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ABSTRACT: The increasing environmental concerns about
synthetic polymers as reinforcement in the construction industry
have highlighted the need for eco-friendly, biodegradable fibers as
potential alternative materials for cementitious composites. This
study examines the influence of chitosan particle concentrations on
the midterm compressive strength of mortars. Chitosan particles,
derived from shrimp shells, were mixed with high early strength
hydraulic cement at various percentages (0, 0.05, 0.25, 0.5, 1, and 2
wt %) and silica sand to prepare the mortar samples. The findings
indicate that chitosan affects the hydration process through the
distribution of chitosan particles within the mortar matrix and
slightly improved midterm mechanical properties. A life cycle
assessment (LCA) revealed a slight increase in greenhouse gas
emissions and embodied energy for chitosan-modified mortars, likely due to the use of chemicals in the chitosan synthesis and
purification process. In fact, the addition of 0.25 wt % of chitosan into the mortar only added 1.3% of the global warming potential of
the sample when compared to the control sample. Incorporating chitosan into a mortar matrix does not significantly affect the
resistance-mechanical properties of the composite. The hydration of the cement mortar appears to be slowed by the inclusion of
chitosan particles in the cementitious matrix. This research lays the groundwork as one of the first studies for the development of
high-performance, early strength cement using chitosan, contributing to a more sustainable construction industry.

1. INTRODUCTION
Cement mortars, concrete, and different mixtures based on
Ordinary Portland Cement (OPC) are the most commonly
used construction materials in society because of their low
cost, high strength at short application times, and durability.1

The demand for cementitious materials continues to grow as
society advances in developing countries. However, there are
still several issues with concrete that require further research to
focus on the self-healing of concrete or reducing its
environmental impact. Another issue faced by cement is that
it corresponds to a quasi-brittle material that usually has a low
tensile strength resistance.2 Under stress, this might result in
cracking of the cement, which causes significant stability, load
resistance capacity, safety risks, and economic burdens related
to the cement structure.3 These problems tend to be
disregarded as the main focus lies in the immediate behavior
of the cement mortar, while less analysis is performed on the
long-term effect on the properties and environmental impact of
the cement or concrete.4

The main goal of cement research is to modify the resistance
and durability of cement, which will have a significant impact
on economics and sustainability. A more durable cement or

concrete requires less maintenance, has a longer life, and
reduces the carbon footprint in the long term. The use of
natural or synthetic polymeric materials as reinforcements in
cement has been studied to improve its properties, such as a
tensile strength.3 Polymers are of great value as an effective
option for changing the behavior of cement. Some studies have
indicated that the use of polymers in cement mortar has a
positive impact on water penetration and corrosion by
chemicals.5,6 Nonetheless, the use of synthetic polymers
provides a new issue in terms of environmental burden when
using fiber reinforcement at high volumes of concrete, as the
market requires.
Chitin is one of the most abundant biopolymers naturally

occurring in nature, second only to cellulose. Normally, chitin
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can be extracted from the exoskeletons of different living
organisms, such as fungi,7 insects,8 and crustaceans.9 Chitosan,
which is obtained from chitin, has some unique properties that
are interesting for its use as a composite, such as
biocompatibility, antimicrobial activity, and biodegradability.10

However, only a few studies have evaluated the effects of
biopolymers on the mechanical properties of OPC mor-
tars.11−13 Chitosan and char chitosan have been used in
cement composites, with evidence showing an incipient
fracture toughness capability.14 Another study on modified
chitosan showed that an increase in chitosan content delayed
the dissolution of alite, prolonged the hydration process, and
transformed capillary pores into gel pores.15 Moreover,
chitosan has been modified to act as a superplasticizer, and
the results showed better performance in terms of the retarding
effect and compressive strength.16

This study analyzed the compressive strength of chitosan as
a binding aggregate in the cement matrix at different low
dosages of biopolymers. Moreover, characterization techniques
were applied to assess the different interactions between
chitosan and cement material from a chemical binding
perspective. Through spectroscopy, X-ray diffraction, thermal
stability analysis, and morphological characterization, this
study aims to establish a comprehensive link between chitosan
dosage, compressive resistance, and various material properties.
In addition, the environmental profile of the cement mixtures
was evaluated through life cycle assessment to provide a
complete approach for the development of sustainable
materials.

2. EXPERIMENTAL SECTION
High-initial-strength hydraulic cement, commercially known as
HOLCIM PREMIUM HE, was obtained from Holcim S.A.
Ottawa 20−30 sand was used.17 Chitosan was produced from
dried shrimp shells obtained from Santa Priscila S. A., Ecuador.
NaOH (reagent grade, ≥ 98%, anhydrous pellets) from Merck
and HCl (ACS reagent, 37%) were purchased from Sigma-
Aldrich. The cement complied with the technical specifications
shown in Table 1.

Chitosan was prepared using the following detailed else-
where.20 In brief, shrimp shells were cleaned using tap water to
get rid of larger particles, and excess meat. Then, the shells
were exposed to a solution of NaOH (3 wt %, 1:10 shell:
solution) to remove the remaining proteins, at 65 °C for 2h.
Afterward, the deproteinated shells were immersed into a
demineralization process using HCl (1N, 1:15) at room
temperature for 6h. Finally, isolated chitin was deacetylated
using NaOH at 100C for 5 h. Additional, decolorization H2O2

was performed to remove the pigments and remaining
impurities.20 The average deacetylation percentage of the
chitosan particles is approximately 85%21 based on the peaks
shown in Figure 1 at different wavelengths.
Mix Proportions and Specimen Preparation. Cement

and chitosan were mixed into different composite samples.
Table 2 provides a detailed overview of the six dosage
combinations consisting of HE cement, 20−30 Ottawa sand,
water, and chitosan.
Tests were performed by subjecting the specimens to

compression loads at 3, 7, 14, and 28 d of resistance. Two
mortar samples were prepared for each established dosage. The
methodology followed was in accordance with ASTM
standards.22,23

Compressive Strength Test. Two specimens per sample
or dosage were tested for compressive strength at 3, 7, 14, and
28 d. These specimens were placed in an ELE International
2000 kN hydraulic press to ensure that they were aligned with
the axes of the equipment. The press applies a compressive
force until the specimen reaches its breaking point, indicating
the maximum force it can withstand.
Fourier-Transform Infrared Spectroscopy (FTIR). The

infrared spectra of the samples were obtained using a
PerkinElmer Spectrum 100 spectrophotometer. A KBr pellet
with each composite sample was prepared, and its spectra from
4000 to 400 cm−1 was obtained to analyze their characteristic
functional groups.
X-ray Diffractometry (XRD). Crystalline structures were

determined using a PANalytical model X’ Pert X-ray
Diffractometer. Powdered samples were mixed with ZnO
internal standards for quantification. The equipment was
operated under the following conditions: 45 kV, 40 mA,
scanning range from to 5−80 (°2theta) with a step of 0.01°/s.
A copper X-ray tube and a X’ Celetor detector were used along
aside with HighScore Plus software for quantification of
crystalline phases.
Thermogravimetric Behavior. The thermal curves and

stabilities of the composite samples were determined using a
TA Instruments Q-600 instrument with simultaneous differ-
ential scanning calorimetry (DSC). The operating conditions
were a nitrogen purge flow of 100 mL/min, with a step of 20
°C/min for the heating ramp in the range of room temperature
to 1000 °C.
Scanning Electron Microscopy (SEM). The morphology

of the samples was observed using the FEI Inspect S model
under the following operating conditions: HV of 12.50 kV,
BSED detector, and spot size of 3.5. Different magnifications
were collected from 500 to 10000x.
Environmental Modeling. The environmental impact

assessment was conducted in accordance with ISO 1404024

regulation for life cycle assessment (LCA). The system was
modeled from a cradle-to-gate perspective, with a focus on the
impact of the materials used in the cement composite. The
functional unit for the system was set as 3130 kg of cement
composite, which was equivalent to 1 m3 of cement composite
mortar.
The chitosan particles were modeled based on the findings

of Riofrio et al.9 with some modifications to the amount of
NaOH and HCl used. The reuse of solutions for deproteiniza-
tion, demineralization, and deacetylation was set at four times
before new solutions were prepared and used based on
experimental data. The cement HE used in the composite and
its background data were taken from Petroche et al.,25 who

Table 1. Cement HEa Properties

Physical Properties Value

Length change per autoclave −0.02%
Setting time, Vicat’s method18 130 min
Air content in the mortar, by volume 5%
Curing Day Compressive Strength
1 14 MPa
3 27 MPa
7 34 MPa
28 42 MPa
Expansion in mortar bars 14 days 0.002%

aHE cement follows the ASTM C1157 standard19
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elaborated the profile of clinker and cement from Ecuador.
The silica sand was modeled using the available inventory from
Ecoinvent 3.7.26 All inventory data inputted into OpenLCA
software were converted to an impact indicator using ReCiPe
Midpoint H.27 The six samples were analyzed under four
impact indicators of interest for construction materials:28

climate change, terrestrial acidification, ozone depletion, and
terrestrial ecotoxicity.

3. RESULTS AND DISCUSSION
The compressive strengths of samples C0.025 and C0.5 were
better than those of plain concrete at 28 d. However, at short
curing times, concrete still outperformed the behavior of the
chitosan-cement composite. This might be related to the
water-binding properties of chitosan, which may cause the
concrete composite to cure slowly. As shown in Figure 2, the
samples that included chitosan in their composition showed a
decrease in their resistance compared to the control sample.

Figure 1. FTIR spectroscopy of chitosan was used as a reinforcement material.

Table 2. Mortar Proportions

Sample # Code HE Cement (g) Sand20−30(g) Water (g) Other (g) Fluidity (%) Chitosan (%)

Control sample C0 740.00 2035 355 0.00 114 0.00
2 C0.05 739.63 2035 355 0.37 109 0.05
3 C0.25 738.15 2035 355 1.85 110 0.25
4 C0.5 736.30 2035 355 3.70 114 0.50
5 C1 732.60 2035 355 7.40 110 1.00
6 C2 725.20 2035 355 14.80 109 2.00

Figure 2. Comparison of compressive strengths (MPa) of samples at different times.
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The samples with the greatest decrease in resistance were C2
and C1, with 37% and 23%, respectively, after 3 days of curing.
In contrast, sample C0.025, which contained 0.025% chitosan,
presented a 4% increase in resistance at 28 days compared to
the standard sample. This behavior reinforces the importance
of analyzing cement matrices not only by their rapid
compressive resistance but also by the long-term performance
of such materials.
The cement with no chitosan in its composition (C0)

reached its maximum strength at 14 days, and it seemed to
maintain a compressive strength of approximately 40 MPa after
14 days of curing. In contrast, the samples containing chitosan
appeared to continue to become tougher as the curing time
increased (Figure 2). At 3 days, the compressive strength of
the samples decreased with the addition of chitosan to the
mortar. However, C0.25 and C0.5, at 28 days, exempt the
behavior explained. At 28 days, C0.25 performs slightly better
than the regular cement mortar, statistically may not appear as
a difference, but at least performs equally to C0. This may be
due to the better dispersion of chitosan in the cement mortar,
which allows for a reduction in the total pore volume. Based on
the narrow standard deviation of the mechanical strength in
the samples we can infer that chitosan particles have indeed
dispersed well in the mortar composites. This finding aligns
with a study that concluded that the use of chitosan at 1% w/w
concentration in cement mortar had a positive impact on the
distribution, total pore volume, frost resistance, and biostability
of the composite.12

Vysvaril et al.13 analyzed the effects of different chitosan
ethers on lime mortar. Mortars containing more than 1%
chitosan ethers showed higher water retention and mortar
thickening. This phenomenon explains why C1 and C2 show
lower compressive strength even at 28 days, as the curing
process takes up more time because of the water retention
occurring because of the inclusion of chitosan in the
composition. Other properties of the cement added to the
mortar should be reviewed owing to the use of chitosan. A
series of studies evaluated the incorporation of modified
chitosan into a cement matrix. Chitosan showed a higher water
retention.,29 at least 10% more retention for less than 1%
chitosan added. On the other hand, chitosan with different
molecular weights and its impact on thickening and retaining
heavy metals have been also reported.11 The study showed that
the use of chitosan, regardless of the molecular weight of
chitosan, resulted in an average increase of 3% in water
retention. Additionally, the increase in viscosity at higher
compositions (1:3 binder to chitosan composition) may be
attributed to entanglement between the polymer chains
precipitated in an alkaline or calcium-enriched environ-
ment.11,30 The thickening effect of chitosan in a calcium-rich
environment increases due to greater entanglement and cross-
linking between the polymer chains and the calcium ions in the
cement. While the setting time at low chitosan dosages is
primarily affected by the degree of deacetylation, it becomes
the dominant factor at higher dosages. Chitosan has also been
reported to delay the setting of cement mortars.31 Chitosan
can have a potential binding effect (as represented in Figure 3)
with cement particles, forming complexes with Ca2+ ions as
suggested in the literature.32,33

FTIR. The FTIR spectra of the sample that exhibited good
performance after 28 days (C0.25) are shown in Figure 4.
Several peaks were observed at 3, 7, 14, and 28 d, which were
repeated throughout the samples. The broad peaks at 3400 and

1620 cm−1 were attributed to the stretching of −OH from the
portlandite or calcium hydroxide component and -NH from
chitosan. The high absorbance peaks around 1420 and 870
cm−1 correspond to carbonate ions. Around 1100 cm−1 is the
peak for the interaction of the S−O bond.34,35 The C−H bond
was observed at 2926 cm−1. Several peaks are related to
carbonate ions originating from calcium or magnesium. A peak
around 1559 cm−1 that is linked to chitosan is not observed in
the FTIR graph because of the low percentage used in the
cement matrix.36 In the Supporting Information File in Figures
S1−S4 the spectra of the samples cured for 3, 7, 14, and 28
days are shown.
XRD. The cement has some characteristic peaks that can be

observed through the XRD analysis. In this study, samples
using silica sand and high-strength cement were analyzed at 3,
7, 14, and 28 days (Figure S5−S8 in the Supporting
Information File). The analysis showed that quartz peaks
were found in approximately 24, 31, and 71°2theta (Figure 5).
Two peaks found at 34°and 67° correspond to calcium silicate
hydrate (CSH), and two peaks are linked to calcium silicate in
the form of C2S at 37−38 and 56°. Figure S5−S8 shows each
sample on each analyzed day, as mentioned earlier. Across
every sample, the peaks were discussed, with intensity
depending on the curing time. This may also be an overlay
of different components in the analysis. However, this

Figure 3. Representation of the complexes may form between calcium
ions in the cement and especially amino groups in the chitosan
biopolymer.

Figure 4. Infrared spectra for sample C0.25 at curing days 3, 7, 14,
and 28.
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tendency indicates that the intensity of quartz and other
components is reduced when curing advances. In addition, the
quantitative results for samples C0 and C0.25 (Figure S9 and
S10 in the Supporting Information File, respectively) showed a
significant decrease in quartz and an increase in the amorphous
content.
Thermogravimetric Analysis. The thermogravimetric

analysis for sample C0.25 shows four significant mass drops
in the analyzed range from RT to 1000 °C. The weight loss in
the first zone corresponds to the water molecules found in the
cement composite. After 28 d of curing, most of the water was
lost in the process or found its way into a more stabilized
structure within the composite. The cement under thermog-
ravimetric analysis has three main zones of assessment. The
first zone corresponds to the water, as mentioned earlier,
evaporating from the surface or in the sample but not bonded
(25−105 °C), and the decomposition of hydrates (105−400°).
Then, the cement was dihydroxylated in the range of 400−600
°C, and finally, calcium carbonate (600−800 °C). The limit of

free water in the 100−140 °C varies depending on the
author,37,38 in our study, we observed one peak at
approximately 120°, which corresponds to free water in the
cement mixture. Based on the method proposed by Bhatt,39

which calculates the degree of hydration using the three zones
previously mentioned, the C0.25 sample at 28 days presents a
degree of hydration of 17.56%, which corresponds to
approximately 4.2 wt % of chemically bound water in the
sample. The C0 sample at 28 d had a degree of 10.26% (∼2.5
wt.%), TGA/DTA curves for all samples can be seen on Figure
S11 in the Supporting Information File. More water reacted
with the cement paste when 0.25% chitosan was added, which
corresponds with the slight increase in compressive strength.
Therefore, chitosan can be used as an additive to aid the
hydraulic reaction, causing the cementitious material to form
higher percentages of C−S−H.37 However, an increase in
hydration can be seen in pozzolanic materials that contain
alumino-silicates, such as fly ash.40

Figure 5. X-ray diffraction patterns for sample C0.25 at 3, 7, 14, and 28 days.

Figure 6. SEM images of samples C0, C0.05, C0.25, C0.5, C1, and C2 at 28 d of curing and at magnification of 5000×.
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Scanning Electron Microscopy (SEM). The surfaces of
the control sample and the cement-chitosan composites and
their morphologies are shown in Figure 6. The composites
were ground into powder and analyzed to observe the surface
of each sample. More irregularities were found as the chitosan
content increased, which might be due to the hydration
process of the samples. The samples are in order from top to
bottom and left to right as C0, C0.05, C0.25, C0.5, C1, and
C2.
Samples C0 and C0.25 were collected from the compressive

strength test and observed under a microscope (see figure S12
in the Supporting Information File). At 28 days, the porosity of
the cement composite was reduced because of hardening
related to the hydration of the cement.41 Irregularities that
might be linked to the high quartz content of the sand and the
cement itself in the samples can be seen.42 Figure 6 shows the
SEM images of both samples; sample C0.25 (B) shows more
surface irregularities in the cement, with what appears to be
hexagonal shapes related to the cement (1000x and 2500x),
whereas C0 (A) shows a smoother surface (2500x). This can
be explained by the hydration of C0, which may have reached
its final stage;41 in contrast, C.25 can still suffer some
hardening. In addition, particles in the white shade on sample
C0.25 appeared in different parts of the sample analyzed by
SEM, which might be due to the chitosan used as an additive;
however, EDS should be used to positively identify these spots
as chitosan. This morphology reaffirms that the hydration of
cement when 0.25% chitosan is used in the cement matrix is
slower than that of pure cement.
Statistical Significance. An F-value of 0.019 revealed a

minor difference between the groups at 3 days after rupture
(see Table 3). On the day of rupture, a p-value of 0.892

indicated that no statistically significant difference was found in
the compressive strengths across different samples. Con-
sequently, we were unable to reject the null hypothesis,
which suggests that the compressive strengths were com-
parable.
Seven days after rupture, an F-value of 0.311 indicates

moderate variance across groups. On this rupture day, the p-
value of 0.589 suggests similar findings as before, with no
significant difference. Consequently, we failed to reject the null
hypothesis, implying that the compressive strengths were
comparable.
An F-value of 0.099 indicates a minor difference between the

groups 14 days after rupture. On this rupture day, the p-value
of 0.759 suggested that there was no statistically significant
difference. Consequently, we were unable to reject the null
hypothesis; thus, the compressive strengths were similar.
At 28 days after rupture, an F-value of 1.509 indicated

moderate variance between the groups. On this rupture day, a
p-value of 0.247 indicates that there was no statistically
significant difference in compressive strength across the
groups. Consequently, we were unable to reject the null

hypothesis, indicating that the compressive strengths were
comparable.
The F-value for the overall ANOVA findings was 0.057,

indicating a minimal overall variation between the groups. A p-
value of 0.812 indicates that there was no statistically
significant difference in the compressive strengths across the
groups. Consequently, we were unable to reject the null
hypothesis, which means that the compressive strengths were
comparable.
In summary, based on the ANOVA results for each rupture

day and the overall analysis, there was no significant difference
in the compressive strengths among the different samples on
any of the rupture days or overall.
Life Cycle Assessment. The use of chitosan in the cement

matrix is expected to increase the global warming potential of
cement composites, as 1 kg of chitosan approximately
produces 5−6 kg of CO2 eq For this reason, in Figure 7, we
see a behavior of adding a climate change score when chitosan
is added at a higher percentage. However, if we consider the
C0.25 sample that had a slightly better performance at 28 days,
the climate change score from C0 and C0.25 was only ∼1.3%
higher for the latter. The literature shows that for 1 ton of
hydraulic cement, the climate change score ranges from to
632−950 kg of CO2 eq,

25 with an average for different types of
cement of 693 kg of CO2 eq43 In this study, a maximum of
0.74 tons of hydraulic cement HE was used, and the rest was
added silica sand; thus, we found similar values to those found
in the literature with the inclusion of chitosan. The EcoInvent
Data set44 indicates that 1 kg of polypropylene or polyethylene
terephthalate inventory has an additional carbon footprint of 3
and 2 kg of CO2 eq In comparison, Chitosan exhibits a 66%
and 150% higher environmental impact, respectively. However,
it is important to note that a crucial factor has not been
considered, namely, the prevention of waste (shrimp shell)
from being disposed of in a landfill. The substantial greenhouse
gas emissions per ton of waste sent to a landfill have already
been evaluated, with estimates ranging from several hundred to
thousands of kg of CO2 emitted.45,46 In fact, avoiding the
disposal of 35 kg of waste in the municipal solid waste
treatment process can have a significant impact on the climate
change category by lowering the impact to a negative indicator.
This suggests that the biopolymer captures carbon instead of
producing CO2 emissions. While shrimp shell is typically
processed into animal feed, thereby excluding the landfill
scenario as the primary scenario, it is essential to acknowledge
the use of waste that reduces the environmental burden of the
biopolymer.
One study47 that assessed the impact of different fibers on

the flexural strength of cement also evaluated the environ-
mental performance of different mixes. The cement matrix
with virgin carbon fibers (vCF) has the highest results with 739
kg CO2 eq, the glass and poly(vinyl alcohol) fiber cement
composite were ∼120% higher than the reference cement
matrix.47 In contrast, our highest score (670 kg CO2 eq) was
only ∼10% higher than the reference (G0). Another study48

that evaluated the performance of concrete that included PVA
fiber (1.0−1.7%), recycled concrete particles (15−45%), and
fly ash resulted in 16 mixtures that fluctuated around 600 kg
CO2 eq for the climate change indicator, with the optimal
mixture exceeding 400 kg CO2 eq Similar results were found
for the evaluated mortars in this study with values from ∼610−
670 kg CO2 eq depending on the concentration of chitosan,
and the addition of coarse aggregates to a concrete mixture can

Table 3. Analysis of Variance for Chitosan-Geopolymer
Composites

Curing days

ANOVA Test Parameter 3 7 14 28 Overall

F-value 0.019 0.311 0.099 1.509 0.057
P-values 0.892 0.589 0.759 0.247 0.812
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drastically lower the results to 400 kg CO2 eq for the climate
change parameter.
A similar tendency was observed for the other environmental

impact categories. The control sample for terrestrial acid-
ification (TA) had a score of 1.52 kg SO2 eq with a difference
of 21.7% increase for C2. The fibers in the study conducted by
Akbar et al.47 had a reference of 1.33 kg SO2 eq; however, the
fibers had an increase of up to 225% (∼3 kg SO2 eq for virgin
carbon fiber). In fact, when the fiber was included in 2%
volume, the TA increases to 4.5 kg SO2 eq In the ozone
depletion category, our study has 10 times more environmental
burden compared to the literature,43,47 which is related to the
fiber and its upstream processes. The evaluated cement
mortars in this study showed improvement in most cases
when compared to the average European cement production of
different types, such as CEM I, II, III, IV, and V.43

4. CONCLUSIONS
This research highlights the potential of chitosan as an
environmentally friendly reinforcement material for concrete.
The interaction between chitosan and high initial strength
cement was studied for five different chitosan-cement
composites and a control sample. The resistance to mechanical
forces (compressive strength) for six samples and the
characterization of functional groups, thermal degradation,
crystalline structure, and morphology were evaluated for the

control sample and the highest-scoring composite sample at 28
days.
At short curing periods, chitosan cement composites

exhibited lower compressive strengths. However, at 28 days,
cement containing 0.25 and 0.5% chitosan in the cement
matrix, showed a slight increase in compressive strength.
Results show that cement that incorporates chitosan is not
affected by its resistance-mechanical properties in the long run.
The hydration of the cement mortar appears to be slowed by
the inclusion of chitosan particles in the cementitious matrix.
Despite an anticipated increase in the global warming

potential, the climate change score for C0.25, with slightly
better performance at 28 days, was only ∼1.3% higher
compared to C0. This marginal difference aligns with
comparable values found in the literature for conventional
cement production. The study underscores chitosan’s viability
for sustainable construction, as its environmental impact
remains competitive with alternative materials, such as virgin
carbon fibers and PVA fiber. Crucially, the incorporation of
chitosan into cement does not compromise long-term
mechanical properties.
Additional investigation is necessary to comprehensively

understand the impact of chitosan on the mechanical
properties and endurance of concrete. Future studies should
examine the influence of chitosan on other mechanical
properties, such as flexural strength, tensile strength, and
modulus of elasticity. Moreover, the durability aspects of

Figure 7. Environmental indicators for the chitosan-cement mixtures using ReCiPe Midpoint H.
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chitosan-enhanced concrete, including its resistance to
corrosion, freeze−thaw cycles, and other environmental
degradation mechanisms, should be explored. By pursuing
these research avenues, we can gain a more profound
understanding of the potential of chitosan-enhanced mortar
as a sustainable and durable construction material.
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