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Abstract: This article explores the use of olive pit powder (OPP) as a promising resource for enhancing
the thermal insulation properties of epoxy mortars. A comprehensive analysis of the chemical and
physical characteristics of OPP was conducted, employing analytical techniques including scanning
electron microscopy (SEM), thermogravimetric analysis and emitted gas analysis (TG-MS-EGA),
and proximal analysis. Experimental samples of epoxy grout were prepared by using different
proportions of a conventional inorganic filler, quartz powder, and OPP within an epoxy mortar
matrix. As the percentage of OPP in the formulation increased, the microstructure of the samples
gradually became more porous and less compact. Consequently, there was a decrease in density with
the increase in OPP content. The 28-day compressive strength decreased from 46 MPa to 12.8 MPa,
respectively, in the samples containing only quartz (Sample E) and only OPP (Sample A) as a filler.
Similarly, flexural strength decreased from 35.2 to 5.3 MPa. The thermal conductivity decreased
from 0.3 W/mK in Sample E to 0.11 in Sample A. Therefore, increasing the %wt of OPP improved
insulating properties while reducing the mechanical resistance values. This study highlights the
potential of OPP as an environmentally friendly and thermally efficient filler for epoxy mortars,
thereby promoting sustainable construction practices.

Keywords: sustainability; olive pit powder; building construction; epoxy mortars; thermal
conductivity

1. Introduction

Epoxy mortars are widely employed in construction owing to their rapid curing
process, high compressive strength, strong adhesion capabilities, very low permeability,
and remarkable chemical resistance [1-5]. Their potential extends to various construction
needs requiring durable solutions. For instance, industrial flooring benefits from the robust
properties of epoxy composites, ensuring longevity and resilience against heavy machinery
and high foot traffic, which are critical aspects in many manufacturing environments.
Furthermore, the production of railway sleepers, which are essential components of railway
infrastructure, benefits in terms of increased durability and longevity owing to the use
of epoxy materials. The widespread adoption of epoxy composites faces a significant
barrier due to the high costs associated with epoxy resins, particularly when compared to
conventional Portland cement [6,7]. This cost disparity can be attributed to several factors,
including the intricate manufacturing processes involved in producing high-quality epoxy
resins and the raw materials required for their formulation.
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Epoxy resins are prepolymers characterized by an epoxy group at each end of their
molecular structure. Among the widely used options, Bisphenol A diglycidyl ether
(DGEBA) is the most prevalent. Hardeners, also referred to as curing or crosslinking
agents, act by opening the C-O-C ring at the ends of an epoxy molecule, attaching to
them, and transforming the resin into a thermosetting network. Amino-type hardeners
are the most used choice for epoxy resins. Inorganic fillers, such as silica, quartz, CaCOs,
and alumina, serve as integral components in epoxy mortars by imparting mechanical
strength and dimensional stability. Reactive diluents are designed to reduce the viscosity
of conventional epoxy resins while preserving their essential performance characteristics.
These diluents, which are mono- or di-functional compounds, include aliphatic and aro-
matic glycidyl ethers that covalently bond to the polymer matrix. This linkage ensures
the firm integration of reactive diluents within the resin structure, thereby preventing any
propensity for migration.

Sustainable development involves efficient use of natural resources and the progres-
sion of innovative ecological technologies. This pursuit includes various strategies, such as
the reduction of polluting emissions, the conscious consumption of raw materials, and a
heightened focus on waste recycling. Pursuing sustainable development in the production
of building materials involves the incorporation of waste and recyclable materials [8,9],
since the extraction and processing of virgin resources can be environmentally destructive
and energy-intensive [10,11]. This can lead to habitat loss, air and water pollution, and
depletion of natural resources. This concept forms the basis of the scientific exploration
presented in this study, which explores the innovative application of olive pit powder
as a sustainable alternative to traditional inorganic fillers in epoxy mortars. Olive pit
powder, a finely ground residue derived from olive processing, is an abundant and widely
available waste material, particularly in countries with significant olive oil production,
such as Italy, Greece, Spain, and other Mediterranean regions. This repurposing of waste
material aligns with principles of circular economy, minimizing environmental impact and
reducing reliance on virgin resources. Various waste materials have been incorporated into
epoxy resins to reduce the demand for natural resources and to improve their mechanical
properties. Previous studies have included fillers, such as silica fume [12], red mud [13,14],
sand washing wastes [6], coal bottom ash [7,15], fly ash [12,16], blast furnace slag [17],
and palm oil fuel ash [18]. In some cases, industrial waste materials exhibit distinctive
properties that make them suitable for specific applications. Specifically, bio-aggregates
such as oil palm shells, coconut shells, bamboo, and apricot shells represent promising
options for enhancing thermal insulation and sound absorption in cement-based building
materials [19,20]. The thermal insulation property is of fundamental importance in the
current global context, in which energy consumption has grown together with the global
economy and urban and industrial activities [21,22]. Building energy conservation plays a
crucial role in mitigating energy consumption, and thermal insulation materials hold a sig-
nificant value in the realm of building energy conservation [23-26]. Bio-based lightweight
aggregates typically consist of carbohydrate structures and exhibit high porosity. This high
porosity can be advantageous for thermal insulation, as air, being a poor conductor of heat,
fills the voids within the aggregates. When lightweight aggregates contain numerous air
pockets due to their porosity, the overall thermal conductivity of the mortar is reduced. This
creates a barrier that hinders heat transfer, making the material a better thermal insulator.
Despite this advantage, some bio-aggregates can be susceptible to moisture absorption
due to their porous nature. When exposed to environmental humidity fluctuations, this
moisture absorption can compromise the durability of cement-based materials. However,
when it comes to epoxy-based building materials, a more favorable scenario unfolds in
terms of durability, owing to their intrinsic resistance to weathering. Consequently, the
use of durable epoxy-based mortars in combination with bio-based aggregates can offer
enhanced longevity and resilience to construction materials, overcome the challenges posed
by environmental humidity, and ensure sustainable and robust building solutions. The
integration of such an environmentally conscious filler, olive pit powder, not only addresses
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the issue of waste management, but also represents an exploratory study with the aim of
increasing the thermal insulation properties of epoxy-based materials. To the best of our
knowledge, this study represents the first systematic exploration of using olive pit powder
as a filler in epoxy mortars. The use of this eco-friendly filler can open new possibilities
for the use of epoxy mortars in sustainable and energy-efficient applications, coupling the
insulating power of olive pit powder with the durability of epoxy binders. For example,
considering that coating mortar serves as the building envelope and its thermal properties
help to reduce energy consumption, incorporating lightweight materials with favorable
thermal characteristics can enhance the thermal comfort of mortars in addition to reducing
the overall weight of buildings [27].

In this study;, five formulations of epoxy mortars were prepared and characterized,
incorporating percentages of olive pit powder as a replacement for a common inorganic
filler, namely quartz powder. This comparative analysis was undertaken to investigate
the influence of olive pit powder content on the physiochemical properties of the epoxy
mortar formulated with quartz powder, selected as a reference because of its widespread
commercial availability and common usage. The properties of density, compressive and
flexural strengths, and thermal conductivity were evaluated. Additionally, insights into
the microstructures of the epoxy mortars were obtained via SEM analysis. Furthermore,
this study examined the olive pit powder filler by conducting a proximate analysis and
characterizing it through TG-MS-EGA analysis and microscopic analysis via SEM. Single
types of epoxy resin, reactive diluent, and hardener were chosen for examination. The
most commonly used DGEBA epoxy resin was used in this study. Owing to the high resin
absorption capacity of olive powder, it was necessary to add varying amounts of reactive
diluent to achieve good workability of the mixture. Therefore, a low-viscosity reactive
diluent was chosen to counteract the viscosity increase resulting from the addition of the
olive pit powder.

2. Materials and Methods
2.1. Fillers

In this study, olive pit powder (OPP) was used as filler to replace quartz in different
proportions. OPP was sourced from BioPowder (Schilling Ltd., Birkirkara, Malta; https:
/ /www.bio-powder.com/en/olive-pit/, accessed on 12 December 2023). The particle size
was 100-300 um. The quartz sand, with particle sizes ranging between 150 and 300 um,
had a purity of 95%.

2.2. Epoxy Resin, Hardener, and Reactive Diluent

Diglycidyl ether of Bisphenol A-type epoxy resin (DGEBA) was used in the proportion
mixture as shown in Table 1. The epoxy resin was stored at room temperature to avoid
damage. An aliphatic hardener, trimethyl hexamethylene diamine (TMDA), was used. A
monofunctional reactive diluent (glycidylether C12-C14 alcohol, RDMF) was employed
as the reactive diluent. The proprieties of the selected epoxy resin, hardener, and reactive
diluent are reported in Table 1.

Table 1. Properties of the epoxy resin, hardener, and reactive diluent used.

Density (g/mL) Viscosity (cp.) Epoxy Equivalent Weight (g/val) Molecular Weight (g/mol)
DGEBA 1.16 16,600 195.1 -
TMDA 0.88 6 - 158.4
RDMF 0.87 10 289.5 -

2.3. Mix Proportions

The mix proportions (% weight) of the epoxy mortars are given in Table 2. The mixing
proportions of epoxy resin/hardener/filler were consistently maintained at a ratio of
1:0.4:3.45. Variations in the content of the reactive diluent were introduced to ensure the
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optimal workability of the mixture, achieved by regulating its viscosity. This adjustment
in the reactive diluent content was made to strike a balance, ensuring that the mixture
remained manageable and suitable for application while maintaining the specified overall
composition of the epoxy system.

Table 2. Composition of the studied epoxy grouts.

Grouts Epoxy Resin % Hardener % Reactive Diluent % OPP % Quartz Powder %
A 18.5 7.4 10.4 63.7 0
B 18.7 7.5 9.2 48.4 16.2
C 19.0 7.6 8.0 327 32.7
D 19.2 7.7 6.8 16.6 49.7
E 19.5 7.8 5.5 0 67.2

2.4. Specimen Preparation

The specimens were prepared following a systematic procedure: OPP, quartz powder,
and epoxy resin were combined in a blender and homogenously mixed for a duration
of 10 min. Subsequently, the mixture was allowed to stand for 24 h in a dark environ-
ment. The hardener was introduced and stirred for an additional 5 min. Following
this mixing process, the freshly prepared mixtures were poured into prismatic molds
(40 mm x 40 mm x 160 mm) and compacted using a vibrating table for 30 s. The speci-
mens were then positioned in a controlled environmental chamber at 20 °C and 50% RH,
and removed from the molds after an approximate curing period of 24 h. The curing
of the specimen was performed for 28 more days in the same condition. Six specimens
were prepared for each formulation: three for the analysis of flexural and compressive
strength, as described in Section 2.6.1, and three for the thermal conductivity analysis.
The dimensions of the specimens follow the European standard for grouts and adhesives
(EN 13888-1SO 13007 [28,29]).

2.5. Characterization of OPP
2.5.1. Proximate Composition

Moisture, ash, crude protein, and residual oil were assessed in accordance with proto-
cols recommended by the Association of Official Analytical Chemists. Moisture content was
determined by drying the OPP sample at 105 °C until a constant weight was achieved. Ash
content was quantified utilizing a laboratory furnace at 550 °C, with a gradual temperature
ramp. Nitrogen content, determined via the Dumas method, was subsequently converted
to protein content using a conversion factor of 6.25. The Soxhlet method, employing
petroleum ether (boiling point range: 40-60 °C) as the extractant solvent, was applied to
determine the residual fat fraction. Each measurement was performed in triplicate, and the
results were averaged.

2.5.2. Particle Size Distribution

The particle size distribution was measured through the laser diffraction technique by
using Mastersizer 3000 (Malvern Panalytical Ltd., Malvern, UK). The measurements were
conducted in an aqueous environment. The samples were pre-dispersed in water in order
to accomplish better dispersion of the particles.

2.5.3. SEM

The field emission scanning electron microscope (SEM) instrument (Nova NanoSEM
450, FEI, Hillsboro, OR, USA) was used to evaluate the microscopic morphology of the
OPP filler.
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2.54. TG-MS-EGA

The thermogravimetric analysis (TGA) was conducted using a Seiko SSC 5200 thermal
analyzer (Seiko Instruments Inc., Chiba, Japan) within an inert atmosphere. Gas analysis
of the evolved products during thermal reactions (MS-EGA) was performed employing
a coupled quadruple mass spectrometer (ESS, GeneSys Quadstar 422; ESS Ltd., Cheshire,
UK). Sampling procedures utilized an inert and fused silicon capillary system, preheated
to prevent condensation.

Signal intensities of specific target gases were acquired in multiple ion detection mode
(MID) through a secondary electron multiplier operating at 900 V. Specifically, m/z ratios
of 18 for H,0, 44 for CO,, 60 for CoH,4O; (acetic acid), and 30 for C3H3* (furfural fragment)
were selected, with m/z representing the ratio between the mass number and the charge of
the ion.

The heating protocol involved a gradient of 20 °C/min over the thermal range of
25-1000 °C, utilizing ultrapure helium as the purging gas at a flow rate of 100 uL/min.

2.6. Properties of the Epoxy Mortars
2.6.1. Flexural and compressive strength

Flexural and compressive strength testing was performed after 28 days using a Tech-
notest compression test machine (Technotest, Modena, Italy). The average value of at least
three specimens was used as the test result. The test was performed in conformity with
the European standard for grouts and adhesives (EN 13888-1SO 13007 [28,29]). Three-point
flexural testing was conducted to determine the flexural strength of the specimens followed
by a compressive strength test using the remaining broken pieces from the flexural tests, at
a loading rate of 800 N/min.

2.6.2. Thermal Conductivity

A KD2 Pro thermal property analyzer (Decagon Inc., Pullman, WA, USA) was em-
ployed for measuring thermal conductivity. This portable device fully adheres to ASTM
D5334-08 standards [30] and is designed for assessing the thermal properties of materials
using probe/sensor methods (transient line heat source), as confirmed by the Decagon De-
vices Inc. Operator Manual version 11. The analyzer comprises a portable controller and a
sensor probe that is inserted into the medium being measured. The measurement procedure
involves heating the probe for a specified duration while monitoring the temperature dur-
ing both the heating and cooling phases. It is crucial to minimize the influence of ambient
temperature on the samples to obtain more precise values. The KD2 Pro has a measurement
range for thermal conductivity ranging from 0.02 to 2.00 W/mK. In this study, three cubic
specimens were selected for each sample, measuring 100 mm x 100 mm x 100 mm, and
were assessed at 28 days of curing under dry conditions to determine thermal conductivity.

3. Results and Discussion
3.1. Olive Pit Powder
3.1.1. Proximate Composition of Olive Pit Powder

Table 3 provides the proximate composition of olive pit powder (Figure 1), the veg-
etable filler used in this study, offering a detailed overview of its chemical composition.
Data are expressed as the mean =+ standard deviation of three replicates.

Analyzing the proximate composition of raw materials is important for assessing their
potential applications across various industrial sectors. Proximate analysis of vegetable ma-
terials involves determining fundamental chemical components, such as moisture, ash, fat,
protein, cellulose, hemicelluloses, and lignin [31]. Moisture content is a critical parameter
that affects the stability, shelf life, and processing characteristics of a material. Microorgan-
isms such as bacteria and fungi require moisture to thrive [32]. The low moisture content
in OPP (3.4%) ensures conditions less favorable to microbial growth. This inhibits the
development of spoilage and degradation, contributing to the preservation of the material
over time. It is important to maintain these moisture levels, as one of the main challenges in
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the industrial utilization of organic materials is degradation over time if not stored properly.
Factors such as exposure to moisture, temperature fluctuations, and prolonged storage
periods can degrade the quality of olive pit powder, potentially impacting its performance.
Ensuring proper storage conditions and implementing effective preservation techniques are
essential to mitigate these challenges and maximize the usability and effectiveness of olive
pit powder in industrial applications. The matrix exhibits a typical composition of woody
biomasses, characterized by a low protein content (<3%) and a cellulose, hemicellulose,
and lignin content exceeding 80% on a dry basis. The lipid percentage is slightly higher
than that of other woody matrices [19,33,34], which is not surprising given the high lipid
content in the olive fruit. This composition aligns with the inherent characteristics of olive
pit biomass, highlighting its lignocellulosic nature and the influence of lipid-rich olive fruits
on the overall matrix composition.

Table 3. Proximate composition of olive pit powder. Data are expressed as mean =+ standard

deviation.
Moisture (%) 34406
Cellulose (%) 36.0 + 0.7
Hemicelluloses (%) 26.3 + 0.6
Lignin (%) 246 £09
Protein (%) 23+05
Fat (%) 5.0+09
Ash (%) 24+0.7
C (%) 51.7 £ 04
O (%) 41.0+£0.5
N (%) 0.37 £ 0.06
H (%) 7.12 £0.19
S ([yo) <0.1
Bulk density (g/ cm?) 0.508 £ 0.008

Figure 1. The vegetable filler used in this study: olive pit powder.

3.1.2. Particle Size Distribution

To assess the particle size distribution of the olive pit powder, a laser diffraction tech-
nique was employed, and the results are shown in Figure 2. The analysis revealed that
the OPP exhibited a mean particle diameter of approximately 400 um. The distribution
profile indicates a predominantly uniform size range with minimal variance in particle
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Volume Density (%)

dimensions. This consistent particle size distribution is of particular significance for appli-
cations in epoxy mortars because it suggests a homogenous blending potential with the
matrix material.

0.01

T

T T rrrrrr
0.1

T T rrrrrT T 1 T rrrrrr T T T rrrir T T TTTI11] T T T 177171
10 100 1000 1000.0 10,000.0

Size Classes (um)
Figure 2. Particle size distribution of olive pit powder.

3.1.3. SEM Analysis

The SEM images in Figure 3A,B provide a detailed view of the surface morphology of
olive pit powder granules. The surfaces exhibited a distinct rough texture characterized by
irregularities and a lack of discernible cavities. The granules had a densely packed structure,
suggesting a high degree of particle cohesion. They appear pseudospherical, a morphology
consistent with the typical effect of fluidized bed grinding in a stream of compressed air.
This morphological analysis underscores the potential suitability of olive pit powder as a
filler material in epoxy mortars because the observed surface characteristics may enhance
interfacial adhesion and contribute to the overall mechanical properties of the composite
material. The absence of prominent voids or irregularities further suggests a uniform and
potentially reinforcing distribution of the olive pit powder within the epoxy matrix.

3.1.4. TG-MS-EGA

Olive pit powder is predominantly composed of lignocellulosic material, comprising
cellulose, hemicellulose, and lignin, as indicated in Table 2. Through thermogravimetric
analysis coupled with mass spectrometry and evolved gas analysis (TG-MS-EGA), we
gained valuable insights into the intricate degradation processes involving all constituents
present in OPP and into the pyrolytic behavior of the biomass. This analytical technique
allows us to discern distinct thermal ranges within the thermogram, each corresponding to
specific degradation events.

Given the complex composition of olive pit powder, which is characterized by multiple
organic components, different degradative reactions can occur concurrently. Consequently,
the resulting thermogram profile represents a composite of these diverse contributions.
However, interpreting individual degradation processes from thermograms can be chal-
lenging, particularly when different reactions produce similar byproducts, such as water
and carbon dioxide.

To facilitate the interpretation of the thermogram, the entire temperature range was
divided into thermal regions of varying sizes and characteristics, as shown in Figure 4.
Additionally, Table 4 provides insight into the specific thermal windows or subdomains
within these regions, where distinctive deviations in the TG/DTG profiles are observed.
These deviations correspond to the unique behaviors exhibited by the studied samples
during degradation.



AppliedChem 2024, 4

199

(B)

Figure 3. (A) Olive pit powder granule at 600 x magnification. (B) Olive pit powder granule at

300x magnification.

The TGA curves show that the devolatilization process starts at 40 °C and the maxi-
mum weight loss occurs in the range of 220-400 °C. Above 400 °C, after the change in the
slope of the TGA, a slower weight loss occurs. The evaluation of the weight loss of the
samples between 120 °C, the end of moisture evaporation, and 400 °C indicates that more
than 70 wt% of the volatile matter was released in this interval.

Table 3 shows that approximately 87% of the olive pit powder (OPP) consists of
cellulose, hemicellulose, and lignin. Thus, the TG-MS-EGA analysis delineated the thermal
degradation steps associated with these three fractions. Consequently, the evolution of
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select analytes characteristic of hemicellulose and cellulose degradation, such as acetic
acid (m/z = 45 and 43 for its main fragments) and furfural (m/z = 39 for its fragment
C3H3™), was examined through mass spectrometry—evolved gas analysis (MS-EGA). This
comprehensive analysis enables a more precise differentiation of the thermal processes and
identification of the temperature ranges corresponding to each matrix component. The
evolutionary trends of the selected gaseous species are shown in Figure 5.

1 ; | I v v[°
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~ i —
i <
$ 8 | | - 50 &
= E 32
) 6 | - —60
9 |
(T ; - —70
2 i - —80
0 ; -90
100 200 300 400 500 600 700 800
Temperature (°C)
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Figure 4. TG (gray line) and DTG (black line) curves of OPP sample at heating rate of 20 °C/min in
He atmosphere. Vertical dashed lines delimit the five thermal regions (I-V) described in the text. For
the meaning of the number in parentheses, see Table 3.
Table 4. Thermal degradation regions and processes of olive pit powder biomass identified through
thermogravimetric analysis (TG).
. . . Mass Loss
Region Thermal Window Thermally Activated Processes (_Am %)
I Up to ~120 °C Removal of moisture and VOCs. -3.7
I 120-210 Removal of bound water, NHj3 from free amino acids and protein _03
denaturation, low-boiling VOCs, and loss of CO and CO;. ’
Removal of reaction water, high-boiling VOCs and SVOCs,
decarboxylation of acids with COj, loss, and fat degradation. Main
I 210415 o . > . —67.5
pyrolysis window, structural decay reactions of proteins, hemicellulose,
and cellulose.
Removal of reaction water, CO,, and CO from slow pyrolysis of lignin
v 415-700 fraction, vitrification of sample, volatilization of carbon microparticles, and -85
thermal decomposition of biochar.
v 700-800 Volatilization of carbon residues, probably C20-C40 fragments, in the _08

presence of mineral ash.
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Figure 5. Evolutionary trends of HyO, CO,, furfural fragment (C3H3*, m/z = 39), and acetic acid
fragments (CH3CO", m/z = 43; COOH", m/z = 45) during the heating of the OPP sample. The
derivative thermogravimetric (DTG) curve is also displayed for ease of comparison. Intensity of m/z
is in arbitrary units.

The thermograms are divided into five distinct regions (I-V), each representing the
behavior of the sample in response to specific processes. The limits defining these regions
are not strictly fixed at absolute temperature values. Instead, they represent dynamic
thresholds influenced by thermally activated processes that are specific to material fractions.
Attempting to generalize the thermal intervals for each region could lead to speculative
conclusions, in contrast to the rigorous methodology adopted in this study.

Region I, spanning up to ~120 °C, primarily involves the removal of moisture and
volatile organic compounds (VOCs) [35]. Additionally, thermally activated processes such
as protein denaturation by unfolding occur within this region without accompanying
mass loss.

Region II, ranging from ~120 °C to ~210 °C, corresponds to the loss of bound water,
including the crystallization of mineral salt water. Here, semi-volatile compounds with
medium-low vapor pressure (SVOCs) are fully eliminated. The initiation of structural
water removal at 160 °C involves the condensation reactions of —OH groups, which are
primarily present in simple non-cellulosic carbohydrates [36]. Furthermore, the evolution
and removal of reaction water span this entire thermal range up to region IV. Near the
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upper-temperature limit (~180 °C), thermal degradation of free amino acids occurs [37],
while proteins persist up to ~200-220 °C, signifying the onset of biomass chemical structure
destabilization, partial depolymerization, and plasticization.

Region III, spanning from ~210 °C to ~415 °C, constitutes the principal pyrolysis win-
dow, where structural decay reactions of proteins (~240 °C), hemicellulose (250-300 °C),
cellulose (300-380 °C), and lignin (300-500 °C) occur. The emission of acetic acid and
furfural in this thermal window confirmed the thermal degradation of cellulose and hemi-
cellulose, as reported in previous studies [38,39]. In particular, acetic acid formation is
related to the elimination of O-acetyl groups linked to the main xylan chain, while fur-
fural formation is linked to the dehydroxymethylation of the furan ring side chain in
5-hydroxymethylfurfural, an organic compound formed by the dehydration of reducing
sugars [38,39]. The shape of the peaks is determined by the constituent that degrades within
the specific thermal window [40]. Indeed, the amorphous structure of hemicellulose results
in a broad peak in the 250-300 °C range, whereas the high homogeneity and crystallinity
of the cellulose polymer lead to a sharp peak at 300-350 °C. Lignin, due to its structural
complexity, degrades over a broad temperature range, and its degradation pattern varies
significantly due to its compositional variability [41,42].

Region IV begins at approximately 415 °C and extends to approximately 700 °C. Within
this thermal window, the gradual decrease in mass primarily arises from the slow pyrolysis
of the lignin fraction, a process associated with sample vitrification and volatilization
of carbon microparticles. The minor mass loss up to 700 °C can also be attributed to
the thermal decomposition of carbonaceous matter (biochar), which is predominantly
associated with hemicellulose and cellulose fractions [43,44]. In this thermal range, the
emission mainly of CO; is observed (Figure 5).

In region V, above approximately 700 °C and up to the final temperature of 800 °C, the
remaining residues of biomass degradation are observed. This represents the typical carbon
pyrolysis window, characterized by the thermal decomposition of low volatile matter such
as carbon fragments C20-C40 in the presence of mineral ash.

The TG /DTG profiles of the olive pit powder (OPP) exhibit characteristics typical of
lignocellulosic raw materials, underscoring the presence of hemicellulose, cellulose, and
lignin. This observation is further corroborated by proximate composition analysis (refer to
Section 3.1.1 and Table 2).

3.2. Epoxy Resin Mortar

The cross-sections of five representative samples from the five epoxy mortar formu-
lations are shown in Figure 6. A trend emerges as the percentage of OPP increases: the
internal structure of the samples undergoes a morphological change, characterized by an
increase in the presence of pores and cavities. This macroscopic observation is further
validated in Section 3.2.1 through scanning electron microscope (SEM) analysis.

B C D |

Figure 6. Cross-section of five representative samples of epoxy grout, A-E.

3.2.1. SEM Analysis

In Figure 7A,B, the SEM images of Sample A are presented. The magnification of each
figure is provided in the respective caption, indicating the degree of enlargement compared
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to the actual size of the object. Additionally, the photo scale is depicted in the figures,
representing the accuracy of the object’s size representation in the image.

(B)

Figure 7. (A) Sample A at 100 x magnification. (B) Sample A at 200 x magnification.

The microstructure exhibits irregularities characterized by numerous cavities. The
pseudo-spheroidal olive pit granules are visible, coated within the epoxy resin matrix,
and partially embedded. Porosity can be attributed to several factors. Air entrapment
during the mixing phase, which is emphasized by the low density of OPP, facilitates this
phenomenon. Additionally, the irregular shape of OPP particles can contribute to imperfect
distribution within the epoxy matrix, further enhancing porosity formation. Furthermore,
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variability in the particle size and agglomeration tendencies of OPP particles may also play
a role in porosity development.

In Figure 8A,B, SEM images of Sample E are presented. In contrast to Sample A, the
microstructure of Sample E appears significantly more compact. The quartz powder frag-
ments are observed embedded within the epoxy resin, resulting in a compact structure with
reduced porosity and cavities. This denser microstructure suggests a more homogeneous
distribution of filler particles. There are several pores, likely resulting from air entrapment
during the mixing and sample formation stages.

(A)

I
(B)

Figure 8. (A) Sample E at 100 x magnification. (B) Sample E at 200 x magnification.
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3.2.2. Density

The density of epoxy mortars, and more broadly, that of construction materials, is an
important parameter that significantly influences various aspects of their performance and
applicability. Density plays a key role in determining properties such as thermal and sound
insulation, transportation efficiency, and overall environmental impact. The use of materials
with lower density in construction contributes to the overall reduction in the weight of
structural components, which can be particularly advantageous in applications where
weight is a critical factor. Therefore, optimizing and managing the density of construction
materials is important to ensure the effectiveness, sustainability, and cost-efficiency of
building projects.

The density values of the studied epoxy mortars (A-E) are shown in Figure 9.

1.5

1
0.5 I
0
A B C D E

Epoxy mortar

g/cm?

B Density
Figure 9. Density of epoxy mortars (A-E) tested after 28 days.

Notably, the bulk density of olive pit powder is considerably lower than that of quartz
powder, with values of 0.505 g/cm® and 1.7 g/cm?.

When a higher percentage of olive pit powder is incorporated into the epoxy mortar, a
corresponding decrease in the overall density of the mortar is observed. This reduction in
density is directly linked to the bulk density of the OPP compared to that of quartz powder.
This can also be attributed to the porous structure of the epoxy mortars containing OPP as
a filler, which resulted in increased air voids.

3.2.3. Flexural and Compressive Strengths

Flexural and compressive strengths are two crucial mechanical properties used to
characterize the behavior of materials under different loading conditions in the field of
materials science and engineering. The flexural and compressive strengths of the epoxy
mortars (A-E) are shown in Figure 10.

Epoxy mortar A, which contained only OPP as a filler, exhibited the lowest flexural
(5.3 MPa) and compressive strengths (12.8 MPa). The introduction of OPP at any level
adversely affected both the compressive and flexural strengths. Increases of 64% and 43%
were observed in the flexural and compressive strengths, respectively, for Sample B in
relation to Sample A. This underscores the substantial improvement in the mechanical
properties achieved, even with a minimal addition of quartz powder. Moreover, a more
significant decrease in the flexural strength compared to the compressive strength was
observed. The data presented in Figure 10 indicate that the inclusion of OPP in epoxy
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mortar formulations compromises their suitability for structural applications, as evidenced
by the significant reduction in mechanical resistance values.

A B C D E

Epoxy mortar

W Flexural strength W Compressive strength
Figure 10. Flexural and compressive strengths of epoxy mortars (A-E) tested after 28 days.

As the OPP content increased, the proportion of epoxy resin in the formulation de-
creased, whereas the reactive diluent content increased, as reported in Table 2. In epoxy
grouts containing only inorganic fillers, the proportions of epoxy resin and reactive diluent
significantly impact the mechanical properties of the material [45]. A higher concentra-
tion of epoxy resin is associated with improved compressive strength, while conversely,
a higher concentration of reactive diluent is associated with its decrease. The molecules
of reactive diluents become integrated into the network formed after reacting with the
hardener. The hardener initiates this reaction by opening the oxirane rings located at the
ends of both the epoxy and reactive diluents, thereby bonding the molecules together to
establish a network structure. Owing to their aliphatic structures, reactive diluents are
smaller and more flexible than rigid epoxy molecules, thus enhancing the flexibility of the
epoxy network [45]. Consequently, a decrease in the rigidity of the epoxy backbone may
reduce the compressive strength of the material. Moreover, in epoxy grouts containing
only inorganic fillers, the addition of diluents generally enhanced the flexural strength of
epoxy mortars. This increase is likely attributed to the improved wetting properties of
the epoxy-hardener mixture, which may increase the adherence between the mixture and
aggregates, and hence the flexural strength. Based on this evidence, we would anticipate
that the compressive strength decreases more significantly than the flexural strength when
transitioning from specimen E to specimen A. This expectation arises from the decrease
in the epoxy resin content and increase in the reactive diluent content. However, the
experimental findings presented in Figure 9 reveal the opposite trend. This discrepancy
underscores the significant influence of introducing a lignocellulosic material, such as OPP,
which substantially modifies the performance of the epoxy mortar. Moreover, it highlights
that the presence of OPP has a greater impact on the mechanical properties than variations
in resin and reactive thinner content, which exhibit less influence on the final characteristics
of the specimens.
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The European Standard EN 998-1 [46] specifies requirements for various properties,
including compressive strength, for inorganic-binder-based thermal mortars. According to
this standard, a compressive strength below 5 MPa is deemed suitable for thermal insulating
purposes. With epoxy resin as the binder, our formulations inherently exhibit significantly
different properties compared to their inorganic counterparts. Our findings reveal that all
tested epoxy-based mortars exceed the compressive strength requirement outlined in the
European Standard. Even the lowest compressive strength recorded among our samples
is notably higher than the standard’s threshold, measuring at 12.8 MPa. This disparity
underscores the profound impact of epoxy resin on mortar properties. While inorganic-
binder-based mortars may adhere to the standard’s compressive strength specifications,
epoxy-based alternatives exhibit inherently superior mechanical properties. Our results
highlight the need for further evidence or tailored standards to appropriately assess and
evaluate the performance of epoxy-based mortars in thermal insulation applications.

3.2.4. Thermal Conductivity

Thermal conductivity is a fundamental property that characterizes the ability of a
material to conduct heat. It is defined as the rate at which heat flows through a unit area
of a material per unit temperature gradient. This is a critical property in the construction
industry, influencing the performance and energy efficiency of buildings and infrastructure.
It plays a significant role in controlling heat flow through building materials and assemblies,
impacting indoor comfort, energy consumption, and overall building performance. Materi-
als with low thermal conductivity are used as insulation to reduce heat transfer through
walls, roofs, floors, and other building components. By minimizing heat flow, thermal
insulation helps maintain comfortable indoor temperatures, reduces heating and cooling
loads, and lowers energy consumption for heating and air conditioning systems. This
is especially important for achieving energy-efficient buildings that comply with energy
codes and standards and reduce carbon emissions associated with heating and cooling.

The thermal conductivity data of the studied epoxy mortars (A-E) are shown in
Figure 11.

0.4

0‘2 i i I i '
0
A B C D E

Epoxy mortar
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Figure 11. Thermal conductivity (W/mK) of epoxy mortars (A-E) tested after 28 days.

As the proportion of OPP increased in the epoxy mortar formulations, there was a
clear trend of decreased thermal conductivity. Epoxy mortar A, predominantly composed
of vegetal material, exhibited the lowest thermal conductivity (0.11 W/mK). As the pro-
portion of quartz increased in mortars B through E, there was a corresponding increase in
the thermal conductivity. The observed trend can be attributed to the different chemical
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composition, as cellulose and lignin have lower thermal conductivities than quartz. More-
over, vegetal materials have a greater capacity to absorb moisture than inorganic materials
do. Moisture trapped within a material can act as a thermal insulator, reducing the overall
thermal conductivity of the material. Furthermore, as observed from the SEM analysis in
Section 3.2.1, Sample A exhibited a microstructure characterized by numerous pores and
cavities. This indicates a higher volume of trapped air within the material, resulting in
decreased thermal conductivity.

The European Standard EN 998-1 [46] outlines requirements and test methods specifi-
cally for inorganic-based thermal insulating mortars [47,48]. According to this document,
the mortar thermal conductivity must not exceed 0.2 W/mK. Only OPP_A, OPP_B, and
OPP_C mortars appear to meet this criterion. Notably, there is a dearth of evidence re-
garding epoxy-based mortars containing bio-filler. However, this comparison underscores
the potential of epoxy-based mortars with OPP as a filler to meet the thermal insulation
standards established for inorganic-based counterparts.

4. Conclusions

In this study, we investigated the potential of olive pit powder (OPP) as a filler in
epoxy mortars, aiming to provide insights into its feasibility as a sustainable alternative to
traditional inorganic fillers. OPP is considered more sustainable than quartz powder due
to its utilization of a waste byproduct from olive oil production, which would otherwise be
discarded. This repurposing of waste material aligns with principles of circular economy,
minimizing environmental impact and reducing reliance on virgin resources. Additionally,
the abundant availability of OPP, particularly in regions with significant olive oil production,
further enhances its sustainability profile.

The characterization of olive pit powder (OPP) revealed its lignocellulosic nature
and pseudo-spheroidal microstructure, emphasizing its potential as a renewable and
environmentally friendly filler material.

Various formulations of epoxy mortar were analyzed, and the OPP and quartz contents
were systematically varied. Our findings revealed a consistent trend wherein an increase in
the percentage of OPP led to a decrease in density, flexural strength, compressive strength,
and thermal conductivity values of the epoxy mortar. This observation can be attributed
to several factors, including the lignocellulosic nature of OPP, its inherently low bulk
density, and the consequent increase in porosity within the epoxy mortar matrix upon
its incorporation. The enhancement of insulating properties and reduction in density,
which are crucial factors for thermal efficiency in buildings and energy conservation, are
achieved by incorporating OPP into epoxy mortars. However, this improvement comes at
the expense of decreased mechanical resistance. Although the data may suggest that epoxy
mortar containing OPP is less suitable for structural applications owing to its compromised
mechanical resistance, it is important to note that this does not diminish its overall value.
The decreased mechanical resistance may limit its use in load-bearing structures; however,
it excels in applications where thermal insulation is the primary concern. In these scenarios,
the ability of the mortar to effectively minimize heat transfer makes it a highly desirable
choice. In addition, its lightweight nature offers advantages in terms of ease of handling
and reduced structural load. It is worth mentioning that as our material is novel, there are
currently no specific requirements or specifications established for its intended use and
applications. Therefore, no direct comparison can be made with the existing literature,
and the potential applications of epoxy mortar containing OPP remain to be explored
and defined.

Furthermore, our study underscores the importance of considering the synergistic
effects of filler properties and content on the overall performance of epoxy mortars. Fu-
ture research efforts may focus on optimizing the OPP content and exploring additional
processing techniques to further enhance the mechanical and thermal properties of epoxy
mortars containing OPP.
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