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Abstract

This study investigates the possibility to reuse finished leather scraps, produced by the leather goods industry during the
cutting phase, for the preparation of innovative panels for thermal-noise building insulation. Experimental panels were pre-
pared by chipping the leather cuttings, using polyvinylacetate binder, and pressing the paste in a mold through a mechanical
press. Boards were tested for thermal and acoustic performance, thermal stability, hygrothermal, wettability and ignitability
properties. Acoustic measurements by means of a Kundt’s tube, and thermal characterization by means of a small hot—box
system were performed. The measured thermal conductivity was 0.104 W/(mK) and 0.108 W/(mK) for the 45 °C and 50 °C
set-up hot temperatures, respectively. Concerning the acoustic performance, two panels with thickness of 18-mm and 28-mm
were produced: they were characterized by a noise reduction coefficient of 0.46 and 0.20 and transmission loss values in the
range of 25-33 dB and 25-42 dB, respectively. Results revealed that the leather cutting waste panels were characterized by
interesting thermal and acoustic performance, which are of the same order of magnitude of other residual-based insulation
panels. The other analyzed properties confirmed the potential application in building insulation.

Keywords Leather cutting waste - Thermal conductivity measurements - Acoustic characterization - Thermal stability -
Building insulating systems

Introduction

Energy efficiency and environmental issues are becoming
fundamental themes for the modern society, to guarantee
a livable planet to future generations. In this context, the
construction and building sector can be considered a major
“polluter”, since it consumes a relevant quantity of energy
(about 40% of the world consumption), water (about 25%),
resources (about 40%), and it is responsible for a large part
of the carbon dioxide emissions [1]. Most of the energy
is consumed during the building use phase (e.g. heating,
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ventilation and air conditioning systems) and a large part
is lost through heat dispersion [2, 3]. Research on thermal
insulation materials still represents an open issue to be inves-
tigated, to improve both the energy savings opportunities of
future buildings.

Next to energy consumption, also noise can be considered
a critical typology of pollution, strictly correlated to negative
effects on the human health (e.g. stress, hearth disease) [4].
Noise reduction techniques and materials should be inves-
tigated to maximize the comfort in building structures [5].

For this reason, a large number of conventional/innova-
tive synthetic (e.g. plastic, vacuum insulation panels, aerogel
[6]) and natural (e.g. mineral wool [7], sheep wool [8], wood
[9], and cellulose [10]) materials have been developed and
launched in the market.

Scientific literature includes hundreds of studies about
the development and experimental verification of insulation
materials, based on renewable resources or wastes. In addi-
tion to thermal and noise insulation properties, this kind
of materials are connected to lower environmental impacts,
embodied energy, resource consumption and pollution emis-
sions [11, 12].
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Among them, the most common are certainly the bio-
based materials [13]: agricultural wastes, as rice husk, food
crop by-products, cereal straw, etc.[14—17], particles of sun-
flower, and corn stalks [3, 18], palm tree surface fibers and
leaflets [19, 20], bamboo powder [21], fibers derived from
marine plants [22], residues from reed and cork [23], spent
coffee grounds [24].

Industrial and domestic waste flows, in combination with
other synthetic and/or natural substances, are also largely
used in the sector of building insulation panels. Binici et al.
[25] investigated the sound insulation, thermal conductivity
and radioactivity properties of a light-weight construction
material prepared using chipboards, fly ash, cotton waste and
epoxy resin. Arenas et al. [26] focused on the development
of road noise barriers based on bottom ash-based porous
concrete with sound absorbing properties. Acoustical prop-
erties have been also investigated by Ghofrani et al. [27],
who tried to improve the performance of a plywood panel,
using waste tire rubbers. Many literature studies are focused
on reusing plastic waste to prepare materials with interesting
acoustic and thermal insulation properties [28, 29].

The last relevant category of materials used in building
applications is certainly the textile wastes, used as alterna-
tive thermal insulation solutions [30, 31].

This paper aims to contribute to the abovementioned state
of the art by investigating the feasibility of the use of fin-
ished leather scraps for the preparation of innovative panels
for thermal-noise building insulation. Currently, leather and
leather goods industry play an important role in the world
economy. Leather material is used in many different sec-
tors (e.g. furniture, automotive, footwear) and the demand
for such products increased in the last decades [32]. During
leather goods manufacturing, multiple wastes are generated,
especially during the cutting step, when leather pieces are
cut from the entire hides. Depending on the application and
on the shape/dimension of the cut panels, it can be estimated
that the 25-60% in weight of the initial hide constitutes

scraps [33]. Considering an average weight of 225 kg for an
entire hide, in the worst case 152 kg represents the cutting
wastes [34]. These data demonstrate the scale of the prob-
lem and the need to investigate possible reuse solutions for
this waste flow. Most of the existing literature studies about
the leather industry wastes focus on the reuse/recycling of
wastes generated by tanneries, which carry out chemical/
mechanical treatments to transform fresh/salt/dried animal
skins into a stable material, the leather [35-38]. Only few
works investigate the reuse of finished leather wastes for pro-
duction of composite materials [39, 40], regenerated leather
[41], or insoles [42].

In this context, the aim of the present paper is the devel-
opment of an insulation panel from finished leather scraps,
deriving from the manufacturing of leather bags. Other than
proposing a new insulation material, the main motivation
of the present study is the definition of a sustainable end
of life option for leather scraps. The leather was shredded,
mixed with glue, and pressed to prepare samples for the test-
ing phase. Thermal characteristics, acoustic properties, fire,
and hygrothermal performance of recycled leather cutting
waste-based boards are presented and compared with other
insulation materials available on the market.

Materials and methods
Samples preparation and description

Finished bovine leather cuttings were provided by an Italian
company in the province of Viterbo, which produces leather
bags (Fig. 1a). Cutting step is one of the first operations
during the manufacturing of leather goods and actually this
kind of waste, generated from the leather sheets, is disposed
to landfill causing a serious environmental hazard. Leather
cuttings were firstly chipped, using a hammer chipping
machine model TRITO 25/66 (ISVE, Italy), with a 3-cm
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Fig. 1 Finished bovine leather cuttings used in this study: loose material (a), square panel built for the thermal measurements (LCW-b) (b), and
large and small samples investigated in the Kundt’s tube apparatus (thickness: 28 mm on the left, 18 mm on the right side) (c)
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sieve. Polyvinylacetate (PVA) glue was added at room tem-
perature to the leather chips as an adhesive in a proportion
of 5% by weight, along with distilled water at a ratio of 12%
by weight. In particular, commercial PVA containing poly-
vinyl alcohol as emulsifying agent was used in liquid form,
characterized by the following properties: density: 1100 kg/
m?, solid content: 60%, viscosity: 36,500 mPa s. Moreover,
PVA was chosen as adhesive agent thanks to its low degree
of toxicity and also since in the building sector the operative
temperatures are lower than its melting point (220-230 °C),
beyond which the mechanical performance of PVA adhesive
weakens [43].

The paste was mixed by hand at room temperature and
was then poured into a stainless steel mold (0.36 mx0.36 m)
(Fig. 2). A non-adhesive paper was applied on the mold’s
walls, so that the mixture did not bond to the surfaces. Then
the paste was covered by another stainless steel plate and
cold compacted at 30 ton, using a hydraulic press (TOYO:
Model TL30). After the pressing operation, the four screws
at the corners of the mold were tightened and the material
was left under pressure for 48 h. The leather board was then
removed from the mold and it was kept in oven at 70 °C for
24 h, to remove exceeding water. Leather boards produced
according to this procedure were used to make specimens of
different shapes and sizes for the acoustic and thermal tests.
In particular, for all the tests, the samples were pre-condi-
tioned at a relative humidity of 57%RH and a temperature
of 25 °C, to bring the panel under the typical environmental
condition.

A square sample (28-mm thick, named LCW-b) was
obtained by means of a cutter, to have the dimensions of
0.3 mx 0.3 m request by the thermal apparatus (Fig. 1b).
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Fig.2 Sketch on the mold used for production of the leather board

Cylinder later cutting waste samples were obtained
from two panels with different thicknesses (18 and 28 mm
average values), by means of a cylindrical hole cutter
(Fig. 1c); due to the nature of the material, the thicknesses
of the panels were not constant. At least two samples of
each diameter (100 mm and 29 mm) and each thickness
were available for testing without defects, cracks, and
inhomogeneity.

The main features of the examined samples are reported
in Table 1; in general, their thicknesses ware higher than
the ones of the panels from which they were derived, due
to the cut. For this reason also the densities are not the
same for all the acoustic samples. However, the densities
calculated after weighting the samples with an electronic
precision balance were very similar (in the 600-680 kg/m?
range). Only one of the 100-mm samples was character-
ized by a lower density, equal to 570 kg/m>.

Table 1 Main features of the examined samples for acoustic measure-
ments

Panel Sample Diameter (mm) Density (kg/m®)
LCW-a 18-mm average L1 100 650
thick L2 100 570
S1 29 660
S2 29 640
S3 29 600
LCW-b 28-mm average L3 100 610
thick L4 100 670
S4 29 600
S5 29 680
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Thermal characterization by means of small-hot box
system

The apparatus for thermal tests is the small hot box [44], an
original system developed at the Laboratory of Environmen-
tal Control of the Department of Engineering in Perugia.
The method is based on the steady-state heat transfer and
the tests are carried out thanks to the thermal flux meter
methodology in steady-state conditions. The system is com-
posed of a hot chamber, well insulated from the environment
thanks to a sandwich wall of wood and polystyrene, with a
A value equal to 0.023 W/mK (U value of the total package
equal to 0.12 W/m? K). The mobile side of the box allows
the positioning of the sample, thanks to an opening (0.3 m
% 0.3 m dimensions, for a total area of 0.09 mz). The box
is heated by means of an internal heating wire (inside tem-
peratures about 45-50 °C), whereas the Laboratory room
represents the cold side of the system (external temperatures
about 20-25 °C). The mean temperature difference between
hot and cold side of the sample during the test is kept higher
than 20 °C. A heat flow meter is positioned on the center of
the sample and 8 thermoresistances are used for the surface
temperature measurements. The thermal conductivity (1 in
W/mK) is calculated as reported in (1) considering the mean
surface temperatures of the hot and cold sides (T, and 7,
respectively) during the tests, the heat flux through the sam-
ple (¢) and the total thickness of the specimen (s):

q

S

A=

Considering equal to+5% and +0.10 °C the precisions of
the thermal flux meter and of the thermoresistances, respec-
tively, the accuracy can be estimated and it is in the 4-6%
range for all the tests.

The relative uncertainties (type B) are calculated in com-
pliance with JCGM 100:2008 [45]: the values are related to
the fluctuation of the measured quantities during the test. It
is possible to calculate the mean value (;) for each meas-
ured quantity (Tyy, Ty, q) following the hypothesized distri-
bution and the uncertainty u(x;). The absolute uncertainty of
the thermal conductivity #(4), obtained by considering the
partial derivatives of A with respect to the quantities taken
into consideration, is given by Eq. (2). The relative value of
the uncertainty is represented in Eq. (3):

i l(%)z'uz(i)] @

u(d) =

L

i(d) = - 3
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Acoustic measurements

Sound absorption coefficient («) and sound insulation (trans-
mission Loss, TL) properties of the leather cutting waste
were investigated considering the influence of the pane
thicknesses. Environmental parameters in the laboratory
(atmospheric pressure, air temperature, and relative humid-
ity) were recorded at the beginning of each test, immedi-
ately after microphone calibration, to avoid channel phase
displacement errors. The normal incidence absorption coef-
ficient was measured using two-microphone impedance
tube (Briiel & Kjar, model 4206), in compliance with ISO
10534-2 Standard [46]. The sound pressure was measured
at the same time in two microphone positions (1/4-in. con-
denser pressure-field microphones, with an open circuit sen-
sitivity of about 4 1V/Pa) after placing the sample inside the
tube, and the transfer function was calculated. The acoustic
energy ratio of the incidence wave absorbed by the sample
(absorption coefficient, a) was related to the sound reflected
back to the source side.

Moreover, the noise reduction coefficient (NRC) of
the sample was calculated by mathematically averaging,
rounded to the nearest multiple of 0.05, the absorption coef-
ficient in the one octave band at the frequencies 250, 500,
1000, and 2000 Hz. It was developed for measurements car-
ried out in reverberating rooms; in the present paper, NRC
was used only to easily compare the acoustic performance
of the tested samples.

A four microphone transfer function method was used to
characterize the sound insulation performance of the mate-
rial; transmission loss measurements were carried out in the
Kundt’s tube [47, 48]. TL is proportional to the logarithm of
the sound transmission coefficient in function of frequencys;
it is defined as a ratio of sound energy transmitted through
a material to the amount of sound energy incident on its
source side. TL is determined by a two-load method: two
successive acquisitions were determined for each sample, by
modifying the tube extremity features installing alternately a
reflective and an absorbing material, and the sound pressure
was acquired in four fixed-microphone positions.

In both the absorption and insulation tests, two instru-
ment configurations were used, to investigate the entire
200-5000 Hz frequency range: the large tube (cylindrical
samples of 100-mm diameter) allows to measure in the
200-1600 Hz frequency range, while the small tube (cylin-
drical samples of 29-mm diameter) in the 400-5000 Hz
range. The samples installed inside the tubes are shown in
Fig. 3.

Thermogravimetric analysis

Thermal stability of finished bovine leather cuttings
was evaluated by carrying out thermogravimetric (TGA)
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Fig.3 Samples installed in the
Kundt’s tube apparatus: large
tube (a), and small tube (b)

analysis in a LECO TGA-701, according to standard test
method ASTM E1131-08. About 0.2 g of leather powder
was heated up from ambient temperature (approximately
25 °C) to 900 °C under air atmosphere with a flow rate
of 3.5 L/min and a heating rate of 10 °C/min. From the
TG and the respective differential (DTG) curves, the tem-
peratures at 5% and 50% of weight loss (T5% and T50%),
and the maximum thermal degradation temperature were
calculated.

Water contact angle (WCA) measurements

Static contact angle measurements were used to investi-
gate the wettability of the leather scraps. The water con-
tact angles were assessed using the sessile drop method
in air by a FTA1000 Analyzer (Dinwiddie Street, Ports-
mouth, VA). Deionized water drops of 20 uL (high perfor-
mance liquid chromatography grade water) were placed
on the material surface at room temperature, and meas-
urements were recorded 5 s after the liquid made contact
with the surface. Ten independent determinations at dif-
ferent sites were averaged.

sealant

cup

Hygrothermal performance

Water vapor resistance factor p of the cylindrical leather
cutting samples (100-mm diameter and 18-mm thick) was
carried out by a dry cup test containing silicagel as des-
iccant, according to UNI EN ISO 12572 Standard [49]. It
shows how greater the resistance of the material is with
respect to an equally thick layer of stationary air at the same
temperature.

Before testing, Mazzali C330G5 climatic chamber
(600 % 700 x 680 mm internal dimensions,—40-150 °C tem-
perature range, and 15-100% relative humidity range) avail-
able at the University of Perugia was used to precondition
the samples. They were stored (at 23 +5 °C and 50+ 5% RH)
until three successive daily determinations of their weight
were within 5%.

For the test, the specimens were arranged and sealed in
transparent cups (Fig. 4), allowing better control of salt solu-
tions. At the bottom of each cup, it was put a minimum depth
of 15 mm of silicagel (granules of 1-3 mm dimensions) with
color indicator, leaving an air space of 15+5 mm between
the desiccant and the sample. The assemblies were then
placed in the temperature and relative humidity controlled
test chamber with environmental conditions in compliance
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Fig.4 Hygrothermal measurements (dry cup method): samples preparation
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with [49]. Because of the different partial vapor pressure
between the test cup and the chamber, a vapor flow occurs
through the permeable samples. Periodic weighings (one
every 24 h) of the samples with a precision balance were
carried out to evaluate the rate of water vapor transmission
in the steady-state conditions.

The mass change rate (Am;, = =—

L=t
sample was calculated by measuring the masses (m; and m,
in kg) of the test assembly at successive times of weighings

t,and t, (in s), respectively, as shown in Eq. (4):

L in kg/s) of each

_omy—m
Amy = @
G was calculated as the mean of five successive determi-
nations of Am,,. The final value of G was obtained when
each of the last five successive determinations of Am,, was
within+5% of G.

The water vapor resistance factor p was calculated as:

6air
p= 5)
where the water vapor permeability of air 6,;, was assumed
equal t0 2.05 - 107! kg/(msPa), with a measured barometric
pressure at 23 °C inside the apparatus of 985 hPa; the water
vapor permeability 6 was calculated as:

s§=W-d (6)
G
W=—_

A- AP 7

A:w, (8)

where W is the water vapor permeance; d the thickness of the
sample; A the arithmetic mean of the free upper and lower
surface areas; and AP is the 1404 Pa, water vapor pressure
difference across sample.

Ignitability test

The ignitability test, according to the standard UNI EN ISO
11925-2 [50], is used to evaluate the reaction of building
materials to fire. In this test method vertically oriented speci-
mens are exposed to a small burner flame, simulating the
flame of a match or a lighter (Fig. 5).

Three specimens with 90 mm X 250 mm X 20 mm dimen-
sions were used to perform the reaction to fire test. The spec-
imens were conditioned before the test to a constant mass
at a temperature of 23 °C +2 °C and a relative humidity of
60% + 5% RH.

Testing was carried out in a combustion chamber, where
a burner flame 20 mm height was applied on the center line

@ Springer

Fig.5 Specimen placed in the frame for ignitability test

of the specimen, 40 mm above the bottom edge (surface
exposure), for 15 s. In particular, the flame was brought into
contact with the specimen at an angle of 45°. For each test
specimen was recorded whether an ignition occurred (flam-
ing longer than 3 s), whether the flame tip reached 150 mm
above the flame application point and the time at which this
occurs. Furthermore, the occurrence of burning particles
was observed with filter paper placed below the specimen
(whether ignition of the filter paper occurred). In particular,
if the flame tip does not reach a 150-mm limit, then the
material is classified as class E, according to standard ISO
13,501-1 [51]. At this regard other three tests with a period
of 30 s are also carried out to evaluate if the material could
reach higher classes.

Results and discussion
Thermal properties

To evaluate the thermal conductivity of the leather cutting
waste panel, two tests were carried out in the small-hot
box apparatus, only considering the higher thickness of
the samples (28 mm, panel LCW-b). The first test was
carried out considering a temperature inside the box equal
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to 45 °C, the second one has set-up temperature of 50 °C.
Both the measurements lasted for 2 h and in both cases
the difference between the air temperature into the box
and the air temperature into the room (hot and cold sides,
respectively) was more than 20 °C.

In Table 2 the main results of the test are presented:
the thermal conductivity of the panel is 0.108 W/(mK)
and 0.104 W/(mK), respectively, for the 45 °C and 50 °C
set-up hot temperatures. These values are related to mean
surface temperatures of 33-35 °C, therefore, for mean sur-
face temperatures of 23 °C and 10 °C (values that are con-
sidered for the referred A reported in the technical sheets
of the manufacturers) the thermal conductivities should
be slightly lower (about 0.100 W/(mK) at 10 °C, a value
approximately estimated by means of the Standard ISO

10456 [52]) by considering a mean value of the f; conver-
sion coefficient of similar materials.

The uncertainty u values obtained for both the tests are
about 4.6%, thanks to the small variations of the parameters
during the tests (maximum thermal heat flux variations of
4-5 W/m?).

For the sake of completeness, the trends of the tempera-
tures and of the heat flux are shown in Fig. 6 for the first
test (45 °C in the hot chamber). To compare the results
with reference thermal conductivities of standard heat
insulating materials, some values are reported: at 10 °C the
thermal conductivities of mineral wood, expanded poly-
styrene and extruded polystyrene are in the 0.03—-0.04 W/
(mK) range. Slightly higher is the value of cellulose pan-
els (about 0.05 W/(mK)) [53]. The leather cutting waste
panels perform worse (0.100 W/(mK)). Nevertheless,

Table 2 Thermal result of the

Sample  Hot side test AT, (°C WmK) T, veraee CC)  Aror W/mK) it (A) (%
investigated sample: thermal ampe co(; dsilti::ne(iC) Stor (M) 2O g(WmK) - T yerage (°C) Aror (W/mK) it (2) (%)
flux meter methodology (small
hot box) LCW-b 45 0.028 20.86 47.92 32.68 0.108 4.68

LCW-b 50 0.028 25.68 57.23 35.26 0.104 4.61
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Fig.6 The trends of the monitored parameters during the test: a air temperatures (°C), b surface temperatures (°C), ¢ heat flux (W/m?)
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the value is comparable to the ones of other frequently
used materials such as rubber based panels and cork
(0.07-0.14 W/(mK)).

Acoustic absorption and transmission loss
properties

Several measurements were carried out for each sample,
also modifying its position inside the apparatus and an
average trend was obtained in the 2005000 Hz frequency
range, considering the samples with the most similar den-
sity. The normal incidence absorption coefficient vs. fre-
quency is plotted in Fig. 7a, depending on the thickness.

A peak of absorption characterizes both the samples at
low frequencies: by increasing thickness, the peak moves
towards lower frequencies, as expected. Moreover, a value
increases with the thickness: absorption coefficient peak
values of about 0.31 are found for LCW-a (about 18-mm
average thickness) at 1200 Hz and ca. 0.60 for LCW-b
(about 28-mm average thickness) at 600 Hz, and the cor-
responding NRC values is more two times higher (0.46
rather than 0.20).

The transmission loss levels for the two samples are
shown in Fig. 7b; only the TL levels measured in the
400-1600 Hz range are discussed, being these frequen-
cies the more representative in the building insulation
field. The samples have a similar trend for TL. Globally,
the sound insulation performance of the LCW-b is higher
than the one of LCW-a, due to the higher thickness of
the leather cutting waste, according to the literature [47].
The transmission loss levels are significant: they are in
the 25-33 dB and 25-42 dB range for the 18-mm and
28-mm thick samples, respectively. At 500 Hz the sound
insulation is the same for two different thicknesses (about

1.00
—LCW-b

0.90 - (a) L

0.80 - LCW-a
0.70 - NRC 0.20

0.60 4

LCW-b
0.46

0.50 4
0.40 4
0.30 4
0.20 4

Absorption coefficient (-)

0.10 4

0.00

Transmission Loss (dB)

Frequency (Hz)

200 600 1000 1400 1800 2200 2600 3000 3400 3800 4200 4600 5000

28 dB), while it raises of about 4 dB at 1000 Hz with a
28-mm thick pane.

Thermal stability of finished bovine leather cuttings

Figure 8 shows the TG and DTG curves of finished bovine
leather cuttings. It could be noted that thermal decomposi-
tion occurs in three stages. The first step, from room tem-
perature to about 210 °C, can be attributed to the removal of
residual moisture. The second mass loss stage ends around
405 °C and it is mainly due to the thermo-oxidative decom-
position of collagen with a well-defined DTG peak. The
weight loss in the second stage is 42.8%.

The last thermal decomposition step was mainly due to
internal residue oxidation [3] and the combustion of sample
was completed at around 820 °C, achieving a total weight
loss of 91.7%. The temperature at which the sample starts
to lose its mass (T5%) was equal to 249 °C, while the T5S0%
temperature at which the sample loses 50% of the initial
mass was achieved at 373 °C. Furthermore, the maximum
degradation temperature occurred at 336 °C, where about
40% of initial mass was lost. This thermal behavior of the
finished bovine leather cuttings shows that it has a poten-
tial to be employed as an insulation material up to 249 °C,
where the initial degradation starts. This result was mainly
due to the chromium-tanning stabilization process of the
bovine leather; in fact, the alkali Cr salts lead to formation
of hydrogen bonds, with the hydroxyl groups present in the
leather, and the leather fibrous texture is preserved through
crosslinking in bulk during the thermal heating [54].

Wettability properties

Water vapor transmission is a multi-stage process. The
analysis of the water wettability of the surface permits
to better analyze the first stage of this process, since the

100 -

o0 | (P)

80

LCW-a (18-mm thick)
—LCW-b (28-mm thick)

70 A
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50 A
40 4

0 —ﬁ—-/\/\—/\
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0 e e — e —————
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600
Frequency (Hz)

Fig. 7 Normal incidence absorption coefficient (a) and normal incidence transmission loss (b) of leather cutting waste: influence of thickness
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Fig.8 TG/DTG profiles of 100 5
bovine leather cuttings under air
temperature —TG —DTG
4
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3
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= B,
% 2 £
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Fig.9 WCA images and values of upper (a) and lower (b) leather surface
material surface is the first part of the panel that came in ~ Table3 Water vapour resistance factor results
conta.ct with tl.le water. The ﬁmshed leather scraps have Sample 5., (ke/ G (kels) A (md) AP (Pa)
two different kind of surfaces in terms of morphology and (msPa))
chemical treatments, and the insulation panel is composed — -
by randomly oriented scraps of both surfaces, as shown LCW  205-10 4'}311'63 o 785107 1404 27230

in Fig. 1, hence the wettability properties of both leather
surfaces were investigated.

Figure 9 shows the WCA images and values of upper
(A) and lower (B) leather surface, respectively [55]. The
reported WCA values of 91° and 124° for the upper and
lower leather surfaces underline a hydrophobicity behavior
of the finished leather scraps, that permits well to analyze
and understand the results of the permeability properties
of the insulating panels [56]. The high WCA of the surface
reduces the transfer vapor on the internal part of the panels
by reducing the water permeability.

Permeability properties

The stability of the permeability tests was achieved in dif-
ferent times for each leather cutting sample (4—7 weeks
from the beginning of the experimental campaign). Values
of water vapor resistance factor in the 27-30 range were
obtained, as shown in Table 3. The permeability perfor-
mances are better than those of many traditional vegetable

@ Springer



Journal of Material Cycles and Waste Management

Fig. 10 Single-flame source (surface exposure) test results within
15 s (left) and 30 s (right) fire exposure. Burned areas are highlighted
by white dotted lines

Table 4 Results of ignitability test

Test duration 15s 30s

Flame impingement Surface exposure

Board ignition Yes Yes

Reaching a flame height of 150 mm No No
above the attachment point

Ignition of filter paper No No

Maximum flame level during the test 25+0.3 8.8+04

(cm)

fibers, such as wood (x=3-10), cork (#=5-10), hemp,
flax, corn, and coir (= 1-3), and mineral fibers (u=5-8
for expanded vermiculite and perlite and p = 1-5 for glass
or stone wool). u values obtained are close to the expanded
polystyrene (4 =20-80) and polyurethane (x=30-100) [57].

Ignitability test results

The standard single-flame source test was employed to eval-
uate the ignition ability of the LCW insulating material. Fig-
ure 10 shows the specimens after applying the flame. Table 4
reports the main results of the tests; it can be noticed that
LCW were ignited but the flame did not reach over 150 mm
within the 15 s duration of the test, indicating that class
E could easily be obtained. Moreover, by increasing the
test duration up to 30 s, reaching higher classes is possible,
but additional testing according to standard ISO 13501-1
is needed. At the point where the flame was applied, the

@ Springer

samples ignited during the flame exposure while they extin-
guished immediately after the flame was removed, showing
that LCW can resist a small flame attack without significant
flame spread for short periods.

Comparison analysis with other residual-based
insulation panels

The public attention is focused to the recovery of waste
materials obtained both from the industrial processes and
from the agricultural cultivations, due to the great impor-
tance of the sustainability. Therefore, many discarded mate-
rials are reused for the development of building applications.
Numerous studies were conducted up today, with particular
attention to natural resources. In this paragraph a compari-
son between the results obtained for the studied panel and
other building insulating systems properties was carried out.
The thermal insulation and the acoustic absorption perfor-
mance were analyzed; also the permeability properties were
analyzed for same residual-based insulation materials. As
concerning the acoustic point of view, NRC index (noise
reduction coefficient) was calculated, as defined in the pre-
vious paragraphs. It should be noted that the comparison
of this parameter is significant only considering similar
thickness because of the different trends of the absorption
coefficients. The main results obtained in different research
studies are shown in Table 5.

The comparison includes several typologies of min-
eral, synthetic, and natural fiber materials. It is possible to
observe that the behavior of the leather cutting waste panel
is similar to the granulated rubber, also considering the same
thickness (1.7-1.8 cm). In fact, the thermal conductivity of
these panels is higher than 0.1 W/mK and the NRC value is
approximately the same (0.20). Both the leather and the rub-
ber have the same texture and density and they are generally
more efficient for the acoustic insulation considering their
high surface mass.

As concerning the natural fibers, the thermal conductivi-
ties are always lower (0.036-0.076 W/mK), but the acous-
tic absorption properties are aligned with the leather panel
ones (NRC=0.22-0.31). As expected, the NRC coefficient
increases with the thickness, as you can see for the LCW and
the sheep wool samples.

A wood panel (composed by glued wood fibers) has
good thermal behavior in comparison with LCW-b (thick-
ness comparable of about 3 cm). Nevertheless, it is pos-
sible to observe a worst acoustic absorption performance
(NRC is 0.25, lower than 0.46, the one of LCW-b). The
waste paper samples have thermal conductivities variable
in 0.036-0.050 W/mK: the sample with polyethylene can
be compared to the LCW-a from the acoustic point of view
(equal thickness) and it is possible to observe that the NRC
is about two times higher.
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Table 5 Thermal and acoustic

. h R Material Thickness Thermal conduc- NRC u-) References

properties of dlfferenF msulgtmg (mm) tivity (W/mK)

panels composed by industrial

or agricultural waste LCW-a 18 0.108* 0.20 30 _
LCW-a 28 0.108 0.46 27 -
Kenaf 60 0.038° 0.60 4 [58,59]
Glued wood fiber 30 0.065° 0.25 3-5 [44, 58, 60]
Cork scraps 17 0.055% 0.22 5-10 [17, 60]
Rice husk 16 0.070* 0.23 41¢ [17]
Coffee chaff 10 0.076* 0.33 390°¢ [17]
Granulated rubber 17 0.135% 0.20 - [17]
Glued waste paper 10 0.036* 0.30 - [17]
Glued waste paper + polyethylene fiber 18 0.038* 0.38 - [17]
Glued waste paper + wool paper 50 0.050* 0.47 2-4 [17]
Sheep wool-a 20 0.036* 0.31 3 [60-62]
Sheep wool-b 40 0.038* 0.57 3 [60-62]

*Calculated at a mean surface temperature of about 30-32 °C

PCalculated at a mean surface temperature of about 10 °C

“Measured by the same methodology of LCW samples

Italic values indicate that the highlighted material tested

Finally, considering the water vapor resistance factor, it is
possible to observe that the u value obtained for the leather
cutting waste panels is higher than the values measured for
other mineral fiber-based panels, such as the sheep wool,
the kenaf, the wood and the cork (values of about 3—10). It
means that the studied material allows excellent moisture
transfer.

Future works should investigate the use of natural bind-
ers, to decrease the environmental impact of the production
process of the panel and, at the same time, to obtain a higher
porosity for increasing the sound absorption properties at
high frequency.

Conclusion

Leather goods industry generates multiple waste, connected
both to the treatments to transform fresh/salt/dried animal
skins into leather and to the cutting phase, when pieces
are cut from the entire hides. Scientific literature is mainly
focused on the animal skin treatments, less on the use of
finished leather wastes.

In the present paper the recycling of scraps deriving from
the manufacturing of leather bags is investigated; they are
used as secondary raw material for the fabrication of a ther-
mal and noise insulation panel for building applications.

The panel was fabricated using leather pieces cut by a
chipping machine, glued, and pressed by means of a hydrau-
lic press. Thermal and acoustic characterization was car-
ried out to evaluate the suitability of the proposed solution
as insulation material in building applications. In addition

to thermal insulation and soundproofing, hygrothermal and
fire-resistant performance were also evaluated.

The thermal conductivity of the panel, measured by
means of the small-hot box apparatus, is about 0.10-0.11 W/
(mK) at 33-35 °C, with a measurement uncertainty of about
4.6%. When compared to various typologies of mineral, syn-
thetic and natural fiber materials, the behavior of the leather
cutting waste panel is similar to the one of granulated rub-
ber panels, characterized by a thermal conductivity of about
0.13 W/mK. Natural fibers show lower values of the thermal
conductivity, in the 0.036-0.076 W/mK range, such as glued
wood fiber panels.

On the other hand, the acoustic performance of the leather
panel, measured by means of a Kundt’s tube, is rather good,
showing NRC values of 0.20 and 0.46 for 18-mm and 28-mm
thickness, respectively, with a-peak values of 0.31 and 0.60.
When compared to other panels made of recycled materials,
NRC values are higher than the ones found for glued wood
fiber panels (0.46 vs. 0.25, same thickness of about 30 mm)
and of the same order of the ones found for glued waste
paper + wool fiber panel (0.46 vs. 0.47), but 50-mm thick.
Transmission loss values are also very interesting, varying
in the 25-33 dB and 25-42 dB for the 18-mm and 28-mm
thick samples, respectively.

Furthermore, thermal stability analysis showed that the
proposed panel can be employed as insulation material up
to about 250 °C, widely above building applications; in par-
ticular, it meets the requirements for inclusion in the class E
reaction to fire. Also the wettability and permeability prop-
erties of the material confirmed its potential application in
building insulation since the hydrophobicity behavior and

@ Springer
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the low water permeability protect the finished leather scraps
from against biological attacks (fungi, parasites, etc.).

In conclusion, the proposed panel, made of scraps deriv-
ing from the manufacturing of leather bags, is a good alter-
native to traditional materials used in building sector for
thermal and noise insulation and for sound absorption,
showing similar performance of other panels made using
industry and agriculture waste. The added value of the pro-
posed solution and, in general, of recycled materials is their
lower environmental impact with respect to conventional
solutions and the advantage to use waste which often need
to be disposed with high costs.
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