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In the textile sector, fabrics produce waste from the earliest stages of production,
particularly during the garment manufacturing process. The reuse of these materials as by-
product to create innovative building materials could be a solution to reduce the
environmental impact and to limit the waste disposal costs. The use of chitosan as a natural
binder was investigated in order to obtain more easily recyclable materials with a lower
environmental impact. The physical and thermal performances were tested, studying the
correlation between porosity and thermal parameters. The experimental thermal
conductivity range was between 0.049 and 0.06 W-m™-K™%. Results proved the possibility
to produce sustainable thermal insulation materials with performances comparable to
conventional building products. Heat transfer through fibrous materials involves combined
modes of heat transfer (conduction, convection, radiation) through the different phases
(solid and gas): conduction in the solid and gas phase, and convection and radiative transfer
through the gas phase. This paper focuses on the development and validation of a physical
model for effective thermal conductivity in highly porous fibrous materials like wool panels
with natural binder. If compared to the models currently available in the literature, the
proposed model shows an improved correlation with the experimental data for the materials

of interest.

1. INTRODUCTION

With the increasing demand of indoor comfort, the
improvement of the thermal insulation of buildings is
becoming the most effective way to get the reduction of heat
losses through envelopes [1]. Buildings insulation is
commonly realized using materials obtained from
petrochemicals (polystyrene), or manufacturing processes
which do not satisfy environmental sustainability (rock wool
or glass wool) [2]. These materials cause negative impacts on
the environment since their production stage (i.e. emissions
during the raw material extraction or the manufacturing
processes), up to their disposal stage, with several issues
related to their reusing or recycling at the end of their life [3].
The growing awareness that the Earth has limited ability to
absorb the impacts of human activities, encouraged several
researchers to develop sustainable building materials by
renewable energy sources and recycled raw materials [4]. The
ecological properties of thermal insulating building products
play an important role for architects and engineers in the
selection process. The integration of eco-friendly materials in
the building envelope has become the main passive
prerequisite for ensuring indoor thermal comfort [5].

The reuse of waste generated from agricultural and
industrial production activities offers an opportunity to both
minimize the detrimental impacts of the construction sector on
the environment, and the disposal-related issues [6].

Several researches on sustainable building insulation
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investigated on wastes originating from agricultural sector as
natural raw resources in composite materials. Liuzzi et al. [7]
showed the excellent hygrothermal performances of earthen
plaster prepared by mixing clay and straw. Baccilieri et al. [8]
studied the thermal performances of biocompatible insulating
materials obtained from lime mixed with agricultural waste.
In recent decades, the use of textile waste in building
materials has been gaining popularity due to the increase in
their production following an escalation in consumptions [9].
Several authors have found that building composites produced
from recycled textile materials have high thermal properties,
are durable and environmentally friendly compared to the
conventional ones. El Wazna et al. [10] and Patnaik et al. [11],
provided a promising solution for buildings insulation based
on needle punched nonwoven materials developed
respectively from wool and acrylic waste or wool and
polyester waste. The thermal insulation properties of these
materials were measured in terms of the thermal conductivity
and it was demonstrated that both type of mats could be
considered suitable alternatives to traditional ones. Trajkovi¢
et al. [12] focused on using polyester waste derived from the
cutting processes of clothing industry to develop innovative
panels usable as indoor and roofing insulation materials.
Whatever the manufacture process, textile composite
materials are porous materials consisting of a solid matrix with
an interconnected void. This structure determines their
generally good heat transport properties [13]. The
determination of the effective thermal conductivity of porous



materials is very complex because it is dependent not only on
the porosity, but also on the macroscopic structure of the
materials. As a matter of fact, the way the solid components
are connected developing a three-dimensional shape plays an
important role [14]. The effective thermal conductivity of
fibrous materials is the result of three modes of heat transfer:
conduction in the solid and gaseous phase, convection in the
gas, and radiation [15]. Tiliuoa et al. [16] carried out a thermal
characterization of a fibrous insulation material made from
recycled textile waste clothing for building applications. For
the radiative properties evaluation, they adopted the inverse
method based on the experimental measurements of
hemispherical reflectance and transmittance. Schiavoni et al.
[17] reported a state of the art of insulating materials used in
the building sector comparing thermal performances, reaction
to fire, and environmental properties. Tugnoli et al. [18]
developed a physical model to calculate the effective thermal
conductivity of fibrous fireproofing materials in typical
operative conditions.

The present study investigates innovative insulating
materials produced from textile waste of 100 % Merino wool
with a chitosan binder solution. One of the main advantages of
wool over synthetic fibers is its biodegradability. In fact,
natural fibers, thanks to their high nitrogen content, can
decompose in about a year. In addition, the use of an organic
binder like chitosan defines an even greener recycling process
which makes the building industry more sustainable. Chitosan
is a polysaccharide obtained by industrial treatment of chitin
from crustacean shells. Recently, it has received more
attention in the area of biomaterials and bio sourced materials
thanks to its biodegradable, non-toxic and non-water soluble
nature [19]. Martellotta et al. [20] developed innovative sound
absorber panels obtained from olive pruning waste bonded by
using a bio based chitosan glue. Mati-Baouche et al. [19]
carried out a research to develop a new insulating bio-based
composite made with chitosan and sun-flower’s stalks
particles.

The present paper focuses on the thermal characterization
of innovative textile waste materials. The aim of the research
is to better understand and quantify how the different heat
transfer processes affect the effective thermal conductivity
value of the investigated materials.

1.1 Samples preparation

A batting matrix of Merino wool was used to prepare the
fibrous thermal insulation materials under investigation. The
wool matrix was obtained by scouring and carding the textile
waste discarded during the garment cutting process by a local
clothing company.

A natural binder solution was obtained by preparing a
chitosans solution (15 g/L) with 5 mL of acetic acid.

Different samples obtained by combining the same
percentages of binder and fibrous matrix (60 % and 40 %
respectively), but different density values (ranging between 80
and 197 kg m™), were studied in order to characterize and
compare their thermal behavior. The molding method was
followed to produce the samples. Fibers were soaked in the
chitosan solution and, before placing them in the molds, the
excess amount of binder was eliminated by squeezing the
liquid excess. The recycled textile fibers agglomerated quite
homogeneously, entrapping air in the fibers network thus
resulting in a potentially good insulating material. Finally,
samples were dried in an oven at 100 °C, for one hour.
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For each density value, six cylindrical specimens, 5 cm
thick, were prepared. Three of them had a 10 cm diameter in
order to measure thermal properties and three had a 4 cm
diameter to evaluate the porosity of the materials.

o

Figure 1. Samples of Merino wool

1.2 Physical characterization

ULTRAPYC 1200-¢ Quantachrome Helium gas
Pycnometer was used to determine the porosity €:
e=1-— Pbulk ( 1)

Ptrue

where pyue and ppui are the true and the bulk density of the
materials, respectively.

Table 1. Properties of tested samples

Sample  Bulk density, True density, Porosity,
code Pbulk Ptrue 13
S1 197 +£1.7 1336 +19 0.86 +0.002
S2 145 +1.6 1326 £7 0.89 +0.001
S3 122 +£1.2 1326 +14 0.91 +0.001
S4 80 +1.0 1282 £23 0.94 +0.001

Table 1 compares the values of the bulk density and the true
density and shows the porosity values for the tested materials.
All values are given as mean value of five different
measurements with the error representing the standard
deviation of the mean.

The microstructural morphology of the woolen composite
materials was characterized by a Scanning Electron

Microscope (SEM) Phenom Fei TM.

|

Figure 2. SEM imagine of fibrous insulation 315x

As it can be observed in Figure 2, the tested materials were
composed of cylindrical fibers with a 20 um average diameter,
randomly distributed.



2. THERMAL CHARACTERIZATION

The thermal properties, i.e. thermal conductivity, thermal
diffusivity and volumetric heat capacity, were experimentally
evaluated by using the transient plane source device Isomet
2104 (Applied Precision Ltd). Measurement was based on the
analysis of the temperature response of the tested material to
heat flow impulses. The heat flow was induced by electrical
heating using a resistor heater having a direct thermal contact
with the surface of the sample. The advantage of this technique
is the possibility to perform rapid measurements on relatively
small samples.

Table 2. Thermal properties of tested samples

Sampl Thermal Thermal Specific Mean
ecode conductivit diffusivity heat temperatur
y, ke ,a capacity e, Im
,C
S1 0.060 0.177x10°¢ 1726 275
S2 0.055 0.196x10°¢ 1924 26.3
S3 0.052 0.198x10°¢ 2152 274
S4 0.049 0.217x10°° 2810 27.1

The specific heat capacity values of tested materials were
also calculated from volumetric heat capacity and density.

Table 2 shows the thermal properties of all tested samples.

The knowledge of k. values allows to compare the thermal
efficiency of different building insulation materials [21]. In
Figure 3, the thermal conductivity values of all woolen
composite materials were plotted as a function of their density
values, and a statistically significant (R?>=0.9972) linear
correlation was found:
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Figure 3. Thermal conductivity vs density

The highest k. value was associated to the material with the
highest density. This could be due to the increase in fibrous
matrix and the shrinking of voids due to the increase of the
density value (Table 1). Thermal conductivity of a solid
skeleton is higher than that of the air within the voids. Thus,
the thermal conductivity value of the whole material increased
[22]. The thermal conductivity range of the studied wool
samples varied from 0.049 to 0.060 W.m'.K"!. As it can be
observed in Table 3, the results were in agreement with the
thermal performance exhibited by similar commercial
materials and other natural fibrous materials (Figure 4).
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Table 3. Comparison of thermal conductivity among similar
insulation materials

Sample Density, pouix Thermal
conductivity,
ke
Tested materials
Wool-Chitosan 80-197 0.049-0.060
Commercial materials [17]
Stone wool 40-200 0.033-0.040
Glass wool 15-75 0.031-0.037
Expanded Polystyrene 15-35 0.031-0.038
Extruded Polystyrene 32-40 0.032-0.037
Natural materials [17]
Kenaf 30-180 0.034-0.043
Flax 20-100 0.038-0.075
Coir fiber 75-125 0.040-0.045
Jute fiber 35-100 0.038-0.055
Straw bale 50-150 0.038-0.067
0.10
0.09 4 B Glass wool Wool-Chitosan
0.08 1 Polyester fibers A Stone wool
0.07
E&_ 0.06
o 0.05
E
E 004 - 4
<003 m &
0.02
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0.00 T T T
0 50 100 150 200
p, kg3

Figure 4. Thermal conductivity vs density for fibrous
insulation materials

3. CONDUCTIVE, CONVECTIVE AND RADIATIVE
CONTRIBUTIONS

The large majority of the building insulation materials
belongs to the family of fibrous media, as the woolen
composite investigated in the present study.

Fibrous materials are made of a solid matrix consisting of
fibers and a gas phase formed by air. Therefore, the heat
transfer can occur in three different ways: conduction k.
through the fibrous solid matrix, and through the gas medium,
i.e. the air trapped within the pores, natural convection kcony
due to the movement of the air between fibers, and radiation
k-. Thus, the effective thermal conductivity k. can be
represented as the sum of these contributions:
ke =ke + keony + kr = ks + kg + keonv + kr (3)
where k; and &, are the conduction terms due to solid fibers and
gas, respectively.

The effective thermal conductivity within a fibrous material
is one of the most difficult physical quantities to investigate,
due to the influence of many factors such as the distance
between fibers and their directions [16]. In this work, only
conduction heat transfer, consisting of both solid and gaseous
contribution, is considered. The choice of excluding
convective and radiative contributions in this kind of highly



porous materials can be justified by analyzing some
appropriate dimensionless numbers, i.e. the modified Rayleigh
number Ra* and the Planck number N, which will be
extensively discussed in the subsequent sections.

3.1 Conduction: gas medium

Gases in which the ratio of the mean molecular spacing and
the mean molecular diameter is less than 7 can be described as
being dense gases, conversely they can be considered dilute
gases [23]. The rarefaction degree of air trapped in the pores
of a porous material plays an important role to evaluate the
contribution of the gas to heat conduction. In a dilute gas, the
intermolecular forces can be neglected, and the molecules
spend most of their time in free flight between successive
collisions. In this aspect, the rarefaction effect in microsystems
is attributed to the mean free path of the gas and it can be
related to the Knudsen number Kn. The Knudsen number is
the characteristic dimensionless parameter for the theory of
collisions and it is defined as the ratio of the mean free path of
the gas molecules 4 to the characteristic length o:

Kn

yl
: )

The mean free path A is the length that a molecule can travel
before a collision event with a second molecule, and it is given
by [24]:

kp T
A= 3
V2 P d?,

)

where kp is the Boltzmann’s constant, 7 and P are the
temperature and the pressure of air and d,, is the air collision
diameter defined as the diameter of the circular area around an
air particle in which the center of another particle must be for
a collision to occur.

The characteristic length 6 in a fibrous material is defined
as the mean distance between the fibers and it can be
calculated by an empirical formulation that assumes the fibers
as a three-dimensional matrix [23]:

3m
5

8 (6)

|

where d is the diameter of the fibers and f = 1 — ¢ is the
volume fraction of solid (being & the porosity of the samples).

Depending on the value of Knudsen number, different flow
regimes take place. As Kn number increases, the degree of
rarefaction becomes more significant and the continuum
assumption breaks down [25]. The subdivision of the flow
regimes is very important in order to choose the empirical
model to apply for characterizing the gas heat conduction [18].

The Knudsen number was calculated and shown in Table 4
by assuming d,, = 0.369 x 10 m at 293 K. The Boltzmann’s
constant is 1.3807 x 1072* J.K*!, while the mean density of
wool fibers was 1318 kg.m™ (Table 2) and their mean diameter,
as obtained from the SEM imagine (Figure 1), was assumed to
be approximately 20 pm.

As it can be observed, the Knudsen number was less than
0.01. This means that the characteristic length was larger than
the free mean path of the gas molecules. According to Zhang
et al. [26], there was no slip between the wall of the pores and
the air because thermal equilibrium between the pore walls and
nearby fluid was achieved. Therefore, the fluid was treated in
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a continuum regime, dominated by intermolecular collisions,
and was assumed k; = kg = 0.026 W.m™1. K™ [26].

Table 4. Mean free path, characteristic length and Knudsen
number for all samples

Sample Free path, 1 Characteristic Knudsen
code length, & number, Kn
S1 6.621x108 2.522x10* 2.625x10*
S2 6.621x108 3.427x10* 1.932x10*
S3 6.621x108 4.073x10* 1.626x10*
S4 6.621x108 6.211x10* 1.066x10*

3.2 Convection: Gas medium

According to [27], for natural convection to take place in a
fibrous medium, the buoyancy forces must overcome viscous
forces. Taking into account that the very small dimensions of
the voids between the fibers make air movement negligible,
heat transfer due to convection is likely to be insignificant and
can be ignored without affecting accuracy. This assumption
could be further justified by evaluating the modified Rayleigh
number Ra*. According to Silbestrein [28], the sensibility of
porous materials to convection is strongly linked to their air
permeability. Consequently, the modified Rayleigh number
Ra* was calculated as follows:

2
irCair K
Ra*=mk_4“
e

(7

Hair

where g is the gravity acceleration, cuir, B, pair and - are
respectively the specific heat capacity, volumetric thermal
expansion coefficient, density, and dynamic viscosity of air; K,
ke and s are respectively permeability, thermal conductivity
and thickness of the material and AT is the temperature
difference between the two sides of the sample. If Ra* is less
than 40, the convection effect can be neglected.

Table 5 shows the modified Rayleigh number calculated for
all tested samples, by assuming AT = 293 Kand s = 0.05 m.
Thermal conductivity values resulted from experimental
measurements (Table 2) and the values of air permeability

were calculated according to the Davies’s empirical
correlation [39]:

— 1 2

= Terts(ieserd) | ®)

where fis the volume fraction of solid and r is the mean radius
of the fibers. Table 5 shows the values of air permeability for
all tested samples.

Table 5. Air permeability and modified Rayleigh number for
all tested samples

Sample . - Modii:ied
code Air permeability, K Rayleigh
number, Ra*
S1 1.070x107 0.5
S2 1.782x1073 0.9
S3 2.403x10° 1.3
S4 4.475x10°° 2.6

As can be observed, the modified Rayleigh number varies
from 0.5 (sample with highest density value) to 2.6 (sample
with lowest density value), thus in all the cases convection
may be neglected.



3.3 Radiation

Thermal radiation heat transfer that takes place between two
distant bodies depends on the difference of the fourth power
of their absolute temperatures [30]. Therefore, the radiative
contribution of the fibers in an insulating material may be
particularly significant at high temperatures, while it can be
neglected at temperatures around 293 K. According to Lux et
al. [31], the importance of radiative contribution could be
evaluated by calculating the Planck number N:

ke
- 4n20T31, ©)
where k. is the experimental thermal conductivity, n is the
refractive index of air, ¢ is the Stefan-Boltzmann’s constant, T’
is the temperature and /, is the mean free path of photons.
When N > 10, the contribution of radiation can be neglected.
The Planck number was calculated for all the samples, by
assuming the mean free path of photons equivalent to the
mean-fiber distance J previously computed (Table 6).

Table 6. Planck number of tested samples

Sample code Planck number, NV

S1 92
S2 62
S3 49
S4 30

As was expected, the Planck number assumed the maximum
value (N=92) for the sample S1 with highest density value; and
the minimum value (N=30) for the sample S4 characterized by
lowest density. This means that the contribution of radiation
can be neglected for all samples.

3.4 Effective conductivity

As a result of the negligible convective and radiative
contribution to the effective conductivity, the heat transfer in
the fibrous woolen materials under test was fundamentally due
to conduction in solid and gas phases. Gong et al. [32]
proposed a novel effective medium theory for modeling the
thermal conductivity of porous materials. Five basic structural
models, including the Series, Parallel, Maxwell-Eucken (two
forms) and EMT models, for a two-component system were
unified in a single equation:

ks—Ke
ks+2 kn

kg—ke
kg+2 Ko

(1-¢)

+e (10)

where k; and k, are the conduction due to solid fibers and gas,
respectively; k& is a variable value.

The equation can adapt to various models by simply
changing values of k,,. When k,, = k., the above equation is
the EMT model. When k,,, = kg, (or k,,, = k), the equation
is the Maxwell-Eucken (two forms, respectively). When
k,, = 0 the equation is the Series model, and when k,,, = ©
the equation is the Parallel model.

Considering sample S2, a value of k; = 0.290 W.m™ . K™?
was estimated by exploring several values for k., in order to
identify which value minimizes the standard deviation
between the experimental values (k.) and those estimated by
the model (ke es).

The best agreement between the model

and the
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experimental k. values was obtained when k,—>, so that the
equation (10) became:

ke=A—-¢8)ks+eky (11)
Comparing the estimated effective conductivity ke es

yielded by Eq. (11), with the measured one %. the relative error
ke—Keest

p X 100 was computed and given in Figure 5.

Figure 5. Relative error of estimated respect to measured
effective conductivity

As it can be observed in Figure 5, the highest error was
observed for the lightest sample, S4. This could be due to a
non-negligible contribution of convection and radiation heat
transfer when the porosity increases. This result was
confirmed by the highest modified Rayleigh number and the
lowest Planck number previously calculated for sample S4.

4. CONCLUSIONS

Innovative fibrous thermal insulation materials made of
Merino wool were produced scouring and carding textile
wastes discarded during the garment fabrication process by a
local textile company. The fibers were treated with a natural
binder solution made of chitosan.

Four samples of different density were prepared and
characterized by measuring thermophysical properties
including density, porosity, thermal conductivity, thermal
diffusivity and volumetric specific heat.

Thermal conductivity was linearly related to density, i.e.
porosity. A SEM analysis showed a fibrous structure of the
woolen material characterized by a random distribution of
cylindrical fibers.

A detailed evaluation of the heat transfer modes in the
fibrous structure pointed out that contributions of convection
and radiation are negligible. The only significant heat transfer
mode is the conduction in a two phase structure: solid and gas
phases. A simple model was proposed for the prediction of the
effective thermal conductivity, based on the Parallel model.

Anyway, the analysis showed that the error in the estimation
of the effective thermal conductivity could become
unacceptable for very porous materials, when convection and
radiation become important ways of heat transfer through the
material.
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NOMENCLATURE

specific heat capacity, J. kg, K!
fibers diameter, m

air collision diameter, m

volume fraction of solid, -
gravitational acceleration, m.s
thermal conductivity, W.m1.K™!
ks Boltzmann’s constant, J. K

Iy free path of photons, m
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n

a*
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Greek symbols
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AT
Subscripts

air
bulk
c
conv

refractive index, -

radius of the fibers, m
thickness of material, m
permeability, m?

Knudsen number, -

Planck number, -

pressure, Pa

modified Rayleigh number, -
temperature, K

thermal diffusivity, m2.s*
volumetric thermal expansion
coefficient of air, K!
characteristic length, m
porosity, -

molecular free path, m
dynamic viscosity, kg.m.s!
bulk density, kg.m-

Stefan-Boltzmann’s constant, W.m2.K*

temperature difference, K

air value

bulk value
conduction
natural convection
effective value
fibers

gas

radiation

true value





