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This study reutilizes microcrystalline chitosan extracted from shrimp shells, which is then modified 
with fibrous phosphosilicate (FPS) to synthesize FPS-CS. It is subsequently incorporated into cement 
based composites. This research sought to incorporate FPS-CS to improve the performance and 
durability of Portland cement, particularly enhancing its resistance to sulfates. Simultaneously, FPS-
CS was added to cement mortar, and the aggregation behavior of FPS-CS, along with the hydration 
process and microstructural characteristics of the mortar, was analyzed. The study revealed that 
adding FPS-CS improved the toughness, physical properties, and durability of the cement samples. The 
addition of FPS-CS led to a decrease in both the factors associated with chloride ion migration and the 
volume of voids within the material. Furthermore, the ability of cement mortar to resist compression 
forces was improved with the presence of FPS-CS as opposed to control samples.
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Abbreviations
FPS	� Fibrous phosphosilicate
CS	� Chitosan
FC	� Fine concrete
SEM	� Scanning electron microscope
XRD	� X-ray diffraction
FTIR	� Fourier transform infrared spectroscopy
BET	� Brunauer–emmett–teller
CPB	� Cetylpyridinium bromide
AFM	� Atomic force microscopy
TEM	� Transmission electron microscopy

Lightweight concrete has emerged as an essential material in modern construction, with its applications and 
usage expanding significantly in recent years. In many cases, it offers greater efficiency and cost effectiveness 
compared to conventional concrete. Its defining features are reduced density and excellent workability, which 
make it highly suitable for diverse structural and non structural purposes1–3. Nevertheless, despite these 
advantages, lightweight concrete still faces several limitations such as lower water retention, higher drying 
shrinkage, decreased durability, and increased cracking susceptibility. These drawbacks primarily stem from its 
highly porous microstructure, particularly the interconnected pore network, which restricts its wider utilization 
in construction projects4–6. Mohd Zamzani et al. showed that as the density of lightweight concrete decreases, 
the number of larger voids significantly increases7. Furthermore, lightweight concrete exhibits lower ultrasonic 
pulse velocity and becomes more prone to cracking at reduced densities8.
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Concrete is among the earliest construction materials identified as a promising platform for nanotechnology 
driven advancements9–11. Previous research has demonstrated that the incorporation of dense nanostructured 
components can strengthen interfacial bonding and reduce the permeability of foamed systems12. Consequently, 
nanoparticles such as starch, alumina, and silica have been widely utilized to enhance the structural integrity 
and performance of preformed foams. Moreover, investigations on particle stabilized foams at larger scales have 
revealed that the inclusion of such nanoparticles can effectively suppress bubble growth for extended periods up 
to four days thereby improving the overall stability of the material13–16.

The growth of green chemistry is driven by the use of chitosan (CS) as a natural polymer, owing to its 
biocompatibility, affordability, biodegradability, and non toxic nature17. Chitosans are biodegradable, and 
chemically stable polysaccharide. Chitosans serve for supporting ions of transition metals such as rhodium18, 
cerium19, copper20, nickel21, ruthenium22,23, and others. Chitosan supported metal complexes have been 
effectively utilized in catalytic processes such as oxidation24, hydrogenation25, and in Heck and Suzuki reactions26. 
Furthermore, to enhance catalytic efficiency, hybrid materials of silica (CS-SiO2) have been synthesized in various 
structures, including silica beads27, hierarchical porous materials28, and composite membranes29. In contrast to 
synthetic fibers like basalt, glass, and carbon fibers, organic fibers such as CS provide benefits like biodegradability, 
renewability, light weight, and cost effectiveness, making them ideal for reinforcing cement based materials30–33. 
Research has shown that incorporating organic fibers into cement-based composites can significantly improve 
their compressive strength, toughness, and flexibility30. However, determining the compatibility of organic fibers 
with cement based structures continues to be a significant challenge34. Recent advances indicate that chitosan 
can also serve as a functional additive in cementitious composites by improving interfacial bonding, refining 
pore structure, reducing permeability, and enhancing resistance to crack propagation35. Its cationic nature and 
abundant hydroxyl and amino groups enable strong chemical interactions with cement hydration products, while 
its film-forming ability can act as a barrier to aggressive ion ingress36. Despite these promising characteristics, 
systematic studies on chitosan’s role in improving the durability of cement-based materials particularly against 
multiple degradation mechanisms such as chloride/sulfate attack, freeze thaw cycles, and acid exposure remain 
scarce17.

Our research team developed fibrous phosphosilicate (FPS) nanoparticles characterized by a distinctive 
structure, where the pore sizes progressively expand from the core to the outer surface37 FPS exhibited a high 
specific surface area due to the presence of pores within its structure, while its unique morphology and design 
greatly enhanced the accessibility of active sites. Additionally, the 3D architecture formed a hierarchical pore 
structure with macropores, which can further enhance the mass transfer of the reactant. In this study, we 
propose a novel strategy for functionalizing FPS with shrimp shell derived chitosan through covalent grafting, 
yielding the FPS–CS composite. This material is hypothesized to combine the structural advantages of FPS with 
the functional benefits of chitosan, thereby acting as both a microstructural filler and a multifunctional additive 
in cement mortars.

Building on our ongoing interest in the development of nanoparticles for cement based composites, a new 
approach was proposed for preparing the desired nanocomposites by modifying chitosan, a natural resource, 
along with extracting solutions from shrimp shells, to advance the industrial applications of chitosan. In this 
study, chitosan was extracted from shrimp shells and supported on fibrous FPS. The study explored the effect 
of different NaOH blend intensities and immersion durations on the bulk reduction of FPS-CS, aiming to 
facilitate the effective use of FPS-CS in cement based composites. A variety of analyses, such as TEM, FTIR, 
SEM, and XRD, were performed to examine the changes in the main components of FPS-CS. The physical 
properties and self generated contraction of the cement-based mixtures containing FPS-CS were evaluated, and 
the effect of NaOH mixture pre-soaking on CS was also investigated. The objectives of this work are threefold: 
(1) to synthesize and characterize FPS–CS using advanced microscopic and spectroscopic techniques; (2) to 
systematically investigate its influence on the hydration, workability, mechanical performance, and dimensional 
stability of cement mortars; and (3) to evaluate the improvement in durability under harsh chemical and 
environmental conditions. The novelty of this research lies in being the first to utilize shrimp shell derived 
chitosan functionalized FPS in cementitious systems, offering a sustainable, waste-derived, and performance-
enhancing approach to green construction materials.

Experimental
Substances and methods
In this research, ordinary Portland cement (PO 52.5), supplied by Fars Cement Company (Iran), was utilized as 
the principal binder material. The foamed concrete mixtures were prepared using standard fine sand, Portland 
cement, a protein based foaming agent (FFO-NP), and distilled water as the essential components. The Portland 
cement conformed to the BS12 standard specifications, exhibiting a specific surface area of 3312 cm2/g and a 
specific gravity of 3.18. Its physical properties and chemical composition are listed in Table 1, with supplementary 
information in Table 2. Additionally, magnetite nanoclusters (DFNS@Fe₂Mo₈) with a purity exceeding 98.5% 
were utilized (see Table 3). A total of seven FC mixtures were prepared, each designed with a target density of 
1000 kg/m3 and incorporating different DFNS@Fe₂Mo₈ concentrations (0.00%, 0.10%, 0.15%, 0.20%, 0.25%, 
0.30%, and 0.35%). The water-to-cement and sand-to-water ratios were maintained at 0.40 and 1:1.4 (Table 4).

Substance LOI Fe2O3 K2O CaO SiO2 SO3 Na2O MgO Al2O3

Percentage (%) 3.67 3.49 1.03 54.22 22.03 3.52 0.18 6.31 5.71

Table 1.  Chemical composition of portland cement (PC).
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Standard method for preparing FPS
This compound was synthesized based on previous reports17.

Extracted chitosan from shells of shrimp
Chitosan extracted from shrimp shells based on previous reports17.

Standard method for preparing FPS-CS
This compound was synthesized based on previous reports17.

Substances and methods
To prepare the fine concrete mixtures, a combination of distilled water, FPS-CS, standardized fine sand, a 
protein-based foaming agent, and Portland cement was utilized. The Portland cement, conforming to BS12 
specifications, exhibited a specific gravity of 3.24 and a surface area of 3301 cm2/g, with further physical and 
chemical characteristics detailed in Tables 1 and 2. The fine sand, compliant with BS12620 standards, featured 
particle sizes between 0.19 mm and 3.02 mm and a specific gravity of 2.97 g/cm3. As outlined in Table 3, the 
protein derived foaming agent, possessing a density of 1.02 kg/L, was selected based on its efficiency in generating 
discrete, uniform, spherical air voids an essential feature for enhancing the thermal and acoustic properties of 
lightweight concrete. Additionally, magnetite nanoparticles, ranging in size from 70 to 90 nm and with a purity 
exceeding 97.9%, were incorporated into the formulation to further augment the material’s microstructural and 
functional performance.

Congestion test
For testing, three cylindrical specimens from each batch of Concret@FPS-CS were prepared, each measuring 
35 mm in diameter and 40 mm in height. The samples were oven dried at 110 °C for 96 h to ensure complete 
moisture removal, after which their external surfaces were carefully polished using fine sandpaper. Following 
the drying process, the specimens were weighed and then subjected to a vacuum treatment at a pressure of 
80–100 kPa for a duration of three days to eliminate any entrapped air within the pore structure. Following the 
vacuum process, the specimens were immersed in boiling water until fully submerged. The immersion process 
continued under negative pressure for about 30 h to ensure the removal of all air bubbles from the Concret@

Sample number Weight fraction of DFNS@Fe2Mo8 (%)

A 0.0%

B 0.10%

C 0.15%

D 0.20%

E 0.25%

F 0.30%

G 0.35%

Table 4.  Mix proportions used in fine concrete (FC) formulations.

 

Factors Features

Specific gravity 0.98

Molar mass 239 g/mol

Appearance pale brown

Congestion (g/cm3) 1.09 ± 0.06 kg/L

Dilution ratio 29:1

Chloride content  < 0.16%

pH 5.0 ± 0.7

Table 3.  Properties of protein-based foaming agent.

 

Characteristics Percentage (%)

Compressive resistance in 30-days (N/mm2) 51.6

Particularexterior zone (cm2/g) 3298

Particular gravity 3.18

Setting time (initial/final) 171/119

Table 2.  Key physical properties of portland cement.
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FPS-CS specimens and the heated water. After undergoing vacuum saturation, the Concret@FPS-CS samples 
were removed from the water tank and their weights were measured.

	 Total porosity (%) = (Wsat − Wdry) / (ρv)� (1)

	 v = Massof the polished FC case, ρ = density of water 

Hydration uptake test
The water absorption test was conducted in accordance with the procedures specified in BS 1881–122. The 
Concret@FPS-CS specimens were first weighed after their surfaces were saturated and subsequently wiped to 
remove excess surface moisture. The samples were then oven dried for 32 h, after which their dry weights were 
measured and recorded.

	 Water absorption (%) = ((Wsat − Wdry) /Wdry) × 100%� (2)

	 Wdry = Oven − dried weight (kg) , Wsat = Saturated exterior zone dry weight (kg)

Drying shrinkage test
The prismatic specimens were dried along both radial and axial directions. Immediately after demoulding, the 
initial length (l₁) was measured, ensuring that any residual moisture on the gauge caps was completely removed 
to avoid measurement inaccuracies. Subsequent changes in length were monitored using a precision length 
comparator with a resolution of 0.003  mm. The measurements were systematically recorded over a 60  day 
period, starting on the 5th day and continued at regular intervals up to 60 days.

Results and discussion
The synthesis procedure for FPS-CS is illustrated in Fig.  1. Initially, FPS nanofibers were prepared through 
the concurrent hydrolysis and condensation of tetraethyl orthosilicate (TEOS) and triphenyl phosphate (TPP), 
serving as the silicon and phosphorus precursors, respectively. Within this nanocomposite framework, the FPS 
nanofibers function as the foundational scaffold, characterized by surface rich hydroxyl groups specifically 
HO–Si and HO–P rendering them highly suitable for subsequent chemical modification. These reactive groups 
facilitate the effective surface functionalization of FPS with chitosan, leading to the formation of FPS-CS. The 
FPS fibers also act as nucleation centers, promoting uniform chitosan grafting along their outer surfaces.

X-ray diffraction (XRD) analysis, a widely accepted method for assessing crystallinity and crystallite size, 
was utilized to characterize the FPS-CS composite. As illustrated in Fig.  2, the diffraction peaks of FPS-CS 
closely aligned with those of pure FPS, confirming the retention of its crystalline structure. Characteristic 
bands associated with chitosan (CS) were identified in the 480–1290 cm⁻1 region, corresponding to asymmetric 
stretching vibrations of C–C and C–N bonds. Comparative FT-IR spectra of FPS and FPS-CS (Fig. 3) revealed 
distinct absorption bands within the 775–1210 cm⁻1 range for the FPS-CS sample, attributed primarily to FPS 
components. However, one of these bands was obscured due to spectral overlap. In the infrared spectrum of 
unmodified FPS, four prominent peaks were observed at 504, 742, 912, and 1099 cm⁻1, which correspond to the 
vibrational modes of (P–O–P), (Si–O–Si), (P–O–Si), and (Si–OH or P–OH), respectively.

Figure 4 presents the FESEM and TEM images of FPS and FPS-CS. As shown in Figs. 4a and 4c, the FPS 
sample exhibited barrier-like structures with uniform dimensions, featuring dendrimer filaments approximately 
50–60 nm thick that formed a three-dimensional network. These filaments provided access to the exterior 
layer. The FESEM and TEM images of CS-FPS revealed that the morphology of FPS remained unchanged after 
modification (Figs. 4b and 4 d).

Mesoporous based sorbents often experience a loss in surface integrity, void volume, and diameter during 
grafting, as large organic molecules occupy their channels. This obstruction hinders mass transfer within the 
material after modification and diminishes adsorption capacity. To address this challenge, we investigated FPS 
as a support due to its highly accessible surface area resulting from its fibrous structure. We then analyzed the 
changes in its textural properties after organic grafting. The N2 adsorption–desorption isotherms of FPS-CS 
showed a distinct type IV curve (Fig. 5), consistent with previous reports on conventional fibrous silica spheres. 
The structural characteristics of CS based on FPS are summarized in Table 5. The CS particles did not completely 
fill the FPS fibrous structure, preserving the void volume and filament surface of the silica spheres in FPS-CS. 
As a result, the fibrous architecture of FPS provided improved compatibility for the components, including the 
FPS-CS particles.

Thermal stability analysis of the FPS and FPS–CS nanocomposites was performed using thermogravimetric 
analysis (TGA), as shown in Fig.  6. The total weight loss for FPS–CS was approximately 27%, occurring in 
distinct steps that correspond to the removal of adsorbed water, the degradation of grafted chitosan, and the 
residual silica stability. An initial weight loss of about 3% in the temperature range of 50–200 °C is attributed 
to the evaporation of physically adsorbed and hydrogen-bonded water molecules on the fibrous silica surface. 
A more pronounced weight loss of 24%, observed between 250–400 °C, is assigned to the decomposition of 
chitosan chains covalently bound to the FPS surface. A minor mass loss above 600 °C is associated with the 
condensation of residual silanol and phosphate hydroxyl groups. This multi step degradation profile confirms 
the successful functionalization of FPS with chitosan and demonstrates the thermal stability of the FPS–CS 
structure up to ~ 250 °C, indicating its suitability for use in cementitious systems that undergo ambient or 
moderately elevated curing temperatures38.

The hydration kinetics of cement pastes containing varying amounts of FPS-CS were evaluated over a five-day 
period using isothermal calorimetry. Figure 7a displays the corresponding heat flow behavior and cumulative 

Scientific Reports |        2025 15:43219 4| https://doi.org/10.1038/s41598-025-27216-1

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


heat release characteristics. In contrast to the control paste, which exhibited the fastest hydration rate and the 
highest exothermic peak, the addition of FPS-CS resulted in a progressive reduction of the hydration rate and a 
delay in the peak heat release as the polymer content increased. This retardation effect is primarily caused by the 
high concentration of DFNS-CS, which accumulate within the capillary pores and adsorb onto nascent cement 
gel particles’ surfaces. This physical barrier impedes the nucleation and growth of hydration products. (Fig. 7b).

Workability is a critical property for repair mortars, as it directly influences their ease of application in 
practical construction settings. Figure 8 presents the slump values and apparent densities of polymer modified 
cement mortars. According to the Chinese standard JC/T 2381–2016, a minimum slump of 30 mm is required 
for repair mortars to ensure adequate flow. As illustrated in Fig. 8a, an increase in the polymer to cement (p/c) 
ratio led to a corresponding rise in slump values. The slump value exceeded the specified threshold when 
the polymer-to-cement (p/c) ratio surpassed 7%, mainly attributed to the aeration effect induced by FPS-CS. 
During mixing, FPS-CS facilitates the formation of numerous fine air bubbles, resulting in a "rolling ball effect" 
that enhances the mixture’s fluidity. This aeration delays both cement setting and hydration, thereby further 
improving the mortar’s overall workability. Figure 8b demonstrates that increasing the FPS-CS content led to a 
progressive reduction in the bulk density of the cementitious matrix. This trend can be explained by the reduced 
intrinsic density of FPS-CS in comparison to conventional cement slurry, along with the inclusion of air voids 
formed during mixing. A clear inverse relationship was observed between slump and apparent density, with both 
contributing positively to enhanced workability.

Figure 9 illustrates the performance of CS modified cement mortars incorporating different FPS-CS contents, 
with a focus on their mechanical properties. Across all curing durations 5, 10, and 30 days the inclusion of 
FPS-CS was generally associated with a reduction in compressive strength. A clear inverse relationship was 
observed between the polymer to cement (p/c) ratio and compressive strength at each curing stage. Several 
factors contribute to this trend: firstly, the presence of FPS-CS retards the cement hydration process, limiting 
early strength development; secondly, the resins embedded in the mortar matrix require extended curing time, 
and insufficiently cured resins fail to contribute effectively to mechanical strength; thirdly, the cured FPS-CS 
exhibits a lower elastic modulus than the crystalline hydration products of cement, diminishing its load-bearing 
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Fig. 1.  Schematic illustration of the merge for FPS-CS.
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capacity. However, continued hydration over time resulted in the formation of alkaline by products such as 
calcium hydroxide [Ca(OH)₂], which may have promoted secondary curing reactions in the epoxy components. 
This chemical interaction could account for the modest improvements observed in both compressive and 
flexural strength. Mortars containing FPS-CS achieved compressive strengths comparable to those of the control, 
indicating that the negative effects of polymer incorporation diminished with prolonged curing, after 30 days. 
Since the curing of FPS-CS was nearly complete by day 10, the strength variation between the 10-day and 30-day 
specimens was minimal. As a result, the impact of FPS-CS on the mortar’s mechanical strength at later curing 
stages was insignificant.

Figure 10a displays the flexural strength of cement mortars incorporating different amounts of FPS-CS. In 
the early stages of curing, higher FPS-CS concentrations were associated with reduced flexural strength. This 

Fig. 3.  FT-IR spectra of (a) FPS, (b) FPS-CS, and (c) CS.

 

Fig. 2.  XRD patterns of (a) FPS and (b) FPS-CS.
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reduction is primarily attributed to the presence of uncured resin within the matrix, which delayed cement 
hydration and hindered early strength development. A lower polymer to cement (p/c) ratio was found to be 
more favorable for long term mechanical performance, as it minimized interference with hydration and allowed 
for better integration of the polymer network. By the 10th day of curing, a well developed cross linked polymer 
structure had formed, enabling the modified mortars to reach flexural strength values comparable to those of 
conventional mixes typically ranging between 7.8 and 8.7 MPa. As curing continued, the gap in strength between 
the polymer and the control modified specimens reduced, and the mortar with 8% FPS-CS exhibited superior 
flexural performance at the 30 day mark. However, further increases in FPS-CS content to 10% and 12% led to 
a decline in flexural performance. This can be attributed to the presence of excess, unreacted polymer material 
trapped within the matrix, which failed to participate in mechanical reinforcement and instead disrupted the 
structural cohesion. The incorporation of FPS-CS also resulted in adecreased cement to fiber ratio, indicating 
improved toughness. This enhancement is ascribed to the polymer’s bridging and filling capabilities, its intrinsic 
flexibility, and its strong interfacial adhesion. Nevertheless, achieving optimal mechanical behavior depends on 
a balanced dosage: insufficient FPS-CS content hinders network formation, while excessive amounts promote 
agglomeration and create overly dense polymeric layers, adversely affecting matrix integrity (Fig. 10b).

The interfacial flexural strength of cementitious composites is largely governed by the nature and strength of 
interfacial interactions such as covalent bonding, van der Waals forces, and ionic attractions between the adhesive 
matrix and the substrate. As shown in Fig. 11, the addition of FPS-CS markedly improved the interfacial flexural 
strength of the CS modified cement mortar. This improvement is attributed to the strong adhesion facilitated 
by the functional groups present in FPS-CS, which promote effective bonding at the mortar substrate interface. 
With increasing polymer to cement (p/c) ratios, interfacial flexural strength initially increased, reflecting 
improved interfacial cohesion, and eventually plateaued, indicating a saturation point beyond which additional 
polymer content offered no further mechanical benefit. Following 30 days of curing, the specimen with 8% FPS-
CS reached its peak interfacial flexural strength, surpassing the blank mortar. The failure plane of the unmodified 
mortar exhibited a smooth appearance, indicative of weak interfacial bonding. There by confirming enhanced 
interfacial bonding and superior mechanical integration with the substrate.

Figure 12 depicts the strength characteristics of cement mortars incorporating polymers after immersion 
in 9% NaCl and 9% Na₂SO₄ solutions. At the initial stages of chemical exposure, all specimens showed 

Fig. 4.  TEM images of (a) FPS, (b) FPS-CS; and FESEM images of (c) FPS, (d) FPS-CS.
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an improvement in both compressive and flexural strengths. However, a significant decline in mechanical 
performance was observed with prolonged immersion. The polymer modified mortars reached peak strength 
values after 10 days of exposure, likely due to continued hydration and initial pore filling effects induced by 
early stage chemical reactions. The durability of repair mortars in corrosive environments is closely linked to 
the stability of cement hydration products. The ingress of sulfate and chloride ions progressively disrupts the 
microstructure of the mortar by initiating secondary chemical reactions. These ions interact with Ca(OH)₂ and 
other hydration products, leading to the formation of expansive compounds like ettringite, calcium oxychloride 
hydrate, and additional gypsum. The volumetric increase associated with these reaction products initially 
densifies the mortar matrix. However, as the reactions persist, the internal expansion generates stresses that 
exceed the tensile capacity of the mortar, leading to microcrack formation and structural degradation. Notably, 

0 200 400 600 800

Fig. 6.  TGA curves of FPS and FPS–CS nanocomposites showing multi-step weight loss corresponding to 
adsorbed water removal, chitosan degradation, and residual silica stability.

 

Promoters Va (cm3 g−1) SBET (m2 g−1) DBJH (nm)

FPS 1.86 568 19.34

FPS-CS 0.89 359 10.34

Table 5.  Architectural metrics of nanoparticles determined from nitrogen absorption experiments.

 

Fig. 5.  Adsorption–desorption isotherms of (a) FPS-CS, and (b) FPS-CS.
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Fig. 9.  Compressive strength development of CS-Modified cement mortars incorporating FPS-CS.

 

Fig. 8.  Workability and density characteristics of CS-Modified cement mortars: (a) Slump measurements, (b) 
Apparent density variations with FPS-CS content.

 

Fig. 7.  Thermal evolution of cement pastes with different FPS-CS contents: (a) Heat flow patterns, (b) Total 
heat release trends.
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the inclusion of FPS-CS greatly increased the mortar’s resistance to degradation in polymer-modified cement 
systems. The continuous chitosan coating over the FPS network effectively sealed internal pores and capillaries, 
serving as a physical barrier that limited the ingress of aggressive ions. This reduction in ion penetration 
mitigated the development of harmful compounds and significantly strengthened the mortar’s ability to resist 
sulfate and chloride-induced damage.

Since the internal porous network of cement mortars is heavily influenced by the chitosan (CS) content and 
the incorporation of fillers, water absorption is regarded as a key indicator for evaluating these microstructural 
alterations (Fig.  13). The introduction of FPS-CS into the mortar matrix led to the formation of numerous 
microbubbles during mixing, which increased the overall porosity and consequently elevated water absorption 
levels. However, at higher FPS-CS dosages, the nanocomposite effectively filled the internal voids, offsetting 
the porosity caused by entrained air. This pore-filling behavior of FPS-CS ultimately contributed to a reduction 
in water absorption, as the densified microstructure limited pathways for moisture ingress. Thus, the balance 
between bubble formation and void filling by FPS-CS plays a critical role in determining the water absorption 
characteristics of the modified mortar.

Micropores in cementitious materials are commonly classified into four categories based on their diameters 
and their impact on mechanical performance: moderately detrimental, non-detrimental, detrimental, and 
highly detrimental pores. The inclusion of FPS-CS in the mortar composition led to a notable reduction in the 
proportion of harmful pores, while simultaneously increasing the percentage of non detrimental pores. (Fig. 14) 
This shift indicates a refinement of the pore structure, contributing to improved durability and mechanical 

Fig. 11.  Interfacial flexural strengths of polymer modified cement mortars containing FPS-CS.

 

Fig. 10.  Flexural strength (a) and compressive to flexural strength ratio (b) of Polymer-enhanced cement 
mortars containing FPS-CS.
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stability. Remarkably, replacing 9% of the conventional sand by FPS-CS produced a denser and more uniform 
matrix, lowering the average pore diameter to about 16 nm. This reduction in pore size further confirms 
the role of FPS-CS in promoting a denser microstructure with enhanced resistance to external stressors and 
environmental degradation.

Figure  15 highlights the effect of varying weight ratios of FPS and FPS-CS on the porosity of concrete 
specimens. Among all the specimens, FPS-CS showed the minimum porosity, achieving nearly a 23% decrease 
relative to the control sample. This significant decrease is primarily attributed to the improved hydration kinetics 
and superior pore-filling ability provided by the FPS-CS nanocomposite. By day 10, the measured porosities for 
FPS, FPS-CS, and the blank sample were 42%, 37%, and 49%, respectively, indicating the effectiveness of FPS-
CS in densifying the cement matrix. The observed porosity reduction is likely due to the uniform dispersion 
and accumulation of FPS-CS particles, which effectively occupied void spaces and refined the pore network. 
Moreover, as the hydration process progressed into the capillary transport dominated phase, the interfacial 
transition zones between FPS/FPS-CS and the cement paste facilitated enhanced water mobility. This increased 
water diffusivity likely supported further hydration reactions, contributing to a denser microstructure and 
reduced total porosity. The control concrete sample showed large voids and interconnected cavities, whereas 
the addition of FPS and FPS-CS enhanced the microstructure by reducing void size and number, strengthening 
the matrix of cementitious material, enhancing the bond between filler components, and ultimately increasing 
strength.

Drying shrinkage in concrete refers to the volumetric contraction that takes place as moisture progressively 
evaporates from the cementitious matrix, which can ultimately lead to cracking and a gradual deterioration 

Fig. 13.  Water absorption behavior of mortar specimens analyzed in relation to pore size distribution.

 

Fig. 12.  Corrosion resistance of polymer modified cement mortars in 9% Na₂SO₄ and 9% NaCl solutions over 
time: flexural strength (a, c) and compressive strength (b, d) evaluations.
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of structural integrity. This phenomenon is particularly critical in cementitious materials, where dimensional 
changes can compromise long term performance. The cement pastes incorporating FPS and FPS-CS exhibit 
viscoelastic behavior, suggesting that shrinkage is governed by both viscous flow and elastic deformation 
mechanisms. Figure 16 presents the drying shrinkage behavior of concrete samples prepared with varying weight 
ratios of FPS and FPS-CS. As expected, shrinkage progressively increased with time across all formulations. 
However, the control sample, lacking FPS or FPS-CS, demonstrated the highest shrinkage due to greater 
moisture loss. The inclusion of FPS and FPS-CS significantly mitigated shrinkage, indicating their beneficial 
role in enhancing dimensional stability. This shrinkage reduction can be attributed to the ability of FPS and 
FPS-CS to absorb tensile energy generated during the drying process. At the interface with the cement matrix, 
these nanocomposites act as energy-dissipating agents, reducing internal stresses and, consequently, the risk of 
cracking. Furthermore, their uniform dispersion promotes the nucleation of hydration products around their 

Fig. 16.  Drying shrinkage behavior of concrete with various FPS and FPS-CS mass fractions.

 

Fig. 15.  Influence of varying FPS and FPS-CS contents on concrete porosity.

 

Fig. 14.  Pore structure analysis of mortar specimens based on size distribution.
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surfaces, leading to a denser and more resilient microstructure. Overall, the integration of FPS and FPS-CS 
contributes to superior shrinkage resistance and mechanical durability in polymer modified cement composites.

Figure 17a presents a comparison of weight loss between FPS and FPS-CS, emphasizing the positive impact 
of FPS based polymers on enhancing frost resistance. The findings reveal that FPS-CS experienced considerably 
less weight loss than both the blank samples and FPS, suggesting superior resistance to frost induced 
deterioration. Concrete samples containing FPS and FPS-CS showed improved resistance under freeze–thaw 
conditions relative to those without this additive. As shown in Fig. 17b, the compressive strength of the concrete 
specimens varied after undergoing freeze thaw cycles. Notably, the sample containing 0.9% FPS-CS exhibited the 
best performance, retaining the most compressive strength even after 250 freeze thaw cycles. This demonstrates 
that FPS-CS significantly enhances the concrete’s resistance to freeze thaw damage, ensuring better durability 
and preserving its structural integrity under extreme temperature conditions.

The concrete’s resistance to acid was evaluated by exposing samples to a 4% sulfuric acid (H₂SO₄) solution, 
focusing on the material’s durability against sulfate attack. Concrete specimens containing FPS-CS exhibited 
notable improvement in acid resistance. After being exposed to the acidic environment for 15 weeks, the FPS-
CS modified concrete showed the least weight loss, approximately 1.0%, when compared to the other samples. 
As illustrated in Fig.  18a, the control sample underwent the greatest weight loss, whereas the FPS-modified 
concrete experienced a greater loss than the FPS-CS modified concrete. Further analysis was conducted 
through compressive strength testing of the acid exposed samples at intervals of 3, 6, 9, 12, and 15  weeks. 
Figure 18b compares the compressive strength of these samples to that of the control specimen. Notably, only 
the concrete with FPS-CS demonstrated improved compressive strength following six weeks of sulfuric acid 
exposure. This enhancement is attributed to the filling of voids in the concrete matrix by reaction products 
from the acid interaction. By the ninth week, the FPS-CS modified concrete showed an increase in strength, 
while the strength of the remaining samples began to decline. Following 15  weeks, all the concrete samples 
exhibited a more substantial decrease in compressive strength compared to the FPS-CS modified concrete, 
emphasizing the superior acid resistance of the FPS-CS composite material. The FPS–CS nanocomposite 
developed in this study integrates two sustainability oriented strategies: (i) valorization of shrimp shell waste 
as a renewable and biodegradable source of chitosan, and (ii) use of fibrous phosphosilicate synthesized via a 
scalable sol–gel process. The utilization of shrimp shell waste not only provides a low-cost biopolymer but also 
contributes to reducing environmental burden by diverting significant quantities of organic waste from disposal 
streams. The FPS synthesis route, based on low toxicity silica and phosphate precursors, is compatible with 
existing nanoparticle production lines. Furthermore, the covalent grafting of chitosan onto FPS is performed 
under moderate temperatures and ambient pressures, allowing straightforward process adaptation for larger 
scale manufacturing. Considering the abundance of raw materials and the process simplicity, FPS–CS has the 
potential for cost effective scale up and industrial application in the production of green, durable cement-based 
composites.

Fig. 17.  (a) Weight loss assessment of concrete with FPS and FPS-CS additives; (b) compressive strength 
variation under different freeze–thaw cycles.
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Conclusions
This study presents a facile and sustainable approach for covalently grafting shrimp-shell-derived chitosan 
(CS) onto fibrous phosphosilicate (FPS), producing a novel FPS–CS nanocomposite. The effects of FPS–CS on 
hydration behavior, workability, mechanical properties, and durability of cement mortars were systematically 
evaluated. The key conclusions are as follows:

	– Microstructural refinement and porosity reduction – Incorporation of FPS–CS led to a substantial reduc-
tion in total porosity, with the optimal dosage (8% p/c) achieving ~ 23% lower porosity compared to the con-
trol. Pore size distribution analysis confirmed a higher proportion of non-detrimental pores and a significant 
decrease in harmful pores, resulting in a denser and more durable cement matrix.

	– Durability improvements under aggressive conditions – FPS–CS modified mortars exhibited superior re-
sistance to chloride and sulfate attack, retaining 18–22% higher compressive strength than the control after 
prolonged immersion. In freeze thaw durability tests, FPS–CS maintained over 90% of initial compressive 
strength after 250 cycles, compared to only 71% for the control. Acid resistance was also markedly enhanced, 
with FPS–CS modified concrete showing only ~ 1.0% mass loss after 15 weeks in 4% H₂SO₄, versus 4.5% for 
the control.

	– Innovation and practical significance – This work introduces, for the first time, a shrimp shell derived chi-
tosan functionalized fibrous phosphosilicate (FPS–CS) nanocomposite as a multifunctional additive in ce-
mentitious systems. The FPS–CS not only improved workability (slump increase of up to ~ 35% compared 
to the minimum standard) and reduced paste density by up to 7%, but also significantly enhanced durability 
against multiple degradation mechanisms. The optimal 8% p/c ratio provided balanced mechanical perfor-
mance, microstructural densification, and environmental resistance, demonstrating both the scientific novelty 
and the practical applicability of this sustainable, waste-derived material for green and durable construction.

Data availability
All data generated or analysed during this study are included in this published article.
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