat flow throughout the sample, placing it
between two different plates at known constant temperatures (heated
and cooled), and determining the thermal conductivity, namely the
materials’ effectiveness in conducting heat, by considering
one-dimensional integral form of the Fourier equation (Al-Homoud,

10 cm
10 cm

—4 cm—

(g) —4em— (b)

Fig. 3. Samples after casting and curing, to evaluate: (a) acoustic properties
(diameter = 10 cm; high = 4 cm); (b) hygroscopicity (10 cm x 10 cm x 4 cm).
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Table 3
Laboratory tests, designation, number and dimensions of composite samples,
and references.

Properties Samples References
Designation” Number Size [cm]
Visual - All Varied Cintura et al.
observation (2023b)
Apparent H1, H2, H3 3 10x10x 4 (EN 323,
density 1993)
Thermal H7, H8, H9 3 50x50x4 (Baldinelli
conductivity et al., 2019;
EN 12667,
2001)
Hygroscopicity H1, H2, H3 3 10x10x4  (ISO 24353,
2008))
Sound H4, H5, H6 3 diameter (ISO 10534-2,
absorption =10 high 2001)
=4
Flexural H8_ 01, H8.02, 8 50x10x4 (ASTM
strength HS8_03, H8_04, D7264-21,
H9 01, H9_ 02, 2021;
H9_03, H9_ 04 UNI-11842,
2021)
Compressive H8_01A, H8_ 01B, 10 10x10x 4 (EN-826,
strength HS8_02A, H8_02B, 2013)

H8_03A, H9 01A,
H9_01B, H9_02A,
H9_02B, H9_03A

? Note: Samples H8 and H9, for thermal conductivity, were cut in strips to
evaluate the flexural strength. Then, the non-damaged parts of the samples
employed for the bending test were considered to evaluate compressive
strength. This information was highlighted by the designations, which referred
to the names of the original samples.

Fig. 4. (a) Sample 10 cm x 10 cm x 4 cm and the Fervi Digital Caliber used to
determine the dimensions for apparent density; (b) equipment used to evaluate
the thermal conductivity by considering the heat flow method.

2005; Baldinelli et al., 2019; La Gennusa et al., 2021; Platt et al., 2023).
Fig. 4b reports the employed equipment, described, and validated in a
past study (Baldinelli et al., 2019). The average value and the standard
deviation of three samples (H7, H8, H9) 50 cm x 50 cm X 4 cm, sta-
bilized at T = (20 + 1) °C and RH = (60 + 5) %, were considered. They
were weighted before and after the test to control the possible change in
mass caused by the variation of the relative humidity, as this is an
important parameter to be considered in thermal conductivity mea-
surements (Collet, 2017; Nguyen et al., 2020).

2.3.3. Hygroscopicity and moisture buffering value

The hygroscopicity, namely the capacity to adsorb and release
moisture when relative humidity increases and decreases (Ranesi et al.,
2022), and the moisture buffering value (MBV) are usually evaluated by
considering the variation in mass over time due to exposure to high
relative humidity. In the present work, the standardized method ISO
24353 (ISO 24353, 2008) was considered, employing three samples 10
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cm x 10 cm x 4 ecm (H1, H2, H3). A moisture barrier was provided by
using an aluminium foil (Fig. 5a) that allowed the exposure of only one
adsorption/desorption face (area = 0.1 m?), as reported in Fig. 5b. The
samples were preconditioned in a climatic chamber (Climatest ARGO-
Lab CH 250), shown in Fig. 5¢, at T = (23 + 1) °C and RH = (63 + 5) %
until reaching a constant mass (change in mass of less than or equal to
0.5% over 24 h).

Four cycles of 24 h were considered: a 12 h-sorption phase at RH =
75 % and a 12 h-desorption phase at RH = 50 %. To determine the
moisture content as a function of time, the samples were weighed every
3 h; hence, considering the variation of mass and knowing the exposed
surface, the sorption/desorption capacity was determined. Moisture
adsorption content, pa 4, moisture desorption content, pa dc, and mois-
ture content difference, pasc were calculated according to Equations

(1)-(3)

kg My — My(n-1)

Pu o] = W
kg Mgy — Mgp

Pase H A @
kg

Pasc {E} =Paac ~ Pade 3

where m,, [g] is the value of the mass at the end of the sorption phase,
my(n-1) [g] is the mass at the end of the previous desorption cycle, mg,
[g] is the value of the mass at the end of the desorption phase, and A
[mm?] is the exposed surface.

MBV was calculated and rated considering an adaptation of Rode
et al. (2005). It was considered as the average value between the MBV of
the sorption (MBV,) and the desorption phase (MBVjy), calculated as
reported in Equations (4) and (5), respectively.

My, — Myn-1)

g _

MBV. | il (RHygy — RHi) @
g ] _ My, — Myp

MBV, [m2 % RH] A x (RHyigh — RHioy) ®

RHypjgn and RHjow were the highest and the lowest values, respec-
tively, namely 75 % and 50 %, according to ISO 24353 (ISO
24353:2008, 2008). The values of the last three cycles were considered
to use the most stabilized conditions.

2.3.4. Acoustic properties

Acoustic properties were evaluated by using the impedance tube
method (direct measurement) according to ISO 10534-2 (ISO 10534-2,
2001). The method provides a fast evaluation of the acoustic imped-
ance and absorption properties of small-size samples, easily placed, and
displaced into the equipment. When placing the samples at the extremity
of the impedance tube (or Kundt’s tube), an acoustic excitation is
generated, whose pressure is measured by microphones. Knowing the
ratio between the sound power that enters the surface of the tested
sample and the incident sound power for a plane wave at normal inci-
dence, the sound absorption coefficient at normal incidence, «, and the
normal incidence could be determined by some corrective formulas
(Othmani et al., 2017; ISO 10534-2, 2001).

The cylindrical samples H4, H5, and H6 (diameter = 10 cm, high = 4
cm) were conditioned at T= (20 + 1) °C and RH= (60 + 5) %, smooth
(Fig. 6a) to be placed into a Plexiglas impedance tube with an interior
diameter of 10 cm and an operating frequency range between 100 Hz
and 2000 Hz (Fig. 6b), and sealed to reduce the possible gaps between
the tube and the samples. A loudspeaker and a signal amplifier (Samson
120A with SNR = 96 dB) were used to generate an exponential sine
sweep (Corredor-Bedoya et al., 2021), converted to an analogue signal
by the Digital to Analog Converters (DAC) of the soundcard (RME 802).
A single microphone 1/2" PCB recorded the signal and the
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Fig. 5. (a) Detail of the aluminium foil used to provide a moisture barrier and expose only one surface of the sample to relative humidity variations; b) three samples
(10 cm x 10 cm x 4 cm) H1, H2, and H3, covered by the aluminium foil and considered to evaluate the hygroscopic properties; c¢) climatic chamber (Climatest

ARGOLab CH 250) employed for the hygroscopicity test.

Fig. 6. (a) Smoothing process of a cylindrical sample to fit into the end of the impedance tube; (b) impedance tube of plexiglass (diameter = 10 cm) with the

loudspeaker and the sample at the extremities.

Analog-to-Digital Converter (with a sample rate of 44.1 kHz at 24-bit
depth) converted it into digital audio, which was processed by
ITA-Toolbox (Berzborn et al., 2017) through Transfer-Function Method
(Chung and Blaser, 1980a, 1980b). Since the production process with
the selected materials could result in non-perfectly homogeneous sam-
ples, the acoustic test was undertaken for both the front and back sides of
each sample (distinguished by different designations, namely the letters
A and B).

2.3.5. Flexural strength

The two samples 50 cm x 50 cm x 4 cm employed for the thermal
analysis (H8, and H9) were cut in strips each 10 cm, and the eight ob-
tained samples 50 cm x 10 cm x 4 cm were conditioned at T = (20 + 1)
°C and RH = (60 + 5) %. The considered designation, reported in
Table 3 (namely H8_01, H8_02, H8 03, H8_04, H9_ 01, H9_ 02, H9 03,
H9_04), wanted to mark the original samples employed.

Each strip was subjected to a four-point bending test to determine the
flexural properties, adapting UNI 11842 (UNI 11842:2021, 2021) and
ASTM D7264 (ASTM D7264 -21, 2021). The test was performed at
laboratory conditions by using a Galdabini universal machine with a
maximum capacity of 100 kN in displacement control with a velocity of
0.5 mm/min. The distance between supports was 39 cm; hence the
forces were applied each 13 cm, as shown in Fig. 7a.

As reported in ASTM D7264 (ASTM D7264 -21, 2021), flexural
properties could vary depending on which surface of the sample is
compressed. Hence, the results depend on how the sample is placed (i.e.,
varying the considered lower/upper surface for the test). For this reason,
both sides of the samples were tested, due to the possible
non-homogeneous distribution of the sodium silicate solution. Half of
the tested samples were placed with the upper side as the rougher one
(designated as Samples_UP); the others in the opposite way, namely the
upper side as the flatter one and the lower side as the rougher one
(designated as Samples LOW). This allowed evaluating of mechanical
performance for both faces and assessing how a different sodium silicate
distribution may affect the bending performance.

The force and displacement were recorded during the test, carried
out until the breaking load, by a linear displacement transducer, LVDT,
HBM Model WA20mm. The stress-strain curve was determined by

Fig. 7. Galdabini universal machine employed to evaluate the mechanical
properties: (a) sample 10 cm x 50 cm x 4 cm used to analyse the flexural
strength; (b) sample 10 cm x 10 cm x 4 cm used to evaluate the compres-
sive strength.

considering Equations (6) and (7):

N Fl
O (intrados) {W] :W (6)
108 hé
& (intrados) [ — ] =3 @

where F [N] is the applied force, | [mm] is the span of the sample, b
[mm] and h [mm] are the width and thickness of the sample, respec-
tively, and & [mm] is the displacement. The flexural strength 6yax [N/
mm?] of each sample was calculated as the one corresponding to the
maximum applied force, Fpax [N], as described in Equation (8); then the
average value and standard deviation were considered.

N Foaxl
O (max) {W] = ®

The modulus of elasticity was determined considering Equation (9)
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as reported in ASTM D7264 (ASTM D7264 -21, 2021), considering 20%
and 60% of omax (Oe0% and o29y) and the corresponding € (€409, and
€900) (UNI 11842:2021, 2021).

Ao 060% — 0202

N
E {%} “AE Ean B ©

Again, the measurement was carried out for each sample and then
the average value and standard deviation were considered and reported.

2.3.6. Compressive strength

Compressive strength was evaluated according to an adaptation of
EN 826 (EN 826, 2013). Samples 10 cm x 10 cm X 4 cm were cut from
the extremities of the samples used for flexural strength (not damaged
by the bending test). In this case, for the samples’ designation (reported
in Table 3), H8 and H9, indicated which were the original samples
(employed for thermal analysis); the numbers 01, 02, and 03 indicated
the considered strips (employed for bending test); A and B distinguished
the two parts of the samples (employed for bending test) considered for
the compression. A total of ten samples were tested: H8_01A, H8_01B,
H8_02A, H8_02B, H8_03A, H9_01A, H9_01B, H9_02A, H9_02B, H9_03A.

The samples were preloaded with a force of 114.25 N, then placed
between the two plates in the Galdabini machine with a maximum ca-
pacity of 100 kN (Fig. 7b) and compressed until the breaking load was
achieved, with a constant velocity of 2 mm/min. This latter was selected
after several tests as it allowed the samples’ breaking in more time,
guaranteeing a better data acquisition. Compressive strength and strain
were calculated by considering Equations (10) and (11).

N F
o] =5 o

8[—]:% an

where F [N] is the applied force (recorded by the equipment), Ao [mm?]
is the initial cross-sectional area of the samples, & [mm] is the
displacement during the test (recorded by the equipment), and do [mm]
is the initial thickness of the samples. Compressive strength Gyax [N/
mm?] was calculated for each sample by considering the breaking load
and then the average value and standard deviation were determined.
The modulus of elasticity E was calculated considering Equation (9),
namely ¢ and € at 20% and 60% of the compressive test breaking load,
and then the average value and the standard deviation were determined.

3. Results
3.1. Visual observation

The constant visual observation guaranteed the production of uni-
form samples. The evaluation was purely qualitative and was carried out
to check the correctness of the production process. At the end of the
curing time, all the samples showed a sufficiently uniform distribution of
the sodium silicate solution, although for some samples more content
was deposited on the bottom side. For this reason, both sides of the same
samples were tested when necessary.

Furthermore, no biological colonization was visually observed even
after tests with moisture, such as for hygroscopic performance.

3.2. Apparent density and thermal properties

Table 4 reports the results of the apparent density at T = 50 °C, the
thermal conductivity at T = 20 °C, and RH = 60 % for each sample, the
average value, and the standard deviation (S.D.).

The use of volume instead of mass to define the quantities of
aggregate-binder and the uncontrolled distribution of the grain size
could determine a variation in mass between the samples. Furthermore,
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Table 4
Results of apparent density at T = 50 °C, thermal conductivity at T = 20 °C, RH
= 60% for each tested sample, average value, and standard deviation (SD).

Composite Apparent density [kg/ Thermal conductivity [W/(m.
m?] K]
H1 729 -
H2 698 -
H3 680 -
H7 - 0.16
H8 - 0.15
H9 - 0.17
Average value + 702 + 25 0.16 + 0.01
SD

the homogeneous distribution of the sodium silicate between the ag-
gregates was only visually checked and the internal disposition of the
adhesive and the aggregates was not controlled. Consequently, some
samples might contain more fine aggregates, exhibit different internal
porosity, and have fewer internal voids, or smaller ones. However, all
these considerations were reported by the standard deviation which was
low if compared with the average value. Hence, a good homogeneity
between samples was guaranteed.

The results were compared with some commercial products: Celenit
N, a thermal and acoustic insulation board made of wood fibre and
Portland cement, had a density of 346-533 kg/m> (Celenit,); an OSB
panel, a density of 650 kg/m> (Federation, 2022). The apparent density
of hazelnut shells-based boards was higher probably due to the
bio-aggregate. Indeed, the hazelnut shells had a bulk density higher than
wood particles (Cintura et al., 2022). Antunes et al. (2019) considered
panels made up of rice husk, earth, air lime, and hemi-hydrated gypsum
and reached values of density between 651 kg/m® and 1022 kg/m?,
more similar to the ones of the present study. This similarity was
probably due to the considered binder, as rice husk particles had a bulk
density lower than the one of the hazelnut shells, namely 85 kg/m>
(Antunes et al., 2019).

As for the thermal properties and the comparison with commercial
products: an Expanded Polystyrene (EPS) board had a thermal conduc-
tivity of 0.045 W/(m.K) (Ramos et al., 2021); an Extruded Polystyrene
(XPS) board of 0.037 W/(m.K) (Ramos et al., 2021); an insulation
expanded cork board (ICB) of about 0.042-0.045 W/(m.K) (Fu et al.,
2020; Tartaro et al., 2017); a Celenit N board had a declared thermal
conductivity of 0.065 W/(m.K) (Celenit, 2022).

The maximum value to consider a material as a thermal insulator is
0.065 W/(m.K) (Aurélie Laborel-Préneron et al., 2017; Pina dos Santos
and Matias, 2006; Romano et al., 2019), even if several past studies
considered 0.1 W/(m.K) (Binici et al., 2020; Martinez-Garcia et al.,
2020; Mati-Baouche et al., 2014). Considering that the value of thermal
conductivity was higher - (0.16 + 0.01) W/(m.K) -, the hazelnut
shells-based composite cannot be considered a good thermal insulator
and is not competitive with the commercial ones. This was expected
since the materials considered for comparison had also a lower density.
However, the results were in line with literature values. For example,
Park et al. (2019) reported thermal conductivity values between 0.074
W/(m.K) and 0.108 W/(m.K) for wood-lime boards; Mathews et al.
(2023) achieved values between 0.066 W/(m.K) and 0.128 W/(m.K) for
cardboard-based panels; Antunes et al. (2019) achieved values of
0.102-0.197 W/(m.K) for the previously mentioned rice husk-earth
based panels. For this latter, considering the higher value of the re-
ported range, namely 0.197 W/(m.K), the hazelnut-based composite
showed better thermal insulation performance.

Thermal properties might be improved by an optimization of the
percentual proportion of aggregate - adhesive, and the production pro-
cess, namely by lowering the amount of sodium silicate. Cintura et al.
(2023a) evaluated the thermal conductivity at T =17 °C and RH = 65 %.
of samples made up of 25 % of sodium silicate solution and 75 %
hazelnut shells (percentages by volume) and achieved values of (0.08 +
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0.03) W/(m.K). However, the increase of the thermal insulation per-
formance by using less amount of sodium silicate solution may cause a
worsening of the mechanical properties. The use of 25 % of adhesive (by
volume) did not secure enough mechanical resistance. Furthermore, not
only the percentages aggregate-adhesive but also the test method, the
considered conditions and the type of hazelnuts were different, and
these aspects have to be considered to carry out the comparisons.
Finally, as Mathews et al. (2023) reported, homogeneity and
morphology play an important role in thermal insulation performance.

3.3. Hygroscopicity and moisture buffering value

Fig. 8 shows the moisture adsorption/desorption curves for four
adsorption/desorption cycles considering three composite samples H1,
H2, and H3.

The results demonstrated that the composite samples were highly
hygroscopic. The moisture sorption capacity was greater than the
moisture desorption capacity for all cycles. As for the moisture content
difference, it remained almost the same for all cycles, with values be-
tween 0.057 kg/m? and 0.066 kg/m>. This meant that the composite had
a great moisture storage capacity: when the relative humidity increased
it absorbed moisture; when it decreased, it did not release it totally.
According to the moisture content difference values, this behaviour
remained constant during the four cycles.

To have a numerical value, rate the samples according to Rode et al.
(2005), and carry out an easier comparison with past research, the MBV
was calculated (as described in Section 2.3) for the last three cycles. It is
important to underline that the MBV (named practical MBV) was
defined by the Nordtest Project (Rode et al., 2005), considering 8
h-sorption phase at RH = 75% and 16 h-desorption phase at RH = 33%.
In the present work, different conditions were considered (defined by
ISO 24353 (ISO 24353, 2008), and this could determine some differ-
ences in the results.

The MBV (considering the average value of the three tested samples
and the standard deviation) was (3.45 £+ 1.76) g/ (m? %RH). Liuzzi et al.
(2020a) calculated the ideal MBV of composites made up of straw fibres
and olive fibres bounded by sodium silicate solution. Practical and ideal
MBV are similar for homogeneous composites and if the penetration
depth is equal to or lower than the thickness of the samples (Rode et al.,
2005). The researchers reported values of 5.05 g/(m2 %RH) for
straw-based composites and 3.29 g/(m? %RH), for olive fibre-based
ones. Considering the classification provided by Rode et al. (2005),
the samples made up of bio-aggregates and sodium silicate were rated as
“Excellent”, showing high moisture buffering capacity. This confirmed
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the expectation since the sodium silicate solution is highly hygroscopic
(low moisture resistance is one of its main drawbacks (L.ee and Thole,
2018; Song et al., 2021). Furthermore, hazelnut shells as raw material
showed high hygroscopicity and moisture absorption capacity greater
than desorption (Cintura et al., 2022), coherently with the properties of
the composite and other bio-based materials (Bardage, 2017; Lei and
Feng, 2020). Hence the great absorption capacity of the composites was
probability caused both by the bio-waste used as aggregate and the
adhesive.

Cintura et al. (2023a) evaluated the moisture sorption/desorption
capacity of samples made up of hazelnut shells and sodium silicate so-
lution (75 % and 25 % by total volume, respectively, although not
exactly the same). The researchers reported the values of the moisture
content variation, considering the last four of six cycles of
sorption-desorption. Fig. 9 reports the comparison of the results,
considering the same cycles: the last two cycles for the samples evalu-
ated in the present work; and the first two cycles of the reference work.

Fig. 9 shows that the values of the present study were in line with the
past research. The trend of the curve was similar; the differences in the
values could be determined by several aspects, e.g., the use of a different
type of hazelnut shells, differences in the samples’ production, and the
employment of different equipment. Carrying out a simplified compar-
ison, due to the several differences in the test’s conditions, the highest
values of moisture content were achieved for the highest percentages of
the sodium silicate solution. This could demonstrate that the great ab-
sorption capacity was derived from the sodium silicate, more than from
the hazelnut shells.

3.4. Acoustic properties

Fig. 10 reports the results of the acoustic absorption coefficient for
each sample tested by both sides: the exposed surface rougher (dotted
lines, sample designation “A”, namely H4A, H5A, H6A), and the mould
base surface, flatter (continuous lines, samples designation “B”, namely
H4B, H5B, H6B). Frequencies lower than 100 Hz were not reported due
to the operating frequency range of the employed impedance tube
(Section 2.3).

The results for the two sides of the samples were similar and this
confirmed these samples seemed to be homogeneous in terms of sodium
silicate content. The differences among the curves could be caused by
the random disposition of the bio-aggregates (de Carvalho et al., 2020)
and, therefore the different internal voids of each sample. The acoustic
absorption behaviour suggests that the samples could be considered
granular material (Horoshenkov and Swift, 2001).
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Fig. 8. Moisture adsorption/desorption for four cycles of the three tested composite samples.
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Fig. 9. Moisture adsorption/desorption content for two adsorption/desorption cycles: comparison of the results (average value of three samples) for the composite
evaluated in the present study and a composite made up of 75% of hazelnut shells and 25% of sodium silicate solution by the total volume (Cintura et al., 2023a).
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Fig. 10. Sound absorption coefficients of both sides of the three tested samples. Continuous lines represent the results for the flatter samples’ exposed surfaces (lower
part of the mould), namely the samples designated by letter B (H4B, H5B, H6B); the dotted lines for the ones rougher (upper part of the mould), sample designated by

letter A (H4A, H5A, H6A).

Granular materials may be viewed as a special case of porous ma-
terials, and, as Fig. 10 shows, they show a first peak of normal incidence
sound absorption, fy, described by Equation (12):

1 [k
_27[ Meff

fo 12)

where M is the effective mass of granular material and k is the
apparent dynamic longitudinal elastic modulus, a parameter that de-
pends on several properties (e.g., bulk density, thickness, sound pressure
on the material’s surface), as better detailed in past studies (Hor-
oshenkov and Swift, 2001; Voronina and Horoshenkov, 2004).

The results were compared and validated with some literature
values. Liuzzi et al. (2020b), analysing the acoustic behaviour of almond
skin-based composites, proved it is strongly dependent on the thickness,
tortuous morphology, and pore structure. Martellotta et al. (2018)

considered composites made of wastes deriving from olive pruning
(average leaf length of 40 mm) and chitosan dissolved in acetic acid and
water as binder, produced without pressing. The researchers obtained a
sound absorption curve that showed a less pronounced peak at higher
frequencies. In any case, most of the materials from the literature review
show poor acoustic properties at mid frequencies and good acoustic
properties at high frequencies only, also because the bio-wastes are
mainly used and analysed as fibres or as light aggregates, rather than as
high-mass granular aggregates. Instead, the material under study
showed good absorption properties around 800 Hz and is suitable in
environments where absorption is often needed by human noise sources,
such as restaurants, offices, or museums (D’Orazio et al., 2020).

3.5. Flexural strength

Fig. 11 shows the stress-strain curve for the eight tested samples. The
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Fig. 11. Stress-strain curves of the eight tested samples. The dotted lines represent the samples with the upper side as the flatter one, and the lower side as the
rougher (Samples_LOW); the continuous lines represent the samples with the upper side as the rougher one, and the lower side as the flatter one (Samples_UP).

dotted lines represent the samples tested with the upper side as the
flatter one and the lower side as the rougher one (Samples_LOW). The
continuous ones represent the samples tested in an opposite position,
with the upper side as the one rougher, and the lower side as the flatter
one (Samples_UP).

Table 5 reports the maximum recorded force and displacement
(considering the average values and standard deviation), the flexural
strength, and the modulus of elasticity, calculated as reported in Equa-
tion (9).

All the samples showed the same flexural behaviour, with a first
elastic behaviour followed by a post-peak path. The comparison be-
tween the differently stressed samples (continuous and dotted lines in
the graph) demonstrated that when the lower side was the flatter one,
hence the flatter side was stressed by flexural stress, the maximum
applied force was 30% higher and the flexural strength increased by
23%. This can be caused both by a greater percentage of sodium silicate
that increased the internal bond of the aggregates, as reported by Ng
et al. (2018), and by the presence of a more linear surface as the stressed
side, guaranteed by the mould surface during the curing time. The type
of aggregate (slightly rounded and small, as reported in Fig. 1) and the
production process determined a rougher-surface composite, that
implied low flexural strength. These results demonstrated that the
resistance was mainly provided by the adhesive.

Binici and Aksogan (2016) evaluated the mechanical properties of
boards made up of olive seeds, wood chips, ground PVC, dehydrated
gypsum, epoxy, and water. For the samples made of dehydrated gypsum,
olive seeds, and different percentages of water, the researchers achieved
values of flexural strength between 0.061 N/mm? and 0.074 N/mm?.

Table 5
Average values and standard deviation of maximum force, displacement, flex-
ural strength, and modulus of elasticity for the bending test.

Fmax [N] Bmax Gmax [N/ E(209%-60%) [N/
[mm] mm?] mm?]

Samples LOW 156.2 + 2.4+ 0.6 0.35 £ 0.04 204.4 + 34.7
25.4

Samples_UP 203.6 + 3.0£+1.0 0.43 £ 0.04 167.4 £ 25.1
21.5

All 179.9 + 2.7+0.8 0.39 £ 0.06 185.9 + 34.3
33.4
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Antunes et al. (2019) for rice husk-earth-lime-gypsum panels reported
values of flexural strength between 0.08 and 0.12 N/mm?. The results of
the hazelnut shell-based composite were in line with literature values,
and showed greater flexural strength, even if their mechanical perfor-
mance remained low.

In the considered past studies, the bending test was always per-
formed by considering a three-point bending test. As previously re-
ported, by this method the possible effect of shear stress cannot be
avoided, but, on the other hand, as these composites had usually a non-
perfectly plain surface, the three-point bending test could be helpful for
the implementation of the test.

3.6. Compressive strength

Figs. 12 and 13 show the stress-strain curve for the compressive test
and one sample after the test, respectively. As for the sample designa-
tion, letters A and B distinguished the two extremities of the original
strips already employed for the bending test (i.e., the samples employed
for flexural resistance analysis, cut after the test).

Table 6 presents the average values and standard deviation of the
maximum recorded force and displacement, the compressive strength,
and the modulus of elasticity, calculated as reported in Equation (9).

All the samples achieved a peak and then collapsed. All the samples
showed similar behaviour before the peak. Then, they showed a flat
post-peak behaviour (Fig. 12). The compressive behaviour of the sam-
ples was consistent with expectations: the semi-round shape aggregate
and the production process resulted in a low cohesion between the ag-
gregates and the adhesive, leading to the rupture.

Antunes et al. (2019), for the composite made essentially of rice husk
and earth, achieved values between 0.13 N/mm? and 0.40 N/mm? for
compressive strength. Mathews et al. (2023) considered thermal insu-
lation panels made up of different percentages of recycled cardboard as
aggregates, boric acid, and three different binders. The values of
compressive strength were between 7.80 and 15.00 N/mm? for the corn
starch-based binder, 6.60-7.00 N/mm? for the lime, and 6.20-8.50
N/mm? for the clay. The Celenit N board (Celenit, 2022), previously
considered to compare the other properties, showed an extremely

different mechanical behaviour, being classified as ductile material.
Indeed, for the compressive strength, the maximum strength at 10%
deformation was reported, not achieving the breaking, as indicated in
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Fig. 12. The stress-strain compressive curve of the ten tested samples 10 cm x 10 cm x 4 cm.

Fig. 13. Rectangular sample of hazelnut shells and sodium silicate solution
after the compressive test and the achievement of the breaking load.

Table 6
Compressive test: average values and standard deviation of maximum force,
displacement, compressive strength, and modulus of elasticity.

Fnax [N] Gmax [N/mm?]

21737.8 4 2992.3

Smax [mm] E(20%-60%) [N/mm?]

2.4+04 21+03 64.9 + 13.8

the reference standards (EN 826, 2013): ¢ > 0.2 N/mm? (for a thickness
of 15-40 mm) and ¢ > 0.15 N/mm? (for a thickness of 50-75 mm). The
same behaviour was shown by expanded cork boards (ICB), analysed by
Simoes et al. (2019). They considered both standard and medium den-
sity, namely between 90 and 110 kg/m® and 140-160 kg/m?, respec-
tively. The reported compressive strength for a thickness of 50 mm was
0.154 N/mm? (standard density) and 0.205 N/mm? (medium density),
but these values were considered at 10% strain value since the ICB did
not reach the breaking point, demonstrating the great difference in
performance between the two composites, previously compared.
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Therefore, the results of the tested composite were in line with the
literature values; considering the composites that demonstrated the
same behaviour. The differences could be derived from the different test
methods as well as the different shapes and sizes of the samples. Prob-
ably, a smaller grain size could increase the compressive strength, since
it could reduce the size of the internal voids, although also changing
other properties. Certainly, the analysed composites cannot be used as
structural products, as expected, but as coatings or intermediate layers.

4. Discussion
4.1. Main findings of the present study

The main findings and contributions of the present study can be
summarized in three points.

First, this research demonstrated the feasibility of producing a
composite by considering the selected materials and the described
production process. The combination of the hazelnut shells and the so-
dium silicate solution resulted in the production of high-mass boards,
less investigated than fibres in the field of bio-waste-based composites
(Faruk et al., 2012; Sanjay et al., 2018; Savio et al., 2022).

The described wide-range experimental campaign provided a
methodology for the characterization of an unconventional composite,
that could be useful for future studies.

Finally, the most interesting finding was the high hygroscopicity
together with an uncommon acoustic absorption behaviour of the
hazelnut shells-based composite. As better detailed in the following
sections, an MBV of about (3.45 + 1.76) g/(m2 %RH), and a peak of
sound absorption between 700 and 900 Hz suggested that the proposed
composite could improve indoor comfort if applied as an internal
coating board.

4.2. Comparison with other studies about high-mass panels and boards

Table 7 provides a summary of the comparison between the hazelnut
shells-based composites and some significant literature values of past
studies considered in the previous sections (Section 3). Only high-mass
bio-aggregate-based composites more similar to hazelnut shells-based
ones were reported.

Considering the thermal conductivity and density, the hazelnut
shells-based composite could be easily compared to the high-density
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Table 7

Summary of the comparison between the hazelnut shells-based composites and literature values.

Reference

Properties

Composites

Compressive
strength

Flexural

Sound absorption coefficient *

MBV

Thermal

Density
[kg/m®]

strength

[g/(m?%RH)]

conductivity
[W/(m.K)]

[N/mm?]

[N/mm?]

Present work

21 +0.3

0.39 £+ 0.06

a ~ 0.8 at 700-900 Hz
a ~ 0.8 at 3150 Hz

3.45+1.76 ¢

3.294¢

0.16 + 0.01

702 £ 25%

Hazelnut shells and sodium silicate

et al. (2020a)
Liuzzi et al. (2020a)

0.062 + 0.003
0.058 + 0.003

235 +11°
152+ 7P

Olive pruning waste and sodium silicate

Straw fibres and sodium silicate

25 mm: a ~ 0.8 at 2000 Hz
50 mm: o ~ 0.8 at 1250 Hz

5.05 ¢

Antunes et al. (2019)

0.37 £ 0.05

0.12 + 0.03 ¢

1021.6 + 0.197 + 0.004 2.97

16.8

Earth, hemihydrated gypsum, air lime, and 15% dried rice

husk !
Earth, hemihydrated gypsum, air lime, and 30% dried rice

Antunes et al. (2019)

0.13 + 0.001

0.08 £ 0.01 ¢

0.102 + 0.004 4.11

650.8 + 14.6

husk !
Earth, hemihydrated gypsum, air lime, and 30% boiled rice

Antunes et al. (2019)

0.40 + 0.25

0.08 + 0.01 ©

4.94

0.121 + 0.004

886.2 + 65.3

husk !
Shredded stems of sunflower and chitosan

Mati-Baouche et al.

(2016)

a ~ 0.65 at 1000 Hz (except one

sample)

0.077

186.42 +
0.49
79.5

Martellotta et al. (2018)

a ~ 0.5 at 1250 Hz

Olive pruning waste and chitosan 2

Note: * Only similar absorption curves were considered, namely curves that presented a peak. If the curve presented two peaks, the o value for the first one is reported. ! Percentages in volume of earth; % Only one type of
sample of the considered study was reported (the most significant for the comparison with the present study); * Apparent density; ® True density; ¢ Calculated by considering ISO 24353 (ISO 24353, 2008); ¢ MBVigea); ©

Calculated by considering three-point bending test.
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panels proposed by Antunes et al. (2019). It showed better mechanical
properties and, considering the panels with 15% dried rice husk, also
better thermal insulation. Both properties mainly depended on the
bio-based aggregate and the configuration provided by the mixture
aggregate-adhesive. The mechanical performance (both compressive
and flexural strength) appeared low, but the comparison demonstrated it
was in line with past research.

Composites made using the same adhesive (Liuzzi et al., 2020a)
presented more discrepancy in terms of physical properties, but this was
because the reference past study, which achieved better thermal insu-
lator performance and lower density, considered lighter and fibrous
aggregates.

Concerning the hygroscopic properties, all the bio-composites pre-
sented high MBV, coherently with the expectation. The employed bio-
aggregate, the sodium silicate solution, and the binder, consisting
mainly of clayish earth, were known to be highly hygroscopic (Lima
et al., 2020).

The sound absorption results were simplified by reporting the ab-
sorption coefficient value, but it would be useful to also analyse the
absorption curve trends for all the considered studies. The comparison
pointed out that the hazelnut shells-based composite better performed at
frequencies lower than the reported composites. Glé et al. (2011) and
Kinnane et al. (2016) evaluated the acoustic properties of hemp shiv as
raw material and provided a curve more similar to the one presented in
this study, pointing out the influence of the compaction and the grain
size of the aggregates in the results. However, the sound absorption
curves of the hemp concrete were different from the hazelnut
shells-based ones. Hence, these results were not reported in Table 7. The
results of sound absorption for the hazelnut shells-based composite were
very similar to those obtained by Martellotta et al. (2018), although the
researchers achieved a less pronounced peak. All in all, all the reported
composites seemed to have internal voids that guaranteed the dissipa-
tion of the sound wave combining porosity, tortuosity, and stiffness.

4.3. Implication and explanation of findings

The results and the comparison with the literature values demon-
strated that the hazelnut shells-based composite had promising sound
absorption performance and interesting behaviour at low and medium
frequencies. As previously described (Section 3.4), it showed acoustic
absorption performance typical of granular materials, extremely rare in
bio-based materials. Furthermore, the composite showed high moisture
storage capacity, guaranteed both by the hazelnut shells and the sodium
silicate solution (Cintura et al., 2022; Song et al., 2021).

The thermal conductivity value was too high to consider the com-
posite as a good thermal insulator. It might be more comparable to
thermal mortars, as 0.2 W/(m.K) is the maximum value required to
consider a composite as such (EN 998-2, 2016).

As for the mechanical properties, they were consistent with expec-
tations, as detailed in Sections 3.5 and 3.6, in line with other examples of
unconventional, non-structural boards (Table 7). The rupture was
caused by the interface aggregate-adhesive. Despite both the hazelnut
shells and the dried sodium silicate solution being brittle materials, a
post-peak branch is present in the stress-strain diagram of the composite.

In any case, the research did not aim at proposing a composite with
high flexural and compressive strength, although enough mechanical
performance is required to guarantee the applicability of the building
products, such as transportation, installation, and use.

4.4. Strengths and limitations

The hazelnut shells-based composite presented both strengths and
weaknesses.

First, it could be considered a sustainable building solution, mainly
due to the employed aggregate: being the hazelnut shells widely pro-
duced by-products, the environmental impact caused by its production
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process was minimized (Rubino et al., 2023). Moreover, hazelnut shells
are largely available all over the year, which overcomes one of the main
drawbacks of using agro-industrial waste, namely the seasonality.
Finally, the hazelnut shells used in this study were locally produced,
reducing transportation energy waste when used locally.

Although the sodium silicate solution has a higher environmental
impact, it has several advantages (Section 1). Among these, the non-
toxicity (Chai et al., 2021; Lee and Thole, 2018) is an extremely
important aspect, since a bio-waste-based composite could have many
benefits, but applications are reduced if it can be harmful to human
health. For instance, a formaldehyde-based bio-board could be more
sustainable than others but potentially dangerous and could cause
several diseases (Owodunni et al., 2020; Solt et al., 2019). Additionally,
the sodium silicate solution can potentially increase the resistance to
biological attack (Lee and Thole, 2018; Liuzzi et al., 2020a), as no bio-
logical colonization was visually observed even after hygroscopic tests.
It allowed low-temperature casting and curing, and avoided
hot-pressing during the production process, further reducing energy use
(Cintura et al., 2023a).

A qualitative evaluation pointed out that several aspects made the
choice of the aggregate, the adhesive, the production process, and the
casting and curing phases environmentally friendly. Certainly, further
studies are needed to demonstrate the sustainability of the proposed
solution, such as a life cycle assessment.

The results of the acoustic analysis were certainly one of the main
strengths of the proposed composite since it could guarantee the ab-
sorption of frequencies in the range of human voice, which is between
500 and 1000 Hz (EN IEC 60268-16, 2020; ISO 3382-3, 2012). The high
moisture storage capacity could be a benefit as the hazelnut shells-based
composite could adsorb moisture, securing a passive control of indoor
conditions.

However, the high hygroscopicity could also cause several problems
such as materials’ degradation, thickness swelling, variation in the final
performance, the mould growth at a critical moisture level (Johansson
et al,, 2020; Nunes et al., 2017). Nevertheless, and as previously
mentioned, no visual observation of biological colonization is a good
preliminary indicator for a good performance.

4.5. Recommendations and future studies

The proposed boards might be suitable as indoor coatings with
thermal performance, but mainly interesting sound absorption and hy-
groscopic capacity that gets even more interesting, as they could provide
a passive control of the indoor conditions, too (Nguyen et al., 2020;
Ratiarisoa et al., 2016). They could be employed in indoor rooms where
the speech and the involuntary listening of the other occupants can
cause acoustic discomfort, such as lecture halls, offices, restaurants, and
libraries (Cingolani et al., 2021; D’Orazio et al., 2020; De Salvio et al.,
2021), apart from contributing to indoor hygrothermal comfort too.

The low mechanical performance should be taken into consideration
for application. It seems an adhesive application should be better suited
than an alternative with a space layer behind it. The mechanical per-
formance might be improved by varying the considered parameters or
by adding additional materials.

Further studies could be carried out. For example, it could be inter-
esting to define the contribution of temperature and relative humidity to
the test results (Fusaro et al., 2023; Cingolani et al., 2022; Liuzzi et al.,
2017), how the high hygroscopicity could modify the final performance,
and how the properties could change by considering different parame-
ters (e.g., by changing the samples’ thickness, aggregates’ grain size, and
production process). The reaction to fire must be assessed, considering
not only the flammability but also the possible production of toxic gases
by combustion and smouldering (Laborel-Préneron et al., 2017; Pal-
umbo et al., 2017). Finally, the degradation and the biodeterioration
could be evaluated, by analysing aspects such as the biological attack by
fungi and insects, and the critical moisture levels, as these aspects could
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deeply change the final performance (Johansson et al., 2013; Martins
et al., 2011).

5. Conclusions

In this study, a composite board made up of hazelnut shells as
aggregate and a sodium silicate solution as adhesive was investigated.
The described work provided an important contribution to this research
field.

First, it demonstrated the feasibility of re-using a widely available
by-product for building practices. This possibility can lower the envi-
ronmental impact derived from the construction sector and the disposal
of agro-industrial wastes.

The proposed composite was made of natural, non-harmful mate-
rials. As an additional scientific value, the considered agro-industrial by-
product was employed as a high-mass bio-aggregate. This type of com-
posite is not so commonly investigated in the field of bio-based building
products.

The description of the considered methods and the laboratory
experience provided useful information for future research. Indeed,
hygrothermal, acoustic, and mechanical properties were assessed and
compared with the literature to provide a broad characterization of the
produced boards. This horizontal analysis allowed getting in touch with
different areas of knowledge in the field of civil engineering.

As for the evaluated properties, the following conclusions were
achieved:

e The hazelnut shells-based boards did not show very good thermal
insulation performance. Lower values of both apparent density and
thermal conductivity may be achieved by using several strategies,
such as lowering the amount of the sodium silicate solution (but this
could worsen the mechanical properties), using alternative adhesives
(instead of the sodium silicate solution), or a different production
process.

The composite showed high hygroscopicity, probably due to the
sodium silicate solution, with a greater capacity of sorption rather
than desorption. This property could be an advantage for application
as internal coating boards to ensure passive control of building in-
door conditions. However, although no biological colonization was
visually observed after the hygroscopic test, the high moisture stor-
age capacity could cause composites’ degradation and/or modify
their properties.

As for sound absorption, the hazelnut shells-based board performed
as a granular material, showing the highest absorption capacity for
frequencies around 700-900 Hz, which are in the frequency range of
the human voice. The results of the acoustic analysis are extremely
interesting also because the composite showed an uncommon
behaviour, considering the bio-waste-based composites already
analysed. A possible optimization could improve the absorption
performance, expanding the high acoustic absorption capacity for a
larger frequency range.

As expected, the hazelnut shells-based board did not show high
mechanical properties. A higher content of sodium silicate solution
could probably improve the flexural strength, decreasing the internal
voids and increasing the cohesion between the hazelnut shells.
However, minimizing the use of adhesive and using higher quantities
of by-products would be better for a more sustainable building
composite.

The achieved conclusions demonstrated that a possible application of
the composite could be as indoor coatings with good acoustic absorption
performance, absorbing the medium frequencies (e.g., in lecture halls,
offices, classrooms) and acting as a moisture buffer. The evaluation of
the resistance to fire and the biological susceptibility should be
addressed.



E. Cintura et al.
CRediT authorship contribution statement

Eleonora Cintura: Conceptualization, Data curation, Formal anal-
ysis, Investigation, Methodology, Validation, Visualization, Writing —
original draft. Paulina Faria: Conceptualization, Funding acquisition,
Project administration, Supervision, Writing — review & editing. Luisa
Molari: Conceptualization, Investigation, Writing — review & editing,
Supervision. Luca Barbaresi: Conceptualization, Investigation, Writing
- review & editing. Dario D’Orazio: Conceptualization, Investigation,
Writing — review & editing. Lina Nunes: Conceptualization, Funding
acquisition, Project administration, Supervision, Writing — review &
editing.

Declaration of competing interest

The authors declare the following financial interests/personal re-
lationships which may be considered as potential competing interests:
Eleonora Cintura reports financial support was provided by Foundation
for Science and Technology.

Data availability

Data will be made available on request.

Acknowledgements

This research was funded by the Portuguese Foundation for Science
and Technology (FCT- Fundacao para a Ciéncia e a Tecnologia), with Ph.
D. grant PD/BD/150579/2020 of the 1st author, as part of the Eco-
Construction and Rehabilitation Program (EcoCoRe). The authors are
also grateful for FCT support through funding UIDB/04625/2020 of the
research unit CERIS and for the support of the project BIO-FIBRE funded
by the Erasmus+ Programme of the European Union.

The authors acknowledge Lorenzo Coraglia (Raccolti di CIN) for
giving information about the harvested hazelnut and donating the
hazelnut shells to carry out this research project; Matteo Cingolani to
carry out the acoustic analysis; Mirko Braga (Ingessil S.r.1.) for his help
and suggestion to use the sodium silicate solution as adhesive; Stefania
Liuzzi (Polytechnic University of Bari) to provide suggestions to carry
out the research; Anna Rovigatti for the important support for the
acoustic analysis. The authors also acknowledge lab technicians of the
University of Bologna (DICAM and DIN) that allowed to carry out the
laboratory tests.

References

Akinyemi, B.A., Dai, C., 2020. Development of banana fibers and wood bottom ash
modified cement mortars. Construct. Build. Mater. 241, 118041 https://doi.org/
10.1016/j.conbuildmat.2020.118041.

Al-Homoud, M.S., 2005. Performance characteristics and practical applications of
common building thermal insulation materials. Build. Environ. 40, 353-366.
https://doi.org/10.1016/j.buildenv.2004.05.013.

Ali, M.E., Alabdulkarem, A., 2017. On thermal characteristics and microstructure of a
new insulation material extracted from date palm trees surface fibers. Construct.
Build. Mater. 138, 276-284. https://doi.org/10.1016/j.conbuildmat.2017.02.012.

Amziane, S., Collet, F., Lawrence, M., Magniont, C., Picandet, V., Sonebi, M., 2017.
Recommendation of the RILEM TC 236-BBM: characterisation testing of hemp shiv
to determine the initial water content, water absorption, dry density, particle size
distribution and thermal conductivity. Mater. Struct. 50, 167. https://doi.org/
10.1617/511527-017-1029-3.

Antunes, A., Faria, P., Silva, V., Brés, A., 2019. Rice husk-earth based composites: a novel
bio-based panel for buildings refurbishment. Construct. Build. Mater. 221, 99-108.
https://doi.org/10.1016/j.conbuildmat.2019.06.074.

ASTM D7264 -21, 2021. Standard Test Method for Flexural Properties of Polymer Matrix
Composite Materials. Pennsylvania, PA, USA.

Auriga, R., Pedzik, M., Mrozowski, R., Rogozinski, T., 2022. Hemp shives as a raw
material for the production of particleboards. Polymers 14, 5308. https://doi.org/
10.3390/polym14235308.

Baldinelli, G., Bianchi, F., Gendelis, S., Jakovics, A., Morini, G.L., Falcioni, S.,
Fantucci, S., Serra, V., Navacerrada, M.A., Diaz, C., Libbra, A., Muscio, A.,
Asdrubali, F., 2019. Thermal conductivity measurement of insulating innovative

14

Journal of Cleaner Production 434 (2024) 140297

building materials by hot plate and heat flow meter devices: a Round Robin Test. Int.
J. Therm. Sci. 139, 25-35. https://doi.org/10.1016/j.ijthermalsci.2019.01.037.

Barbieri, L., Andreola, F., Lancellotti, I., Taurino, R., 2013. Management of agricultural
biomass wastes: preliminary study on characterization and valorisation in clay
matrix bricks. Waste Manag. 33, 2307-2315. https://doi.org/10.1016/j.
wasman.2013.03.014.

Barbu, M.C., Sepperer, T., Tudor, E.M., Petutschnigg, A., 2020. Walnut and hazelnut
shells: untapped industrial resources and their suitability in lignocellulosic
composites. Appl. Sci. 10, 6340. https://doi.org/10.3390/app10186340.

Bardage, S.L., 2017. Performance of Buildings, Performance of Bio-Based Building
Materials. Elsevier Ltd. https://doi.org/10.1016/B978-0-08-100982-6.00006-9.

Barreca, F., Martinez Gabarron, A., Flores Yepes, J.A., Pastor Pérez, J.J., 2019.
Innovative use of giant reed and cork residues for panels of buildings in
Mediterranean area. Resour. Conserv. Recycl. 140, 259-266. https://doi.org/
10.1016/j.resconrec.2018.10.005.

Berzborn, M., Bomhardt, R., Klein, J., Richter, J.-G., Vorlander, M., 2017. The ITA-
toolbox: an open source MATLAB toolbox for acoustic measurements and signal
processing. In: Fortschritte Der Akustik - DAGA 2017, 43. Deutsche Jahrestagung Fiir
Akustik. Kiel, pp. 222-225.

Binici, H., Aksogan, O., 2016. Eco-friendly insulation material production with waste
olive seeds, ground PVC and wood chips. J. Build. Eng. 5, 260-266. https://doi.org/
10.1016/j.jobe.2016.01.008.

Binici, H., Aksogan, O., Dincer, A., Luga, E., Eken, M., Isikaltun, O., 2020. The possibility
of vermiculite, sunflower stalk and wheat stalk using for thermal insulation material
production. Therm. Sci. Eng. Prog. 18, 100567 https://doi.org/10.1016/j.
tsep.2020.100567.

Borysiuk, P., Jenczyk-Tolloczko, I., Auriga, R., Kordzikowski, M., 2019. Sugar beet pulp
as raw material for particleboard production. Ind. Crop. Prod. 141, 111829 https://
doi.org/10.1016/j.indcrop.2019.111829.

Brambilla, A., Sangiorgio, A., 2020. Mould growth in energy efficient buildings: causes,
health implications and strategies to mitigate the risk. Renew. Sustain. Energy Rev.
132, 110093 https://doi.org/10.1016/j.rser.2020.110093.

Bras, A., Antunes, A., Laborel-Préneron, A., Ralegaonkar, R., Shaw, A., Riley, M.,
Faria, P., 2019. Optimisation of bio-based building materials using image analysis
method. Construct. Build. Mater. 223, 544-553. https://doi.org/10.1016/].
conbuildmat.2019.06.148.

Cascione, V., Roberts, M., Allen, S., Dams, B., Maskell, D., Shea, A., Walker, P.,
Emmitt, S., 2022. Integration of life cycle assessments (LCA) in circular bio-based
wall panel design. J. Clean. Prod. 344, 130938 https://doi.org/10.1016/j.
jelepro.2022.130938.

Celenit, 2022. CELENIT N. https://www.celenit.com/en-UK/celenit-n.php (accessed
March 16, 2022).

Chai, W., Zhang, L., Li, W., Zhang, M., Huang, J., Zhang, W., 2021. Preparation of
plastics-and foaming agent-free and porous bamboo charcoal based composites using
sodium silicate as adhesives. Materials 14. https://doi.org/10.3390/mal14102468.

Chung, J.Y., Blaser, D.A., 1980a. Transfer function method of measuring in-duct acoustic
properties. I. Theory. J. Acoust. Soc. Am. 68, 907-913. https://doi.org/10.1121/
1.384778.

Chung, J.Y., Blaser, D.A., 1980b. Transfer function method of measuring in-duct acoustic
properties. II. Experiment. J. Acoust. Soc. Am. 68, 914-921. https://doi.org/
10.1121/1.384779.

Cingolani, M., Fratoni, G., Barbaresi, L., D’Orazio, D., Hamilton, B., Garai, M., 2021.
A trial acoustic improvement in a lecture Hall with MPP sound absorbers and FDTD
acoustic simulations. Appl. Sci. 11, 2445. https://doi.org/10.3390/app11062445.

Cingolani, M., Fusaro, G., Fratoni, G., Garai, M., 2022. Influence of thermal deformations
on sound absorption of three-dimensional printed metamaterials. J. Acoust. Soc. Am.
151, 3770-3779. https://doi.org/10.1121/10.0011552.

Cintura, E., Faria, P., Duarte, M., Nunes, L., 2023a. Eco-efficient boards with agro-
industrial wastes — assessment of different adhesives. Construct. Build. Mater. 404,
132665 https://doi.org/10.1016/j.conbuildmat.2023.132665.

Cintura, E., Faria, P., Duarte, M., Nunes, L., 2022. Bio-wastes as aggregates for eco-
efficient boards and panels: screening tests of physical properties and bio-
susceptibility. Infrastructure 7, 26. https://doi.org/10.3390/
infrastructures7030026.

Cintura, E., Faria, P., Molari, L., Nunes, L., 2023b. Optimisation of production
parameters to develop innovative eco-efficient boards. In: Amziane, S., Merta, L.,
Page, J. (Eds.), Bio-Based Building Materials Proceedings of ICBBM 2023,
pp. 111-122. https://doi.org/10.1007/978-3-031-33465-8_10.

Cintura, E., Nunes, L., Esteves, B., Faria, P., 2021. Agro-industrial wastes as building
insulation materials: a review and challenges for Euro-Mediterranean countries. Ind.
Crop. Prod. 171, 113833 https://doi.org/10.1016/j.indcrop.2021.113833.

Collet, F., 2017. Hygric and thermal properties of bio-aggregate based building materials.
In: RILEM State-Of-The-Art Reports, pp. 125-147. https://doi.org/10.1007/978-94-
024-1031-0_6.

Copiir, Y., Giiler, C., Tascioglu, C., Tozluoglu, A., 2008. Incorporation of hazelnut shell
and husk in MDF production. Bioresour. Technol. 99, 7402-7406. https://doi.org/
10.1016/j.biortech.2008.01.021.

Corredor-Bedoya, A.C., Acuna, B., Serpa, A.L., Masiero, B., 2021. Effect of the excitation
signal type on the absorption coefficient measurement using the impedance tube.
Appl. Acoust. 171, 107659 https://doi.org/10.1016/j.apacoust.2020.107659.

Cuhadaroglu, B., 2005. Thermal conductivity analysis of a briquette with additive
hazelnut shells. Build. Environ. 40, 942-948. https://doi.org/10.1016/j.
buildenv.2004.09.008.

D’Orazio, D., Montoschi, F., Garai, M., 2020. Acoustic comfort in highly attended
museums: a dynamical model. Build. Environ. 183, 107176 https://doi.org/
10.1016/j.buildenv.2020.107176.


https://doi.org/10.1016/j.conbuildmat.2020.118041
https://doi.org/10.1016/j.conbuildmat.2020.118041
https://doi.org/10.1016/j.buildenv.2004.05.013
https://doi.org/10.1016/j.conbuildmat.2017.02.012
https://doi.org/10.1617/s11527-017-1029-3
https://doi.org/10.1617/s11527-017-1029-3
https://doi.org/10.1016/j.conbuildmat.2019.06.074
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref6
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref6
https://doi.org/10.3390/polym14235308
https://doi.org/10.3390/polym14235308
https://doi.org/10.1016/j.ijthermalsci.2019.01.037
https://doi.org/10.1016/j.wasman.2013.03.014
https://doi.org/10.1016/j.wasman.2013.03.014
https://doi.org/10.3390/app10186340
https://doi.org/10.1016/B978-0-08-100982-6.00006-9
https://doi.org/10.1016/j.resconrec.2018.10.005
https://doi.org/10.1016/j.resconrec.2018.10.005
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref13
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref13
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref13
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref13
https://doi.org/10.1016/j.jobe.2016.01.008
https://doi.org/10.1016/j.jobe.2016.01.008
https://doi.org/10.1016/j.tsep.2020.100567
https://doi.org/10.1016/j.tsep.2020.100567
https://doi.org/10.1016/j.indcrop.2019.111829
https://doi.org/10.1016/j.indcrop.2019.111829
https://doi.org/10.1016/j.rser.2020.110093
https://doi.org/10.1016/j.conbuildmat.2019.06.148
https://doi.org/10.1016/j.conbuildmat.2019.06.148
https://doi.org/10.1016/j.jclepro.2022.130938
https://doi.org/10.1016/j.jclepro.2022.130938
https://www.celenit.com/en-UK/celenit-n.php
https://doi.org/10.3390/ma14102468
https://doi.org/10.1121/1.384778
https://doi.org/10.1121/1.384778
https://doi.org/10.1121/1.384779
https://doi.org/10.1121/1.384779
https://doi.org/10.3390/app11062445
https://doi.org/10.1121/10.0011552
https://doi.org/10.1016/j.conbuildmat.2023.132665
https://doi.org/10.3390/infrastructures7030026
https://doi.org/10.3390/infrastructures7030026
https://doi.org/10.1007/978-3-031-33465-8_10
https://doi.org/10.1016/j.indcrop.2021.113833
https://doi.org/10.1007/978-94-024-1031-0_6
https://doi.org/10.1007/978-94-024-1031-0_6
https://doi.org/10.1016/j.biortech.2008.01.021
https://doi.org/10.1016/j.biortech.2008.01.021
https://doi.org/10.1016/j.apacoust.2020.107659
https://doi.org/10.1016/j.buildenv.2004.09.008
https://doi.org/10.1016/j.buildenv.2004.09.008
https://doi.org/10.1016/j.buildenv.2020.107176
https://doi.org/10.1016/j.buildenv.2020.107176

E. Cintura et al.

de Azevedo, A.R.G., Amin, M., Hadzima-Nyarko, M., Saad Agwa, 1., Zeyad, A.M.,
Tayeh, B.A., Adesina, A., 2022. Possibilities for the application of agro-industrial
wastes in cementitious materials: a brief review of the Brazilian perspective. Cleaner
Materials 3, 100040. https://doi.org/10.1016/j.clema.2021.100040.

de Carvalho, P.S., Nora, M.D., da Rosa, L.C., 2020. Development of an acoustic absorbing
material based on sunflower residue following the cleaner production techniques.
J. Clean. Prod. 270, 122478 https://doi.org/10.1016/j.jclepro.2020.122478.

De Salvio, D., D’Orazio, D., Garai, M., 2021. Unsupervised analysis of background noise
sources in active offices. J. Acoust. Soc. Am. 149, 4049. https://doi.org/10.1121/
10.0005129.

del Rio Merino, M., Guijarro Rodriguez, J., Fernandez Martinez, F., Santa Cruz
Astorqui, J., 2017. Viability of using olive stones as lightweight aggregate in
construction mortars. Revista de la construccién 16, 431-438. https://doi.org/10
.7764/RDLC.16.3.431.

Donini, G., Greco, S., Molari, L., Zanetti, A., 2022. Structural design of an Italian bamboo
house in an Italian regulatory context: revisiting a small building built in Costa Rica
with tropical bamboo. Case Stud. Constr. Mater. 16, e00891 https://doi.org/
10.1016/j.cscm.2022.e00891.

Duque-Acevedo, M., Lancellotti, I., Andreola, F., Barbieri, L., Belmonte-Urena, L.J.,
Camacho-Ferre, F., 2022. Management of agricultural waste biomass as raw material
for the construction sector: an analysis of sustainable and circular alternatives.
Environ. Sci. Eur. 34, 70. https://doi.org/10.1186/512302-022-00655-7.

EN 826:2013, 2013. Thermal Insulation Products for Building Applications -
Determination of Compression Behaviour. European Committee for Standardization,
CEN, Brussels, Belgium.

EN-998-2, 2016. EN 998-2:2016 - Specification for Mortar for Masonry - Part 2: Masonry
Mortar. European Committee for Standardization, CEN, Brussels, Belgium.

EN 12667:2001, 2001. Thermal Performance of Building Materials and Products -
Determination of Thermal Resistance by Means of Guarded Hot Plate and Heat Flow
Meter Methods - Products of High and Medium Thermal Resistance. European
Committee for Standardization, CEN, Brussels, Belgium.

EN 323:1993, 1993. Wood-Based Panels - Determination of Density. European
Committee for Standardization, CEN, Brussels, Belgium.

EN IEC 60268-16, 2020. 2020. Sound System Equipment Part 16: Objective Rating of
Speech Intelligibility by Speech Transmission Index. European Committee for
Electrotechnical Standardization, Geneva, Switzerland.

FAO, 2021. FAOSTAT Crops and Livestock Products. https://www.fao.
org/faostat/en/#data/QCL, 03.08.23.

Faruk, O., Bledzki, A.K., Fink, H.-P., Sain, M., 2012. Biocomposites reinforced with
natural fibers: 2000-2010. Prog. Polym. Sci. 37, 1552-1596. https://doi.org/
10.1016/j.progpolymsci.2012.04.003.

Federation E.P. OSB Panels, 2022. https://europanels.org/ (accessed October 6, 2022).

Fu, H., Ding, Y., Li, M., Li, H., Huang, X., Wang, Z., 2020. Research on thermal
performance and hygrothermal behavior of timber-framed walls with different
external insulation layer: insulation Cork Board and anti-corrosion pine plate.

J. Build. Eng. 28, 101069 https://doi.org/10.1016/j.jobe.2019.101069.

Fusaro, G., Barbaresi, L., Cingolani, M., Garai, M., Ida, E., Prato, A., Schiavi, A., 2023.
Investigation of the impact of additive manufacturing techniques on the acoustic
performance of a coiled-up resonator. J. Acoust. Soc. Am. 153, 2921-2921.

Gaspar, F., Bakatovich, A., Davydenko, N., Joshi, A., 2020. Building insulation materials
based on agricultural wastes. In: Pachecol, T.F., Volodymyr, I., Tsang, D.C.W. (Eds.),
Bio-Based Materials and Biotechnologies for Eco-Efficient Construction. Elsevier,
pp. 149-170. https://doi.org/10.1016/B978-0-12-819481-2.00008-8.

Ginestet, S., Aschan-Leygonie, C., Bayeux, T., Keirsbulck, M., 2020. Mould in indoor
environments: the role of heating, ventilation and fuel poverty. A French
perspective. Build. Environ. 169, 106577 https://doi.org/10.1016/j.
buildenv.2019.106577.

Glé, P., Gourdon, E., Arnaud, L., 2011. Acoustical properties of materials made of
vegetable particles with several scales of porosity. Appl. Acoust. 72, 249-259.
https://doi.org/10.1016/j.apacoust.2010.11.003.

Giirii, M., Karabulut, A.F., Aydin, M.Y., Bilici, i., 2015. Processing of fireproof and high
temperature durable particleboard from rice husk. High Temp. Mater. Process. 34,
599-604. https://doi.org/10.1515/htmp-2014-0092.

Horoshenkov, K.V., Swift, M.J., 2001. The acoustic properties of granular materials with
pore size distribution close to log-normal. J. Acoust. Soc. Am. 110, 2371-2378.
https://doi.org/10.1121/1.1408312.

Hung Anh, L.D., Pasztory, Z., 2021. An overview of factors influencing thermal
conductivity of building insulation materials. J. Build. Eng. 44, 102604 https://doi.
0rg/10.1016/j.jobe.2021.102604.

Ingessil, 2022. https://www.ingessil.com/it. (Accessed 30 November 2022).

ISO 10534-2:2001, 2001. Acoustics- Determination of Sound Absorption Coefficient and
Impedance in Impedance Tubes. International Organization for Standardization.
ISO 24353:2008, 2008. Hygrothermal Performance of Building Materials and Products -
Determination of Moisture Adsorption/desorption Properties in Response to

Humidity Variation. International Organization for Standardization.

ISO 3382-3:2012, 2012. Acoustics -Measurement of Room Acoustic Parameters Part 3:
Open Plan Offices. International Organization for Standardization.

Johansson, P., Lang, L., Bok, G., Capener, C.M., 2020. Threshold values for mould
growth: critical moisture level of 21 different building materials. E3S Web of
Conferences 172, 1-6. https://doi.org/10.1051/e3sconf/202017220002.

Johansson, P., Svensson, T., Ekstrand-Tobin, A., 2013. Validation of critical moisture
conditions for mould growth on building materials. Build. Environ. 62, 201-209.
https://doi.org/10.1016/j.buildenv.2013.01.012.

Kinnane, O., Reilly, A., Grimes, J., Pavia, S., Walker, R., 2016. Acoustic absorption of
hemp-lime construction. Construct. Build. Mater. 122, 674-682. https://doi.org/
10.1016/j.conbuildmat.2016.06.106.

15

Journal of Cleaner Production 434 (2024) 140297

Krejsovd, J., Dolezelova, M., 2019. Resistance of mortars with gypsum, lime and
composite binders against molds. Acta Polytechnica CTU Proceedings 21, 16-20.
https://doi.org/10.14311/APP.2019.21.0016.

La Gennusa, M., Marino, C., Nucara, A., Panzera, M.F., Pietrafesa, M., 2021. Insulating
building components made from a mixture of waste and vegetal materials: thermal
characterization of nine new products. Sustainability 13, 13820. https://doi.org/
10.3390/5u132413820.

La Rosa, A.D., Recca, A., Gagliano, A., Summerscales, J., Latteri, A., Cozzo, G., Cicala, G.,
2014. Environmental impacts and thermal insulation performance of innovative
composite solutions for building applications. Construct. Build. Mater. 55, 406-414.
https://doi.org/10.1016/j.conbuildmat.2014.01.054.

Laborel-Préneron, A., Aubert, J.E., Magniont, C., Lacasta, A., Haurie, L., 2017. Fire
behavior of bio-based earth products for sustainable buildings. Academic Journal of
Civil Engineering 35, 160-165.

Laborel-Préneron, Aurélie, Magniont, C., Aubert, J.-E., 2017. Characterization of barley
straw, hemp shiv and corn cob as resources for bioaggregate based building
materials. Waste and Biomass Valorization 9, 1095-1112. https://doi.org/10.1007/
512649-017-9895-z.

Lee, S.J., Thole, V., 2018. Investigation of modified water glass as adhesive for wood and
particleboard: mechanical, thermal and flame retardant properties. European
Journal of Wood and Wood Products 76, 1427-1434. https://doi.org/10.1007/
500107-018-1324-x.

Lei, B., Feng, Y., 2020. Sustainable thermoplastic bio-based materials from sisal fibers.
J. Clean. Prod. 265, 121631 https://doi.org/10.1016/j.jclepro.2020.121631.

Licursi, D., Antonetti, C., Fulignati, S., Vitolo, S., Puccini, M., Ribechini, E.,
Bernazzani, L., Raspolli Galletti, A.M., 2017. In-depth characterization of valuable
char obtained from hydrothermal conversion of hazelnut shells to levulinic acid.
Bioresour. Technol. 244, 880-888. https://doi.org/10.1016/j.biortech.2017.08.012.

Lima, J., Faria, P., Santos Silva, A., 2020. Earth plasters: the influence of clay mineralogy
in the plasters’ properties. Int. J. Architect. Herit. 14, 948-963. https://doi.org/
10.1080/15583058.2020.1727064.

Lisienkova, L., Nosova, L., Shindina, T., Komarova, L., Baranova, E., Kozhinov, D., 2022.
Assessing the compliance of extrusion foamed Polystyrene production with the
environmental standards requirements. Civil Engineering Journal 8, 2305-2317.
https://doi.org/10.28991/CEJ-2022-08-10-018.

Liu, L., Li, H., Lazzaretto, A., Manente, G., Tong, C., Liu, Q., Li, N., 2017. The
development history and prospects of biomass-based insulation materials for
buildings. Renew. Sustain. Energy Rev. 69, 912-932. https://doi.org/10.1016/j.
rser.2016.11.140.

Liuzzi, S., Rubino, C., Martellotta, F., Stefanizzi, P., Casavola, C., Pappalettera, G., 2020a.
Characterization of biomass-based materials for building applications: the case of
straw and olive tree waste. Ind. Crop. Prod. 147, 112229 https://doi.org/10.1016/j.
indcrop.2020.112229.

Liuzzi, S., Rubino, C., Stefanizzi, P., Martellotta, F., 2020b. Performance characterization
of broad band sustainable sound absorbers made of almond skins. Materials 13,
5474. https://doi.org/10.3390/mal3235474.

Liuzzi, S., Rubino, C., Stefanizzi, P., Petrella, A., Boghetich, A., Casavola, C.,
Pappalettera, G., 2018. Hygrothermal properties of clayey plasters with olive fibers.
Construct. Build. Mater. 158, 24-32. https://doi.org/10.1016/j.
conbuildmat.2017.10.013.

Liuzzi, S., Sanarica, S., Stefanizzi, P., 2017. Use of agro-wastes in building materials in
the Mediterranean area: a review. Energy Proc. 126, 242-249. https://doi.org/
10.1016/j.egypro.2017.08.147.

Lopes, L.P.C., Martins, J., Esteves, B., Lemos, L.T.D.E., 2012. New products from hazelnut
shell. In: ECOWOOD 2012-5th International Conference on Environmentally-
Compatible Forest Products, pp. 83-90.

Mantanis, G.I., Athanassiadou, E.T., Barbu, M.C., Wijnendaele, K., 2018. Adhesive
systems used in the European particleboard, MDF and OSB industries. Wood Mater.
Sci. Eng. 13, 104-116. https://doi.org/10.1080/17480272.2017.1396622.

Maraldi, M., Molari, L., Molari, G., Regazzi, N., 2018. Time-dependent mechanical
properties of straw bales for use in construction. Biosyst. Eng. 172, 75-83. https://
doi.org/10.1016/j.biosystemseng.2018.05.014.

Maraldi, M., Molari, L., Regazzi, N., Molari, G., 2016. Method for the characterisation of
the mechanical behaviour of straw bales. Biosyst. Eng. 151, 141-151. https://doi.
org/10.1016/j.biosystemseng.2016.09.003.

Markuszewski, B., Bieniek, A.A., Wachowska, U., Bieniek, A., Krzyminiska, I., 2022. Effect
of biological treatment used before harvesting and storage methods on the quality,
health and microbial characteristics of unripe hazelnut in the husk (Corylus avellana
L.). PeerJ 10, e12760. https://doi.org/10.7717 /peerj.12760.

Martellotta, F., Cannavale, A., De Matteis, V., Ayr, U., 2018. Sustainable sound absorbers
obtained from olive pruning wastes and chitosan binder. Appl. Acoust. 141, 71-78.
https://doi.org/10.1016/j.apacoust.2018.06.022.

Martinez-Garcia, C., Gonzdlez-Fonteboa, B., Carro-Lopez, D., Pérez-Ordénez, J.L., 2020.
Mussel shells: a canning industry by-product converted into a bio-based insulation
material. J. Clean. Prod. 269 https://doi.org/10.1016/j.jclepro.2020.122343.

Martins, M., Nunes, L., Branco, F., 2011. Plastering and rendering mortars incorporating
regranulated of expanded cork to improve durability. In: International Conference
on Durability of Building Materials and Components (XII DBMC), pp. 1-8.

Mathews, J.M., Vivek, B., Charde, M., 2023. Thermal insulation panels for buildings
using recycled cardboard: experimental characterization and optimum selection.
Energy Build. 281, 112747 https://doi.org/10.1016/j.enbuild.2022.112747.

Mati-Baouche, N., De Baynast, H., Lebert, A., Sun, S., Lopez-Mingo, C.J.S., Leclaire, P.,
Michaud, P., 2014. Mechanical, thermal and acoustical characterizations of an
insulating bio-based composite made from sunflower stalks particles and chitosan.
Ind. Crop. Prod. 58, 244-250. https://doi.org/10.1016/j.indcrop.2014.04.022.


https://doi.org/10.1016/j.clema.2021.100040
https://doi.org/10.1016/j.jclepro.2020.122478
https://doi.org/10.1121/10.0005129
https://doi.org/10.1121/10.0005129
https://doi.org/10.7764/RDLC.16.3.431
https://doi.org/10.7764/RDLC.16.3.431
https://doi.org/10.1016/j.cscm.2022.e00891
https://doi.org/10.1016/j.cscm.2022.e00891
https://doi.org/10.1186/s12302-022-00655-7
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref41
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref41
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref41
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref42
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref42
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref43
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref43
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref43
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref43
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref44
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref44
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref45
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref45
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref45
https://www.fao.org/faostat/en/#data/QCL
https://www.fao.org/faostat/en/#data/QCL
https://doi.org/10.1016/j.progpolymsci.2012.04.003
https://doi.org/10.1016/j.progpolymsci.2012.04.003
https://europanels.org/
https://doi.org/10.1016/j.jobe.2019.101069
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref50
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref50
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref50
https://doi.org/10.1016/B978-0-12-819481-2.00008-8
https://doi.org/10.1016/j.buildenv.2019.106577
https://doi.org/10.1016/j.buildenv.2019.106577
https://doi.org/10.1016/j.apacoust.2010.11.003
https://doi.org/10.1515/htmp-2014-0092
https://doi.org/10.1121/1.1408312
https://doi.org/10.1016/j.jobe.2021.102604
https://doi.org/10.1016/j.jobe.2021.102604
https://www.ingessil.com/it
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref58
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref58
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref59
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref59
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref59
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref60
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref60
https://doi.org/10.1051/e3sconf/202017220002
https://doi.org/10.1016/j.buildenv.2013.01.012
https://doi.org/10.1016/j.conbuildmat.2016.06.106
https://doi.org/10.1016/j.conbuildmat.2016.06.106
https://doi.org/10.14311/APP.2019.21.0016
https://doi.org/10.3390/su132413820
https://doi.org/10.3390/su132413820
https://doi.org/10.1016/j.conbuildmat.2014.01.054
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref67
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref67
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref67
https://doi.org/10.1007/s12649-017-9895-z
https://doi.org/10.1007/s12649-017-9895-z
https://doi.org/10.1007/s00107-018-1324-x
https://doi.org/10.1007/s00107-018-1324-x
https://doi.org/10.1016/j.jclepro.2020.121631
https://doi.org/10.1016/j.biortech.2017.08.012
https://doi.org/10.1080/15583058.2020.1727064
https://doi.org/10.1080/15583058.2020.1727064
https://doi.org/10.28991/CEJ-2022-08-10-018
https://doi.org/10.1016/j.rser.2016.11.140
https://doi.org/10.1016/j.rser.2016.11.140
https://doi.org/10.1016/j.indcrop.2020.112229
https://doi.org/10.1016/j.indcrop.2020.112229
https://doi.org/10.3390/ma13235474
https://doi.org/10.1016/j.conbuildmat.2017.10.013
https://doi.org/10.1016/j.conbuildmat.2017.10.013
https://doi.org/10.1016/j.egypro.2017.08.147
https://doi.org/10.1016/j.egypro.2017.08.147
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref79
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref79
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref79
https://doi.org/10.1080/17480272.2017.1396622
https://doi.org/10.1016/j.biosystemseng.2018.05.014
https://doi.org/10.1016/j.biosystemseng.2018.05.014
https://doi.org/10.1016/j.biosystemseng.2016.09.003
https://doi.org/10.1016/j.biosystemseng.2016.09.003
https://doi.org/10.7717/peerj.12760
https://doi.org/10.1016/j.apacoust.2018.06.022
https://doi.org/10.1016/j.jclepro.2020.122343
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref86
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref86
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref86
https://doi.org/10.1016/j.enbuild.2022.112747
https://doi.org/10.1016/j.indcrop.2014.04.022

E. Cintura et al.

Mati-Baouche, N., de Baynast, H., Michaud, P., Dupont, T., Leclaire, P., 2016. Sound
absorption properties of a sunflower composite made from crushed stem particles
and from chitosan bio-binder. Appl. Acoust. 111, 179-187. https://doi.org/
10.1016/j.apacoust.2016.04.021.

Monteiro, S., Martins, J., Magalhaes, F.D., Carvalho, L., 2019. Low density wood
particleboards bonded with starch foam—study of production process conditions.
Materials 12, 1975. https://doi.org/10.3390/mal2121975.

Monteiro, S., Nunes, L., Martins, J., Magalhaes, F.D., Carvalho, L., 2020. Low-density
cardoon (Cynara cardunculus L.) particleboards bound with potato starch-based
adhesive. Polymers 12, 1-16. https://doi.org/10.3390/polym12081799.

Ng, C.W.,, Yip, M.W., Lai, Y.C., 2018. The study on the effects of sodium silicate on
particleboard made from sugarcane bagasse. Mater. Sci. Forum 911, 66-70. MSF.
https://doi.org/10.4028/www.scientific.net/MSF.911.66.

Nguyen, D.M., Grillet, A., Diep, T.M.H., Bui, Q., Woloszyn, M., 2020. Characterization of
hygrothermal insulating biomaterials modified by inorganic adsorbents. Heat Mass
Tran. 56, 2473-2485. https://doi.org/10.1007/s00231-020-02873-2.

Nistratov, A.V., Klimenko, N.N., Pustynnikov, L.V., Vu, L.K., 2022. Thermal regeneration
and reuse of carbon and glass fibers from waste composites. Emerging Science
Journal 6, 967-984. https://doi.org/10.28991/ESJ-2022-06-05-04.

Nunes, L., Cintura, E., Parracha, J.L., Fernandes, B., Silva, V., Faria, P., 2021. Cement-
bonded particleboards with banana pseudostem waste: physical performance and
bio-susceptibility. Infrastructure 6, 86. https://doi.org/10.3390/
infrastructures6060086.

Nunes, L., Réh, R., Barbu, M.C., Walker, P., Thomson, A., Maskell, D., Knapic, S.,
Bajraktari, A., Greef, J.M., Brischke, C., Mansour, E., Ormondroyd, G.A.,

Teppand, T., Palumbo, M., Lacasta, A.M., 2017. Nonwood bio-based materials. In:
Performance of Bio-Based Building Materials. Elsevier, pp. 97-186. https://doi.org/
10.1016/B978-0-08-100982-6.00003-3.

Othmani, C., Taktak, M., Zain, A., Hantati, T., Dauchez, N., Elnady, T., Fakhfakh, T.,
Haddar, M., 2017. Acoustic characterization of a porous absorber based on recycled
sugarcane wastes. Appl. Acoust. 120, 90-97. https://doi.org/10.1016/j.
apacoust.2017.01.010.

Owodunni, A.A., Lamaming, J., Hashim, R., Taiwo, O.F.A., Hussin, M.H., Mohamad
Kassim, M.H., Bustami, Y., Sulaiman, O., Amini, M.H.M., Hiziroglu, S., 2020.
Adhesive application on particleboard from natural fibers: a review. Polym. Compos.
41, 4448-4460. https://doi.org/10.1002/pc.25749.

Ozilgen, M., Ozdemir, M., 2001. A review on grain and nut deterioration and design of
the dryers for safe storage with special reference to Turkish hazelnuts. Crit. Rev.
Food Sci. Nutr. 41, 95-132. https://doi.org/10.1080/20014091091779.

Palumbo, M., Lacasta, A.M., Navarro, A., Giraldo, M.P., Lesar, B., 2017. Improvement of
fire reaction and mould growth resistance of a new bio-based thermal insulation
material. Construct. Build. Mater. 139, 531-539. https://doi.org/10.1016/j.
conbuildmat.2016.11.020.

Park, J.H., Kang, Y., Lee, J., Chang, S.J., Wi, S., Kim, S., 2019. Development of wood-lime
boards as building materials improving thermal and moisture performance based on
hygrothermal behavior evaluation. Construct. Build. Mater. 204, 576-585. https://
doi.org/10.1016/j.conbuildmat.2019.01.139.

Pina dos Santos, C., Matias, L., 2006. ITE 50. Coeficientes de transmissao térmica de
elementos da envolvente dos edifiicios. LNEC.

Platt, S.L., Walker, P., Maskell, D., Shea, A., Bacoup, F., Mahieu, A., Zmamou, H.,
Gattin, R., 2023. Sustainable bio & waste resources for thermal insulation of
buildings. Construct. Build. Mater. 366, 130030 https://doi.org/10.1016/j.
conbuildmat.2022.130030.

Posani, M., Veiga, M.D.R., de Freitas, V.P., 2019. Towards resilience and sustainability
for historic buildings: a review of envelope retrofit possibilities and a discussion on
hygric compatibility of thermal insulations. Int. J. Architect. Herit. 15, 807-823.
https://doi.org/10.1080/15583058.2019.1650133.

Posani, M., Veiga, R., de Freitas, V.P., 2023a. Thermal renders for traditional and historic
masonry walls: comparative study and recommendations for hygric compatibility.
Build. Environ. 228, 109737 https://doi.org/10.1016/j.buildenv.2022.109737.

Posani, M., Veiga, R., de Freitas, V.P., 2022. Thermal mortar-based insulation solutions
for historic walls: an extensive hygrothermal characterization of materials and
systems. Construct. Build. Mater. 315, 125640 https://doi.org/10.1016/j.
conbuildmat.2021.125640.

Posani, M., Veiga, R., Freitas, V., 2023b. Post-Insulating traditional massive walls in
Southern Europe: a moderate thermal resistance can be more effective than you
think. Energy Build. 295, 113299 https://doi.org/10.1016/j.enbuild.2023.113299.

Ramos, A., Briga-Sa, A., Pereira, S., Correia, M., Pinto, J., Bentes, 1., Teixeira, C.A., 2021.
Thermal performance and life cycle assessment of corn cob particleboards. J. Build.
Eng. 44, 102998 https://doi.org/10.1016/j.jobe.2021.102998.

Ranesi, A., Posani, M., Veiga, R., Faria, P., 2022. A discussion on winter indoor
hygrothermal conditions and hygroscopic behaviour of plasters in southern europe.
Infrastructure 7, 38. https://doi.org/10.3390/infrastructures7030038.

Ratiarisoa, R.V., Magniont, C., Ginestet, S., Oms, C., Escadeillas, G., 2016. Assessment of
distilled lavender stalks as bioaggregate for building materials: hygrothermal
properties, mechanical performance and chemical interactions with mineral
pozzolanic binder. Construct. Build. Mater. 124, 801-815. https://doi.org/10.1016/
j.conbuildmat.2016.08.011.

Ratsimbazafy, H.H., Laborel-Préneron, A., Magniont, C., Evon, P., 2021. A review of the
multi-physical characteristics of plant aggregates and their effects on the properties
of plant-based concrete. Recent Progress in Materials 3. https://doi.org/10.21926/
pm.2102026.

16

Journal of Cleaner Production 434 (2024) 140297

Ricciardi, P., Belloni, E., Merli, F., Buratti, C., 2021. Sustainable panels made with
industrial and agricultural waste: thermal and environmental critical analysis of the
experimental results. Appl. Sci. 11, 494. https://doi.org/10.3390/app11020494.

Rode, C., Peuhkuri, R.H., Mortensen, L.H., Hansen, K.K., Time, B., Gustavsen, A.,
Ojanen, T., Ahonen, J., Svennberg, K., Arfvidsson, Jesper TotalRode, C., Peuhkuri, R.
H., Mortensen, L.H., Hansen, K.K., Time, B., Gustavsen, A., Ojanen, T., Ahonen, J.,
Svennberg, K., Arfvidsson, J.T., 2005. Moisture Buffering of Building Materials
Department of Civil Engineering Technical University of Denmark. Technical
University of Denmark, Department of Civil Engineering.

Romano, A., Bras, A., Grammatikos, S., Shaw, A., Riley, M., 2019. Dynamic behaviour of
bio-based and recycled materials for indoor environmental comfort. Construct.
Build. Mater. 211, 730-743. https://doi.org/10.1016/j.conbuildmat.2019.02.126.

Rubino, C., Liuzzi, S., Stefanizzi, P., Martellotta, F., 2023. Characterization of sustainable
building materials obtained from textile waste: from laboratory prototypes to real-
world manufacturing processes. J. Clean. Prod. 390, 136098 https://doi.org/
10.1016/j.jclepro.2023.136098.

Salasinska, K., Ryszkowska, J., 2012. Natural fibre composites from polyethylene waste
and hazelnut shell: dimensional stability, physical, mechanical and thermal
properties. Compos. Interfac. 19, 321-332. https://doi.org/10.1080/
15685543.2012.726156.

Sam-Brew, S., Smith, G.D., 2015. Flax and Hemp fiber-reinforced particleboard. Ind.
Crop. Prod. 77, 940-948. https://doi.org/10.1016/j.indcrop.2015.09.079.

Sambucci, M., Valente, M., 2021. Influence of waste tire rubber particles size on the
microstructural, mechanical, and acoustic insulation properties of 3D-printable
cement mortars. Civil Engineering Journal 7, 937-952. https://doi.org/10.28991/
cej-2021-03091701.

Sanjay, M.R., Madhu, P., Jawaid, M., Senthamaraikannan, P., Senthil, S., Pradeep, S.,
2018. Characterization and properties of natural fiber polymer composites: a
comprehensive review. J. Clean. Prod. 172, 566-581. https://doi.org/10.1016/j.
jclepro.2017.10.101.

Santos, T., Nunes, L., Faria, P., 2017. Production of eco-efficient earth-based plasters:
influence of composition on physical performance and bio-susceptibility. J. Clean.
Prod. 167, 55-67. https://doi.org/10.1016/j.jclepro.2017.08.131.

Savio, L., Pennacchio, R., Patrucco, A., Manni, V., Bosia, D., 2022. Natural fibre
insulation materials: use of textile and agri-food waste in a circular economy
perspective. Materials Circular Economy 4, 6. https://doi.org/10.1007/542824-021-
00043-1.

Simoes, N., Fino, R., Tadeu, A., 2019. Uncoated medium density expanded cork boards
for building facades and roofs: mechanical, hygrothermal and durability
characterization. Construct. Build. Mater. 200, 447-464. https://doi.org/10.1016/j.
conbuildmat.2018.12.116.

Solt, P., Konnerth, J., Gindl-Altmutter, W., Kantner, W., Moser, J., Mitter, R., van
Herwijnen, H.W.G., 2019. Technological performance of formaldehyde-free
adhesive alternatives for particleboard industry. Int. J. Adhesion Adhes. 94, 99-131.
https://doi.org/10.1016/j.ijadhadh.2019.04.007.

Song, L., Liu, W., Xin, F., Li, Y., 2021. Study of adhesion properties and mechanism of
sodium silicate binder reinforced with silicate fume. Int. J. Adhesion Adhes. 106,
102820 https://doi.org/10.1016/j.ijadhadh.2021.102820.

Stefanowski, B.K., Curling, S.F., Ormondroyd, G.A., 2017. A rapid screening method to
determine the susceptibility of bio-based construction and insulation products to
mould growth. Int. Biodeterior. Biodegrad. 116, 124-132. https://doi.org/10.1016/
j.ibiod.2016.10.025.

Tartaro, A.S., Mata, T.M., Martins, A.A., Esteves da Silva, J.C.G., 2017. Carbon footprint
of the insulation cork board. J. Clean. Prod. 143, 925-932. https://doi.org/10.1016/
j.jclepro.2016.12.028.

Tobon, A.M., Andres, Y., Locoge, N., 2020. Impacts of test methods on the assessment of
insulation materials’ resistance against moulds. Build. Environ. 179, 106963 https://
doi.org/10.1016/j.buildenv.2020.106963.

Treu, A., Nunes, L., Larngy, E., 2020. Macrobiological degradation of esterified wood
with sorbitol and citric acid. Forests 11, 776. https://doi.org/10.3390/f11070776.

Trobiani Di Canto, J.A., Malfait, W.J., Wernery, J., 2023. Turning waste into insulation —
a new sustainable thermal insulation board based on wheat bran and banana peels.
Build. Environ. 5, 110740 https://doi.org/10.1016/j.buildenv.2023.110740.

UNI 11842:2021, 2021. Bamboo - Determination of the Physical and Mechanical
Properties of Bamboo Culms. Italian National Unification.

Vandenbossche, V., Rigal, L., Saiah, R., Perrin, B., 2012. New agro-materials with
thermal insulation properties. Proceedings of the 18th International Sunflower
Conference 949-954.

Viel, M., Collet, F., Lanos, C., 2019. Development and characterization of thermal
insulation materials from renewable resources. Construct. Build. Mater. 214,
685-697. https://doi.org/10.1016/j.conbuildmat.2019.04.139.

Viel, M., Collet, F., Lanos, C., 2017. Thermal insulation materials from renewable
resources : thermal and hygric performances. In: International Conference of Bio-
Based Building Materials, pp. 443-450.

Voronina, V., Horoshenkov, K., 2004. Acoustic properties of unconsolidated granular
mixes. Appl. Acoust. 65, 673-691. https://doi.org/10.1016/j.apacoust.2003.12.002.

Vrtodusi¢, R., Ivi¢, D., Jemri¢, T., Vukovi¢, M., 2022. Hazelnut postharvest technology: a
review. J. Cent. Eur. Agric. 23, 423-454. https://doi.org/10.5513/JCEA01/
23.2.3493.

Yiiksel, N., 2016. The review of some commonly used methods and techniques to
measure the thermal conductivity of insulation materials. In: Insulation Materials in
Context of Sustainability. InTech, p. 13. https://doi.org/10.5772/64157.


https://doi.org/10.1016/j.apacoust.2016.04.021
https://doi.org/10.1016/j.apacoust.2016.04.021
https://doi.org/10.3390/ma12121975
https://doi.org/10.3390/polym12081799
https://doi.org/10.4028/www.scientific.net/MSF.911.66
https://doi.org/10.1007/s00231-020-02873-2
https://doi.org/10.28991/ESJ-2022-06-05-04
https://doi.org/10.3390/infrastructures6060086
https://doi.org/10.3390/infrastructures6060086
https://doi.org/10.1016/B978-0-08-100982-6.00003-3
https://doi.org/10.1016/B978-0-08-100982-6.00003-3
https://doi.org/10.1016/j.apacoust.2017.01.010
https://doi.org/10.1016/j.apacoust.2017.01.010
https://doi.org/10.1002/pc.25749
https://doi.org/10.1080/20014091091779
https://doi.org/10.1016/j.conbuildmat.2016.11.020
https://doi.org/10.1016/j.conbuildmat.2016.11.020
https://doi.org/10.1016/j.conbuildmat.2019.01.139
https://doi.org/10.1016/j.conbuildmat.2019.01.139
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref102
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref102
https://doi.org/10.1016/j.conbuildmat.2022.130030
https://doi.org/10.1016/j.conbuildmat.2022.130030
https://doi.org/10.1080/15583058.2019.1650133
https://doi.org/10.1016/j.buildenv.2022.109737
https://doi.org/10.1016/j.conbuildmat.2021.125640
https://doi.org/10.1016/j.conbuildmat.2021.125640
https://doi.org/10.1016/j.enbuild.2023.113299
https://doi.org/10.1016/j.jobe.2021.102998
https://doi.org/10.3390/infrastructures7030038
https://doi.org/10.1016/j.conbuildmat.2016.08.011
https://doi.org/10.1016/j.conbuildmat.2016.08.011
https://doi.org/10.21926/rpm.2102026
https://doi.org/10.21926/rpm.2102026
https://doi.org/10.3390/app11020494
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref113
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref113
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref113
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref113
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref113
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref113
https://doi.org/10.1016/j.conbuildmat.2019.02.126
https://doi.org/10.1016/j.jclepro.2023.136098
https://doi.org/10.1016/j.jclepro.2023.136098
https://doi.org/10.1080/15685543.2012.726156
https://doi.org/10.1080/15685543.2012.726156
https://doi.org/10.1016/j.indcrop.2015.09.079
https://doi.org/10.28991/cej-2021-03091701
https://doi.org/10.28991/cej-2021-03091701
https://doi.org/10.1016/j.jclepro.2017.10.101
https://doi.org/10.1016/j.jclepro.2017.10.101
https://doi.org/10.1016/j.jclepro.2017.08.131
https://doi.org/10.1007/s42824-021-00043-1
https://doi.org/10.1007/s42824-021-00043-1
https://doi.org/10.1016/j.conbuildmat.2018.12.116
https://doi.org/10.1016/j.conbuildmat.2018.12.116
https://doi.org/10.1016/j.ijadhadh.2019.04.007
https://doi.org/10.1016/j.ijadhadh.2021.102820
https://doi.org/10.1016/j.ibiod.2016.10.025
https://doi.org/10.1016/j.ibiod.2016.10.025
https://doi.org/10.1016/j.jclepro.2016.12.028
https://doi.org/10.1016/j.jclepro.2016.12.028
https://doi.org/10.1016/j.buildenv.2020.106963
https://doi.org/10.1016/j.buildenv.2020.106963
https://doi.org/10.3390/f11070776
https://doi.org/10.1016/j.buildenv.2023.110740
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref130
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref130
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref131
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref131
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref131
https://doi.org/10.1016/j.conbuildmat.2019.04.139
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref133
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref133
http://refhub.elsevier.com/S0959-6526(23)04455-4/sref133
https://doi.org/10.1016/j.apacoust.2003.12.002
https://doi.org/10.5513/JCEA01/23.2.3493
https://doi.org/10.5513/JCEA01/23.2.3493
https://doi.org/10.5772/64157

	A feasible re-use of an agro-industrial by-product: Hazelnut shells as high-mass bio-aggregate in boards for indoor applica ...
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.1.1 Bio-aggregate
	2.1.2 Adhesive

	2.2 Samples production
	2.3 Test methods
	2.3.1 Visual observation
	2.3.2 Apparent density and thermal properties
	2.3.3 Hygroscopicity and moisture buffering value
	2.3.4 Acoustic properties
	2.3.5 Flexural strength
	2.3.6 Compressive strength


	3 Results
	3.1 Visual observation
	3.2 Apparent density and thermal properties
	3.3 Hygroscopicity and moisture buffering value
	3.4 Acoustic properties
	3.5 Flexural strength
	3.6 Compressive strength

	4 Discussion
	4.1 Main findings of the present study
	4.2 Comparison with other studies about high-mass panels and boards
	4.3 Implication and explanation of findings
	4.4 Strengths and limitations
	4.5 Recommendations and future studies

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


