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Abstract: The civil construction industry is responsible for a large part of the world’s energy consump-
tion; therefore, in recent years, sustainable practices in this sector have become increasingly common
to minimize the environmental impacts of civil construction during the life cycle of buildings. As a
result, new materials and more sustainable building techniques are being sought. In Portugal, rice
husk is an abundant agricultural waste with great potential to be used as a raw material in thermal in-
sulation materials, as well as giant reed, which is considered an invasive plant. In this study, thermal
insulation plates composed of rice husks and/or reed fiber were developed, using sodium silicate as
a binder in various proportions and with dimensions of 30 × 30 × 3 cm and density ranging between
0.219 and 0.352 g/cm3. The main objective of the study is to evaluate the thermal characteristics of
the plates, such as thermal conductivity, as well as the mechanical resistance to bending and water
absorption. The results of the thermal conductivity tests were promising for all compositions, with
values in the range between 0.0602 and 0.0745 W/m·K, meeting the requirements to be considered as
thermal insulation materials. The results for bending strength and water absorption presented values
within the expected range for materials of vegetal origin.

Keywords: thermal insulation; sustainable building; agricultural waste; rice husk; reed fiber

1. Introduction

Finding measures to reduce energy consumption from the construction to the demoli-
tion of buildings is a major challenge for the construction sector [1]. In addition to searching
for more sustainable construction materials solutions, it is extremely important to improve
the energy efficiency of buildings, as they are responsible for a significant portion of the
total energy consumption and carbon dioxide emissions during their life cycle [2].

The energy consumption in the industrial manufacturing of construction materials
is very high, so the use of materials that require less energy in their production process is
an alternative to reduce the impact that the high energy demand of this sector has on the
environment. Therefore, traditional construction materials may be replaced by materials
from renewable sources, either fully or partially [3].

The use of raw materials obtained through plant waste allows for the adoption of
a circular model in which waste is transformed into new resources, resulting in the eco-
nomic valorization of organic waste generated from agricultural and forestry industries [2].
Therefore, it is important to continue research focused on the development of new thermal
insulators based on natural raw materials, as well as to seek more ecological binding
materials with properties equal to or superior to conventional materials, in order to further
reduce the impact [1].

The use of natural materials in insulation plates has advantages over petroleum
by-products due to the lower environmental harm caused. The carbon and nitrogen in-
corporated in natural materials are prevented from being released into the environment
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as harmful gases and ashes. Natural materials pose no threats to human beings or envi-
ronmental health, and the embodied energy and life-cycle costs of natural materials are
considerably lower [2].

EPS and XPS, for example, are widely used as thermal insulators due to their low
thermal conductivity. However, their production requires the use of non-renewable raw
materials, such as petroleum, and they have extremely slow decomposition rates and are
not easily recyclable [4]. Another widely used material is glass wool, which involves high
temperatures and the use of chemicals in its manufacturing process, generating toxic waste
and fine particles that can be harmful to human health [5].

Furthermore, the use of natural raw materials as thermal insulation materials can
contribute to improving the energy efficiency of buildings as they reduce heat losses. The
reduction in energy consumption for the heating and cooling of buildings results in a
decrease in gas emissions, making this approach a way to mitigate climate change and
environmental impacts [6].

Portugal has a Mediterranean climate, and is characterized by hot and dry summers
and mild to cool and humid winters [7]. Although the winter is not as severe as in northern
countries in Europe, it is important to ensure thermal comfort for occupants [8]; this means
that the energy performance of new building meets the Energy Performance Buildings
Directive [9]. During the summer, high temperatures can lead to overheating of indoor
spaces. Adequate thermal insulation helps prevent excessive heat gain from the outside,
reducing the need for artificial cooling, such as the use of air conditioning [10]. Thermal
insulation also helps minimize the effects of the cold daily temperature variations in
Portugal. During the day, temperatures can be significantly higher than at night, and
insulation helps maintain internal thermal stability, thus avoiding abrupt temperature
fluctuations [11].

To find alternative construction materials and low-tech methods using natural mate-
rials that will result in more sustainable construction, researchers worldwide are making
great efforts to meet the comfort and functionality standards required today. The resulting
solutions are intended to be applied by the construction industry, and as the use of these
natural materials increases, overall production costs will be reduced [12].

The adoption of natural materials alone may not always be a sustainable alternative.
Several factors need to be considered to assess whether their use will provide benefits for
the desired application. It is important to evaluate, for example, if the materials have the
potential to be recycled, if the raw material is renewable, if there is local availability, and if
they perform their intended function [13].

The low thermal conductivity and fibrous characteristics of most organic materials
have contributed to significant improvements in thermal insulation properties when incor-
porated into the structure of the building’s exterior envelope [1]. Natural organic materials
have a high specific heat capacity and a greater sensitivity to moisture, which are different
physical properties compared with common silicate materials [14].

Agricultural waste is generated abundantly worldwide and is typically burned or
dumped in landfills. Finding sustainable solutions to manage this waste is considered a
significant environmental challenge. Therefore, it is necessary to seek more sustainable
alternatives for its proper disposal. The potential use of these waste materials as raw
material sources for thermal insulation materials has been widely recognized in various
studies and can be considered one of the alternatives to minimize the impacts caused by
the agro-industrial sector [15].

Rice cultivation is the third largest cereal crop in the world, behind only maize and
wheat, and it feeds over half of the global population [16]. After harvesting, rice undergoes
the husking process [17]. Rice husk is the outer and protective layer of the rice grain, which
is removed during grain processing [18]. The volume of rice husk generated is enormous
and corresponds to approximately 20% of the total mass of the unhusked rice grain, thus
generating one ton of husk for every five tons of harvested rice [19].
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With growing concerns about the proper disposal of agricultural waste and the search
for more sustainable construction materials, there are several studies focusing on the
application of agricultural residues as raw materials for thermal insulation materials in the
construction industry.

Regarding rice husk, in Yarbrough’s study [20], two types of panels were produced
using crushed rice husk: one with the husk dried in an oven and another with the husk
in its natural state. The study concluded that the husk can be used in its natural state
without the need for energy-intensive drying processes. Another study, by Rosa et al. [21],
used rice husk along with sunflower stalks to produce panels as a potential substitute
for glass wool in thermal insulation for solar water heaters. In Portugal, eco-panels were
developed by Rama [22], composed of wood and straw and/or rice husk. In the study
by Wang et al. [23], a thermal insulation material was developed using rice husk and
geopolymer foam. Buratti et al. [24] evaluated the thermal, acoustic, and environmental
performance of panels made from rice husk, produced by bonding and pressing the material.
Muthuraj et al. [25] produced biodegradable composites using four byproducts, such
as rice husk, wheat husk, wood fibers, and textile waste, all of which exhibited good
thermal conductivity. Another study, by Aravind et al., developed panels for external
concrete walls by incorporating rice husk into the mixture, resulting in a reduction of up to
19.05% in thermal conductivity [26]. In the research by Marques et al. [27], cement-based
composites were developed with the incorporation of rice husk into the mixture, which
not only showed a reduction in thermal conductivity, but also exhibited a good acoustic
insulation performance.

In addition to rice husk in its natural state, there are also several studies where rice
husk has been incorporated into the composition of thermal insulation materials in other
forms. For example, in the study by Fernandes et al. [28], a vitreous foam was developed
by adding rice husk ash and waste glass powder, achieving thermal conductivity values
of 0.021–0.025 W/mK. Another example is the synthesis silica aerogel derived from rice
husk, as demonstrated in the study by Abbas et al. [29], where a lightweight cement-based
composite with excellent thermal properties was developed by incorporating rice-husk-
derived silica aerogel.

In a study about reeds by Ferrández-García et al. [30], a panel was developed consisting
of three layers of reeds, with the outer layers composed of crushed material and the inner
layer made of whole stalks. The composition of urea–formaldehyde was used as a binding
material. Andreu-Rodriguez et al. [31], conducted a study using reed stalk panels with
18 different compositions, varying the particle size and using different types of resins
as the binding materials. Research carried out in Belarus, by Baltrushevich et al. [32],
developed ecological thermal insulation panels based on ground reeds and crushed rye
straw. Sodium silicate mixed with lime and gypsum was used as a binding material to
improve water resistance. Alternatively, a wood resin was also used as a binder. The
study by Benalel et al. [33] was conducted to develop and characterize thermal insulation
materials from cardboard waste and plant fibers, such as reeds, fig tree branches, and olive
leaves. Another research evaluated the physical, mechanical, and thermal properties of
incorporating reed fiber into a green and sustainable concrete composite [34].

This work presents research in the field of sustainable building materials, addressing
the combined use of rice husk and reed fiber, both agricultural residues found abundantly
in Portuguese territory. The aim is to valorize local raw materials efficiently and incorporate
them into a circular economy model, promoting the development of more ecological and
economically viable solutions for the construction industry.

The main objective is the development and evaluation of sustainable composite ma-
terial solutions for the thermal insulation of buildings. The work consists specifically of
experiments using various compositions in the form of plates containing rice husk and/or
reed fiber, using sodium silicate as a binding material. These plates have been developed
to be applied on walls and ceilings of buildings. Through experimentation, the aim is to
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evaluate the physical and mechanical properties of the different compositions, such as the
thermal conductivity, bending strength, and water absorption.

2. Materials and Methods
2.1. Materials
2.1.1. Fibers

The rice husk (Figure 1) used in this study was from the Oryza sativa species, Japonica
subspecies, obtained from the Beira Litoral region in Portugal. The material did not undergo
any processing or special treatment, it was simply stored in bags protected from light, heat,
and humidity. Rice husk has dimensions ranging from 3 to 5 mm. The gradation curve of
rice husk is shown in Figure 2. Its density varies between 0.118 and 0.150 g/cm3, depending
on various factors such as moisture content, particle size, porosity, and compaction [35]. It
is a waste generated in large daily volumes and is still not well-utilized [19]. Because of its
low nutritional value and high percentage of silica in its composition, rice husk is not used
as animal feed [36].
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Figure 1. Rice husk.
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The reed fiber (Figure 3) used in this study was obtained from the stems of the
Arundo donax L. species, also known as the giant reed, obtained from the Leiria region in
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Portugal. Despite reeds having significant economic potential in certain regions of the
world, it is considered an invasive species in Portuguese territory according to Decree-Law
No. 92/2019 [37].
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Figure 3. Reed fiber.

The process to obtain the material involved manual harvesting of the plant, followed
by cleaning of the stems to remove the leaves. Subsequently, the stems were cut into small
cylinders approximately 50 mm in length, dried in a 50 ◦C oven, and then placed in a ball
mill for the milling process. After milling, the material was sieved and separated into
fractions based on particle size, according to Table 1. The gradation curve of rice husk is
shown in Figure 2.

Table 1. Percentage of fractions of reed fiber particles.

Size of Particles (mm) (%)

>5 10
2–5 30
1–2 28

0.50–1 16
0.25–0.50 10

<0.25 6

Particles larger than 2 mm represented 40% of the material and were partially crushed
raw material, which were reused and added to a new raw material mixture for further
milling. Particles smaller than 0.25 mm accounted for only 6% of the total mixture and
were discarded. The fractions in the range of 0.25–2 mm accounted for the large quantity of
material (54% of the milled and sieved material) and were selected to be used in this study;
according to a previous study from Baltrushevich’s [32], this size has the best performance
for thermal insulation applications.

2.1.2. Binder

Sodium silicate solution, provided by Quimialmel, also known as liquid glass, was
used as the binder. The material is a viscous liquid, and is transparent or slightly whitish in
color. It has a pH between 10.5 and 13, a viscosity of 135 cP, and a density of 1.368 g/cm3.
One of the advantages of using liquid glass as a binder in this study is its non-combustibility,
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providing increased safety in case of building fires, in addition to its good adhesion to
plant-based substrates [38,39].

FTIR analysis was conducted on sodium silicate in both its liquid and solid states after
drying in an oven at 50 ◦C. The main purpose was to characterize the chemical composition
differences between the two states. The analysis was conducted on a Bruker Alpha-p FTIR
ATR spectrometer, which operated in the frequency range from 4000 to 400 cm−1. Figure 4
presents the FTIR spectra of the sodium silicate samples.
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The peak at 3300 cm−1 confirms the presence of hydroxyl groups in the samples,
indicating the presence of water, which is more pronounced in the liquid-state solution.
The peaks at 1643 cm−1, 972 cm−1, and 898 cm−1, present in both spectra, can be attributed
to the presence of H-O-H, Si-O-Si stretching and SiO4 tetrahedron [40]. It is observed that
in the dry state of sodium silicate, two small peaks emerge in the region of 2922 cm−1 and
2855 cm−1, which are characteristic bands of sodium silicate for silanol OH groups and
adsorbed water [41].

2.2. Composition and Preparation of Specimens

In this study, 22 different compositions of panels were tested (Table 2) using rice husk
and/or reed fiber as aggregates and sodium silicate as the binder.

The range of sodium silicate quantity, ranging from 350 g to 600 g, was established to
examine different ratios of sodium silicate in relation to the natural components present.
Thus, the amount of sodium silicate used in the mixtures for the manufacturing the panels
varied from 40% to 60%.



Sustainability 2023, 15, 11273 7 of 20

Table 2. Compositions, proportions, dimensions, and conditions of plates.

Sample
Composition (g) Proportion

Aggregatess:Silicate (%) Dimensions (cm)
Rice Husk Reed Fiber Sodium Silicate

1

400 -

350 53:47 29.8 × 29.8 × 3.0
2 400 50:50 29.8 × 29.8 × 2.9
3 500 44:56 29.9 × 29.8 × 2.9
4 600 40:60 29.6 × 29.6 × 3.0

5
450 -

400 53:47 30.0 × 29.9 × 3.0
6 500 47:53 29.9 × 29.9 × 3.0
7 600 43:57 29.9 × 29.9 × 3.0

8
200 300

400 56:44 29.8 × 29.7 × 3.0
9 500 50:50 29.6 × 29.7 × 3.0

10
250 250

400 56:44 30.0 × 29.9 × 3.0
11 500 50:50 30.0 × 29.9 × 3.0

12
300 200

350 59:41 29.8 × 29.8 × 3.0
13 400 56:44 29.8 × 29.8 × 3.0
14 500 50:50 29.7 × 29.8 × 3.0

15
300 300

400 60:40 29.8 × 29.8 × 3.0
16 500 55:45 30.0 × 29.9 × 3.0
17 600 50:50 29.9 × 29.9 × 3.0

18
350 50

400 50:50 29.8 × 29.8 × 3.0
19 500 44:56 29.8 × 29.8 × 3.0

20
400 100

400 56:44 29.9 × 29.9 × 3.0
21 500 50:50 29.9 × 29.9 × 3.0

22 - 800 400 67:33 30.0 × 29.9 × 3.0

The lowest quantity (350 g) was determined after observing that lower amounts did
not provide satisfactory integrity to most of the mixtures, compromising the mechanical
performance of the panels. On the other hand, the maximum quantity (600 g) was defined
based on previous tests that showed that increasing the binder content in the mixture also
tends to increase the thermal conductivity of the panels, reducing their thermal performance.
Additionally, the panels already exhibited sufficient stiffness and consistency, making it
unnecessary to use larger quantities of binder.

All of the plates were prepared using a metallic mold with dimensions of
300 × 300 × 30 mm. The mixture for each composition was manually prepared until
the binder material evenly coated the aggregates. After mixing, the material was placed
in the mold with the lid fixed and remained closed for a minimum period of 6 h. Then,
the sides of the mold were removed, and the material was placed in an oven for drying
at a temperature of 50 ◦C until reaching a constant mass. In this study, we chose not
to completely remove the plate from the mold, keeping the lid fixed for the first 24 h to
ensure a completely flat surface for the plates. Without the lid, the material tended to
experience some deformations on the surface due to the heat from the oven, which can
affect the accuracy of the tests, particularly the thermal conductivity test. Once the plate
was completely dry, it was removed from the oven and stored in a dry and protected place.
Table 2 shows the average final dimensions of the plates for each composition. No relevant
deviations from the target dimensions were obtained. An example of a finished plate can
be seen in Figure 5.

2.3. Testing Methods

This study evaluated the physical–mechanical properties of the plates. Table 3 presents
a summary of the tests conducted, including the respective parameters obtained, as well as
the number of specimens tested for each composition.
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Table 3. Testing parameters.

Test Parameters No. of Compositions No. of Specimens per Composition

Heat flow Thermal conductivity 22 5
Bending Bending strength, modulus of elasticity 22 5

Water absorption Moisture content 10 3

2.3.1. Thermal Conductivity

To determine the thermal conductivity (λ) of the different compositions, the plates
were subjected to testing on LM.PLUS 305 heat flow meter equipment, in accordance with
the ISO 8301 [42] standard. The equipment consisted of a cooling plate at the bottom and a
heating plate at the top. The temperature of the cooling plate set for this test was 10 ◦C, and
the heating plate was set to 40 ◦C. With the defined temperatures, the equipment operated
for an average of 120 min to achieve a stable thermal conductivity value. The test was
repeated five times for each composition.

2.3.2. Bending Strength

The bending strength test was conducted on five specimens for each composition, fol-
lowing the EN 12089 [43] standard, using the Universal Testing Machine–Instron
4505 equipment. The specimens consisted of plates cut into small beam shapes, with
dimensions of 30 mm thickness, 50 mm width, and 300 mm length. The test involved
a three-point bending test, using three cylinders with a diameter of 80 mm, where two
cylinders served as support and one as the load. The supporting cylinders were spaced
200 mm apart from the center, and the loading cylinder was positioned at the center of the
specimen. The load was applied at a speed of 10 mm/min.

Bending strength was calculated from the followingequation:

σf =
3 × Fm × L
2 × b × d2 (1)

where:
σf is the bending strength (MPa), Fm is the maximum load (N), L is the distance

between supports (mm), b is the width of the specimen (mm), and d is the thickness of the
specimen (mm).



Sustainability 2023, 15, 11273 9 of 20

The modulus of elasticity (E) for the bending of each specimen was also calculated.
The modulus of elasticity is an important property of many materials as it allows for the
calculation of elastic deformation that occurs in a structure when it is subjected to an
external load.

The modulus of elasticity was calculated from the linear part of the graph obtained
through the bending test of each specimen (Figure 6), where the deformation is directly
proportional to the applied load.
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Figure 6. Example of a bending strength test graph for the calculation of the modulus of elasticity.

With the determined region of the graph, the following expression was applied:

E =
(F2 − F1)× L2

(d2 − d1)× 48 ×
(

b×h3

12

) (2)

where:
E is the modulus of elasticity (MPa), F2 is the maximum load (N), F1 is the minimum

load (N), L is the length (mm), d2 is the maximum displacement (mm), d1 is the minimum
displacement (mm), b is the width (mm), and d is the thickness (mm).

The result is a measure of the material’s stiffness, expressed in MPa. It is important
to note that the modulus of elasticity can vary with test conditions and specific material
properties, such as density, temperature, humidity, and other factors.

2.3.3. Water Absorption

In this study, the water absorption of the materials was determined using a climate
chamber, model Sunrise SU340ES 2010, which allowed for temperature and humidity
control. For this test, the plates were cut into specimens measuring 150 × 50 × 30 mm.
Because of space limitations inside the chamber, only 10 compositions were selected to
undergo this test, with three specimens for each composition, totalings 30 specimens.
Aiming to vary the types of compositions as much as possible, the influence of each
material in the mixture was evaluated.

After cutting the specimens, they were weighed and placed in the climate chamber,
using an ambient temperature of 20 ◦C and a relative humidity of 60%, until reaching a
constant mass value. This step ensured that all specimens had the same temperature and
humidity conditions. Once the mass of the specimens stabilized, the relative humidity was
increased to 95%, while maintaining the temperature at 20 ◦C. The specimens were kept
under these conditions inside the chamber and periodically weighed until they reached a
constant mass again at this humidity level.
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After exposure to the high humidity level in the climate chamber, water absorption
was calculated according to the following equation.

Wm =
m2 − m1

m2
× 100 (3)

where:
Wm is water absorption (%), m1 is the dry mass (g), and m2 is the wet mass (g).

3. Results and Discussion
3.1. Thermal Conductivity
3.1.1. Rice Husk Plates

Table 4 shows the thermal conductivity results obtained for compositions 1–7, com-
posed of rice husk (RH) and sodium silicate, along with their respective composition and
density. Additionally, a classification of the condition of the boards was also performed,
being classified as not-rigid (material easily detaches), semi-rigid (rigid plate but still loses
some surface material), and rigid (plate maintains its shape).

Table 4. The density and thermal conductivity of the samples with rice husk and sodium silicate.

Sample
Composition (g)

Density
(g/cm3)

Thermal
Conductivity (W/mK)

Plate
ConditionRice Husk Sodium

Silicate

1

400

350 0.240 0.0613 Not-rigid
2 400 0.245 0.0629 Semi-rigid
3 500 0.257 0.0656 Rigid
4 600 0.268 0.0672 Rigid

5
450

400 0.255 0.0637 Semi-rigid
6 500 0.273 0.0669 Rigid
7 600 0.280 0.0689 Rigid

Based on the data presented in Table 4, the graph in Figure 7 illustrates the curves
for the increase in thermal conductivity in relation to the increase in sodium silicate in the
compositions with 400 g and 450 g of rice husk.

Sustainability 2023, 14, x FOR PEER REVIEW 10 of 20 
 

 

under these conditions inside the chamber and periodically weighed until they reached a 

constant mass again at this humidity level. 

After exposure to the high humidity level in the climate chamber, water absorption 

was calculated according to the following equation. 

𝑊𝑚 =
𝑚2 − 𝑚1

𝑚2

× 100 (3) 

where: 

Wm is water absorption (%), m1 is the dry mass (g), and m2 is the wet mass (g). 

3. Results and Discussion 

3.1. Thermal Conductivity 

3.1.1. Rice Husk Plates 

Table 4 shows the thermal conductivity results obtained for compositions 1–7, com-

posed of rice husk (RH) and sodium silicate, along with their respective composition and 

density. Additionally, a classification of the condition of the boards was also performed, 

being classified as not-rigid (material easily detaches), semi-rigid (rigid plate but still loses 

some surface material), and rigid (plate maintains its shape). 

Table 4. The density and thermal conductivity of the samples with rice husk and sodium silicate. 

Sample 

Composition (g) 
Density  

(g/cm3) 

Thermal  

Conductivity (W/mK) 

Plate  

Condition Rice Husk 
Sodium  

Silicate 

1 

400 

350 0.240 0.0613 Not-rigid 

2 400 0.245 0.0629 Semi-rigid 

3 500 0.257 0.0656 Rigid 

4 600 0.268 0.0672 Rigid 

5 

450 

400 0.255 0.0637 Semi-rigid 

6 500 0.273 0.0669 Rigid 

7 600 0.280  0.0689 Rigid 

Based on the data presented in Table 4, the graph in Figure 7 illustrates the curves for 

the increase in thermal conductivity in relation to the increase in sodium silicate in the 

compositions with 400 g and 450 g of rice husk. 

 

1

2

3

4

5

6

7

0.06

0.062

0.064

0.066

0.068

300 400 500 600

λ
 (

W
/m

.K
)

Sodium silicate (g)

400 g RH 450 g RH

Figure 7. Thermal conductivity of rice husk and sodium silicate compositions.



Sustainability 2023, 15, 11273 11 of 20

Composition 1 showed the best thermal conductivity results, with the lowest density
(0.213 g/cm3). However, the low amount of binder in this mixture made the plate more
fragile. An attempt was made to apply 350 g of sodium silicate to a mixture with 450 g of
rice husk, but the plate disintegrated easily, so this sample was discarded.

Composition 2 had an additional 50 g of sodium silicate in the mixture compared
with composition 1, resulting in a 2.1% increase in density and a 2.6% increase in thermal
conductivity value. Composition 3, with an additional 100 g of sodium silicate compared
with composition 2, had a 4.9% increase in density and a 4.3% increase in thermal conduc-
tivity value. Composition 4, with an additional 100 g of sodium silicate compared with
composition 3, had a 4.2% increase in density and a 2.5% increase in thermal conductivity.
This indicates that for every 100 g of sodium silicate added to the compositions, there was
an increase in density ranging from 4.2% to 4.9% and a consequent increase in thermal
conductivity in the range of 2.5% to 4.3%.

When an additional 50 g of rice husk was added to the compositions, an increase in
thermal conductivity was observed. Composition 5, compared with composition 2, had a
4.1% increase in density and a 1.3% increase in thermal conductivity. The same trend was
observed for composition 6 compared with composition 3, and for composition 7 compared
with composition 4, where the addition of 50 g of rice husk resulted in a 6.2% and
4.4% increase in density, and a 1.9% and 2.5% increase in thermal conductivity, respectively.

When comparing compositions 5, 6, and 7, it can be observed that the addition of
100 g of sodium silicate to these compositions led to an increase in density ranging from
2.5% to 7.1% and an increase in thermal conductivity ranging from 2.9% to 5%.

Based on these analyses, it was observed that the density of these compositions was
directly related to the thermal conductivity, meaning that lower density resulted in lower
thermal conductivity of the composite plate. The increase in density caused by the addition
of sodium silicate showed that for every 100 g added, there could be an increase of up to
7.1% in density, which translates to an increase of 2.5% to 7.8% in the thermal conductivity
of the material.

Materials with a lower density tend to have better thermal insulation performance due
to the presence of air-filled pores in their structure, which restrict heat transfer. Therefore,
the lower the density, the higher the potential for thermal insulation [44].

3.1.2. Rice Husk and Reed Fiber Plates

Table 5 presents the results of thermal conductivity obtained for compositions 8–22,
composed of rice husk, reed fiber (RF), and sodium silicate, along with their respective
composition, density, and plate condition.

Based on the data presented in Table 5, it can be observed that the addition of reed
fiber to the mixtures resulted in an increase in the density and thermal conductivity of
the boards compared with the compositions analyzed previously in Table 4. The graph in
Figure 8 illustrates the curves of thermal conductivity increase in relation to the increase in
sodium silicate in the compositions with reed fiber and rice husk.

Composition 22, consisting solely of reed fiber and sodium silicate, exhibited a density
of 0.270 g/cm3 and a thermal conductivity of 0.0983 W/mK. The achieved thermal conduc-
tivity value was relatively high when compared with compositions with similar densities
that only contained rice husk in their mixture. For instance, composition 6 had a density
very close to composition 22, but its thermal conductivity was approximately 47% lower.

Another comparison for mixture 22 can be made with compositions 7 and 5, which
had the same amount of sodium silicate in the mixture, but exhibited thermal conductivities
42% to 54% lower than the composition with reed fiber. These analyses of composition
22 confirm that reed fiber significantly contributed to the increase in thermal conductivity
when incorporated into the compositions.
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Table 5. Density and thermal conductivity of samples with rice husk, reed fiber, and sodium silicate.

Sample
Composition (g)

Density
(g/cm3)

Thermal
Conductivity

(W/mK)

Plate
ConditionRice

Husk
Reed
Fiber

Sodium
Silicate

8
200 300

400 0.269 0.0712 Semi-rigid
9 500 0.299 0.0736 Rigid

10
250 250

400 0.275 0.0699 Semi-rigid
11 500 0.297 0.0726 Rigid

12
300 200

350 0.254 0.0634 Not-rigid
13 400 0.273 0.0666 Semi-rigid
14 500 0.302 0.0681 Rigid

15
300 300

400 0.288 0.0704 Semi-rigid
16 500 0.323 0.0732 Rigid
17 600 0.352 0.0745 Rigid

18
350 50

400 0.219 0.0602 Semi-rigid
19 500 0.240 0.0627 Rigid

20
400 100

400 0.255 0.0689 Semi-rigid
21 500 0.273 0.0706 Rigid

22 - 800 400 0.270 0.0983 Rigid
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Therefore, reed fiber acting alone with sodium silicate did not yield satisfactory
thermal conductivity values in order to be considered a thermal insulation material in
the tested sample. However, by combining this material with rice husk in the other
compositions, it was possible to achieve acceptable values, albeit slightly higher than those
obtained in the compositions solely with rice husk.

The compositions with reed fiber and rice husk that had the best thermal performance
were compositions 18 and 19, which had the lowest densities and achieved values of
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0.0602 and 0.0627 W/mK. These compositions had the least amount of reed fiber in the
mixture. What differentiated these two compositions was the addition of 100 g of sodium
silicate in composition 19, resulting in an increase of 8.8% in density and 4.0% in thermal
conductivity compared with composition 18.

Next, compositions 12, 13, and 14 achieved the lowest thermal conductivity values,
ranging from 0.0634 to 0.0681 W/mK. It was observed that by decreasing 50 g of rice husk
and increasing 150 g of reed fiber compared with compositions 18 and 19, there was a
significant increase in thermal conductivity in the range of 8.6% to 10.6% for the same
amount of binder.

From the presented results, it is generally observed that an increase in the amount
of reed fiber in the panels led to higher thermal conductivity. However, compositions
20 and 21 did not follow this expected trend. The thermal conductivity was higher than
that of compositions 13 and 14, which had a greater amount of reed fiber in the mixture.
The explanation for this atypical behavior may be related to factors other than the amount
of reed fiber, such as the packing effect. It is possible that the distribution and structure
of rice husk and reed fiber in compositions 20 and 21 contributed to creating more air
pathways inside the samples, allowing for easy heat transfer through convection mode.
This may have increased the thermal conductivity of the material, despite the lower amount
of reed fiber compared with compositions 13 and 14.

When comparing composition 14 to composition 16, which differed by 100 g of reed
fiber, while keeping the amount of rice husk and sodium silicate unchanged, an increase
of 6.9% in density and 7.5% in thermal conductivity can be observed. Both the increase
in the amount of reed fiber and thermal transfer by conduction should have influenced
these results.

It is also important to compare the plates containing reed fiber with those composed
solely of rice husk and sodium silicate. For example, compositions 2 and 3, which contained
400 g of rice husk, when compared with compositions 20 and 21, which contained 400 g of
rice husk plus 100 g of reed fiber, showed an increase in thermal conductivity ranging from
7.1% to 8.7% by adding reed fiber to the mixture.

Another comparison can be made between compositions 5 and 6 with compositions
20 and 21, as they had very similar densities. Among these compositions, the influence
of adding reeds to the mixture can be observed, where thermal conductivity increased by
5.2% to 7.5% while maintaining the same density.

3.2. Bending Strength

The results obtained from the bending strength test can be visualized in Tables 6 and 7,
which present the average results of the five specimens for each composition regarding
the maximum supported force (Fmax), bending strength (σf), and respective modulus of
elasticity (E).

Table 6. Bending strength and modulus of elasticity for specimens with rice husk and sodium silicate.

Sample Composition (g)
Fmax (N) σf (MPa) E (MPa)

Rice Husk Sodium Silicate

1

400

350 27.50 0.17 16.40
2 400 33.50 0.23 47.50
3 500 33.67 0.24 45.70
4 600 35.67 0.25 32.94

5
450

400 34.83 0.23 26.29
6 500 33.25 0.28 42.36
7 600 40.25 0.29 45.05
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Table 7. Bending strength and modulus of elasticity of specimens with rice husk, reed fiber, and
sodium silicate.

Sample
Composition (g)

Fmax (N) σf (MPa) E (MPa)
Rice Husk Reed Fiber Sodium

Silicate

8
200 300

400 17.50 0.12 19.45
9 500 21.33 0.13 23.69

10
250 250

400 19.00 0.13 20.56
11 500 25.25 0.16 27.62

12
300 200

350 16.83 0.12 16.45
13 400 19.33 0.13 28.67
14 500 25.83 0.17 36.45

15
300 300

400 22.75 0.15 21.15
16 500 32.33 0.22 31.59
17 600 34.17 0.25 29.86

18
350 50

400 18.25 0.12 20.46
19 500 19.00 0.13 26.50

20
400 100

400 28.50 0.18 17.25
21 500 32.75 0.22 31.54

22 - 800 400 16.33 0.11 14.66

It is observed that the specimens composed solely of rice husk and sodium silicate
achieved the highest strength, with the maximum value obtained being 0.29 MPa for
composition 7. Among all of the tested compositions, the lowest result was obtained
by composition 22, composed solely of reed fiber and sodium silicate, with a value of
0.11 MPa, indicating that rice husk was more resistant under these conditions. These values
are expected for natural materials, as similar results have been achieved in other studies,
ranging from 0.08 to 0.26 MPa for reed [45] and 0.34 MPa for rice husk [46].

The results show that by adding 100 g of sodium silicate to a composition, without
changing the other materials, there was a significant increase in bending strength, ranging
from 3.4% to 31.8%.

The influence of reed fiber on the bending strength of the compositions was also
observed. When comparing the different compositions, it can be noticed that the mixtures
with reed fiber decreased the bending strength from 1.1 to 2.2 times compared with those
without this material in their mixture with the same amount of sodium silicate.

In the samples tested in the bending strength test, the calculated modulus of elasticity
ranged from 16.40 MPa to 47.50 MPa in compositions with rice husk and sodium silicate,
and 16.45 MPa to 36.45 MPa in compositions containing rice husk, reed fiber, and sodium
silicate. In the composition using only reed fiber and sodium silicate, the value of the
modulus of elasticity was even lower, reaching a value of 14.66 MPa. With these results,
it is possible to observe the influence of reed fiber on the stiffness of the material, as the
compositions containing this material in the mixture showed lower values for the modulus
of elasticity when compared with the compositions using only rice husk.

3.3. Water Absorption

The first cycle of the test, in which the specimens were maintained at a temperature
of 20 ◦C and a relative humidity of 60%, lasted approximately 14 days. The second cycle,
in which the specimens were exposed to a relative humidity of 95%, lasted 35 days until
reaching a stable mass.

For this test, 10 compositions (Table 8) were selected, comprising 5 compositions of
rice husk and sodium silicate, and 5 compositions containing reed fiber in their mixture.
Table 8 also presents the obtained results for the average water absorption (Wm) calculated
based on the recorded mass variation for each sample during the 35-day test.
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Table 8. Water absorption of the selected specimens.

Sample
Composition (g)

Wm Media (%)
Rice Husk Reed Fiber Sodium Silicate

2
400 -

400 45.03
3 500 43.77
4 600 40.27

5
450 - 400 43.75

6 500 46.83

13
300 200

400 47.83
14 500 48.44

16
300 300

500 45.67
17 600 44.33

22 - 800 400 38.02

In the graph of Figure 9, composition 22 can be observed, which obtained the lowest
water absorption value of 38.02%. On the other hand, the specimens that achieved the
highest values of water absorption among the analyzed compositions were the specimens
from compositions 14 with 48.44% and 13 with 47.83%. Composition 4, despite initially
showing a higher water absorption, ended up having one of the lowest results at the end of
the test.
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Figure 9. Water absorption of compositions 4, 13, 14, and 22.

As a result, it is evident that a higher amount of sodium silicate in the composition can
accelerate the water absorption process. This can be attributed to the hygroscopic nature
of sodium silicate. However, a faster increase in water absorption does not necessarily
mean that the final absorption value will be higher. The compositions that achieved the
highest water absorption at the end of the test were not necessarily the ones with the
highest initial absorption.

The results indicate that the compositions with rice husk and sodium silicate exhibited
higher water absorption values compared with the compositions with reed fiber. In the
case of composition 22, composed solely of reed fiber and sodium silicate, the compositions
with rice husk alone showed a 15% to 23% higher water absorption rate.
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Although the water absorption results were high for all compositions, it was observed
that the water absorption content of the reed fiber was relatively lower than that of rice
husk. This difference may be attributed to variations in the physical structure and chemical
composition of the materials. Both materials contain cellulose and lignin, but in different
proportions, and depending on the quantity of these components, the material becomes
more or less hydrophilic. Additionally, the physical structure of reed fiber is more compact
and denser compared with rice husk. Reed fiber is composed of long, straight fibers, while
rice husk contains many pores and gaps [35,47].

The acceptable water absorption content for thermal insulation materials can vary
depending on the material type, project specifications, and service conditions. In general,
plant-based materials tend to exhibit relatively higher water absorption compared with
other insulation materials. This is because many of these materials are porous and possess
a fibrous structure that can retain water. However, the water absorption content can
vary significantly depending on the nature of the material, its compaction level, density,
thickness, and other factors [48].

In another study, various samples containing reed fiber, straw, and sodium silicate
were tested. With a relative humidity of 97%, the recorded water absorption for the samples
with reed fiber and sodium silicate was approximately 33%, a value very close to the results
obtained in this study [39].

In this test, the specimens were exposed to extreme humidity conditions, which are
unlikely to be encountered in real-world applications [49]. Some plant-based materials can
be treated with hydrophobic additives to reduce water absorption and enhance moisture
resistance, especially when applied without any coating layer [50].

In addition to calculating the water absorption content, this test allowed for the visual
analysis of degradation and susceptibility to the emergence of fungi and molds of the
specimens exposed to a relative humidity of 95%.

In the specimens of composition 22, consisting solely of reed fiber and sodium silicate,
dark spots began to appear scattered throughout the body of the specimen from the 7th
day of the cycle at 95% relative humidity, indicating the presence of fungi in the material.

No visible fungal manifestations were observed in the other specimens composed
of a mixture of reed fiber with rice husk or solely rice husk. Figure 10 shows the final
appearance of the specimens of composition 22 after 35 days in a climatic chamber.
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It is somewhat expected that some manifestation of biological attack would occur in
the specimens when exposed to a relative humidity of 95%, mainly because they were
composed of organic raw materials from a plant without any type of prior treatment. Build-
ing materials composed of organic raw materials are highly susceptible to the emergence
of fungi, especially when exposed to high relative humidity or direct contact with water.
This is because most fungi develop in warm and humid environments, as these conditions
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provide a favorable environment for the proliferation of their mycelia and the germination
of their spores, which are structures that form a significant part of the fungal body [50].

The presence of fungi in reed cultivation is well-known and studied. There are various
types of fungi that attack the plant, from the leaves to the roots, thus impeding its growth.
Therefore, it is possible that the material was already contaminated at the time of harvesting.
Reed is highly sensitive to biological attacks, allowing for the appearance of fungi on its
surface [51], because of the nutrient content and hygroscopic nature of the plant, as well as
being highly susceptible to fungal growth [50].

In Ansolin’s study [51], a very similar manifestation of biological attack was observed,
where some samples of reed bundles, 20% dried in an oven and 80% air dried, were
subjected to a climatic chamber with a temperature of 22 ◦C and a relative humidity of
95%. After 7 days inside the chamber, fungi and molds were detected on the surface of all
of the samples.

Although the samples containing rice husk did not show any visible signs of biological
attack during this test, it cannot be concluded that the material would not exhibit any fungal
manifestations in the long term. Therefore, fungicide treatment of the organic materials
should be considered in further developments of these types of composites to prevent any
future attacks that may affect the durability and quality of the material.

After analyzing the results of all of the tests, it can be observed that the compositions
containing only rice husk performed better, except for water absorption. It should be
considered that in a real-world application, the panels will unlikely be exposed to such
aggressive humidity. Therefore, compositions 1, 2, and 5 can be considered as having the
best thermal conductivity and mechanical strength results.

4. Conclusions

The present research aimed to investigate the use of agricultural waste, namely rice
husk and reed fiber, as raw materials for thermal insulation plates in order to assess the
feasibility and effectiveness of these composites.

Rice husk showed excellent results, outperforming reed fiber in all aspects, except
for water absorption. The thermal conductivity values achieved ranged from 0.0613 to
0.0689 W/mK. The addition of 100 g sodium silicate to the rice husk mixtures resulted
in an increase in thermal conductivity from 2.4% to 5.0%. Therefore, compositions 1, 2,
and 5 can be considered as having the best overall performance in terms of thermal and
mechanical properties.

Regarding the use of reed fiber in the composition of the plates, although positive
results were achieved when the material was used in conjunction with rice husk, with
thermal conductivity values ranging from 0.0602 to 0.0745 W/mK, it was observed that the
addition of reed fiber to the mixtures increased the thermal conductivity of the compositions
up to 12% compared with those made solely of rice husk and of a similar density.

Regarding the bending strength, the results indicate that compositions with rice husk
and sodium silicate had a higher strength than mixtures containing reed fiber. It was
observed that the addition of reed fiber to the mixtures led to a decrease in mechanical
strength. Compositions made solely of rice husk and the same amount of sodium silicate
as the reed fiber compositions exhibited values up to 2.2 times higher. Furthermore, the
influence of sodium silicate on mechanical strength was noted, as compositions with an
additional 100 g of this material showed an increase in bending strength ranging from 3.4%
to 31.8%. Analyzing the results for the modulus of elasticity, there was also a tendency for
compositions with reed fiber to have lower values, ranging from 16.45 MPa to 36.45 MPa,
while compositions composed solely of rice husk and sodium silicate exhibited values
between 16.40 MPa and 47.50 MPa.

Another important point to highlight regarding reed fiber was the occurrence of fungi
when exposed to a very high relative humidity. This is a problem that should be further
studied, namely through the use of pre-treatment using appropriate fungicidal products.
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Rice husk proved to be more resistant to biological attack than reed fiber when exposed to
the same conditions.

The use of these composite plates can significantly contribute to reducing the environ-
mental impacts caused by the construction and agriculture industries. By utilizing locally
available agricultural waste, it is also possible to address issues related to sustainable re-
source management and the mitigation of specific environmental problems. Therefore, this
study stands out as an important contribution to the advancement of sustainable practices
in the construction industry and paves the way for practical applications of these materials.
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