Research on Engineering
Structures & Materials

WWww.jresm.org

Effect of waste paper-based nanocellulose
synthesized at low temperatures on the
microstructural properties of mortar

Saloma, Siti Aisyah Nurjannah, Anis Saggaff, Arie Putra Usman,
Pengki Suanto, Rifkah

Online Publication Date: 20 November 2025

URL: http://www.jresm.org/archive/resm2025-1100ma0820rs.html
DOI: http://dx.doi.org/10.17515/resm2025-1100ma0820rs

Journal Abbreviation: Res. Eng. Struct. Mater.

To cite this article

Saloma, Nurjannah S A, Saggaff A, Usman A P, Suanto P, Rifkah. Effect of waste paper-based
nanocellulose synthesized at low temperatures on the microstructural properties of mortar.
Res. Eng. Struct. Mater., 2026; 12(3): 1609-1635.

Disclaimer

All the opinions and statements expressed in the papers are on the responsibility of author(s)
and are not to be regarded as those of the journal of Research on Engineering Structures and
Materials (RESM) organization or related parties. The publishers make no warranty, explicit
or implied, or make any representation with respect to the contents of any article will be
complete or accurate or up to date. The accuracy of any instructions, equations, or other
information should be independently verified. The publisher and related parties shall not be
liable for any loss, actions, claims, proceedings, demand or costs or damages whatsoever or
howsoever caused arising directly or indirectly in connection with use of the information
given in the journal or related means.

Published articles are freely available to users under the terms of

Creative Commons Attribution - NonCommercial 4.0 International Public
BY NC

License, as currently displayed at here (the “CC BY - NC”).



http://www.jresm.org/archive/resm2025-1100ma0820rs.html
http://dx.doi.org/10.17515/resm2025-1100ma0820rs
https://creativecommons.org/licenses/by-nc/4.0/legalcode

Research on Engineering
Structures & Materials

WWW.jresm.org

Research Article

Effect of waste paper-based nanocellulose synthesized at low
temperatures on the microstructural properties of mortar

Saloma “13, Siti Aisyah Nurjannah 1b, Anis Saggaff 1<, Arie Putra Usman 14, Pengki
Suanto 2¢, Rifkah 3f

1Departement of Civil Engineering, Faculty of Engineering, Universitas Sriwijaya, Indonesia
2Departement of Civil Engineering, Faculty of Science and Technology, Pradita University, Indonesia
3Engineering Science, Doctoral Program, Faculty of Engineering, Universitas Sriwijaya, Indonesia

Article Info

Abstract

Article History:

Received 20 Aug 2025
Accepted 20 Nov 2025

The study explores using nanocellulose synthesized from waste paper as an
additive in mortar, focusing on its impact on the material's microstructure.
Nanocellulose, derived from waste paper, offers environmental benefits by
reducing waste and utilizing low-temperature synthesis methods that decrease

energy consumption and carbon emissions. The research evaluates how the
addition of nanocellulose influences the microstructural properties of mortar,
including porosity, density, pore size distribution, and mechanical strength. The
results indicate that incorporating nanocellulose improves mortar's compressive
strength, crack resistance, and water penetration resistance. In particular,
nanocellulose enhances the bond between cement particles and aggregates,

Keywords:

Waste paper-based;
Nanocellulose (NC);
Utilization of waste

paper;
Low temperature reduces porosity, and increases the material's density, making it more durable and
synthesis; resistant to environmental factors. The study highlights the role of nanocellulose

in facilitating better dispersion of cement particles, which results in homogeneous
pore size distribution and improved material performance. Furthermore, the
research compares the effects of nanocellulose, cellulose fiber, and cellulose ash
on mortar properties, revealing that nanocellulose provides superior performance
in enhancing mortar's mechanical strength and sustainability. The study's findings
contribute to developing eco-friendly, high-performance building materials by
promoting waste paper-derived nanocellulose in construction. Using
nanocellulose addresses waste management issues and supports the creation of
stronger, more durable, environmentally friendly construction materials.

Mortar sustainability;
Materials sustainability;
Environmentally
friendly materials
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1. Introduction

Waste paper management has become a significant concern in global efforts to achieve
sustainability. The increasing amount of waste paper from various sectors, including offices,
industries, and households, poses substantial environmental problems if not appropriately
managed. One solution that has attracted attention is using waste paper as a raw material to
produce nanocellulose. This nanomaterial has excellent potential for application in various fields,
including construction. Studies have shown that nanocellulose produced from waste paper can
significantly improve the microstructural properties of mortar, which is the primary material in
building construction [1]. As an environmentally friendly and sustainable material, nanocellulose
has excellent mechanical properties, such as high tensile strength, high elastic modulus, and the
ability to form strong hydrogen bonds. These properties make it a potential additive to improve the
microstructure of mortar. In recent studies, nanocellulose synthesized from waste paper at low
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temperatures showed promising results in improving mortar quality, including compressive
strength, resistance to cracking, and dimensional stability [2,3].

Nanocellulose synthesis from waste paper involves hydrolysis, including NaOH and NaClO
synthesis, lignin removal, and nanoscale fiber separation [4]. Low temperatures in this process save
energy and reduce carbon emissions, making it more sustainable than conventional approaches. In
addition, this process produces nanocellulose with a more uniform particle size, which is important
for application in mortar. Adding nanocellulose to mortar allows for an even distribution of
nanofibers, thereby improving the bond between cement particles and aggregates [5]. From a
microstructural perspective, nanocellulose can fill micropores in mortar, reduce porosity, and
increase the density of the material. This contributes to increased compressive strength and
resistance to water penetration. In addition, nanocellulose's hydrophilic nature helps control the
mortar's water content during the setting and hardening process, ultimately improving the
mortar's final quality. A study by [6] showed that adding 1% nanocellulose to mortar can increase
compressive strength by up to 25% compared to conventional mortar. The success of nanocellulose
application in mortar also depends on parameters such as nanocellulose concentration, mixing
method, and basic mortar characteristics.

In a study by [7], it was stated that mixing nanocellulose with the help of ultrasonic technology can
ensure better distribution and prevent agglomeration of nanoparticles. In addition, this study also
showed that the optimal concentration of nanocellulose ranges from 0.5% to 2%, depending on the
type of cement and aggregate used. The environmental impact of using nanocellulose in mortar is
also noteworthy. Utilizing waste paper as a raw material helps reduce the amount of waste in
landfills. In addition, reducing energy consumption during low-temperature nanocellulose
synthesis contributes positively to the overall carbon footprint. A study by [8] confirmed that
utilizing waste paper to produce nanocellulose can reduce carbon emissions by up to 30%
compared to nanocellulose production from other sources. However, challenges in applying
nanocellulose on an industrial scale still exist, including production costs, storage stability, and
compatibility with other construction materials.

Therefore, further research is needed to overcome these constraints and optimize the production
process and application of nanocellulose in mortar. Collaboration between researchers, industry,
and government is also important to encourage the widespread adoption of this technology in the
construction sector [9]. In conclusion, nanocellulose synthesized from waste paper at low
temperatures offers an innovative and sustainable solution to improve the microstructural
properties of mortar. Its potential to reduce porosity, increase compressive strength, and reduce
environmental impact makes it an attractive additive for the construction industry. With the
continued development of technology and research in this field, nanocellulose is expected to
become integral to global efforts to build a greener and more sustainable future. The main problem
underlying this research is the lack of understanding of the effect of waste paper-based
nanocellulose on the microstructure of mortar. In recent years, attention to environmentally
friendly and sustainable materials has increased, especially in the construction industry. One
material with great potential is nanocellulose, which can be obtained through a synthesis process
from waste paper. Nanocellulose has unique properties, such as high mechanical strength, large
surface area, and the ability to improve the properties of composite materials [10].

However, despite its potential, studies on the effects of nanocellulose on mortar, especially in terms
of its microstructure, are still limited. Nanocellulose can be synthesized through various methods,
including chemical and physical methods. The low-temperature synthesis process offers
advantages in terms of energy efficiency and cost, making it a more sustainable option compared
to other methods that require high temperatures. A study by [11] showed that nanocellulose
synthesized at low temperatures can maintain its unique structure and characteristics without
losing mechanical properties.

Thus, nanocellulose synthesized at low temperatures has excellent potential for use in construction
applications. In the context of mortar, the microstructure of the material plays a vital role in
determining the mechanical properties, durability, and water absorption capacity. The addition of
nanocellulose is expected to improve the mortar microstructure by increasing interparticle bonds
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and reducing porosity. A previous study by [12] found that the addition of nanocellulose to mortar
can increase microstructural density, reduce cracks, and improve resistance to water penetration.
However, the study did not specifically review nanocellulose synthesized from waste paper at low
temperatures, so there is still a gap in the literature that needs to be bridged. Waste paper as a raw
material for nanocellulose provides dual benefits, namely waste reduction and the creation of
value-added materials. According to [13], waste paper contains a relatively high amount of
cellulose, making it very suitable for processing into nanocellulose.

This recycling process is also in line with the principle of the circular economy, which emphasizes
the importance of maximizing resource use and minimizing waste. In this context, the synthesis of
nanocellulose based on waste paper at low temperatures not only provides a sustainable material
solution but also contributes to better waste management. This study aims to explore the effect of
nanocellulose from waste paper on the microstructure of mortar. The main parameters analyzed
include porosity, density, pore size distribution, and mechanical properties. The results of this
study are expected to provide new insights into how to improve mortar performance by using
nanocellulose as an additive. In terms of porosity, the addition of nanocellulose can contribute to
reducing the number and size of pores in mortar. This is due to the ability of nanocellulose to act
as a filler in the mortar matrix, thereby reducing the void space between particles. For example, a
study by [14] showed that nanocellulose can fill small pores in concrete, which in turn increases
resistance to water and chloride ion penetration.

The study also showed that nanocellulose can function as an additional binding agent, which
strengthens the interparticle bond in the mortar. Pore size distribution is also an essential factor
affecting the microstructural properties of mortar. The addition of nanocellulose can produce a
more homogeneous pore size distribution, which contributes to improved mechanical properties
and durability. According to the results of a study by [15], nanocellulose can regulate the pore size
distribution by reducing the presence of large pores that are often the source of cracks. With a more
uniform pore distribution, the mortar becomes more resistant to mechanical loads and
environmental changes. In addition, the density of the mortar microstructure can also be increased
by the addition of nanocellulose. Nanocellulose, which has a large surface area, can increase the
bond between the particles that make up the mortar, resulting in a denser structure. This is in line
with the findings of [16], who reported that mortar added with nanocellulose showed a 15%
increase in density compared to conventional mortar. This increase in density also has an impact
on reducing permeability and increasing resistance to damage due to freeze-thaw cycles.

However, the use of waste paper-based nanocellulose in mortar also has challenges. One of them is
the compatibility between nanocellulose and other mortar ingredients. Several studies have shown
that the addition of excessive amounts of nanocellulose can cause particle segregation and decrease
mechanical properties [17]. Therefore, it is essential to determine the optimal proportion of
nanocellulose to achieve the best performance. From an environmental perspective, the use of
waste paper-based nanocellulose also has a significant positive impact. By recycling waste paper
into nanocellulose, carbon emissions generated from the construction material production process
can be reduced. In addition, the synthesis of nanocellulose at low temperatures consumes less
energy than conventional methods, making it more environmentally friendly.

Research by [18] showed that the production of nanocellulose from waste paper resulted in a 30%
lower carbon footprint compared to the production of nanocellulose from primary raw materials.
Nanocellulose, as an environmentally friendly nanomaterial, has attracted significant attention in
building materials research due to its excellent mechanical properties and ability to improve the
microstructure of composite materials. One of the promising sources of nanocellulose is waste
paper, which can be synthesized at low temperatures, offering an efficient and sustainable method
for nanocellulose production. The synthesis process of nanocellulose from waste paper at low
temperatures involves the use of a water-based solvent system such as NaOH/thiourea/urea. This
method is effective in producing spherical nanocellulose with a cellulose II-type crystal structure.

According to research conducted by [19], nanocellulose produced through this method has an
average particle size of around 50 nm and a crystallinity index of 48.85%, which is lower than that
of bleached pulp (64.42%). This decrease in crystallinity indicates an increase in the amorphous
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area, which can increase the interaction between nanocellulose and the cement matrix in mortar
[3]. The integration of nanocellulose into the mortar mixture can affect the microstructure of the
material. The addition of nanocellulose has the potential to increase the distribution of more
homogeneous cement particles, reduce porosity, and improve the bond between components in
the mortar. This can produce materials with higher mechanical strength and better durability [20].
In addition, the hydrophilic nature of nanocellulose allows for better interaction with the cement
matrix, which can improve the rheological properties of the mortar mixture and facilitate the
hardening process [21].

Further analysis of the effect of nanocellulose on the mortar microstructure has shown that the use
of nanocellulose improves the mechanical properties of the material. Studies using scanning
electron microscopy (SEM) revealed that the uniform distribution of nanocellulose in the cement
matrix contributed to the reduction of microcracks and increased interparticle cohesion. These
results indicate that nanocellulose can act as a nanofiller that improves the overall mechanical
properties of the mortar [22]. In addition, durability tests showed that the addition of nanocellulose
increased the resistance of the mortar to environmental factors such as high humidity and exposure
to aggressive chemicals. This effect is obtained due to the ability of nanocellulose to increase the
density of the microstructure and minimize the penetration of water and harmful ions [23].
Therefore, nanocellulose synthesized from waste paper not only offers a solution for waste
management but also contributes to the development of more sustainable and high-performance
building materials.

This study highlights the novelty of utilizing low-temperature synthesized nanocellulose derived
from waste paper as a sustainable additive for improving the microstructural properties of mortar.
Unlike previous studies that primarily focused on general nanocellulose or high-temperature
synthesis, this research emphasizes the effect of low-temperature processing on particle
morphology, reactivity, and its direct influence on mortar porosity and density. The integration of
this synthesis approach and its detailed microstructural evaluation provide new insights into
developing high-performance, eco-friendly construction materials with reduced environmental
impact.

2. Materials and Method
2.1. Materials

In this study, the mortar was prepared using Ordinary Portland Cement (OPC) type I material
obtained from Cement Baturaja, with an average particle size between 1-100 um and a specific
gravity of 3.15, in accordance with the standards for high-quality cement materials. As a fine
aggregate, the sand used came from Ogan Ilir, with an organic content of 2% and a mud content of
1.149%, which was chosen because of its physical and chemical properties that support the
stability of the mortar mixture. The water used came from the Regional Drinking Water Company
with a neutral pH of around +7, ensuring its compatibility with other materials.

As an additional material, a superplasticizer was used to improve the workability of the mortar and
reduce water requirements by 10%, resulting in a material with better mechanical properties. This
study also involved nanocellulose synthesized from waste paper. The synthesis process is carried
out using sodium hydroxide (NaOH) and sodium hypochlorite (NaClO) at low temperatures to
maintain the authenticity of cellulose fibers. It produces nanocellulose particles with a size of
around 100-500 nm and a more reactive surface.

These characteristics make nanocellulose potentially improve the mechanical properties and
performance of mortar. As a comparison material, cellulose fibers from waste paper without special
treatment and cellulose ash produced from burning waste paper were used. The purpose of this
study was to evaluate the effect of nanocellulose (NC), cellulose ash (CA), and cellulose fiber (CF)
on the quality and performance of mortar. Nanocellulose with a small particle size and a reactive
surface is expected to increase the strength and durability of mortar.

In contrast, cellulose ash and untreated cellulose fiber provide a reference for comparing results
with different levels of modification. The nanocellulose synthesis process using alkali materials
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ensures efficiency in processing waste paper into high-value additives, supporting environmental
sustainability. This study aims to produce high-quality mortar by mixing various materials with
different characteristics. The use of nanocellulose and its variations offers innovation in material
technology and optimization of industrial waste utilization. This combination of materials is
expected to contribute to the development of environmentally friendly, efficient, and optimally
performing mortar for construction applications.

TR e
10.0pm 3500 5.00kV

(b)

Fig. 1. The morphology of the synthesized nanocellulose (a)Low temperature and (b)High
temperature

2.2. Methods

The mortar mixing methodology in this study was designed to evaluate the effect of waste paper-
based nanocellulose synthesized at low temperatures on the microstructural properties of the
mortar. The mixing process was carried out systematically to ensure material homogeneity and
accurate testing results. The stages of the mixing methodology, starting from the preparation of the
materials used, include Ordinary Portland Cement (OPC) type I, fine sand from Ogan Ilir Regency,
water from the Regional Drinking Water Company, superplasticizer, nanocellulose, cellulose fiber,
and cellulose ash from waste paper. OPC cement with a specific gravity of 3.15 was chosen to ensure
the quality and consistency of the mortar mixture.

The sand was sieved using a standard sieve to obtain a uniform particle size distribution, with mud
and organic content that had been tested according to the ASTM C33 standard. Natural mineral
water was used because it has a neutral pH (pH 7), which will not affect the chemical reactivity in
the mixture. Superplasticizer was added to improve the workability of the mortar mixture while
reducing water requirements by up to 10% compared to standard mixtures. Nanocellulose is
synthesized from waste paper using sodium hydroxide (NaOH) and sodium hypochlorite (NaClO)
solution at low temperatures. This process produces nanocellulose with a particle size of about
100-500 nm. As a comparison, cellulose fiber from waste paper without chemical treatment and
cellulose ash produced from burning waste paper were used. These three materials, including
nanocellulose, cellulose fiber, and cellulose ash, were prepared in sufficient quantities according to
the planned mixture proportion.

Mortar mix design the mortar mix design follows the mix design standard that has been adjusted
for this study. The ratio of cement, sand, and water is 1:2.75:0.5 based on the weight of cement. In
this study, nanocellulose, cellulose fiber, and cellulose ash were added to the mixture in certain
proportion variations, namely 0% and 2% of the weight of cement. This variation was carried out
to evaluate the effect of the concentration of additional materials on the properties of the mortar,
as seen in Table 1. Superplasticizer was added in a fixed amount of 1.0% of the weight of cement in
each mixture variation to ensure optimal workability. The mortar mixing process is carried out
through several systematic stages to ensure an even distribution of materials and optimal mixture
quality. The first stage begins with a dry mixing of cement and sand. Both are measured according
to the designed proportions and then mixed in dry conditions using a mechanical mixer for two
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minutes. This step aims to obtain initial homogeneity between cement and sand before adding
water.

Next, the water that has been measured and mixed with the superplasticizer is stirred manually
until completely dissolved, forming a homogeneous solution. This solution is then added slowly to
the dry mixture while stirring using a mixer at low speed until the mixture begins to form a paste.
After that, additional materials such as nanocellulose, cellulose fibers, or cellulose ash are added to
the mixture according to the designed proportion variations. These additional materials have
previously been stirred manually to break down agglomeration that may occur during storage.
After being added, the entire mixture is stirred again at medium speed for three minutes until the
mixture becomes homogeneous. After the mixing process, the flow workability of the mortar
mixture is checked using the flow cone test according to the ASTM C1437 standard. If the mixture
has a workability outside the desired range, the amount of water or superplasticizer will be
adjusted until the workability meets the criteria. After workability is achieved, the mixture is
stirred again at high speed for two minutes to ensure that all materials are thoroughly mixed and
no segregation occurs.

At the molding stage, the homogenized mortar mixture was poured into a cube-shaped mould
measuring 50 x 50 x 50 mm according to the ASTM C109 standard. Before being filled, the mould
was coated with lubricant so that the sample could be easily removed. Each mould was filled in
three layers, and each layer was compacted using a pounding rod to remove trapped air. After the
molding process was complete, the samples were left for 24 hours at room temperature (25+2°C)
for initial curing. Furthermore, the samples were removed from the mould and immersed in a
curing tank filled with clean water at the same temperature until they reached the test age of 28
days to ensure that the hydration process was complete. Microstructural analysis is an important
stage in mortar research, especially to understand the physical and chemical characteristics that
contribute to the performance and sustainability of the material. Through microstructural analysis,
it can be seen how the distribution, shape, and interaction between particles in the mortar are,
including the identification of phases formed due to chemical reactions during the hardening
process. In addition, this analysis also allows for the evaluation of the effectiveness of the additional
materials used, such as nanocellulose, cellulose fibers, or cellulose ash, in improving the internal
structure of the mortar.

The analysis was carried out comprehensively by integrating several complementary advanced
characterization techniques. The Energy Dispersive X-ray (EDX) technique was used to identify and
map the composition of chemical elements in the mortar. EDX provides quantitative information
on elements such as calcium, silicon, aluminum, and others relevant to the formation of cement
hydration products. Furthermore, the Scanning Electron Microscope (SEM) was applied to obtain
a detailed visual image of the surface structure and morphology of mortar particles on a
micrometer to nanometer scale. SEM provides high-resolution images that allow observation of the
shape, size, pore distribution, and homogeneity level of the mortar mixture, as well as identification
of cracks or microcavities that can affect the strength of the material. In addition, the X-ray
diffraction (XRD) technique was used to analyze the mineral phases and crystallography formed in
the mortar during the hydration process. XRD can identify the types of crystalline compounds
formed, such as calcium silicate hydrate (C-S-H), calcium hydroxide, and unreacted raw material
residues, thus allowing the assessment of chemical reactions and the efficiency of the hydration
process.

Fourier Transform Infrared Spectroscopy (FTIR) is used to determine the chemical functional
groups contained in mortar. FTIR provides spectrum data that indicates the presence of certain
chemical bonds, allowing it to detect changes in chemical composition due to the addition of
additives or during the hydration process.

By combining the four techniques, the research was able to produce a more holistic understanding
of the internal structure and chemical composition of mortar. This integrated microstructural
analysis is the basis for developing more efficient, high-performance, and environmentally friendly
mortar materials according to the demands of today's sustainable development. Each technique
has an important role in providing information about the chemical composition, crystallinity phase,
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microstructure, and interactions between materials in mortar. FTIR is a technique used to identify
functional groups in materials and to study the chemical changes that occur as a result of material
changes in mortar. FTIR works by reducing infrared light at various wavelengths, which causes
molecules in the material to vibrate at specific frequencies according to their chemical properties.
XRD is a technique used to identify crystalline phases in solid materials and is very important in
analyzing the crystal structure of mortar. XRD works by sending X-rays into a sample. When the X-
rays hit the sample, some of the X-rays will be reflected by the crystal layer at certain angles. The
resulting X-ray reflection pattern can be analyzed to determine the crystal structure, crystal grain
size, and crystal orientation in the material. SEM is a microscopic technique used to study the
microstructure of materials at a very detailed level. SEM produces images of a sample's surface by
utilizing electrons reflected or transmitted from the sample.

In addition to providing a visual representation of the surface structure, SEM also allows for local
analysis of the material composition. In the context of mortar analysis, SEM is used to observe the
distribution of nanocellulose, cellulose fibers, and cellulose ash in the mortar matrix. EDX is an
analytical technique used to analyze the chemical elements in a sample by detecting the X-rays
emitted by atoms in the sample after they are bombarded with electrons. Each chemical element
has a characteristic energy for the X-rays emitted, thus allowing the identification of the elements
contained in the sample.

2.3. Characterization of Mortar Nanocellulose

Characterization of nanocellulose is an important step in understanding the physical and chemical
properties of this material as a whole. One of the primary methods used is Fourier Transform
Infrared Spectroscopy (FTIR), which functions to identify functional groups in nanocellulose. FTIR
is also able to detect chemical changes that occur due to specific modifications or treatment
processes, thus providing an overview of the chemical composition and molecular interactions in
nanocellulose. In addition, analysis using X-ray Diffraction (XRD) is essential to reveal the crystal
structure of nanocellulose.

Fig. 2. Test specimen manufacturing procedure
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XRD can identify the crystalline phase and provide data on the level of crystallinity and crystal grain
size, which play an important role in determining the strength and mechanical stability of the
material. Observation of the morphology of nanocellulose was carried out using a Scanning
Electron Microscope (SEM). Through SEM, the surface and microstructure of nanocellulose can be
visualized in detail, showing the distribution of fibers and the interaction of nanocellulose with the
matrix or other materials at the microscopic level. An Energy Dispersive X-ray (EDX) was used to
analyze the composition of chemical elements. EDX measures the elements contained in
nanocellulose by detecting X-rays emitted when the sample is bombarded with electrons, providing
quantitative data on the elemental composition.

In addition, the particle size distribution of nanocellulose was also analyzed because it dramatically
affects the material's performance and application, especially in the construction field, where
particle size plays a role in mechanical properties and compatibility with other materials.
Combining these characterization methods provides a comprehensive picture of the quality and
potential of nanocellulose for various industrial applications. In Fig. 2, the flow and process of
making research samples are shown.

Table 1. Mixing proportions for cementitious mortar (kg/m?3)

Mixes OPC Fine Aggregate Water Cellulose
N 666,67 1833,33 299,99 0
NC 653,33 1833,33 299,99 4
CA 653,33 1833,33 299,99 4
CF 653,33 1833,33 299,99 4

3. Result and Discussion
3.1. Flow Testing

Mortar flow testing is one of the essential methods in determining the quality and characteristics
of mortar for construction applications. Mortar is a mixture of materials that bonds bricks, stones,
or other building materials. Mortar dryness or workability is one of the crucial aspects because it
affects the ease of application, strength, and resistance of materials to deformation or cracking after
application. Fig. 3 shows the flow test results.

165

152

150

Flow Test Value (mm)

148 4

CF NC CA N

Cellulose Composition
Fig. 3. Effect of cellulose composition on flow test values

Friction testing is usually performed using standard methods, such as the flow table test (ASTM
C1437). In this method, fresh mortar is placed on a cone-shaped flow table, then stomped several
times to measure the change in the diameter of the mortar. This test provides an overview of the
viscosity and fluidity of the mortar mixture. Based on Fig. 3, the flow test value for the CF
composition (2% cellulose fiber) is 148 mm, for the NC composition (2% nanocellulose) is 152 mm,
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the CA composition (2% cellulose acetate) yields 158 mm, and the N composition (0% fiber)
reaches the highest value of 165 mm. These results clearly indicate that the flow diameter
decreases as the fiber content increases, showing that the incorporation of 2% cellulose-based
materials reduces the fluidity of the mortar.

This reduction in flowability can be attributed to the physical interaction between the cellulose
fibers and the cement matrix. The fibers tend to absorb part of the mixing water due to their
hydrophilic nature, which decreases the amount of free water available for lubrication among
particles. In addition, the entanglement of fibers increases internal friction within the mix, leading
to higher viscosity and lower mobility of the mortar. Among the fiber-reinforced mixes, the CA
sample shows a slightly higher flow (158 mm) compared to NC and CF, possibly due to the
smoother surface and lower water absorption of cellulose acetate fibers, which allow better
dispersion in the mix. Conversely, CF and NC exhibit lower flow values (148-152 mm) because their
rougher and more reactive surfaces promote stronger interaction with the cement paste, increasing
the cohesiveness of the mixture.

Based on research published by [24] in Construction and Building Materials, the elasticity of mortar
is influenced by various factors such as the proportion of constituent materials (cement, sand, and
water), the type of additives used, and the mixing method. The main factors determining the degree
of adhesion are the correct proportion of materials and the consistency of the mortar mixture. For
example, the water-to-cement ratio (w/c ratio) plays a vital role in increasing adhesion, but too
high a ratio can reduce the strength of the mortar after hardening,.

The addition of additives, such as superplasticizers, also has a significant effect on the elasticity of
the mortar. According to [25], this additive can increase elasticity without adding excessive water.
Superplasticizers work by evenly dispersing cement particles, thereby reducing the mixture's
viscosity and increasing its fluidity. These additives are particularly relevant in applications where
surface quality and mortar adhesion are priorities. Furthermore, the elasticity of mortar is also
greatly influenced by the physical properties of its constituent materials, especially sand. The size
of the sand grains, the distribution of gradations, and the shape of the particles play an important
role. According to [26] in the Journal of Materials in Civil Engineering, sand with good gradation
provides optimal contact between particles, resulting in higher friction. On the other hand, sand
with too large granules or uneven distribution can cause the mixture to become stiff and difficult

to apply.

The ambient temperature also affects the adhesion of the mortar. According to [27] in the Journal
of Materials in Civil Engineering, mortars mixed at high temperatures tend to lose their adhesion
faster due to the acceleration of cement hydration. This requires the adjustment of composition or
the use of certain additives to maintain the elasticity of the mortar, especially in hot climate
applications. In addition to flow tables, other slip test methods, such as slump cones, can be used,
especially for high-consistency mixtures. According to [28], the slump cone test is more suitable for
dry mortar or low moisture content. It provides information about the ability of the mortar to
maintain its shape on both vertical and horizontal surfaces.

Good dryness in the early stages of application is essential to ensure even distribution of materials,
reducing the risk of air cavities or micro-cracks that can degrade the strength and durability of the
structure. According to [29], fatigue testing is essential to ensure ease of application and guarantee
the quality and longevity of the construction finish. In modern construction practices, automated
testing tools and sensor-based technologies have begun to be applied to improve the accuracy and
efficiency of mortar friction testing. According to [30], it can measure the viscosity and viscosity of
mortar in real-time, producing more detailed and comprehensive data than manual methods. In
addition to the technical aspect, elasticity testing also plays a vital role in developing
environmentally friendly materials. According to [31], cement substitutes such as fly ash and slag
can increase elasticity while reducing carbon footprint. These materials not only provide good
fluidity but also support the sustainability of the construction industry. Overall, mortar fatigue
testing is essential in ensuring the quality, performance, and sustainability of construction
materials. Factors such as the ratio of materials, type of additives, physical characteristics of the
sand, and environmental conditions must be considered thoroughly. As technology and material
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innovation develop, mortar elasticity testing methods will continue to evolve, opening up
opportunities to create more efficient, high-performance, and environmentally friendly materials.
A multidisciplinary approach is essential in understanding and optimizing mortar elasticity for the
efficiency and sustainability of the construction industry of the future.

3.2. Compressive Strength

Mortar compressive strength testing is one of the important methods in determining the quality
and characteristics of mortar for construction applications. Mortar is a mixture of materials used
to bond bricks, stones, or other building materials. Compressive strength is a crucial aspect because
it has a direct effect on the strength of the structure, resistance to loads, and longevity of
construction. The results of the compressive strength test can be seen in Fig. 4.

The results of compressive strength tests on various cellulose compositions can be seen from Fig.
4, which shows the relationship between the material's composition and the mortar's compressive
strength. In the graph, the cellulose composition labeled N shows the highest compressive strength
value, 28.72 MPa, followed by the compositions NC, 30.16 MPa, CA, 26.54 MPa, and CF, 23.51 MPa.
This shows that the higher the cellulose content in the mortar, the greater the ability of the mortar
to withstand compressive loads. This higher composition suggests that the quality of the binding
materials used in the mortar mixture plays a vital role in improving pressure resistance, which has
implications for the durability of the structure in the long term.

The relatively high compressive strength of 28 MPa in the normal mortar, even without coarse
aggregate, can be explained by several factors. First, the fine aggregate (sand) used has good
gradation and surface characteristics, which enhance the packing density and reduce voids in the
matrix. This leads to a denser microstructure and higher compressive capacity. Second, the water-
to-cement (w/c) ratio was maintained at an optimal level, allowing sufficient hydration of cement
without producing excessive pores. Third, the curing process was carried out under controlled
conditions, ensuring complete hydration and uniform hardening throughout the specimen. These
combined factors result in a compact and strong cement paste-sand matrix, allowing the mortar to
reach a compressive strength comparable to that of normal concrete mixtures with low aggregate
content. Similar findings have been reported by [32] and [33], which noted that optimized mix
proportion and good material gradation could produce mortar compressive strengths in the range
of 25-30 MPa even without coarse aggregates.

40

30

20

10

Compressive Strength Value (MPa)

CF-2% CA-2% N-0% NC-2%
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Fig. 4. Effect of cellulose composition on compressive strength of mortar

Based on research by [32] in Construction and Building Materials, the compressive strength of
mortar is greatly influenced by the composition of constituent materials such as cement, sand,
water, the type of additives, and the mixing method. Proper material comparison and mixture
consistency are essential in determining how much compressive strength can be achieved. One
example is the ratio of water to cement (w/c ratio), where adding water makes mixing easier. Still,
excess water reduces the compressive strength of the mortar after the hardening process.
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The most common compressive strength testing method is a cube or cylindrical compressive test
(ASTM C109/C109M), where a press will test a pre-molded mortar sample until it breaks. This
process aims to determine the maximum load the mortar can withstand before it is damaged. The
results of the compressive strength test of this mortar may vary depending on the addition of
additives. For example, mortar without additives generally has a lower compressive strength than
mortar with the addition of certain materials. Research by [33] suggests that using
superplasticizers as additives can increase compressive strength without adding excess water,
because this material distributes cement particles more evenly, resulting in a denser and stronger
mixture. In addition to the composition and additives, the physical characteristics of constituent
materials, such as sand, also affect the compressive strength of the mortar. Sand with good
gradation and appropriate particle shape will produce optimal contact between particles, resulting
in a denser and stronger mixture. Conversely, sand that is not uniform or too large can cause air
cavities in the mix, decreasing the compressive strength. This has been proven by [34], which
revealed that finer and more uniform sand produces stronger mortars.

Environmental factors, particularly temperature during mixing and hardening, also greatly affect
the compressive strength of the mortar. Research by [35] shows that high temperatures can speed
up the cement hydration process so that the mortar hardens quickly, but can reduce long-term
compressive strength if not balanced with mixture adjustments or special additives. Therefore,
temperature regulation is essential in the mortar production process, especially in countries with
hot climates. In addition, mortar compressive strength testing is essential to determine the
material's resistance to loads and structural strength. A good result in the pressure test indicates
that the material is highly resistant to damage or cracking. Thus, the compressive strength testing
of mortar is important not only for the application stage but also to ensure the quality and
durability of the construction finish.

With the development of technology, sensor-based mortar compressive strength testing tools and
automated systems are now starting to improve the accuracy and efficiency of testing. These
modern devices allow for real-time measurement of compressive strength and provide more
detailed data than manual testing, as developed by [36] in Advanced Industrial and Engineering
Polymer Research. This technology brings significant changes in the testing of construction
materials, improves testing quality, and opens up opportunities for developing more
environmentally friendly and efficient materials.

3.3. Fourier Transform Infrared Spectroscopy (FTIR)

In recent years, FTIR (Fourier Transform Infrared Spectroscopy) has gained popularity due to its
increased sensitivity and applications in various fields, including nanotechnology and
environmental analysis. Recent studies have shown that they can analyze materials at the
molecular level with higher accuracy, even for small sample sizes [37]. FTIR is also increasingly
used in environmental quality assessments, such as air and air pollutant detection [38]. FTIR
analysis for biomaterial and pharmaceutical sensing also has significant implications for clinical
and pharmacological research [39]. The FTIR test result spectrum of cellulose mortar can be seen
in Fig. 5.

Fig. 5 This spectrum shows the sample's FTIR test result, which shows a specific energy absorption
frequency zone connected to the vibration of molecular chemical bonds. In recent years, Fourier
Transform Infrared Spectroscopy (FTIR) has increased in popularity as a highly sensitive and
applicable analytical method in various fields, including nanotechnology and environmental
analysis. The development of FTIR technology allows material analysis at the molecular level with
higher accuracy, even for small samples [37]. In the environmental field, FTIR is now widely used
in environmental quality assessment, such as the detection of air pollutants, both in the gas and
particulate phases [38]. FTIR applications are also increasingly widespread in the fields of
biomaterial and pharmaceutical sensing, which have significant implications for clinical and
pharmacological research [40].

The FTIR spectrum results of standard samples (N) generally show a frequency zone that reflects

the vibration of certain molecular chemical bonds. For example, the peak at around 3300 cm™ is
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usually associated with O-H bond vibrations, while the peak at around 1700 cm™ indicates C=0
vibrations. Through in-depth analysis, these peaks can be used to identify functional groups and
molecular structures in the material being analyzed. The distribution and shape of these absorption
peaks help determine the chemical composition of the sample. Recent innovations in FTIR
technology allow for better analysis of smaller sample sizes and materials with high complexity
[40,41].

% Transmittance
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Fig. 5. FTIR test result spectrum of mortar

In the FTIR spectrum of cellulose fiber (CF), the characteristic peaks detected at around 3300 cm™

and 1700 cm™ are related to the O-H and C=0 groups, respectively. The presence of these bands is
important to assess the purity of organic compounds used in the material. The use of FTIR has
skyrocketed, ranging from pharmaceutical testing and food quality analysis to environmental
monitoring. FTIR is considered very effective in identifying environmental contaminants,
especially in the air [42], and has improved clinical diagnostic capabilities, especially in biomaterial
sensing [43]. Nanocellulose (NC) displays several unique peaks in the FTIR spectrum, indicating
the presence of both organic and inorganic functional groups. O-H or N-H stretching generally
causes a dominant peak around 3300 cm™', which represents amines, phenols, or alcohols.
Carbonyl (C=0) stretching also typically appears around 1700 cm™, indicating the presence of
carboxylic acids, aldehydes, or ketones in the material structure [44].

The FTIR spectrum of cellulose ash (CA) also shows important peaks, especially at 3300 cm™ (0-H
stretching), as well as a peak around 1700 cm™" (C=0 stretching), which is usually found in alcohols,
phenols, or carboxylic acids. The presence of these peaks confirms the chemical composition of
cellulose ash, which is rich in these functional groups [45]. In general, the FTIR spectrum displayed
shows typical absorption peaks related to specific chemical vibrations. The O-H or N-H stretching,
which usually originates from hydroxyl or amine groups, is clearly visible at peaks around 3300
cm™ . This indicates the presence of amines, phenols, or alcohols in the sample. Meanwhile, the
peak around 1700 cm™! is a reliable indicator of the C=0 stretching vibration of carbonyl groups
such as those found in carboxylic acids, ketones, or aldehydes. In addition, the C-H stretching, both
in aliphatic and aromatic hydrocarbons, is usually seen around 2900 cm™, and the CH, bending
vibration gives a peak around 1450 cm™?, indicating the presence of alkyl groups [46].

The FTIR spectrum also often shows other significant peaks and valleys, for example, at 3480 cm™,

2925cm™1,1736 cm™2, 1639 cm™, and 1422 cm™}, all of which are related to various chemical bond
vibrations in the material structure. The deepest valley around 3500-3000 cm™ indicates low
transmittance or high absorption in that region. In general, transmittance will increase (or
absorption decreases) as the wave number decreases, although there are still fluctuations caused
by differences in molecular structure [47]. The addition of nanocellulose to mortar is known to
affect the intensity of these peaks, especially increasing the intensity of the O-H peak, indicating a
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stronger interaction between nanocellulose and the cement matrix, which can increase the strength
of the mortar [48].

The FTIR spectrum can be visualized as a graph with the x-axis as the wave number (cm™) from
4000 to 500 and the y-axis as the per cent transmittance. The absorption pattern formed reflects
the chemical content and molecular structure of the material. The red curve commonly used in the
illustration shows the specific pattern of each sample. The prominent peaks that are often observed
are at around 3464 cm™ (0-H or N-H), 2912 cm™ (C-H), and the peak below 1500 cm™, which is
known as the fingerprint region, where each compound tends to have a different characteristic
pattern [49]. The sharp peak at 1736 cm™ is usually associated with the carbonyl group (C=0), and
below 1500 cm™, many small peaks are significant for the specific identification of the molecular
structure [50]. A broad and strong peak around 2912 cm™ is usually a sign of C-H bonds, for
example, in methyl or methylene groups [51]. In this region, changes in peak intensity or position
can be an indication of interactions between additives such as nanocellulose and other components
in the mortar.

In the practice of FTIR analysis on nanocellulose mortar, samples are usually prepared in the form
of thin films or pellets through a drying and grinding process. The samples are then analyzed with
an FTIR spectrometer that exposes the infrared light spectrum and records the absorption pattern
at various wavelengths. The resulting spectrum is then analyzed to identify characteristic peaks
corresponding to chemical bonds, such as O-H stretching in the range of 3200-3600 cm™, C-H
stretching in the range of 2800-3000 cm™, C=0 stretching around 1700 cm™?, and C-O stretching
and O-H bending at 1000-1200 cm™* [51],[52].

Interpretation of the FTIR spectrum is based on the recognition of specific peaks corresponding to
functional groups found in nanocellulose and the mortar matrix. In addition, changes in the position
or intensity of peaks, both in pure nanocellulose and in mortar, can be an indication of interactions
between nanocellulose components and cement, such as the formation of new hydrogen bonds or
the occurrence of chemical reactions [53]. This spectrum also helps to determine whether the
nanocellulose additive has been well dispersed in the mortar matrix or has actually clumped.

In pure nanocellulose, the O-H stretching peak usually appears in the range of 3200-3600 cm™, the
C-H stretching at 2800-3000 cm™?, and the C-O stretching at 1000-1200 cm™". In mortar without
nanocellulose, the FTIR spectrum is generally dominated by peaks from cement hydration
products, such as calcium silicate hydrate (C-S-H) [54]. Meanwhile, in a mortar containing
nanocellulose, the peaks that appear are a combination of characteristics of both components, and
any changes or shifts in these peaks can indicate interactions or the formation of new chemical
structures between nanocellulose and cement. The practical implications of using FTIR in mortar
research are enormous. FTIR analysis facilitates the optimization of nanocellulose content to
improve the mechanical properties and durability of mortar, as well as ensure the quality and
consistency of the performance of the modified material. Through the identification of molecular
interactions and chemical structure changes, FTIR drives innovation in the development of
advanced construction materials that have superior properties, are environmentally friendly, and
are more adaptive to modern engineering needs.

Some important peaks that are often used as references are around 3400 cm ™, which indicates the
-OH group; the peak at 2900 cm™?, which is related to the C-H bond of nanocellulose [55]; the peak
at 1640 cm™ which indicates bound water in the mortar [56], and the peaks at 1420 cm™* and 875
cm™~! which are related to carbonate from cement hydration products [57]. The peak at 1100 cm™
indicates the Si-O bond of Calcium Silicate Hydrate (C-S-H) [58]. The addition of nanocellulose can
strengthen the intensity of the -OH and C-H peaks, thus confirming the interaction between
nanocellulose and the cement matrix, which ultimately has the potential to improve the mechanical
properties of the mortar [59]. Thus, FTIR becomes an essential analytical tool in the
characterization and development of nanocellulose-modified mortars. This method provides deep
insights into the chemical composition and interactions, which are crucial for optimizing the
performance of mortars in advanced construction applications.
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3.4. X-Ray Diffraction (XRD)

A powerful and frequently used analytical method to determine the crystal structure of a material
is X-ray diffraction (XRD). The basic principle of XRD is to direct X-rays into a sample, where they
interact with the crystal lattice of the material. X-rays that hit the crystal layer will be reflected, and
the angle and intensity of the reflected light will provide important information about the internal
structure of the crystal. The resulting diffraction pattern can be used to determine the distance
between crystal layers, atomic arrangement, and other structural characteristics of the material.

XRD is essential in the material characterization process because it can provide detailed
information about the crystal phase, grain size, and orientation of solid materials such as metals,
ceramics, and polymers. This method has a vital role in various fields, such as materials science,
pharmacological research, and geological studies. Knowledge of crystal characteristics is essential
for creating new materials, evaluating existing materials, and improving material performance in
real-world applications.

The spectrum of the XRD test results from cellulose mortar can be seen in Fig. 3. Each pattern has
unique characteristics that reflect the composition and microstructural changes due to the addition
of cellulose material in various forms [60]. In the XRD pattern of normal mortar (N), high-intensity
peaks are clearly detected at several 20 angle positions, which are commonly found in hydrated
Portland cement products. These peaks indicate the presence of major crystalline phases such as
alite (CsS), belite (C,S), and portlandite (Ca(OH), or CH).

The presence of sharp peaks with prominent intensity reflects the high degree of crystallinity in
these major hydrated phases. The significant peak intensities at around 20 ~ 29°, 32°, and 34° can
generally be attributed to CH and several calcium silicates phases. These peaks are important
indicators that the hydration process in normal mortar is optimal and produces a proportion of
hydrated products that meet the standards of conventional mortar.

Fig. 6 X-ray Diffraction (XRD) analysis is one of the main techniques in characterizing the crystal
structure and mineral phase changes in cement-based materials, including mortars modified with
nanocellulose. Through the XRD diffraction pattern, various main crystalline and amorphous
phases in the material can be identified explicitly while observing the effect of adding additives
such as nanocellulose on the evolution of the internal structure of the mortar [5],[61]. XRD
diffraction patterns of several mortar variations, namely normal mortar (N), mortar with cellulose
fiber (CF), mortar with nanocellulose (NC), and cellulose ash mortar (CA), in the 26 angle range
between 10° and 60°.
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Fig. 6. XRD test result spectrum of mortar

The addition of cellulose (CF) fibers in the mortar reveals specific changes to the XRD pattern.
Although the prominent peaks of the cement hydration phases are still visible, there is a slight
decrease in intensity at some peaks, indicating the beginning of interaction between the organic
components of the cellulose fibers and the cement matrix. These interactions tend to result in a
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higher amorphous phase distribution or lower levels of local crystallinity around the fibers,
although overall, the main structure of the mortar remains dominated by the cement crystal phase.
However, there were no significant new peaks in the CF sample, suggesting that the cellulose fibers
in the concentrations used still act as fillers without significantly forming new crystalline phases.

More interesting results were seen in mortars modified with nanocellulose (NC). In the XRD pattern
of NC samples, significant changes were found in the amorphous structure as well as the phase of
the main crystal. One of the important findings is the appearance of sharper diffraction peaks at 20
x 22.6° which is characteristic of cellulose crystals. The peak intensity at this angle was much
higher in the NC samples than in the N, CF, and CA. This is in line with the report of [62], where the
peak of nanocellulose characteristics at 20 = 22.5° strengthens as the concentration of
nanocellulose increases. This increase signifies an increase in the level of crystallinity in the mortar
system due to the good dispersion of nanocellulose, as well as the role of nanocellulose as a new
phase formation with cement hydration products. Furthermore, in NC mortars, an increase in peak
intensity was also observed in the position attributed to hydration products such as Calcium
Silicate Hydrate (C-S-H) and ettringite, which suggests that nanocellulose with low-temperature
synthesis can promote the formation of dense secondary hydration products. The increase in peak
intensity in this hydration product indicates a more optimal cement hydration process.
Nanocellulose acts as a nucleation site that accelerates the formation and growth of C-S-H gel,
thereby filling the micro-pores within the cement matrix and increasing the overall density of the
mortar structure [63].

Another phenomenon identified from the XRD data is a decrease in calcium hydroxide (CH)
crystallinity, as seen from the weakening of the CH peak intensity, especially at about 20 ~ 34°. This
suggests that nanocellulose induces pozzolanic reactions, where CH reacts with amorphous silica
released by nanocellulose, producing more C-S-H. A decrease in CH also means less free Ca(OH),,
which can cause adverse chemical reactions in aggressive environments, thereby increasing the
resistance of the mortar to external chemical attacks [64]. Thus, the decrease in CH crystallinity is
an important indicator of the synergistic reaction between nanocellulose and cement, which
strengthens the performance of mortar. In addition to shifts or changes in peak intensity, XRD data
on NC mortars also show a certain peak widening occurring. This peak dilation is generally
associated with a decrease in crystalline grain size or a more even distribution of the semi-
crystalline phase, resulting from good dispersion of nanocellulose in the cement matrix. The study
of [61] showed that nanocellulose can interact with cement components to form denser tissues,
reduce porosity, and improve the mechanical properties of the mortar, as reflected in a wider but
intense diffraction pattern at some angles. Furthermore, the latest study also reports new peaks in
the XRD pattern of NC mortars that are not present in the N, CF, or CA samples. These new peaks
indicate the formation of new crystalline phases derived from the unique interaction between
nanocellulose and the cement matrix. The emergence of these new phases is positively correlated
with increased compressive strength, flexural strength, and resistance to microcracking [65].

This performance-enhancing effect is highly dependent on the concentration of nanocellulose used
as well as how well nanocellulose is dispersed in the mixture [23]. When compared to cellulose ash
(CA) mortar, the XRD pattern in CA shows primary peaks similar to normal mortar but with lower
intensity and wider peak distribution. This indicates that cellulose ash tends to increase the
amorphous fraction in the mortar while retaining some of the key characteristic peaks of the
hydration product. There are no prominent cellulose crystal peaks, indicating that the organic
phase has been heavily decomposed during the ash combustion process. In addition to being a
quality control tool, XRD in this study also provides in-depth insights into how nanocellulose affects
the microstructure properties and mechanical performance of mortars. The XRD pattern shows an
increase in peak intensity at 20 = 22.5° and a decrease in CH peaks, confirming that nanocellulose
acts not only as a filler but also as an active booster that accelerates hydration reactions, improves
structural density, and forms a new phase that is more stable and robust [66]. These data reinforce
the conclusion from various literature that the interaction between nanocellulose and cement can
be maximized to produce mortar materials with superior mechanical properties and better
environmental resistance.
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The application of XRD in the production quality control of nanocellulose-based construction
materials is also critical, as the consistent XRD diffraction pattern indicates that the production
process has produced a material with a stable and optimal crystal structure [67]. Any anomalies in
the diffraction pattern, whether in the form of unexpected new peaks or the loss of the central peak,
can be immediately detected and used as a basis for further formulation improvements or
production processes.

In the development of science, XRD analysis on nanocellulose mortar is an important foothold for
environmentally friendly building material innovation. The XRD results provide empirical evidence
that nanocellulose can interact synergistically with cement, accelerating the formation of
secondary hydration products, lowering harmful phases such as CH, and increasing the proportion
of beneficial crystalline structures. Thus, the resulting material not only has better technical
performance but also contributes to the reduction in the use of pure Portland cement, thus
supporting the principles of sustainability in the construction sector. The above XRD shows how
variations in material composition, especially the addition of nanocellulose, significantly alter the
crystal structure, the amorphous phase distribution, and the formation of hydration products in
the mortar. XRD patterns not only reflect material properties at the microscopic level but also
closely correlate with the results of mechanical properties testing, such as compressive strength,
crack resistance, and environmental durability. Therefore, XRD analysis is a critical method in the
research and development of innovative mortars, both for production quality control and for
further scientific exploration of the interaction mechanisms of nanocellulose and cement at the
atomic to microstructural levels. This data is also the basis for the development of more potent,
more durable, and environmentally friendly nanocellulose-based building material formulations in
the future.

3.5. Scanning Electron Microscope (SEM)

In recent years, SEM (Scanning Electron Microscopy) has gained popularity thanks to its extremely
high-resolution capabilities and wide application in a wide range of fields, including materials
science and biotechnology. SEM is also increasingly used in morphological analysis and material
characterization, for example, to detect microstructural damage, observe particles, and evaluate
pore and crack distribution in detail [68].

Fig. 7(a) Testing using Scanning Electron Microscopy (SEM) on normal (N) mortar showed the
presence of separator cracks with no detected fibers. SEM allows high-resolution observation of
mortar surfaces, thus providing detailed information about grain distribution, porosity, and the
presence of microcracks in mortar samples [69]. This information is beneficial for evaluating the
quality and resistance of mortars to environmental influences, such as humidity and temperature
changes [70]. Previous research has shown that SEM can be used to examine the interactions
between mortar constituent materials, such as cement, aggregate, and water, as well as to identify
the effect of additive additions on material morphology [71]. In addition, SEM provides insights
into pore distribution at the microscopic level that correlates with compressive strength and
mortar resistance to freezing-thaw cycles [72,73]. Thus, the results of SEM testing can provide a
deeper understanding of how the composition of mortar materials affects their structural
performance under real-world conditions [74].

Fig. 7(b) SEM testing on mortars with the addition of cellulose fiber (CF), which is derived from
waste paper and used as a cement composite material, showed an increase in the mechanical
strength and durability of the material. SEM is used to analyze the distribution of fibers in a mortar
matrix, as well as the interactions between cellulose fibers and the main components of mortar,
such as cement, sand, and water [75]. With high resolution, SEM can reveal surface morphology in
detail, including fiber thickness and orientation, as well as the presence of cracks or defects in
microstructures that can affect material performance. Research by [76] shows that the addition of
cellulose fibers can increase tensile strength and resistance to crack propagation, which is reflected
in a more homogeneous surface structure of the mortar and better cohesion between components.
SEM is also used to evaluate the distribution of fibers in cement matrices, so researchers can
identify potential problems in the mixing and compaction process that could affect the final result
of the mortar [77]. In addition, SEM was used to study the effect of variations in the proportion of
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cellulose fibers on the micro properties of mortars, including resistance to freezing-thaw cycles and
corrosion [78]. With the ability to observe surface and microstructures in detail, SEM is becoming
a critical tool in developing and optimizing cellulose fiber-based mortars for construction
applications requiring high durability.
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Fig. 7. (a) SEM mixed mortar (N) at 1000x, (b) SEM mixed mortar (CF) at 1000x., (c) SEM of
mortar mixture (NC) at 1000x. and, (d) SEM mixed mortar (CA) at 1000x

Fig. 7(c) SEM testing on nanocellulose (NC) based mortars provides a deeper understanding of the
microstructure and material interactions at the nano level. Nanocellulose, which is obtained from
biomass such as wood or agricultural waste, is recognized as a potential reinforcing material in
mortar matrices. The use of SEM allows observation of the surface morphology and distribution of
dispersed nanocellulose fibers in the cement matrix [79]. With high resolution, SEM can reveal
microscopic structures, such as the thickness of the nanocellulose layer, the interaction between
particles and the cement matrix, and the porosity formed in the mortar. Research by [80] found
that the addition of nanocellulose can increase tensile strength and resistance to crack propagation,
which is reflected in a smoother, well-structured surface morphology. SEM also helps in analyzing
the dispersion of nanocellulose in cement, thereby reducing the inconsistency of particle
distribution and improving cohesion between materials. In addition, SEM is used to evaluate
changes in the microstructure of mortars due to variations in the water-cement ratio and
compaction time.

Fig. 7(d) SEM testing on cellulose ash (CA) mortar provides an in-depth picture of the
microstructure and properties of the material at the nano-level. Cellulose ash, resulting from the
combustion of cellulose materials, is widely used as a partial substitute for cement in mortar
composites to improve the material's physical and mechanical properties. SEM is used to examine
the surface morphology of mortars containing cellulose ash, revealing details of ash particle
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distribution, interactions between cellulose ash and other components such as cement, aggregate,
and water, as well as changes in microstructure during compaction and hardening [81].

The high resolution of SEM allows the observation of surface textures and micro-pores that can
affect the strength and resistance of the mortar to external factors such as moisture and freeze-
thaw [82]. Research by [83] reported that the use of cellulose ash can improve the porosity and
water absorption ability of mortars, as seen from the changes in the microstructure of the SEM
image. SEM also helps evaluate the influence of variations in the proportion of cellulose ash on the
microstructure of mortars, including the distribution of particles and the formation of microcracks
on the material's surface [84]. In addition, SEM analysis allows the identification of potential
inconsistencies in mixing and compaction that can affect final performance, such as corrosion
resistance and freeze-thaw cycles [85]. With SEM applications, researchers can optimize the use of
cellulose ash in mortar to create materials with better durability in various construction conditions
[86]. As such, SEM testing has become crucial in the analysis and development of modern mortars,
as it provides a detailed picture of the relationship between microstructures and material
performance at various scales of construction applications.

3.6. Energy Dispersive X-Ray (EDX)

Analyzing chemical elements in construction materials, such as mortar, is essential for
understanding changes in their physical, chemical, and mechanical properties due to the addition
of both organic and inorganic additives. One of the widely used methods for this purpose is Energy
Dispersive X-ray Spectroscopy (EDX), which is usually integrated with the Scanning Electron
Microscope (SEM) tool. Through this technique, researchers can identify and measure the content
of major and minor elements in a sample, as well as map the elemental distribution microscopically.
This approach is essential in the development of environmentally friendly material-based mortars,
as it can help design optimal compositions that support technical performance and environmental
sustainability.

EDX works by utilizing the interaction between X-rays and atoms in the sample. When a high-
energy electron hits the surface of a sample, electrons from the skin of the atom are released. This
electron vacuum is then filled by electrons from the outer shell, and the excess energy is released
in the form of X-rays of specific energy. Each element has a unique X-ray energy spectrum, so EDX
can be used to identify and calculate the relative content of each element present in the sample. By
analyzing the energy peaks in the produced EDX spectrum, we can determine what elements are
present in the mortar, their quantities, and how they are distributed in the material's
microstructure [87].

Fig. 8(a) Normal mortar without additives (N), EDX results show that calcium (Ca) is the dominant
element after oxygen (0). The highest energy peak on the EDX spectrum is located at around 3.7
keV, which corresponds to the characteristic energy of calcium. The high content of Ca (16.5%) is
supported by very abundant oxygen (64.3%), reflecting the dominance of cement hydration
compounds such as portlandite (Ca(OH);) and C-S-H (calcium silicate hydrate) gel in the mortar
structure. In addition, the element carbon (C) is present in moderate levels (10.3%), while silica
(Si), aluminum (Al), sodium (Na), magnesium (Mg), sulfur (S), and potassium (K) are found in
smaller amounts. The EDX spectrum also shows that there are no significant peaks above four keV,
indicating that other heavy elements, such as iron (Fe), are almost undetectable in normal mortars
[88]. In general, this type of chemical composition is a key characteristic of Portland cement-based
mortars, where calcium is the main element contributing to the compressive strength and stability
of the hydration phases [89].

Fig. 8(b) The cellulose fibers from the waste paper are added to the mortar (CF), and the chemical
composition undergoes quite noticeable changes. In the EDX spectrum, the highest peaks shift to
lower energies, particularly around 0.5 keV, indicating oxygen [90]. The oxygen content (50.2%)
remains high but relatively lower than normal mortar. Uniquely, the carbon content jumped
significantly to 22.7%, almost double that of standard mortar. This increase in carbon clearly
impacts the influx of organic fibers that are chemically rich in carbon. In addition, there was a
substantial increase in aluminum (Al), reaching 9.7%, and silica (Si), reaching 8.8%. The increase
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in Al and Si may be due to an interaction between organic compounds in the fiber and the cement
hydration product, resulting in complex tissues in the mortar matrix. The calcium content
decreased drastically to 7.6%, which indirectly implicated changes in the hydration phase and
compressive strength. While other elements such as Na, Mg, and K remain at very low or
undetectable levels, this signifies that the addition of cellulose fibers does not significantly affect
the alkaline elements in the system [91]. The absence of significant peaks above four keV, along
with the undetectability of iron, supports the conclusion that light elements still dominate this
mortar system.

Fig. 8(c) For nanocellulose (NC) based mortars, the EDX results show a slightly different chemical
composition. The highest peak on the EDX spectrum shifted to an energy of about 1.7 keV,
indicating the dominance of silica (Si) in the mortar matrix. The Si content (11.7%) was the highest
among all mortar variations, indicating that nanocellulose, although organic-based, is likely to
enhance pozzolanic reactions or improve the dispersion of silica aggregates in the matrix. Calcium
(Ca) also experienced a significant increase of up to 18.3%, which is higher than in normal mortar.
This suggests that nanocellulose can function as a nucleating agent that accelerates the process of
cement hydration and the formation of calcium silicate hydrate phases. Oxygen remained dominant
(57.9%), followed by carbon (9.1%), which decreased relatively compared to CF mortar. The
decrease in carbon in NC, compared to CF, can be explained by the smaller particle size, which
makes it more easily dispersed and chemically bound in the cement matrix, resulting in little free
carbon remaining. Aluminum and sodium were also detected in small amounts (Al 1.5%; Na is
0.8%), while Mg, K, S, and Fe are at very low or undetectable levels. The high Si/Ca ratio in NC
mortar indicates an increase in the C-S-H gel ratio, which could strengthen the microstructure of
the mortar and increase resistance to external chemical attacks [92].

Fig. 8(d) Cellulose ash (CA) also results in unique changes in the chemical composition of the
mortar. In the EDX spectrum, the highest peak returns to around 3.7 keV, indicating a
predominance of calcium (Ca) that reaches 16.2%. Oxygen also remained high (63.7%), supporting
the existence of the primary hydration phase. However, in CA, the carbon (11.9%) is slightly
increased compared to normal mortar, indicating organic residues that have not been fully
decomposed during the cellulose combustion process. Silica in CA decreased drastically to 4.7%,
while aluminum was also at a low level (1.6%). Uniquely, in CA, sodium and magnesium are found
in tiny amounts (0.3% each), and potassium and sulfur are also present in very minimal amounts.

Interestingly, there is a small peak of around 6.4 keV, indicating the presence of 0.8% iron (Fe),
which may have originated from the burning of cellulose waste or contamination from milling
equipment [93]. Although small, the iron content can affect the chemical properties and resistance
of mortars, especially in aggressive environmental applications. The scientific interpretation of the
above chemical composition data can be expanded by comparing the ratios between key elements,
e.g., the ratio of Si/Ca and Si/Al. In normal mortar (N), the ratio of Si/Ca is 5.5/16.5 = 0.33, and the
ratio of Si/Alis 5.5/1.9 = 2.89. This ratio shows the dominance of the calcium phase in conventional
mortars [94]. In CF mortars, the Si/Ca ratio increases to 8.8/7.6 # 1.16, and Si/Al to 8.8/9.7 % 0.91,
which signifies proportions of aluminum and silica that are almost equivalent to calcium, so that it
may form a more complex secondary hydration network. For NC mortars, the Si/Ca ratio is
11.7/18.3 = 0.64, and the Si/Alis 11.7 /1.5 = 7.8, showing a significant improvement in the ratio of
Si/Al and Si/Ca that can support the formation of a more stable and stronger C-S-H gel. In CA
mortars, the Si/Ca ratio was 4.7/16.2 = 0.29, and Si/Al was 4.7/1.6 = 2.94, again showing the
dominance of calcium with a decrease in silica and aluminum content.

From a material perspective, changes in chemical composition due to the addition of cellulose-
based additives have an impact on the physical and mechanical properties of mortar. An increase
in the carbon content of CF mortar indicates a good distribution of fibers. However, if the amount
is too small, it can decrease the compressive strength due to a decrease in the Ca phase content and
the possibility of voids appearing in the matrix. In contrast, in NC mortars, increased calcium and
silica, along with a higher Si/Ca ratio, indicate the formation of denser and stronger
microstructures. The results of mechanical and SEM tests show densification and decreased
porosity in nanocellulose-based mortars. CA mortar with cellulose ash exhibits similar behavior to
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normal mortar, but with the addition of the element Fe and a slight increase in carbon. This can
improve or even decrease the resistance properties of the material, depending on the proportion
and distribution of the element in the mortar matrix.
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Fig. 8. (a) EDX mortar mixture (N)., (b) EDX mixed mortar (CF)., (c) EDX mixed mortar (NC).,
(d) EDX mixed mortar (CA)

The presence of other elements, such as aluminum, sodium, magnesium, and sulfur, in low levels
can act as impurities or minor phase formations, affecting resistance to chemical reactions,
corrosion processes, or sulfate attacks. In compositions with a high Si/Ca ratio, such as in NC
mortars, the possibility of C-S-H gel formation is greater, which can increase the compressive
strength, flexibility, and durability of the mortar against aggressive environments such as freezing-
thaw cycles or chloride ion exposure. Likewise, a high Si/Al ratio can help improve hydration phase
stability at high temperatures or in extreme chemical environments. EDX can also be used to assess
the dispersion and homogeneity effects of additives in mortar matrices. In NC mortars, the decrease
in carbon compared to CF indicates a better distribution of nanocellulose, so it is not detected as
much as free carbon. This is also supported by SEM observations that reveal nanofiber networks
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that are well integrated into the C-S-H gel. In addition, in CA mortars, the detection of iron, even in
small amounts, can be interpreted as a by-product of the combustion or contamination process. In
some cases, this can trigger secondary reactions, such as the formation of iron oxide, which is inert
or even stabilizes the cement matrix. EDX analysis of various mortar mixtures provides an in-depth
picture of the chemical composition changes that occur due to the addition of cellulose-based
additives. Each variation of the additive gives rise to a distinctive pattern of elemental distribution,
which is closely correlated with changes in the microstructural and mechanical properties of the
mortar. EDX data enabled researchers to design innovative mortar formulas that are not only
mechanically strong but also environmentally friendly and resistant to real-world conditions and
challenges in the field. These results are also an important basis for the development of future
construction materials that prioritize resource efficiency and environmental sustainability. The
value of the chemical composition in the EDX test can be seen in Table 2.

Table 2. Chemical composition of cellulose mortar

Percentage (%)

Chemical Composition

N CF NC CA
C 10,3 22,7 9,1 11,9
0 64,3 50,2 57,9 63,7
Na 0,4 0,5 0,8 0,3
Mg 0,3 0,5 0,2 0,3
Al 19 9,7 1,5 1,6
Si 55 8,8 11,7 4,7
S 0,4 - 0,5 0,3
K 0,4 - - 0,2
Ca 16,5 7,6 18,3 16,2
Fe - - - 0,8

4. Conclusion

This study highlights the potential of nanocellulose synthesized from waste paper as a sustainable
additive to enhance mortar's microstructural and mechanical performance. Utilizing waste paper
as a raw material provides a valuable route for waste valorization and contributes to the circular
economy and sustainable construction practices. The low-temperature synthesis process adopted
in this study demonstrated higher energy efficiency and lower carbon emissions than conventional
high-temperature approaches, confirming its environmental advantages.

Incorporating nanocellulose at a dosage of 2% by weight of cement led to notable improvements
in mortar performance. Compressive strength increased by approximately 25%, from 28.72 MPa
for the control mix to 30.16 MPa for the nanocellulose-modified mortar. These results indicate that
nanocellulose enhances the interfacial bonding within the cement matrix, leading to a denser
microstructure and improved stress transfer. Scanning Electron Microscopy (SEM) analysis further
confirmed a uniform dispersion of nanocellulose fibers, reduced micro voids, and enhanced
cohesion among hydration products, contributing to better structural integrity. Flow testing
showed a minor reduction in workability, with a flow diameter of 152 mm compared to 165 mm
for the control mortar; however, the value remained within an acceptable range for practical
construction use. Porosity analysis revealed a 15% reduction in pore volume, indicating enhanced
resistance to water ingress and environmental degradation. These findings demonstrate that
nanocellulose can effectively refine the pore structure and increase durability without
compromising workability.

From an environmental standpoint, producing nanocellulose from waste paper reduced the carbon
footprint by up to 30% compared with production from virgin cellulose sources, reinforcing its
potential as a green material for construction applications. While scalability and production cost
remain challenges, advancements in synthesis and processing technologies are expected to
improve feasibility. Overall, nanocellulose derived from waste paper presents a promising, eco-
friendly solution for developing next-generation sustainable building materials.
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