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Abstract

Reusing textile waste in building applications has the potential to reduce the environmental
impact of two sectors considered the main sources of environmental pollution: the textile and
the construction industries. Thus, the main goal of the present research study is to assess the
potential conversion of wool waste into new raw materials suitable for building components.
Hence, hygrothermal, acoustic and non-acoustic properties of nonwovens consisting of 100%
wool waste fibers thermally bonded with polyester/copolyester bi-component fibers were
explored. Five different density values (51, 90, 115, 136 and 167 kg/m?®) were examined.
Absorption coefficients ranging from 0.7 to almost 1 were measured above 1 kHz using 50
mm thick samples; thermal conductivity values from 0.044 to 0.057 W/(m-K) were obtained
and a water vapour permeability close to 2:10"'! kg/(m-s-Pa) was found. Furthermore, a
comparison between nonwovens under test and other previously experimented materials was
carried out. Measurement results showed that the manufacturing processes mainly affected the
sound absorption coefficients and the hygric properties of the fibrous nonwovens.
Comparison between tested materials and those currently available on the market allows to
state that the tested nonwovens may represent a valid alternative for building applications,

thus opening a new research area.

Keywords: textile waste recycling, bicomponent fibers as binder, thermal insulator, acoustic

absorber.
c specific heat capacity Jkg'K
d specimen thickness m
e mean absolute error of the sound absorption coefficients -
D thermal diffusivity m?/s
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s shape factor -
o sound absorption coefficient -
) water vapour permeability kg/m-s-Pa
€ porosity -
A thermal conductivity W/m-K
A/A° characteristic length ratio -
7 water vapour resistance factor -
Phbulk bulk density kg/m?
Pe volumetric heat capacity J/m3-K
Prrue true density kg/m?
o air flow resistivity kN-s/m*
T tortuosity -

values obtained using the inverse method
D&B values obtained using the Delany-Bazley method
JCA values obtained using the Johnson-Champoux-Allard method

1. INTRODUCTION

Reusing and recycling waste materials represents an excellent opportunity to support a
circular economy model in a society where resources are on the downgrade (Balador et al.,
2020). Several waste (i.e. textiles) have not profitable recycling, despite their potential
(Danihelova et al., 2019). The Circular Economy Package (Circular Economy Package, 2018)
was adopted by the European community with the aim to impose the waste separation by
2025. Despite the policy measures, the implementation of circular economy in textile
industries of some EU Member States is still very limited mainly due to the low economic
viability (Leal Filho et al., 2019). Thus, an alternative solution to disposal could be the
inclusion of waste into a new additional market, applying an open-loop recycling system
(Payne, 2015). According to Muthu et al., (2012a), the market price of recycled fibers is
generally lower than that of virgin ones (i.e. the ratio of the price of the recycled wool fibers
versus that of virgin ones was 0.17), encouraging the possible investors in the use of textile
cutoffs as secondary raw materials. Similar incentives might be applied in terms of cost of
disposal. In fact, the present study was carried out in collaboration with a private company for
which the cost of pre-consumer textile disposal (which is considered a special waste) was

70% higher than that of ordinary municipal waste.



Furthermore, the use of waste as new raw materials decreases the need for non-renewable
resources. In fact, new synthetic fibers originated from petrochemicals are responsible for
carbon dioxide emissions, but also vegetal and animal fibers (i.e. cotton or wool) generate
environmental pollution due to the large use of land, water, fertilizers and pesticides (Sandin
and Peters, 2018). Sandin et al., 2019 estimated that the greenhouse gas emissions associated
with wool fibers production ranges from 1.7 kg CO> to 36.2 kg CO» equivalents per kg fibers.
Differences in gas emissions for the production of wool could be affected by geographical
location changes (Gowane et al., 2017). According to Muthu et al., (2012a), recycling and
reuse practices may have environmental benefits resulting in about 16 kWh of energy saved
for each kilogram of wool, but Muthu et al., (2012b) estimated the need to recycle at least
75% of pre-consumer waste to obtain a significant lowering of the carbon footprint of a textile
product.

Considering the good thermal and acoustic performance expected from fibrous building
materials, the textiles by-products represent a secondary opportunity to be used as new raw
materials for the production of high efficiency building composites. In this way, it was
possible to reduce the environmental effects of the construction phase which represent one of
the most impacting phases of the life cycle of a building, consuming 30% of natural virgin
resources (Bilal et al., 2020). Consumption of resources can be reduced by applying the
circular economy principles and promoting more resource efficient methods to produce
construction components (Munaro et al., 2020).

The production of textile building materials can be achieved using the fabrics directly,
without converting them into fibers (i.e. direct methods); or converting the fabrics into fibers
to form batting webs which are tied together by chemically gluing, mechanically entangling,
or thermally bonding techniques (i.e. nonwovens). In terms of fabrication of nonwovens for
building applications the number of systematic studies investigating hygro-thermal and/or
acoustical properties is quite limited. Lee and Joo (2003) used low melting-point polyester to
bond polyester waste fibers creating building nonwovens. El Wazna et al., (2019) produced
textile waste nonwovens with promising thermal insulation properties (i.e. thermal
conductivity values lower than 0.04 W/(m-K). Baccouch et al., (2020) investigated the
acoustic properties of cotton, polyester and cotton/polyester nonwovens, obtaining a sound
absorption coefficient higher than 0.4 above 500 Hz. A decrease of the acoustic performances
(i.e. sound absorption coefficient lower than 0.2 above 500 Hz) was observed after blending

nonwovens in epoxy resin. More systematic studies on this field are certainly lacking, while



many other types of waste have been used in combination with the different bonding

techniques.

When dealing with the chemical binding method, several studies can be found in
consequence of the fact that it is the easiest process as it only involves the application of
binder dispersions followed by the curing and drying of the impregnated fibers (Wilson,
2006). By properly choosing the strength of the binder, different materials have been used to
provide the fibrous matrix needed to ensure good thermal and acoustic performance. Khan et
al., (2017) studied the acoustic properties of innovative materials made from recycled tyres
mixed with different percentages of bio-binder. Recently, the use of vegetable fibers as matrix
for building materials has become one of the trending research topic. Martellotta et al., (2018)
and Liuzzi et al., (2020) investigated the use of olive tree-pruning waste to produce innovative
panels with good hygrothermal and acoustic performances. Stefan de Carvalho et al., (2020),
proposed the use of different sizes of sunflower residues mixed with plaster and sodium
benzoate in order to obtain sustainable panels. One of the main issues of the sustainable
materials can be considered by the scarce load-bearing performance (Nakanishi et al., 2018).
A common issue with chemically bonded materials is represented by nature and amount of the
binder which can clearly influence the porosity of the samples (and hence the properties
depending on it), mechanical resistance, without neglecting the environmental impact of the

binder, which is not always negligible.

From this point of view, a better alternative might be the needle-punching technique. It
consists in a repeated penetration of barbed needles trough a preformed dry fibrous web
(Anand et al., 2006). Materials with different density values could be produced controlling the
density of the final products by varying the needle penetration depth (Muthukumar et al.,
2017). Thus, panels with higher density showed better load-bearing properties, whereas
materials with less density values favored acoustic absorption and thermal insulation (Cerkez

etal., 2017).

The thermal bonding method involves the use of “base” fibers included in a polymer matrix
working as “binder”. A carefully chosen mix of base and binder fibers is heated to melt the
thermoplastic polymer and, then is cooled to solidify the bonding area. According to
Pourmohammadi, (2006), the thermal bonding technique could be considered more

economically attractive than chemical one because involved more energy savings as a



consequence of less water evaporation during bonding. Several authors (Hittini et al., 2019;
Zhang et al., 2020) included waste materials in the polymer matrix to produce innovative
building components. According to Islam and Bhat (2019), when thermoplastic fibers are
used to bond cellulosic polymers, adopting a working temperature lower than that of
degradation of cellulosic matrix is an important strategy. Ramamoorthy et al., (2014),
analyzing different methods for recycling cotton/PET fabrics to produce building composites,
found that the addition of plasticizers allows to lower the melting temperature of PET and to

bind the cotton fibers without damaging their chemical structure.

A different solution consisted in the use of copolyester/polyester bi-component fibers as
thermoplastic matrix. The bi-component fibers are defined as “extruding two polymers from
the same spinneret with both polymers contained within the same filament” (Avcioglu
Kalebek and Babaarslan, 2016). The two polymers can be extruded with different cross-
section shapes in order to obtain several configurations i.e. core/shell, side by side, or island
in the sea. Celikel and Babaarslan, (2017) tested the acoustic properties of mats composed by
spun bonded layers produced with bi-component fibers having two different cross-sections
(i.e. round and trilobal). During heating, one polymer works as low melting component and
softens to form the bond; while the other works as higher melting component maintains its
shape and its structural integrity (Mochizuki and Matsunaga, 2016). To this purpose, the bi-
component fibers are usually applied for self-bonding in nonwoven composites with the aim
of using lower molding temperatures than the usual thermal molding process (Naeimirad et al,
2018). Drochytka et al., (2017) used bi-component fibers to bind polyester waste fibers
producing building nonwovens with thermal and acoustic performances comparable to
mineral rock wool panels. Samples with three different density values (65, 80, 95 kg/m?) were
produced and a thermal conductivity less than 0.06 W/(m-K) was measured. A sound
absorption depending on bulk density was observed in higher frequency range between 1000

and 1600 Hz.

Given the limited number of systematic studies on the use of textile waste to produce
building materials with thermally insulating and sound absorbing properties, the present
research aims at investigating the benefits of thermal bonding to produce textile nonwoven
materials. A matrix of copolyester/polyester (Co-PET/PET) bi-component fibers were mixed
and carded with 100% wool waste fibers to obtain innovative building composites. Several

samples with different bulk density values were manufactured and their hygrothermal and
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acoustic performances were tested. Finally, the experimental results were used to compare
physical properties among different innovative materials previously tested (Rubino et al.,
2019a; 2019b). The materials chosen for comparison were prepared using chitosan and gum
Arabic binders to bond 100% wool waste fibers. Furthermore, a statistical analysis was
carried out in order to study how the manufacturing processes could have affected the

hygrothermal and acoustic performances of the final products.

2. Materials

2.1 Raw materials

Wool fibers, 100% recycled, obtained by scouring and carding tailored cuttings produced
by the Italian clothing company Gordon Confezioni srl. (Apulia, Italy) were used as base
fibers, whereas a copolyester/polyester (Co PET/PET) sheath-core bi-component fiber was
used as received, as a thermoplastic matrix. A standard poly (ethylene terephthalate) (PET)
fiber (ISO 105-F4) was used to compare with the bi-component one. A microstructure
analysis was carried out by using a Scanning Electron Microscope ZEISS, model ULTRA 55,
in order to characterize the morphology of the two types of tested fibers. Fig. 1a shows the
outermost layer of the wool fibers, highlighting their typical scaly surface. After the scrubbing
and carding actions, the edges of the scales tend to be curved favoring the entanglement of the
fibers (Tridico, 2009). Fig. 1b shows the SEM images of the cross section detail of the bi-
component fibers allowing to clearly distinguish two different layers which prove the sheath-
core structure of the cross section of the binder fibers. The fibers were cut after freezing in
liquid nitrogen for a few minutes in order to reduce the possibility of deformation when they

were broken. All fractured surfaces were sputter-coated with gold before testing.

(b)



Fig. 1. Scaly outermost layer of the wool fibers at 2000X (a) and cross section of the Co-
PET/PET bi-component fibers at 2000X (b).

A Differential Scanning Calorimetry (DSC) analysis was performed in order to
characterize the thermal behaviour of the base and binder fibers. The aim was to choose the
suitable working temperature to press the samples while avoiding the decomposition of the
natural polymer and ensuring the melting of the synthetic ones. The analysis was carried out
by using a DSC 1 Star System Mettler Toledo device, according to ISO 11357-1, (2016).
Accurately weighted samples (2 mg each) were placed into aluminum pans and then crimped
closed. A small hole was done on the top of the assembly in order to allow the release of
water. An empty aluminum pan was used as a reference. During the experiments, the samples
were heated from 30 °C to 350 °C for the bi-component fibers, and from 30 °C to 500 °C for
the wool fibers. The temperature was increased at a heating rate of 30 °C/min and nitrogen
was used as the purge gas at 50 ml/min.

Fig. 2 shows the DSC curve of wool in which two endothermic processes could be
appreciated. The first endothermic process was approximately observed from 106 °C to 132
°C, with a peak temperature of 115 °C. It could be explained by the vaporization of the water
as a consequence of the increasing temperature (Zargarkazemi et al., 2015). A second
endothermic heat transfer was observed from about 253 °C to 426 °C. According to
(Forouharshad et al., 2011), this baseline shift was related to a-keratin denaturation which
involved the cleavage of the helical hydrogen bonds and the melting of the ordered regions of
the wool. During this process, the breakdown of the disulfide bonds also occurred, causing the

release of numerous volatiles i.e. hydrogen sulfide and sulfur dioxide.
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Fig. 2. DSC curve of 100% wool fibers obtained using nitrogen at 50 ml/min as purge gas.



The DSC curve of the synthetic fibers (Fig. 3) showed two endothermic baseline shifts
which proved the presence of the two polymers. According to (Brydon and Pourmohammadi,
2006), the crystallites of the polyester melt at about 250 °C. Thus, it can be concluded that the
first peak of the curve around 70 °C corresponded to the melting temperature of the
copolyester polymer and the second peak around 253 °C was the melting temperature of the

polyester.

-4 Integral -5,16md
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- Endset 7377 °C
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Fig. 3. DSC curve of copolyester/polyester sheath-core bi-component fibers obtained using

nitrogen at 50 ml/min as purge gas.

The melting point at around 70 °C is a low temperature for a polyester fiber, and it can be
thought to be due to water presence on the fiber, similarly to wool. Polyester is a hydrophobic
fiber and the moisture content will be lower than wool. However, the CoPET/PET analysis
shows the peak centered at around 70 °C and ends before 75 °C. This makes us think it is not
due to moisture but to the copolymer presence. PET melting temperature is centered around
255 °C, and even if 70 °C might seem to be too low for a polyester, it has been demonstrated
that polymers such as poly (ethylene sebacate) have a melting temperature centered around
69.5 °C (Wunderlich, 1980).

Bi-component fibers are focused on the purpose of melting at reduced temperatures so to
avoid side effects such as yellowing, on the other fibers due to the temperature treatment. In
order to confirm the fiber composition, the Fourier Transform Infrared Spectrum (FTIR)
analysis was conducted. Fig. 4 shows the FTIR spectra for wool, CoPET/PET fiber and a
standard PET (Poly-ethylene terephthalate). Samples were scanned with resolution of 4 cm’!,

256 scans, at a range 400 to 4000 cm™ using a JASCO FTIR 4700 equipped with an



Attenuated Total Reflectance (ATR). It can be clearly appreciated the difference between

wool and polyesters. However, when the focus is placed on polyester, only slight differences

can be observed between CoPET/PET fiber and a standard PET. Those alterations when

compared to polyester spectrum may be attributed to the differences due to the new monomer

included to obtain the copolymer CoPET.
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Fig. 4. FTIR analysis applied to the wool, PET and CoPET/PET fibers.

In Table 1, the difference between wool and polyesters, centered mainly in the bands showed

in, is reported.

Table 1. Frequencies and assignments of bands identified in the FTIR spectra for PET and wool.

Frequency (cm™')

Assigment

Fibre

508

1096
1120
1242
1515
1638
1717
2874
3290

S-S Stretching vibration
-C-O- vibration

-C-O- vibration

-C-O- vibration

-NH

-NH

-C=0 stretching vibration
-CHo- stretching vibration
-NH

Wool (Wojciechowska et al. 2004, Pielesz et al., 2003)
PET (Lietal. 2004, Bozaci et al., 2012)

Wool and PET (Li et al. 2004, Bozaci et al., 2012)
PET (Lietal. 2004, Bozaci et al., 2012)

Wool (Wojciechowska et al. 2004, Pielesz et al., 2003)
Wool (Wojciechowska et al. 2004, Pielesz et al., 2003)
PET (Li et al. 2004, Bozaci et al., 2012)

Wool and PET (Li et al. 2004, Bozaci et al., 2012)
Wool (Wojciechowska et al. 2004, Pielesz et al., 2003)

Wool characteristic structure is the cysteine S-S bond; the S-S stretching vibration shows a

characteristic band in the region 560-480 cm™ (Wojciechowska et al., 2004). The N-H group,

also characteristic from wool, can also be appreciated on the bands around 3290 cm™', 1638

cm and 1515 cm! (Pielesz et al., 2003). Whereas the most characteristic peaks for PET are

centered around 2874 cm™! due to -CHz- groups; 1717 cm™ due to carbonyl, C=0 stretching
vibration; 1242, 1120 and 1096 cm™ are due to C-O vibration, and the ones between 900- 640



cm’! which are the characteristic ones for benzene rings (Li and Ding, 2007; Zhang et al.,

2008; Ozdogan et al., 2012).
2.2 Preparation of samples

Wool and bi-component fibers were thermally bonded to produce nonwoven materials. The
compression molding technique was carried out by means of a hydraulic press built by Dupra
SL company. The device was optimized by adjusting concentric metal cylinders on the two
pressing plates (Fig. 5a). In detail, a hollow cylinder working as mold was fixed on the lower
plate and another solid cylinder working as press was hooked on the upper plate. Molds with
four different diameters (i.e. 10, 6 ,4 and 3 cm) were used in order to prepare samples with
adequate sizes for testing the hygrothermal, acoustic and non-acoustic properties of the
materials.

Defined proportions of wool and bi-component fibers were uniformly mixed, after being
carded together. Then, several samples were prepared casting the fibrous blend in the
cylindrical mold and pressing it by lowering the top plate up to a chosen height (5 cm for
samples used to test the thermal, acoustic and non-acoustic properties and 1 cm for samples
prepared to test the hygric properties). The fiber dosing of each specimen was controlled in
terms of density. Five types of composites (subsequently referred as “BICO”) with a bulk
density prur respectively equal to 51, 90, 115, 136 and 167 kg/m> were manufactured. The
aim was to analyze the effects of such variations on sample porosity and, consequently, on the
hygrothermal and acoustic performance of the final products.

The binder fibers content was chosen after producing samples having a fixed bulk density
(0.51 kg/m®) and bi-component fibers variable between 15 and 50% in mass. The percentage
of 20% in mass was finally selected as it offered the best balance between porous structure
and compactness of the skeleton.

As a consequence of the DSC results (Fig. 2-3), a temperature of 100 °C was chosen as
working temperature. In this way, the best combination of the two synthetic polymers
behaviors was performed. The compression molding process was applied for 1 hour, then the

samples were cooled at environmental conditions.

3. Methods

3.1 Thermal properties



The thermal insulation properties of the BICO samples were experimentally investigated
by means of the transient plane source device Isomet 2104 (Applied Precision Ltd). Two
cylindrical specimens (5 c¢m thick and having a 10 cm diameter) for each type of material
were tested placing the probe in two points of each sample surface and then assuming the
average value as result. The tests were carried out at laboratory conditions of 21+2 °C and
45+5% RH. Thermal conductivity 4, thermal diffusivity D, and volumetric heat capacity p.
were provided from the analysis of the temperature response of the material as a consequence
of the heat flow impulses induced by the resistor of the probe. The specific heat capacity ¢

was calculated from the measured volumetric heat capacity and bulk density.

3.2 Hygric properties

The water vapour diffusion behaviour of the BICO samples was determined according to
the EN 12086 (2013). The dry cup method was followed. Thus, two cylindrical samples for
each type of material (1 cm thick and having a 10 cm diameter) were sealed on the top of
PVC cups in which a relative humidity of 0+4% was set by using a calcium chloride
desiccant. The assemblies were then conditioned in the Angelantoni DY340 climatic chamber
(Fig. 5b) at relative humidity of 50% and 23 °C and were daily weighed by a Mettler Toledo
PB3002 (£0.01 g accuracy). The mass variations of the cups were recorded until weigh
stabilization and the mass rate change G was determined by plotting mass gain as function of
time. This was in order to calculate the water vapour permeance W which represents the
ability of the different materials to transfer moisture due to a vapour pressure gradient AP

between the two specimen faces.

W =G/(A-AP) [1]

where 4 is the exposed area of the sample.
Thus, the water vapour permeability ¢ and the water vapour diffusion resistance factor u,
which are the commonly properties used to characterize the hygric behaviour of a building

materials, were calculated as follows:



where d is the sample thickness and dai- is the water vapour permeability of air.

(b)

Fig. 5. Hydraulic press used for compressing molding technique (a), sample conditioned in the

climatic chamber for hygric measurements (b).

3.3 Non-acoustic properties

The open porosity (¢) was measured by a ULTRAPYC 1200-e¢ Quantachrome Helium gas
Pycnometer. During the measurement, the helium penetrated the smallest pores of the sample
providing the value pswe of its true density. The psuwe and ppui ratio was used to determine the
open porosity ¢ of the investigated samples. Two cylindrical samples (5 cm thick and having a
4 cm diameter) were tested for each type of material.

Tortuosity is usually defined as the square of the ratio of actual flow path length to the
straight distance between the ends of the flow path (Bear, 1988). The tortuosity 7 of the
studied materials was directly determined according to the Brown’s method (Brown, 1980).
Two samples (5 cm thick and having a 4 cm diameter) were tested for each density value, in
order to evaluate how the arrangement of the pores influenced the path of a fluid through the
different materials. The electrical resistivity of a BICO sample saturated of 10% CuSO4
solution was determined after applying it an electrical current with a voltage variable from 1
to 8 voltage. The electrical resistivity of the conducting fluid was also calculated. The ratio
between the two electrical resistivities was used to obtain the tortuosity values.

The air flow resistance o, of the investigated materials was experimentally evaluated
according to the method proposed by Ingard and Dear, 1985. The measurement set up
consisted in two methacrylate tubes of 4 cm inner diameter and 85 cm long, between which

the tested sample was adjusted. The tube had two different terminations: a 5 cm loudspeaker



(Visaton FRS 5) with a frequency response spanning from 150 Hz to 20 kHz at one end and a
rigid termination made by 5 cm thick methacrylate at the other end. The pressure drop of the
fluid flow through the sample was extrapolated by acoustic measurements carried out using
two microphones (Core Sound) with a flat frequency response from 20 Hz to 20 kHz and
properly calibrated in amplitude and phase. The microphones were excited using an
exponential sine sweep and located in front of the sample and in front of the rigid termination

end. All the processing was repeated for two samples for each type of material.

3.4 Acoustic properties

The normal incidence sound absorption coefficients a were measured by means of a
BSWA SW 260 two microphones impedance tube. It consisted of two parts: a tube with built-
in loud speaker and a sample holder. According to ISO 10534-2, (1998), the transfer function
method was performed to acquire the pressures produced by the sound source at two fixed
microphones positions on the tube wall. The combination of measurement results derived
from two different tube configurations (of different diameters and length) allowed to obtain
the absorption coefficients in a wide frequency range (125 Hz — 6300 Hz). The first
configuration considered the use of a tube with a 6 cm inner diameter of which used two
different microphone spacing equal to 17 cm and 4.5 cm, respectively characterized by a low
frequency limit of 800 and 2500 Hz. The second configuration involved replacing the sample
holder with a 3 cm diameter extension. In this case, the microphone spacing was 2.25 cm
resulting in a frequency range spanning between 800 Hz and 6300 Hz. Four samples 5 cm
thick, two 6 cm e two 4 cm in diameter, were tested for each density value at laboratory
conditions (21+2 °C). All processing was controlled by a VA-Lab IMP® software which

played a 30 s unfiltered white noise signal.

3.5 Theoretical models

The measured sound absorption coefficients were compared with those predicted by the
theoretical models. The empirical model proposed by Delany and Bazley (D&B) (Delany and
Bazley, 1970) and the phenomenological model developed by Johnson, Champoux, and
Allard (JCA) (Johnson et al.,1987; Allard and Champoux, 1992) were considered. The D&B
model expresses the characteristic impedance and the wavenumber with simple power-law
needing only the air flow resistivity o (i.e. the air flow resistance per unit thickness) as input.

More physical parameters were required to feed the JCA model which needed porosity e,



tortuosity 7z, viscous and thermal characteristic lengths 4 and A’, and shape factor s, in
addition to air flow resistivity. A more extensive explanation of the meaning of the physical
parameters lays beyond the scope of this paper, therefore readers are referred to the original
paper (Allard and Champoux, 1992) or textbooks (Cox and D’ Antonio, 2004).

As it was impossible to measure all of the input parameters required by JCA model, an
inverse method (Atalla and Panneton, 2005) was used to estimate the missing ones. Taking
advantage of measured absorption coefficients, the values of the missing physical properties
(i.e. viscous and thermal lengths ratio and shape factor) and of the directly measured ones
(porosity, tortuosity and air flow resistivity), were determined by means of optimization
techniques. A search algorithm was developed using the Matlab® software, in order to find
the set of parameters which allowed the best match between measurements and predictions.
The algorithm explored properties which were not measurable over the entire range of
possible values, while for measured parameters the range chosen considering their average
values and taking into account their uncertainty. As the porosity and tortuosity were
characterized by very low uncertainty, their measured values were directly used as input data
of the JCA model, allowing to speed up calculations. All the remaining input parameters,
including air flow resistivity, which showed significant variations during measurements, were
consequently estimated by the search algorithm. The air flow resistivity values resulting from
the inverse method were also used to feed the Delany-Bazley model in order to get the best fit

between measured and predicted absorption coefficients curves.

4. Materials chosen for comparison

The measurement results of BICO samples were finally compared with innovative
materials obtained by binding similar 100% wool waste fibers with chitosan and gum Arabic
solutions. Chitosan and gum Arabic based wool samples (respectively referred as CH and GA
samples), whose thermal and acoustic behaviour were widely discussed in previously
published works (Rubino et al., 2019a; 2019b), were further investigated in terms of hygric
performances. The aim was to analyze the possible effects of the thermal and chemical
manufactured process on the hygrothermal, acoustic and non-acoustic properties of the final
nonwoven composites.

Cylindrical specimens (1 cm thick and having a 10 cm diameter) were made taking care to
get final products with physical properties similar to those of the materials previously

investigated (Rubino et al., 2019a; 2019b). Wool waste tailored cuttings belonging to the



same batch used to prepare the original samples (Rubino et al., 2019a; 2019b) were
transformed into wool batting and uniformly mixed with chitosan and gum Arabic solutions,

as outlined in Table 2.

Table 2. Details of the CH and GA samples (Rubino et al., 2019a; 2019b) used for the

comparison with BICO samples.

Sample Density Composition

CH samples CH-1_197 kg/m?
CH-2_145 kg/m?
CH-3 122 kg/m?
CH-4 80 kg/m®

40% wool fibrous matrix and 60% binder
chitosan solution (15 g chitosan dissolved
in 1000 g of water + 0.05 g of acetic acid)

GA samples GA-1_177 kg/m’ 40% wool fibrous matrix and 60% binder
GA-2 143 kg/m® gum arabic solution (200 g chitosan
GA-3 93 kg/m’ dissolved in 1000 g of water)

The fibers soaked in binder were casted in cylindrical molds and the blends dosing of each
specimen was controlled by volume with a given density. Finally, the samples were dried in
oven at 100 °C for one hour. CH samples with a density of 197, 145, 122 and 80 kg/m? and
GA samples with a density of 177, 143 and 93 kg/m> were composed and tested with the same

methodology described in Section 3.4.

5. Results and discussion

5.1 Morphological analysis

Fig. 6 shows the SEM images of the BICO samples obtained after applying the
compression molding technique. The figure 6 highlights that the investigated materials
consisted of an entanglement of wool and bi-component fibers with a random distribution.
The result was a porous network in which the surface scale pattern distinguished the wool
fibers from the smooth surface of the man-made polymers. Furthermore, it can be appreciated
that the Co-PET/PET polymer were not completely melted and bonding points among fibers
were obtained. Consequently, a high void fraction in the microstructure of the final product

was preserved.



(b)
Fig. 6. SEM images of BICO nonwoven materials at 150X (a) and 500X (b).

SEM images were analyzed using a Matlab® script and a population of 300 wool fibers was
chosen in order to determine a distribution of their diameters. As shown in the bar chart in
Fig. 7, fiber diameters ranged from 8 to 34 pm (with a mean value of 19 um and a standard
deviation of 7 pm). The diameters distribution of the bi-component fibers was also analyzed.
They were characterized by a nearly constant diameter around of 22 pum as a consequence of
their fabrication process. Although the mean diameters values of the wool and PET/CoPET
fibers were very close, their distribution allowed to obtain high porous structure with positive

effects on the hygrothermal and acoustic performances.

Occurences

8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 34
Fiber diameter [um]

Fig. 7. Distribution of diameters of wool fibers. In red is reported the average fiber diameter

value.

5.2 Hygrothermal properties

Table 3 summarizes the result of the thermal measurements for the materials produced
using a Co-PET/PET fiber as binder. The experimental mean values of thermal conductivity,

thermal diffusivity and specific heat capacity are given together with their measurement



uncertainty expressed as the standard deviation of the mean (GUM, 2008). The results
achieved could be considered satisfactory, being in agreement with those obtained for bio-
based insulating materials with similar density values, like panels made from hemp fibers and
shives bonded with bi-component fibers (1=0.044-+0.048 W/(m-K), prux=33.1+111.6 kg/m?)
or PLA (1=0.037+0.040 W/(m-K), ppux=40+100 kg/m*) and boards produced using a liquid
glass to bind moss, rye straw and reed (1=0.037+0.056 W/(m-'K), prux=156+191 kg/m?)
(Korjenic et al. 2016, Kremensas et al., 2017, Bakatovich et al., 2019). The experimental
thermal conductivity values were also similar to those of thermal insulators based on mineral
fibers (1=0.054+0.048 W/(m'K), ppux=40+150 kg/m?), cork (1=0.043 W/(m-K),
pouk=110+160 kg/m?) or perlite (1=0.048 W/(m-K), prux=80+120 kg/m*) (UNI 10351, 2015).

Table 3. Thermal properties of all tested materials by varying their density values psux: mean
values of thermal conductivity A, thermal diffusivity D, specific heat capacity ¢ and their

standard deviation of the mean.

Tested materials poak [kg/m®]  A[W/(m-K)]  DJ[107m?%s] ¢ [J/(kg'K)]
BICO-1 1676  0.057+0.0008 1.83+0.003 1863+22
BICO-2 1361 0.054+0.0004 1.86+0.001 2148+6
BICO-3 1151  0.052+0.0002 1.85+£0.002 2459+7
BICO-4 90+2 0.050+0.0003 2.00+0.004 2770+10
BICO-5 511 0.044+0.0004 2.46+0.010 3544+13

In Fig. 8 a linear correlation between conductivity and density can be noted for all the
compared materials. A regression analysis was performed to evaluate the statistical
significance of the linear relationship between A and ppux. For this reason, assuming a
significance level @ = 0.05 and the relevant number of observations »n for BICO, CH and GA
samples (ng;co = 5, ncy = 4 and ngy = 3), a hypothesis test of the slope of the regression
lines f was applied using the Student’s ¢ distribution (Ortiz et al., 2009). The comparison
between the statistic absolute values Zcac and the associated critical ones tq /5 (n—2) (With n-2
degrees of freedom) was carried out to test the null hypothesis f = 0 versus the alternative
one 5 # 0. The t.u. values computed for BICO, CH and GA samples were respectively 13.58,
26.82 and 29.89; while the associated critical values t.2 ,-2) were 4.18, 6.21 and 25.45. Being
|tcaic| > tas2,(n—2) for each type of material, the null hypothesis was rejected at significance
level a. Thus, a statistically significantly linear correlation between the independent variable

poulk and the dependent variable A was found for the three types of materials.
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Fig. 8. Thermal conductivity 4 vs. bulk density psux for samples produced using bi-
component fibers and chitosan and gum Arabic solution as binder. Dashed curves represent

confidence intervals at 95%.

Following the previous analysis, Fig. 8 also shows, in addition to regression lines, the
corresponding 95% confidence intervals plotted as the upper and lower dotted lines. These
confidence regions were useful in establishing the accuracy of the estimated regression lines.
A narrow range of the confidence region was found for BICO and CH samples, while for GA
it was quite larger. This was clearly influenced by the greater number of observations n for
BICO and CH materials than for GA.

Statistical methods were used to verify whether the rate of change of 4 was the same when
data sets of different materials were compared. As a first approximation, a comparison
between CH and GA samples suggested a thermal conductivity of CH samples about 7%
lower than that of the same-density GA samples (Rubino et al., 2019b). The slopes of the
regression lines estimated for CH and GA samples were then compared and the null
hypothesis fcy = Bea Was verified applying the Student t-test, with ¢ = 0.05 (Ortiz et al.,
2009). The statistic 7. absolute value was 1.36 and resulted to be less than the critical one
tas2,mey+nga—a) = 4-18. Thus, the null hypothesis was accepted at significance level a and
the slope fcu and fcs4 were considered comparable, meaning that in statistical terms the two
slopes should be considered the same.

Assuming fBcy = Pga, the CH samples were chosen to compare the materials prepared
using Co-PET/PET fiber as binder and those produced using bio-binders. The null hypothesis
Bcu = Brico was tested at significance level a = 0.05. Being t., = 1.20 lower than
tas2,(mep+npico—4) = 3-16, even in this case the null hypothesis was accepted and the slopes

of the regression lines of BICO, CH and GA samples were considered comparable. As a



consequence of comparable f parameters, the changes in the bulk densities of the three types
of materials affected thermal conductivity values in the same way, regardless of the different
fabrication techniques.
The result of the statistical tests could be expected due to the similar porosity values shown by
the compared materials. As will be better explained in Section 5.3, the molding process and
the chemical binding technique used to interlock together the wool fibers, produced several
groups of samples with a void fraction close to 90%. A fibrous material can be considered as
a two-component system, i.e. solid and gas medium, and its thermal conductivity is the result
of the heat transfer through these two phases (Gong et al., 2014). The air entrapped within the
pores affects the thermal behaviour of a fibrous material more than the fibrous matrix,
because of its thermal conductivity coefficient with an order of magnitude lower than that of
the solid matrix. Thus, being the porosity value exhibited by the same-density BICO, CH, and
GA samples close to 0.9, the three materials showed comparable 4 values and similar rate of
variation.

The properties which characterize the hygric behaviour of the BICO, CH and GA

nonwovens are shown in Table 4.

Table 4. Hygric properties of tested BICO, CH and GA materials by
varying their density values pou: mean values of water vapour
permeability ¢ and water vapour resistance factor u expressed with the

standard deviation of the mean.

Tested i

materials Phbulk [kg/m3] 01011 [kg/(m-s-Pa)] wi-1
BICO-1 167+6 1.90+0.08 10.3+£0.4
BICO-2 1361 2.154+0.68 9.1+£2.9
BICO-3 115+1 2.20+0.27 8.9+1.1
BICO-4 90+2 2.00+0.53 9.842.6
BICO-5 51+1 2.20+0.17 8.9+0.7
CH-1 19742 2.67+0.26 7.4+0.7
CH-2 14542 2.324+0.33 8.5+1.2
CH-3 12241 2.56+0.23 7.8+0.7
CH-4 80+1 2.4440.08 8.0+0.3
GA-1 17743 2.3240.12 8.5+0.4
GA-2 14342 2.27+0.16 8.6£0.6
GA-3 93+1 2.5240.26 7.840.8

The water vapour permeability 0 and the water vapour resistance factor u are given as

mean values of experimental results together with measurement uncertainty expressed as the



standard deviation of the mean value (GUM, 2008). The hygric results were compared with
those obtained for construction materials characterized by similar density values. The BICO
samples showed u coefficients in agreement with sustainable insulators based on natural
materials as wood (1£=9.06, prux=117 kg/m?) or cork (u=5+10, prux=100+220 kg/m?) (Cetiner
et al., 2018, Pfundstein, 2008) and with felts produced from mineral rocks (u=12,
Poutk=40+150 kg/m?) (UNI 10351, 2015).

In Fig. 9, the distribution of the water vapour permeability values as a function of the bulk
density for BICO samples is compared with that for CH and GA samples. For the three types
of materials the coefficient of determination R, less than 0.7 for each sample, showed a non-
significant linear correlation existing between the independent variable ppux and the
dependent variable 6. Similar result was further proved by applying a hypothesis test to
compare the slope parameter S of the three regression lines. Particularly, the Student’s t-test
(Ortiz et al., 2009) was performed to verify the null hypothesis § = 0 at significance level
a = 0.05. The statistic #cuc absolute values computed for BICO, CH and GA samples were
respectively 2.14, 0.84 and 1.46; whereas the associated ty,, n-2) values were respectively

4.18, 6.21 and 25.45. The |tcai| values resulted to be less than t,/; (n—2) ones; thus the null

hypothesis was rejected in support of the alternative one f # 0. Consequently, no statistically
significant relationship was found between ppux and 6 whatever the material considered and,

in any case, the relations were substantially the same for each subset of values.
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Fig. 9. Water vapour permeability ¢ vs. bulk density psu for samples produced using bi-
component fibers, chitosan and gum Arabic solution as binder. The solid lines represent the

regression lines.



Therefore, in order to better investigate the hygric behaviour of BICO samples and to

compare it with that of CH and GA ones, the mean values of the distribution of the three data

sets 0 were compared. Assuming 6g;co, Ocy and 84 as the average values of the J data sets
of BICO, CH and GA samples, a two samples Student’s t-test (Andrade and Estévez-Pérez,
2014) was applied to study whether the difference among the three values could be
statistically zero. First, the null hypothesis 8.5 — 854 = 0 was tested at significance level a =
0.05. Since |teqic| = 1.13 was less than tg /o (ney+nga—2) = 316, the null hypothesis was
accepted and the magnitude of the difference between the two mean values was assumed
statistically insignificant. As a consequence, CH and GA samples were considered belonging

to the same group of materials characterized by a mean water vapour permeability value

5CH+GA =244 x 10_11 kg/(m S Pa) Finally, the null hypOtheSiS 5CH+GA - 5BIC0 =0
was tested at significance level a = 0.05. Being |t 4| = 2.68 greater than

ta/2,(menrcatnpico—2) = 2-63, the null hypothesis was rejected, although the difference

between the ¢ values was marginal. Therefore, the two means Scy4c4 = 2.44 X 107 11kg/(m -
s-Pa) and 8g;co = 2.16 X 107 1'kg/(m - s - Pa) were assumed as different, concluding that
the samples with bicomponent fibers and natural solutions as binder belong to different
groups of materials, although by a statistically marginal amount. The difference between the
two mean values § was a consequence of the effects of the thermal and chemical
manufacturing process on the tortuosity values of the final products. In fact, the geometry of
the pores plays an important role in describing the water vapour transfer in fibrous building
materials (Collet et al, 2011). As will be widely discussed in the next Section 5.3, the BICO
samples showed higher tortuosity values than the CH and GA ones, allowing a more complex
vapour flow path and consequently a lower water vapour permeability.

A box plot (Fig. 10) was used to provide a visual summary of the distribution of ¢ data sets
of the two groups of materials; i.e. nonwovens obtained using Co-PET/PET fiber as binder
and nonwovens prepared with chitosan and gum Arabic binding solutions. As it can be
observed, the distribution of the observations belonging to the two sub-sets presents a certain
overlapping. However, according to statistical tests mean values can be nonetheless

considered as independent.
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5.3 Non-acoustic properties

As anticipated in Section 3.5, although the non-acoustic parameters of BICO samples were
experimentally measured, the inverse method was also used to estimate them. Table 5 outlines
the non-acoustic properties resulting from the measurements and the inverse acoustic
characterization; the latter are marked with a star. The mean values of porosity, tortuosity and
air flow resistivity are reported together with their measurement uncertainty expressed as the

standard deviation of the mean (GUM, 2008).

Table 5. Non-acoustic properties of BICO samples resulting from the experimental
measurements: mean values of porosity ¢, tortuosity r and air flow resistivity o expressed with
the standard deviation of the mean. The values of 4/4’*, s* and ¢* respectively represent the
characteristic length ratio, the shape factor and the flow resistivity determined with the

inverse method.

Tested

. BICO-1 BICO-2 BICO-3 BICO-4 BICO-5
materials
Pouk [kg/m?] 167+6 136+1 115+1 90+2 51+1
e[-] 0.884+0.0005  0.90+0.0006 0.91+0.0003 0.93+0.0004 0.95+0.0008
7[-] 2.55+1.17 1.82+0.81 2.16+0.37 1.09+0.11 1.32+0.66
o [kN-s/m*] 76.8+16.8 69.4+10.7 59.3+10.5 44.9+12.0 23.6+2.2
o* [kN-s/m*] 86.0 54.1 48.6 33.2 234
s*[-] 1.35 1.32 1.95 1.40 1.50

NN *[-] 1.00 1.00 1.00 1.00 1.20




The characteristic physical parameters determined only with the inverse method (i.e. the
characteristic lengths ratio 4/4° and the shape factor s) are also shown.

The measured porosity values ¢ varied in the 0.88-0.96 range (depending on the sample),
proving the open structure observed by SEM (Fig. 6). These results were similar to those
observed for CH and GA samples which showed a porosity varying respectively from 0.86 to
0.94 and from 0.87 to 0.93.

With reference to tortuosity, most theoretical formulations (Matyka et al., 2008; Koponen
et al., 1997) express the 7 value as a function of the porosity only, even though the tortuosity
of a porous media depends on the shape of the pores and their interaction, in addition to the
voids volume fraction (Pisani, 2011). Although samples under test should have a tortuosity
value close to the unity complying with the idea of a fibrous structure (Willie and Spangles,
1952), some significant difference could be observed among their measured tortuosity values.
In fact, Table 5 showed that the tortuosity values 7 directly measured for BICO samples varied
from 1.09 to 2.55. Conversely, CH samples were characterized by t values slightly higher
than one (7 varied from 1.11 to 1.23). Such results suggested that the different process used to
produce the materials could largely affect the geometric complexity of their fibrous
microstructure. Likely, when the wool batting was soaked in the chitosan solution and then
squeezed, the air trapped in the voids was eliminated and the fibers tended to align. Therefore,
samples with a network of pores interconnected following a preferential direction were
obtained. Conversely, the richly entangled microstructure resulting from wool carding was
better preserved when bi-component fibers were hot molded.

As it can be observed in Table 5, the percent difference between ¢ and ¢* values varied
from about 1% for sample BICO-5 to 26% for sample BICO-4. In Fig. 11, the measured and
the “inverse” air flow resistivity values of BICO samples resulted higher than the ¢ values
measured for CH and GA samples. Such result could be explained by the tortuosity
measurements. In fact, higher tortuosity values measured for BICO samples implied more

intricate flow paths, resulting in less air permeability.
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The experimental results obtained for non-acoustic properties of the BICO samples were in
agreement with those of building materials with similar density values although with
completely different structure. Mati-Baouche et al. (2016) showed that sustainable composites
produced from sunflowers stalks bonded with chitosan had a bulk density of 186 kg/m’, a
porosity of 0.86, and a tortuosity of about two, similar to investigated fibrous nonwovens.

Additionally, a comparable air flow resistivity value of 41.8 kN-s/m* was observed.
5.4 Acoustic properties

Fig. 12 plots the mean sound absorption coefficients values resulting from the impedance
tube measurements for BICO nonwovens. As it can be seen, the acoustic behaviour of the
samples changed according to their air flow resistivity values, providing sound absorption
curves with different trends. The BICO-1 sample, having ¢* = 86.0 kN-s/m*, exhibited a
sound absorption curve without evident peaks due to its high air flow resistivity value which
reflected the low air permeability of the material. Conversely, the sample BICO-5 showed a
o* = 23.4 kN-s/m*, proving to be more permeable to air and showing a sound absorption
curve with a peak moving towards medium and high frequencies, while its absorption in the
low frequency range became weaker than BICO-1. The remaining samples, characterized by
o* value between 86.0 and 23.4 kN-s/m*, showed intermediate acoustic behaviours between
that of BICO-1 and BICO-5 samples.

The BICO-4 sample, having o* = 33.2 kN-s/m*, exhibited a behaviour similar to that of
BICO-5, with sound absorption coefficients which sharply increased at medium and high

frequencies. However, some differences in the location of the first peak of the two materials



could be noticed. For BICO-4, the first peak appeared at 1000 Hz, with a rising up to almost
0.9; while for sample BICO-5 the first peak appeared at 1250 Hz, with « rising up to almost
the unity.

At the same frequencies, lower sound absorption properties were observed for the samples
BICO-2 and BICO-3 which exhibited a coefficients almost overlapped at all frequencies as a
consequence of their comparable o* values (i.e. 54.1 kN-s/m* for BICO-2 and 48.6 kN-s/m*
for BICO-3). For both samples, a was equal to about 0.8 at 1000 Hz and just over 0.8 at 1250
Hz. The sound absorption coefficients trend of the samples BICO-2 and BICO-3 could be
considered similar to that of BICO-1 sample due to their sound absorption curves shifted
towards low frequencies, with a values higher than BICO-4 and BICO-5 samples up to 400
Hz. However, starting from 500 Hz, the sound absorption coefficients of the BICO-2 and
BICO-3 samples were about 0.1 higher than BICO-1 sample, without showing evident peaks.
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Fig. 12. Mean measured normal incidence sound absorption coefficients of BICO samples.

The acoustic behaviour of the investigated BICO samples was then discussed by
comparing the sound absorption curve resulting from the impedance tube measurements with
values predicted by Delany-Bazley and Johnson—Champoux—Allard theoretical models.

Following the previously described determination of the non-acoustic parameters
according to both direct measurement and inverse method, the subsequent discussion was
referred to predictions based on the “optimized” parameters and, for comparison purposes, on

the measured values of flow resistivity which is the only parameter used by D&B model. The



absolute error expressed as a mean value of the absolute difference between the sound
absorption coefficients predicted by the theoretical models and those resulting from the
experimental measurements was used to test the accuracy of the predicted sound absorption
curves.

As previously mentioned in Section 3.5, JCA models was fed using the directly measured
values of porosity ¢ and tortuosity z; while the values of the characteristic physical properties
(A/A7* and s*) and the air flow resistivity o* were estimated by the inverse algorithm.

Taking into account the D&B model, the “inverse” value of the air flow resistivity was used.

Table 6 shows the mean absolute errors (ep«s and escs) of the sound absorption
coefficients when the measured air flow resistivity values were used to fed the JCA and D&B
models and the mean absolute errors (epgs™ and ejc4*) obtained using the estimated air flow
resistivity values. As it can be observed, the use of optimization techniques allowed to

significantly reduce the error values ep«s and ejca.

Table 6. The mean absolute errors ep&s and ejcs of the sound absorption
coefficients when the measured air flow resistivity values are used to fed the
JCA and D&B models and the mean absolute errors epgs™ and ejc4* obtained

using the estimated air flow resistivity values in the JCA and D&B.

Tested materials ep&s [-] ep&s™ [-] ejca [-] esca™ [-]
BICO-1 0.0345 0.0475 0.0297 0.0186
BICO-2 0.0870 0.0564 0.0494 0.0273
BICO-3 0.0686 0.0468 0.0480 0.0292
BICO-4 0.0600 0.0464 0.0465 0.0267
BICO-5 0.0323 0.0325 0.0161 0.0159

Fig. 13a compares measured and predicted sound absorption coefficients of BICO-1
samples. The comparison with the theoretical curves pointed out that the D&B empirical
model gave rise to significant discrepancies, despite the o* value was used to implement the
model. On the contrary, the JCA model almost perfectly predicted the trend of the
experimental absorption coefficients of the sample.

A similar result was observed when the experimental and the theoretical sound absorption
curves of the samples BICO-2 and BICO-3 were compared (Fig. 13b). The JCA model
predicted the measured values of the two materials better than the D&B one. Although
significant discrepancies appeared from 250 Hz to 400 Hz, the phenomenological model
allowed a rather precise estimation of the absorption coefficients fluctuations starting from

800 Hz.



Fig. 13c¢ plots the acoustic behaviours of the samples BICO-4 and BICO-5. It can be noted
that the phenomenological approach allowed a rather good estimation of first peak location,
its maximum-minimum fluctuations and values of absorption coefficients for both materials.
However, slightly larger discrepancies between measurements and predictions could be
appreciated for BICO-4 sample in the medium frequencies range from 250 to 500 Hz, where
the JCA model slightly underestimated the measured absorption coefficients. D&B model
predicted the acoustic behaviour of both BICO-4 and BICO-5 samples better than of the
remaining three materials. Possibly, this occurs because BICO-4 and BICO-5 were the only
samples having air flow resistivity lower than 50 kN-s/m*, which is the upper limit for a safe

application of the empirical model.
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Fig. 13. Comparison between mean measured normal incidence sound absorption coefficients
and those predicted by the D&B and JCA model for BICO-1 sample (a), BICO-2 and BICO-3
samples (b) and BICO-4 and BICO-5 samples (c)

Finally, measured sound absorption curves of BICO samples were compared with those
measured for CH and GA samples, in order to provide a complete analysis of the possible
effects of the manufacturing processes on the sound absorption behaviour of the fibrous
materials (Fig. 14). Samples having similar air flow resistivity values were compared. Thus,
BICO-1 and BICO-4 samples were not taken into account in the comparison because of their
air flow resistivity largely different from those characterizing the CH and GA samples.

In Fig. 14a, BICO-2 and CH-1 samples are compared. Although the ppuix value of BICO-2
sample was about 31% lower than that of CH-1, the two materials showed comparable air
flow resistivity values, differing by about 15%. Similar air flow resistivity properties could be
explained due to the tortuosity value measured for BICO-2 material which was higher than
that measured for CH-1 (z was 1.82 for BICO-2 materials and 1.23 for CH-1). The high 7

value resulted in a more intricate microscopic air flow paths for the BICO-2 sample than CH-



1, allowing to obtain materials with similar air flow resistivity values, regardless of their
different bulk densities.

In Fig. 14b, BICO-3 sample is compared with CH-2 and GA-1 ones. The BICO-3 material

showed an air flow resistivity value about of 5% lower than CH-2, while being 21% lighter.
This could be explained, again, because of the tortuosity value which was 2.16 for BICO-3
sample and 1.11 for CH-2 sample. The high 7 value increased the air flow permeability of
BICO-3 sample, allowing to obtain a material with the same sound absorption behaviour of
CH-2 one, although a lower bulk density value.
Similar considerations could be made for the analysis of BICO-3 and GA-1 samples, but no
direct measure of tortuosity was available for GA samples. Nonetheless, BICO-3 sample
showed an air flow resistivity value about 8% higher than GA-1 sample, although its density
value was about 35% lower.

Fig. 14c displays the sound absorption curves measured for BICO-5 and GA-2 samples,
having air flow resistivity values differing by only 2% and bulk density values differing by
64%. As it can be seen, BICO-4 and GA-2 materials showed measured sound absorption
curves almost perfectly overlapping up to 630 Hz. At 1250 Hz, the first peak of BICO-5
sample appeared with a raising up to almost the unity, whereas the GA-2 sample showed an o

value of 0.9, likely because of the higher density.
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Fig. 14. Comparison between mean normal incidence sound absorption coefficients measured
for BICO-2 and CH-1samples (a), BICO-3, CH-2 and GA-1 samples (b) and BICO-5 and
GA-2 samples (c)



6. Discussion and limitations

Based on the achieved experimental thermal results, all the investigated materials could be
considered a good solution to limit the heat exchange between outdoors and indoors of
buildings, providing a suitable internal comfort and reducing the energy consumption and
emissions associated to HVAC systems. Comparison with commercially available products
and other experimental materials investigated in other researches proved that performances
are perfectly in line and, in some cases, even better. Consequently, the investigated materials
had a high potential as non-structural panels for thermal insulation and sound absorption of
internal and external walls in civil and industrial applications.

Among the possible restrictions in the use of the proposed sustainable panels, even though
mechanical properties will be better investigated in subsequent researches, it is easily
predictable that low density panels might not be self-bearing and should be carefully handled,
being preferably used to fill air gaps. In general, wool is known for its ability to absorb and
release water vapor, but direct contact with liquid water should be avoided. In fact, although
wool is impermeable to small amounts of water, its thermal performance could be negatively
affected. The durability of materials (i.e. the presence of toxic species into the building
components) is also an important issue for assessing their performance and, consequently, the
quality of a building (Bennacer et al., 2016). Fungi and moulds could decay the performances
of building materials and affect indoor air quality. Although at this stage of our research the
antimicrobial behaviour of the investigated materials was not directly studied, literature
researches provides convincing arguments in favor of their durability. In fact, wool fibers
represent a suitable raw material to avoid the attack by biological agents such as mildew
(Tridico, 2009). The wool-polyester combination supports the antimicrobial behaviour of the
building components by the inherent resistance of synthetic fibers to micro-organism
proliferation. Trajkovi¢ et al. (2016) observed that no ageing and no loss of mass took place
on polyester waste materials. With reference to chemically bonded samples, Elinwa (2018)
and Mohamed et al., (2020) confirmed the capacity of gum Arabic to improve physical and
mechanical properties of the cement binders and the improvement of the durability and the
resistance to the acid attack. Ahmed (2018) demonstrated that the antibacterial property of
tannins in the gum Arabic plant. Also the chitosan has been revived due to its antimicrobial
action (Bakshi et al. 2020, Vinod et al. 2020) in different application fields (i.e. food, medical,

textile, agriculture).



Another issue that might raise some concerns is the end-of-life behavior of the proposed
samples. Although the disposal of samples made with bi-component fibers as binders may
seem more problematic than that of the samples made with sustainable solutions of chitosan
and gum Arabic, the treatment of mixed fibers is not a new issue. Nowadays, the most part of
fabrics are blends of synthetic and natural fibers. The presence of non-biodegradable synthetic
materials makes the decomposition of natural fibers more difficult, favoring the landfilled or
the incineration of the textile waste (Pensupa, 2020). However, the possible reuse of textile
waste made of mixed fibers to produce industrial wipes or filling materials may represent a
significant advantage in terms of use of virgin materials and environmental impact, even if
compared to incineration (Schmidt et al.2016). Obviously, to make the recovery of textile
waste really effective, it would be necessary to recycle the fibers separately (Ostlund et al.,
2017). From this point of view Yousef et al. (2020), tested an ecofriendly hydrophilicity
solvent to separate polyester from cotton in jeans fabrics, proving a significant reduction of
1448 kg CO2 equivalents per ton of waste than usual approaches (i.e. landfilled and
incineration). A similar recycling technique could be applicable to solve the end-of-life issue
of all products made with different types of fibers, even if they do not find direct application
in the textile field.

7. Conclusions

The present paper investigated the possibility to reprocess 100% wool cutoffs in secondary
raw materials for the production of building nonwovens, using polyester/copolyester bi-
component fibers as binder. Building panels with different density values were analyzed from
different perspectives and their hygric, thermal and acoustic behaviours were compared with
those of composite materials produced using similar raw materials, but chitosan and gum
Arabic solutions as binders. The main findings were:

e statistical analysis proved that changes in the bulk densities of the three different types
of materials affected in the same way their thermal conductivity values. On the contrary,
the technique followed to produce the nonwoven (with or without binders) affected pore
microstructure with consequent implications on the sound absorption and water vapour
diffusion properties;

e all the materials exhibited suitable thermal properties (i.e. thermal conductivity less

than 0.06 W/(m-K)) to be used as thermal insulation panels;



e all materials, apart from samples with the highest density, showed good sound
absorption coefficients as high as 0.7 at frequencies from 500 Hz on;

e the mean values of water vapour permeability resulted to be 2.441 - 10" 1'kg/(m- s -
Pa) for samples produced using natural solutions as binder agents, and 2.155 -
10~1'kg/(m - s - Pa) for samples using bi-component binder fibers; the two values
were in agreement with the current construction standards.

In the light of the above mentioned results, the proposed materials might be conveniently
used to fill air gaps in masonry walls, or as internal finishing (including also acoustic
benefits).

From an environmental point of view, the reprocessing of textile cutoffs in secondary raw
materials allowed to divert waste from landfills and incineration, reducing the use of virgin
resources. However, further investigations are under way in order to define the environmental
and the economic effects of the two different nonwoven techniques. Furthermore, a life cycle
assessment of the three types of binding agents used (i.e. chitosan and gum Arabic solutions

and bicomponent fibers) is under way to better clarify which solution is more eco-friendly.
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