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Construction materials derived from agro-industrial waste are increasingly
attractive in the building sector, due to their sustainability and lower
environmental impact. Hence, in recent years worldwide the amount of
research and publications tending to the development of materials that take
advantage of residues from agro-industrial activities has increased. The role of
thermal insultation materials in the building envelope is significant, especially in
hot-humid region. This study presents the manufacturing and evaluation of a
cellulose and rice husk-based insulation material, as a proposal for the reuse of
materials considered as value-added waste, such as recycled paper and rice husks.
Boards and test specimens were elaborated, as well as mechanical and thermal
tests. The material was evaluated by means of thermal tests, in accordance with
ASTM C177, to measure the thermal conductivity. Tensile and compressive
strength tests were performed, based on ASTM C209 and ASTM C39 Standard,
respectively. According to the results obtained, the material shows a thermal
coefficient of 0.04 W/m-K which corresponds to a material with the potential to
thermally insulate an enclosure. Maximum stresses were obtained for the
3 compositions in average for a range between 1.31 and 1.76 MPa. Ultimate
compressive strength obtained was between 20.19 and 21.23MPa. The
proposed material is presented as a sustainable alternative, which can be used
in the field of environmentally friendly buildings, which contribute to reducing the
carbon footprint, by energy savings.

KEYWORDS

insulation material, thermal conductivity, cellulose, waste rice husk, recycled waste
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1 Introduction

Building is the second largest sector in plastic consumption, remaining in range of 16%
and 23%. Also, this sector consumes around 30% and 40% of energy consumption,
responsible for more than 33% of energy related greenhouse gases emission in the world
(Lopez Hurtado et al., 2016; Kumar et al., 2020; Pal et al., 2021; Zhao et al., 2022). Traditional
insulation material used in building applications are mostly manufactured from
petrochemical sources (Carlos Javier et al, 2023). Production and manufacturing
processes of construction materials account a higher carbon footprint, polluting air,
land, and water (Maraveas, 2020). Construction materials derived from agro-industrial
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waste are increasingly attractive in the construction sector, due to
their sustainability and lower environmental impact. Hence, in
recent years the amount of research and publications tending to
the development of materials that take advantage of residues from
agro-industrial activities has increased (Chabannes et al., 2014;
Viegas et al,, 2014; Lopez Hurtado et al.,, 2016; Liu et al., 2017;
Antunes et al., 2019; Dixit and Yadav, 2019; Muthuraj et al., 2019;
Maraveas, 2020; Moreno et al., 2021; Nandy et al., 2021; Zou et al.,
2021; Ali et al,, 2022; Amantino et al., 2022; Carlos Javier et al.,
2023), to reduce the environmental impact generated by commercial
materials such as fiberglass, rock wool, expanded polystyrene,
polyurethane foam, polystyrene, phenolics, among other non-
biodegradable materials. Thus, in the scientific literature studies
have been reported with insulating materials based on cane fibers,
coconut tow, cassava, rice, wood, coffee husks, cork, sheep’s wool,
recycled newsprint, textile fibers, trays egg, and others.

One of the main characteristics of the use of natural fibers, in
addition to their thermal resistance, is that they have low energy
(gray energy or embodied energy) in their production process,
transportation and to get the final product (Dixit et al., 2010; Pal
et al,, 2021). Normally the natural fibers used as insulation are the
result of other processes, as in the case of rice husks and sugar cane,
agricultural by-products are grown in large proportions.

Cellulose, which is obtained from recycled and shredded
newspaper, is the most widely used thermal insulator, thanks to
its thermoacoustic properties. Cellulose fiber is obtained mainly
from the separation of newsprint by physical methods; material that
is then processed and shredded (Lopez Hurtado et al., 2016; Garzon
Bernal and Cuba Cérdoba, 2020). Cellulose insulation can come as a
pre-cast panel, in which cellulose fibers are molded with polyester or
a similar binder, or as loose fibers, which are applied by hand or
specialized equipment, in attics, ceilings, or walls. The first use of
cellulose fiber as an insulating material date back to 1919 in Canada,
but it was not until 1950 that commercial products were developed
in the US. Pulp application gained popularity in the 1970s due to the
US oil embargo (Lopez Hurtado et al., 2016).

The rice husk constitutes a residue, when the grain is separated
from the husk when going through the piling process and represents
around 20% of the gross weight of harvested rice. Rice hulls are
mainly made up of carbon, cellulose, and silica (Dixit and Yadav,
2019). Silica represents 20% of rice husk, which makes it resistant to
water penetration, thus protecting the rice grain when it is inside.
Also, this material has been studied due to its thermal insulation
properties when mixed with different types of binders and other
materials, such as newsprint cellulose (Buratti et al., 2018). Rice husk
has also been used as an aggregate material in concrete called “bio-
aggregate concrete”, and in another study it replaces the use of
aggregates such as sand in percentage, thus achieving a lighter
material, with excellent performance as thermal insulator
(Amantino et al, 2022). There are also studies on the potential
as a thermal insulator of carbonized rice husks (Dixit and Yadav,
2019) and ash (Antunes et al., 2019; Muthukrishnan et al., 2019; Zou
and Yang, 2019; Maraveas, 2020).

Globally, the construction sector represents between 30% and
40% of energy consumption (Lopez Hurtado et al., 2016; Das and
Tiwari, 2018; Carlos Javier et al., 2023). During the design or
conditioning of buildings, from the point of view of heat transfer,
it is necessary to consider all the materials used during construction
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(specifically the thicknesses and thermal conductivity coefficient of
each material), as well as outdoor and indoor temperatures. On the
other hand, about 20% of the total energy consumption in buildings
worldwide corresponds to the use of air conditioners (Hu et al.,
2019; Bienvenido-Huertas et al., 2020). In this case, the role of
thermal insultation materials in the building envelope is significant,
especially in hot-humid region. The envelope is recognized as a key
part for enhancing their thermal efficiency since it expends between
50% and 60% of the whole heat transfer (Kumar et al., 2020; Zhao
et al., 2022).

According to the reviewed research, to establish sustainable
houses and buildings or “green buildings and neighborhoods”
(Zhang et al., 2019), as strategies to reduce energy consumption,
it is necessary to verify the possibility of implementing new
insulating materials, lighting changes and the implementation of
systems that include renewable energy, prior to a more detailed
feasibility study.

As a contribution in the generation of new materials from waste
materials, this work presents the methodology that was carried out
to develop an alternative insulation material based on newspaper
(cellulose) and rice husk. Mechanical and thermal tests were
performed. Moreover, with the results obtained, it is expected to
contribute as a basis for future research in the field of construction
materials derived from agro-industrial waste, as an alternative to be
used in the field of environmentally friendly buildings.

2 Literature review: Cellulose and rice
husk-based material

Cellulose, which is obtained from recycled and shredded
newspaper, is the most widely used thermal insulator. Cellulose
fiber insulation has lower value of embodied energy and
environmental impact compared to conventional insultation
materials (Pal et al., 2021). Commercially it can be found in the
form of a semi-rigid mat (boards) or blown insulation (loose-fill
cellulose insulation). Cellulose boards as a thermal insulating
material are usually used as fillers in false ceilings, partitions,
doors, and furniture (Moreno et al.,, 2021). It can also be found
as loose fibers, those that are applied manually or with specialized
equipment, in attics, ceilings or walls. In recent years, there have
been important efforts to improve the energy efficiency of buildings,
through the application of thermal insulation in the building
envelope, which includes the reduction of the thermal bridge
effect, that involves the loss of energy at different points of the
envelope (Lopez Hurtado et al.,, 2016).

Cellulose has been compared with thermal insulators made from
mineral fibers, finding that its insulation capacity (R value) remains
constant under sudden temperature changes. Likewise, the cellulose-
based insulation offers low embodied energy, an important factor
when selecting a material. Energy incorporated per kilogram of
cellulose is between 0.94 and 3.3 MJ/kg, a reduced range of values
compared to commercial thermal insulation that is between 10.8 and
up to 45 MJ/kg (Lopez Hurtado et al,, 2016; Pal et al.,, 2021).

In boards made from recycled paper, textile fibers and glue,
values of the thermal conductivity coefficient (k) between 0.034 and
0.039 W/m-K have been reported (Ricciardi et al., 2014; Pal et al.,
2021) and 0.040 W/m'K, when it is applied by blowing technics
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(Carlos Javier et al., 2023). Similarly, foamed cellulose has reported k
0f 0.039 W/m-K (Yeon et al., 2014). In general, typical values of the
thermal conductivity coefficients of cellulose fibers are around
0.040 W/m-K (Lopez Hurtado et al., 2016). This can be explained
by the microstructure of cellulose-based products involving voids,
some of them connected and others not (Aksogan et al., 2018),
depending on the arrangement of the components combined with
the cellulose.

It should be noted that the values of k may vary depending on
the manufacturing process, installation method, as well as the origin
of the raw material. There is an inversely proportional relationship
between conductive heat transfer and relative humidity (Gonzalez-
Serrud et al., 2022). The higher the relative humidity is present in the
boards, the heat transfer with the environment decrease. In the case
of cellulose fibers, due to their hygroscopic nature, moisture
absorption can affect the final values of thermal conductivity
(Lopez Hurtado et al, 2016). Hygroscopic cellulose insulation
can be used to control indoors air humidity, increasing indoor
thermal confort (Pal et al., 2021).

Fiber board from cellulose and without the use of additional
bonding, using biodegradable, renewable and recyclable materials is
also reported with a Young’s modulus of 17 GPa and a strength of
120 MPa (Arévalo and Peijs, 2016).

Likewise, when mixing cellulose with other materials, such as
perlite and gypsum, k values between 0.083 and 0.12 W/m-K are
obtained (Aksogan et al, 2018), which, although not so low,
correspond to studies that seek to improve other characteristics
in cellulose, such as fire retardant and fungicide.

Rice husk insulation is made from the outer protective covering
of rice grains, which is typically discarded as waste during the rice
milling process. Rice husks are abundant, renewable, and readily
available in many rice-producing regions, making them an attractive
choice for sustainable insulation. Rice husk insulation is an emerging
and innovative insulation material to create a sustainable and
efficient thermal barrier. Rice husk insulation has been studied
for its thermal properties, and it has been found that the
addition of rice husk fibers to thermal insulation wallboards can
decrease their thermal conductivity and increase their insulation
performance. A k value of 0.047 W/m-K was reported for a rice husk
particle. Rice husk-earth based composite present k values between
0.102 and 0.197 W/m-K, with different rice husk content (above
15%). Also, increase on rice husk content in defined proportion
could produce decreases in thermal conductivity due to bulk density
decrease (Antunes et al., 2019).

Studies that have been carried out on natural fibers materials
have shown its good insulating characteristics when mixed with
different types of binders. For example, in a study carried out on rice
husks and cassava starch as a binder, a thermal conductivity of
0.0262 W/m-K was obtained (Canto et al., 2018). In the work carried
out in Universidad Tecnoldgica de Panamd, Azuero, thermal
conductivity coefficient of 0.073 W/m°C and 0.049 W/m-K, were
obtained for rice husk and rice straw boards, respectively; these
values are in the range of thermal insulators that goes from 0.020 to
0.080 W/m-K (Gongalves and Bergmann, 2007).

Material fibers that contain cellulose have a high resistance, as
well as a low density, which is interesting when it comes to meeting
thermal insulation needs in

conjunction with lightweight

construction systems. Regarding mechanical characterization
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results, between 0.25 and
0.29 MPa have been reported in material based on newsprint,

specifically, compressive stress
perlite, and plaster. The high compressive strengths of the
samples added with zinc borax (between 0.35 and 0.45 MPa)
could be due to the denser matrix formed by zinc borax
compared to those formed by the other additives (Aksogan et al.,
2018). In another material based on rice husk and geopolymer, a
compressive strength between 0.26 and 7.24 MPa was obtained
(Wang et al., 2020). A biocomposite made from rice husk, wheat
husk, wood, and textile fibers, bonded with a biodegradable polymer,
demonstrated compressive strength between 11 and 40 MPa
(Muthuraj et al, 2019). Rice husk insultation material bonded
with lime, presented compressive strength of 0.33 MPa and after
60 days of setting, and with a hemp insulation material the
compressive strength was 0.48 MPa (Chabannes et al,, 2014). In a
carbonized wheat straw composite insultation cementing with a
geopolymer, the compressive strength was between 0.49 and
0.82 MPa (Zou et al., 2021). Panels based on cardboard, cement,
and sand reported values from 1.494 to 6.3 MPa in compressive
strength, considering that strength increases with curing time. The
tensile strength for a material based on cardboard, cement and sand
is between 0.987 and 2.098 MPa. As in the case of compressive
strength, it improves as the days of curing time (Ahmad et al., 2021).

Even though cellulose and rice husk based insultation material
presents advantages to the environment, efforts must still be made in
the optimization and development of these materials in terms of
their properties, manufacturing, installation, and performance as a
final product, also considering the origin of the raw material.
Research has focused on the search for alternative raw materials
that reduce or replace chemical additives with fungicidal and fire-
retardant characteristics (Nagieb et al., 2011; Ricciardi et al., 2014;
Yeon et al., 2014; Lopez Hurtado et al., 2016; Aksogan et al., 2018).
In general, when it comes to cellulose and natural fibers, a
percentage of boric acid and borax is added to give the material
resistance to the appearance of fungi and give it fire retardant
properties. The concentrations of borax and boric acid reported
are between 15% and 20% of the total mass of cellulose-based fiber
(Lopez Hurtado et al., 2016). Other authors indicate that the ideal
concentration of fire-retardant materials to achieve good resistance
to the flame is found to be 5% (Nagieb et al., 2011). Carbonized
biomass partially and adopting fireproof inorganic cementing
materials were proposed to enhance the flame retardancy in
naturals materials as wheat straw insultation materials (Zou
et al.,, 2021).

Mechanical, thermal, and acoustic study of polymer-based
composite materials derived from expanded cork and rice husk
by-products demonstrated that the incorporation of rice husk grains
in composite formulations helps reduce thermal conductivity by
20% compared to composites without rice husk. Increasing rice husk
content in composites can contribute to improved acoustic
performance, with sound absorption up to 0.6 at low frequencies.
Composite materials produced with expanded cork by-products and
rice husk present a mechanical behavior suitable for use in
construction systems such as walls and floors. An assessment of
the suitability of these composite materials in building systems, such
as walls and floors, was conducted, and the most suitable
formulations were selected through a multi-criteria analysis. The
findings suggest that construction solutions utilizing these
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composite materials can be applied in buildings, contributing to
reduced energy consumption over the buildings’ operational
lifetimes (Marques et al., 2020).

Bio composite made from recycled materials, specifically peanut
shells, and rice husks, reinforced with polypropylene exhibited
impressive tensile and flexural strength, as well as offering
qualities such as thermal insulation, sound absorption, aqueous
stability, and flame resistance. The thermal conductivity of these
composites ranged from 0.156 to 0.270 W/m-K. In summary, the
article suggests that bio composites derived from agro-industrial
waste can serve as a sustainable and environmentally friendly
alternative to traditional building materials (Guna et al., 2020).

In other study, biocarbon was produced from hemp and
switchgrass via pyrolysis at three different temperatures (450, 550,
and 650°C). Composites were created with varying concentrations of
biocarbon fillers and sizes. Biocarbon from both plants significantly
reduces water absorptivity when compared to unfilled hemp fiber-
reinforced composites. Tensile strength showed improvement with
hemp biocarbon and switchgrass biocarbon, with the maximum
tensile strength (10 wt% biocarbon of 50 microns, produced at
650°C). Other properties such as energy at tensile rupture, flexural
strength, and impact strength varied based on particle size, filler loading,
and pyrolysis temperature. Thermal conductivity was affected by filler-
loading and particle size. The average thermal conductivity of the
composite with hemp was 0.059 W/m-K, while that of the switchgrass
was 0.058 W/m-K (Dahal, 2023).

Natural fibers are a renewable resource, making them a
sustainable and environmentally friendly choice compared to
synthetic fibers (Vidal et al., 2023). They also tend to have lower
embodied energy and a smaller carbon footprint, further reducing
the environmental impact of composite materials (Karimah et al.,
2021). However, it is worth noting that natural fibers can exhibit
more variability in properties compared to synthetic fibers,
potentially affecting consistent performance in composite
materials. Additionally, their susceptibility to moisture absorption
can impact their mechanical properties and long-term durability
(Dahal, 2023; Dahal et al., 2023; Martinez et al., 2023). Nonetheless,
research is actively addressing these limitations through innovative
processing techniques and the application of bio-based binders and
coatings in order to improve the performance of natural fiber
composites (Vidal et al., 2023).

Overall, both cellulose and rice husk insulation materials offer
thermal insulation properties and can be used in construction. As
insulation materials have their advantages and are considered
environmentally friendly options. The choice between them may
depend on factors such as availability, cost, and specific project
requirements. Rice husk insulation, on the other hand, is derived
from rice husks and offers the advantage of utilizing agricultural
waste. It has been found to improve the insulation performance of
wallboards.

3 Materials and methods
3.1 Materials and samples preparation

The insulating agro-waste-material, based in recycled
newspaper and rice husk, were manufactured by wet process,
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mechanical and chemical treatments. Overall, it consists of
5 main steps: grinding, mixing, moulding, pressing, and
drying. The cellulose was obtained from 100% recycled
newspaper paper, which is mechanically separated. This
material should be converted into slurry pulp. The rice husk
was shredded by mechanical grinding, and particles around
0.6 mm were obtained. The rice husk and newspaper are
mixed, then, borax is added. All the components were bonded
with glue, then moulded and pressed with masses of 15Ibs
(6.8 kg), which exert a constant pressure on the entire surface
of the material. The glue used consisted of a mixture between
white glue and water, in proportions defined according to
previous experiences in 10 oz of glue with 1 oz of water. The
pressure is maintained for at least 2 days to ensure bonding. The
drying process is carried out at room temperature. This
experience was performed in hot-humid region, in Panama.
Due to the humid conditions, this process takes approximately
2 weeks in the sun. After this time has elapsed, the samples are
ready to be tested.

An experimental program was carried out on trial-and-error
basis, adopting three compositions with different percentages of rice
husk and cellulose (Table 1). In each mixture, 15% borax and 62%
glue were kept constant. Three units of each test were prepared,
according to ASTM (American Society for Testing and Materials)
3 boards for coefficient
measurements, 9 samples for tensile test (according to ASTM
C209 Standard) (ASTM C209-20, 2020) and 9 samples for
compression test (cylindrical test samples according to ASTM
C39 Standard) (ASTM C39/C39M-21, 2021). The boards
dimensions were 30cm x 30cm x 1.5cm, according to the
ASTM C177 Standard (ASTM C177-19, 2019). The compressive
tests are carried out on a cylindrical sample of 4 inches depth and

standards: thermal  conductivity

2 inches diameter (¢). Tensile stress sample geometry is shown in
Figure 1. Molds were manufactured, considering ASTM standards.

3.2 Mechanical and thermal tests

The equipment used to carry out the tensile tests was Autograph
AGS-], for universal testing, available at Laboratorio de Analisis
Industriales y Ciencias Ambientales (LABAICA) of the Universidad
Tecnolodgica de Panama (Figure 2). It works by applying a controlled
force, then register the load (in Newtons) vs. elongation (in mm)
curves.

The equipment used to carry out the compression tests is an ELE
International Accu-Tek Compression Machine, available at
Laboratorio de Suelos y Ensayo de Materiales de Azuero,
Universidad Tecnoldgica de Panama (Figure 3). During the test,
an axial load is applied until either the material fails, or the piston
fully disengages. A total of three tests were carried out for each of the

TABLE 1 Samples mix compositions.

Composition Newspaper (%) Rice husk (%)
1 14 9
2 7 16
3 35 19.5
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FIGURE 1

Tensile stress sample (ASTM C209-20, 2020).

FIGURE 2
Autograph AGS-J, universal testing, LABAICA.

defined compositions, as indicated by the standard as the minimum
number of test tubes tested for the result to be considered valid.
According to ASTM C39, the compressive stress is calculated to the
nearest 0.1 MPa. The L/D ratio is obtained for each of the cylindrical
specimens, where L corresponds to the length and D to the average
diameter of the cylinder. The table 2 shows the correction factors
according to the ASTM C39 Standard (ASTM C39/C39M-21, 2021).

The thermal conductivity coefficient was measured with a
“hot box” apparatus, according to ASTM-C177 standard (ASTM
C177-19,2019). The “hot box” device is based on Fourier’s Law of
heat conduction. It consists of a box made of wood, with one side
open. It contains a heat source inside (incandescent bulb of
known power), installed on one of its sides and a
DHT?22 temperature sensor with Arduino (Figures 4A, B). The
solid material to be evaluated is placed on the open side. The
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TABLE 2 Correction factors for the L/D ratio, according to ASTM C39 Standard
(ASTM C39/C39M-21, 2021).

L/D Correction factor
1.75 0.98

1.50 0.96

1.25 0.93

1.00 0.87

FIGURE 3
ELE international Accu-Tek compression machine, LSEMA.

internal walls of the apparatus are well insulated, to minimize
conduction losses and to produce and unidirectional heat flux
through the solid material to be evaluated.

The main objective of this device is to measure the temperature
gradient, measuring the temperatures inside and outside the box.
The outside temperature measurements are carried out using a
thermographic camera (FLUKE Ti 110) (Figure 4C). To maintain
a steady state, the system must be given sufficient time to complete
the test or ensuring stationary test conditions.

The thermal conductivity coefficient (k) of the panel can be
calculated by means of the following Eq. 1:

L

k=
A(T,-T)

Q (W/m-K) 1)
where L is the thickness of the panel (0.015 m), A is the area of
the panel (0.09 m?), Q is the known power (85W), T, is
the inside and T, is the

temperature (K) outside

temperature (K).
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FIGURE 4

Thermal conductivity coefficient measurement device, (A) inside, (B) outside, and (C) thermographic camera Fluke Ti110.

The methodology is summarized in Figure 5.

4 Results and discussion
4.1 Tensile stress

Tensile strength tests were performed, based on ASTM C209. In
this test, an increasing axial force was applied to the sample, until it
fractured, this to know its resistance under stress conditions and the
elongation produced. Three test samples were generated for each
composition. In Figure 6 it is shown, the tensile stress (MPa) vs.
deformation (mm/mm) curves obtained for 3 samples of 3 different
compositions. The curves show a similar trend.

Table 3 shows the maximum stress of each of the tensile samples
and the average stress obtained for each of the studied compositions.

Significance in the maximum tensile stress data differences was
analyzed under the same conditions, using the one-way analysis of
variance (ANOVA), by means of Minitab software, at 95%
confidence level (Figure 7). For this case in which 3 compositions
were analyzed, it is verified that the data tend to a straight line, so the
assumption of normality is accepted.

Maximum stresses were obtained for the 3 compositions in
average for a range between 1.31 and 1.76 MPa. Tensile strength
values of 1.953 MPa have been reported for a material based on
cardboard, cement, and sand, in 1:1:2 proportions, after 28 days of
curing (Ahmad et al., 2021).

According to Ahmad et al., 2021, the tensile capacity of a cardboard
pulp-based material is lower than that normally obtained in
conventional unreinforced concrete (between 2.2 and 4.2 MPa). The
addition of fibers could provide greater tensile strength, since they not
only minimize tensile failure, but can also improve impact and break
strength, compressive strength, impact strength, to name a few. For this
reason, the addition of fibers was suggested to improve the tensile
strength of the material developed from cardboard pulp (Ahmad et al,
2021). In this study, in the material developed, average tensile strength
values of 1.71, 1.31, and 1.76 MPa were obtained for the three
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TABLE 3 Maximum stress of each of the tensile samples and the average stress.

Composition 1 Maximum stress (MPa)  Average stress

Sample 1 1.73 1.74
Sample 2 1.86
Sample 3 1.61

Composition 2

Sample 1 1.12 1.31
Sample 2 1.67
Sample 3 1.13

Composition 3

Sample 1 1.58 1.76
Sample 2 228
Sample 3 1.42

compositions studied, which is in accordance with what was
previously stated. Materials based on cardboard, cement and sand
have presented resistances comparable to that obtained in this study.

Despite the fact that the results are consistent with what has been
reported in the scientific literature, it would be convenient to evaluate
other configurations, such as, for example, the addition of long fibers in
only one direction to reinforce the behavior of the material in tension,
since an insulating material that it is placed as part of the envelope of a
building does not have a great resistance to tension as an essential
condition, it could be desirable in structural cases.

4.2 Compressive stress

In Figure 8 is shown the ultimate compressive stress in MPa, for
average values of the 3 compositions.
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FIGURE 6
Stress vs. deformation for 3 samples of 3 different compositions.

The compressive strength of the developed material is  specimens allows us to verify the possibility of using the
comparable to that obtained by Muthuraj et al, 2019. The  developed material in construction applications such as case of
compressive strength value obtained in each of the tested insulating materials in building envelopes.
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FIGURE 7
Normal Probability of maximum tensile stress data.
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FIGURE 8

Ultimate compressive strength (average value of

3 compositions): 1) Sample 1; 2) Sample 2; 3) Sample 3; 4) Muthuraj
et al,, 2019.

It should be noted that the load applied to the specimens does
not correspond to the ultimate load that they can resist, but because
the piston exceeded the allowable calibration limit, the compression
machine stopped. In Figure 9, it is shown that the samples absorbed
the force applied by the piston.

Regarding the compressive strength, the values obtained are
between 20.19 and 21.23 MPa. In Muthuraj et al., 2019, for a
material based on rice husk, a compressive strength of 15 MPa
was obtained. In this sense, through the tests carried out, it was
possible to verify that the resistance of the developed material
presented values like those reported in the literature. It should be
noted that this property allows verifying the integrity of the material

TABLE 4 Thermal conductivity results.

10.3389/fbuil.2023.1271317

and its behavior under compression, considering its performance
when installed inside a building. Although it is true, it is not a
material that must support structural loads, it must be capable of not
fracturing during its installation or during its operation as an
insulator.

Within the general analysis of the manufacturing process of the
composite material, it was possible to determine very favorable
results when verifying its behavior in tension and compression, even
so, considering that the rice husk can be crushed to obtain particles
smaller than 0.6 mm.

4.3 Thermal conductivity measurements

Thermal conductivity coefficient, obtained by “hot box”
methodology, are reported in Table 4. Three tests were
conducted for each sample. During measurements, lasted for
about 2 h, considered as sufficient time to complete the test or
ensuring stationary test conditions. Thermal conductivity is
obtained with Eq. 1 and the data presented in Table 4. In
Figure 10, it is shown the thermal photographs of the outer
surface of the plates tested in the Thermal Conductivity “hot
box”, for each sample.

For traditional materials, the values range from 0.03 to 0.06 W/
m-K and for organic insulation materials, the values range from
0.03 to 0.1 W/m-K (Janowska-renkas et al., 2022; Zhao et al., 2022;
Carlos Javier et al., 2023). The choice of which material to use in any
specific application will depend on a variety of factors, including but
not limited to, material characteristics, binder in the mixtures,
humidity, cost, ease of installation, and sustainability. Also, the
thermal conductivity of thermal insulations materials depends on
the density and humidity (Azzouzi et al,, 2020; Ntimugura et al.,
2020; Carlos Javier et al., 2023).

Rigid polyurethane, polyethylene foam, expanded and extruded
polystyrene foam, and low-density polyethylene, have thermal
conductivities ranging from 0.027 to 0.33 W/m-K (Zabalza
Bribidn et al., 2011). This that thermal
conductivity can vary considerably between different polymers.

range indicates
Rigid polyurethane and polystyrene foams are found to be
particularly effective as thermal insulators, with thermal
conductivity ~ values of 0.032 and 0.031-0.0375 W/m'K,
respectively. Natural and organic fibers such as cotton, sheep
wool, and various plant fibers (coconut, sisal, jute, banana, and
pineapple) exhibit thermal conductivities in a similar range to
polymers, with values between 0.034 and 0.07 W/m-K (Faruk
et al,, 2012). These materials have the additional benefit of being
renewable and biodegradable, which makes them attractive from a
sustainability perspective. When comparing these with more
traditional materials, such as pumice, cork, and cellulose, it is
observed that their thermal conductivity is in a comparable

1 85 125 51.7
2 85 90 49.6
3 85 90 55.8
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k (W/m-K)
346.6 0.015 0.09 0.0409
313.7 0.015 0.09 ‘ 0.0452
307.5 0.015 0.09 ‘ 0.04607
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FIGURE 9
(A) composition 1. (B) Composition 2. (C) Composition 3.
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Thermal photographs of the outer surface of the plates tested in the Thermal Conductivity “hot box”. From left to right; (A) sample 1, (B) sample 2, (C)

sample 3.

range. However, the specific value for each material depends largely
on its individual characteristics.

In the presented study, experimental results showed a good
thermal behavior of all the investigated compositions: k-values vary
in the 0.0409-0.04607 W/m-K range. This range is in the same order
of magnitude of many traditional insulating systems, resulting as
innovative thermal insulation solution for building applications.

In research performed on cellulose fiber insulation,
encompassing  its  manufacturing, installation, and
performance aspects, unveiled that, while the typical thermal
conductivity value for cellulose averages approximately
0.040 W/m'K, its properties and performance may exhibit
slight variations based on the manufacturing process and
installation method (Lopez Hurtado et al., 2016). Also, the
source of cellulose can impact the material’s thermal
insulating efficiency (Yeon et al., 2014).

Similar studies to assess the thermal,

environmental behavior of rice husk panels, presents thermal

acoustic, and

Frontiers in Built Environment

conductivity values of 0.070 W/m-K (Buratti et al, 2018) and
0.080 W/m-K (Muthuraj et al., 2019), respectively.

In other study, increase on rice husk content in defined
proportion, could produce decreases in thermal conductivity due
to bulk density decrease (Antunes et al., 2019). In our case, with rice
husk content evaluated, the k-values remains almost constant.

One of the main characteristics of the developed material, in
addition to their thermal resistance, is that they have low energy in
its production process because, for example, in the case of rice husks,
it is agricultural byproducts which is grown in large proportions in
our country. The rice is one of the crops with the highest production
in Panamanian agriculture, with a sown area of more than 95,890 ha
and 7,416,500 quintals in husk, according to data published by
National Institute of Statistics and Census in the
2018-2019 agricultural year (INEC arroz 2015 a 2020, 2021).
This data only indicate he crop area and they do not specify the
total amount of residues. In other hand, the rice husk is considered
an agro-industrial waste, that is normally discard in municipal
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landfills or incinerate, becoming a significant environmental
With the
agricultural production and intensification of farming system,

concern in developing nations. expansion of
more agro-waste residues are produced in all the world
(Maraveas, 2020), and in Panama it is not the exception.

The Sustainable Development Goals, better known as SDGs,
promoted by the United Nations and signed by more than
190 countries, includes specific objectives dedicated to sustainable
an,

consumption (12), action for the climate (13), industry and

citiesm. and communities responsible production and
innovation and infrastructure (9). The use of natural fibers
instead of mineral fibers is related to these objectives, from the
use of resources to the development of innovative products for
different applications, per example, as thermal insultation materials
on building’s envelope, especially in hot-humid region.

Global reports such as the Global Risks Report (Markovitz and
Heading, 2023) and the National Energy Plan 2015-2050 (Secretaria
Nacional de Energia, 2016), underscore the pressing environmental
risks, notably climate change and biodiversity loss, which rank
among the most probable and impactful global challenges. The
development of efficient thermal insulating materials holds promise
for mitigating the energy consumption of buildings, thereby
potentially reducing greenhouse gas emissions (Palomo, 2017).
One of the strategies to address the climate crisis and resource
depletion is the transition to a circular economy (Foster, 2020). By
transforming agricultural waste materials like rice husks into
valuable resources, we promote reuse and diminish reliance on
non-renewable resources (Carlos Javier et al., 2023; Soto et al., 2023).

In terms of energy consumption, the developed material could
reduce the residential energy consumption, specially, considered the
high cost of energy for air conditioning in Panama. The local
climate, including humidity and temperature, affects how much
cooling is required and, consequently, the cost of running an air
conditioner. Also, the energy efficiency plays a role in energy costs.
Well-insulated and well-designed spaces may require less cooling. In
this case, the presented research aims to promote the use of materials
considered as agro-industrial waste in our country, demonstrating
their applicability in different areas, specially, in thermal insulation
of walls, floor or roof, looking for energy loses reduction.

Compared to cellulose traditional insulation material, the
addition of rice husk, could give rot-proof resistance (Chabannes
et al., 2014; Antunes et al., 2019) and seem to have better resistance
to molds in comparison with others natural materials (Antunes
et al., 2019). Also, rice husk is bioadsorbent, have a hard surface,
high silicon content, low bulk density, and is difficult to decompose
with bacteria. In nature, the rice husk protects seeds from physical
damage and attacks by pathogens, insects, and pests (Zou and Yang,
2019); this last characteristic is interesting in terms of growth of
fungi, that is a desirable property in thermal insultation materials,
particularly in humid region.

Based on the literature analysis, the developed material has
environmental advantage compared to conventional ones (plastic
foams and inorganic fibers):

« considering it is based on recycled and residues from agro-
industrial; cellulose insulation continued to be predominantly
made from recycled newspaper and other paper waste, making
it a sustainable and environmentally friendly choice.
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o cellulose insulation was often considered a cost-effective
choice for insulation projects due to its affordability and
energy-saving benefits, natural fibers and recycled materials
present a promising solution to the plastic pollution, posed by
building insultation materials (Zhao et al., 2022),

considering this type of material has a better performance in
terms of embodied energy (Pal et al., 2021); between 0.31 and
1.83 kg CO, eq./kg for cellulose ground from wastepaper, very
low compared to Expanded and Extruded Polystyrene (6.3 and
7.55 kg CO, eq./kg, respectively) (Chandhran and Elavenil,
2023) and

contribute to reducing the carbon footprint and global

warming, considering the demand for energy and CO,
emissions; important goals of saving resources, carbon
sequestration and environmental protection (Ricciardi et al.,
2014; Zou et al,, 2021).

4.3.1 Limitations of the study and future
developments

Limitations in the development of this project can include those
imposed by the COVID-19 (between 2021 and 2022) and available
equipment, both in terms of the manufacturing process of panels
and specimens, as well as carrying out tests to obtain reference
values. However, it is considered that the study carried out
constitutes a reference in Panama, to promote the use of
materials considered as agro-industrial waste in our country,
demonstrating their applicability in different areas.

The proposed new material has the potential for thermal
insulation, so, for its future commercialization, the research and
must

development process continue, providing additional

improvements. Per example, the flame retardancy of the
developed material should be improved before being applied in
buildings.

There are certain considerations that must be considered during
manufacturing process of organic based materials: cellulose-based
insulators absorb water in large quantities which could reduce its
properties in certain environmental condition, especially in hot-
humid region. These conditions allow the growth of fungi and
reduce their useful life.

For future developments, the authors are evaluating the
degradation of developed material, under ambient controlled
conditions. Also, it is necessary to optimize the manufacturing
process, considering the size of ground rice husk particles and
drying process. Among the recommendations for improvement
are obtaining rice husk particles with dimensions less than
0.6 mm. This could be achieved with specialized equipment, as
well as sieves that allow particles with smaller dimensions to be
obtained. With this, a more homogeneous material could be
achieved, leading to a process with commercialization potential.

5 Conclusion

New boards made of recycled newspaper and rice husk were
developed and tested, as an alternative for insulation material. The
studied material was fabricated and evaluated from three different
compositions and tests, including tensile strength tests, compressive
strength tests y thermal conductivity tests. The tensile, compressive,
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and thermal performance were evaluated to propose their
application as insulting boards for the building sector, as an
alternative for the reuse of materials considered as value-added
waste, such as recycled paper and rice husks.

The maximum stresses in average tension are in a range of
1.31-1.76 MPa. Despite the fact that the results are consistent with
what has been reported in the scientific literature, further research
could include other configurations, such as the addition of long
fibers in only one direction to reinforce the behavior of the material
in tension, since a material insulation that is placed as part of the
envelope of a building does not have a great resistance to tension as
an essential condition, it could be desirable in structural cases.

Regarding the compressive strength, the values obtained are
between 20.19 and 21.23 MPa. In Muthuraj et al, 2019, for a
material based on rice husk, a compressive strength of 15 MPa
was obtained. In this sense, through the tests carried out, it was
possible to verify that the resistance of the developed material
presented values like those reported in the literature.

The experimental results showed a good thermal behavior of all
the investigated compositions: vary the
0.0409-0.04607 W/m-K range. The developed material has
competitive thermal conductivity compared to many natural and

k-values in

recycled insulation materials and may be a viable option for
applications requiring efficient thermal insulation. However, there
is still opportunity of improvement to meet or exceed the efficiency
of the leading industrial insulators on the market.

Within the general analysis of the manufacturing process of the
composite material, it was possible to determine very favorable
results when verifying its behavior in tension and compression, even
so, considering that the rice husk can be crushed to obtain particles
smaller than 0.6 mm. As a result of this research, a material with
thermal
performance.

good insulation capacity and good compression

As a result of the findings presented in this article, it can be
concluded that the material developed could potentially have utility
across various engineering domains, including the production of
lightweight ~ components, construction panels, sustainable
packaging, energy dissipation, thermal insulation, among other.
Nevertheless, further research and testing are imperative to assess
its viability and performance in each specific application.

In general, the panels investigated could be a valid solution
to replace the classic insulation systems, although the
investigation remains open for carrying out additional tests
on the developed material, such as bending, flammability,
and degradability tests, among others. Also, the proposed
material is presented as a sustainable alternative, which can
be used in the field of environmentally friendly buildings, which
contribute to reducing the carbon footprint. This research aims
to promote the use of materials considered as agro-industrial
waste in our country, demonstrating their applicability in
Also

advances in the use of natural fibers and recycled paper as

different areas. is considered as a contribution in
thermal insulation materials, which could accordingly help
future development of sustainable green insulations. The
obtained results indicates that recycling materials and agro-
waste materials have the potential to replace conventional
constructions materials and hence achieve environmental and

economic sustainability.
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