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Abstract

Chitin, a bio-based polymer derived from crustacean shells, has attracted growing interest
as a sustainable additive for cementitious materials due to its biodegradability and reactive
hydroxyl and acetamide functional groups. In this study, chitin extracted from blue crab
shells was incorporated into cement paste at 0, 1, 2, and 3 wt.% of cement to investigate
its effects on mechanical performance, moisture sorption, and microstructural evolution.
The extracted chitin was characterized by Fourier Transform Infrared Spectroscopy, X-ray
Diffraction, Thermogravimetric Analysis, and Scanning Electron Microscopy. Cement
pastes were evaluated using compressive strength testing, Dynamic Vapor Sorption (DVS),
the Guggenheim—Anderson—de Boer (GAB) adsorption model, and SEM observations. The
incorporation of 3 wt.% chitin increased the compressive strength by 56.8% compared with
the reference paste. DVS and GAB analyses revealed enhanced water adsorption and an
increase in accessible adsorption sites with increasing chitin content. SEM observations
indicated a progressively denser and more homogeneous microstructure, accompanied
by a reduction in visible porosity, as the chitin content increased. These findings suggest
that chitin promotes favorable physicochemical interactions within the hydrated cement
matrix, resulting in improved microstructural compactness and mechanical performance,
highlighting its potential as a sustainable bio-based polymer for cement-based materials.

Keywords: chitin; bio-based polymer; cement paste; dynamic vapor sorption; GAB model;
physicochemical interactions; mechanical performance

1. Introduction

The cement industry is a major contributor to global anthropogenic CO, emissions,
making the reduction of its environmental footprint a major challenge for the construction
sector. Among the most promising approaches is the incorporation of renewable bio-
based materials and natural fibers of animal, plant, and mineral origin into cementitious
materials, offering more sustainable alternatives that are receiving increasing attention
in the construction industry [1-4]. Within this framework, biopolymers have attracted
considerable interest as sustainable admixtures capable of modifying the performance of
cementitious materials without necessarily replacing the cement binder [5]. Several classes
of biopolymers have been investigated. For example, algae-derived biopolymers, including
carrageenan, alginate, and ulvan, have been incorporated into cement-stabilized earth
systems, where SEM observations revealed a denser C—S-H matrix, a refined interfacial
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transition zone, and smaller portlandite crystals, resulting in enhanced mechanical perfor-
mance and durability [6]. Likewise, cellulose nanocrystals have been incorporated into
alkali-activated cementitious composites produced by 3D printing, improving the degree of
hydration while reducing extrusion pressure by up to 35% [7]. Chitosan-based bio-inspired
polymers have also been reported to enhance compressive and tensile strengths, reduce dry-
ing shrinkage, and improve the carbonation resistance of cement mortars [8]. Nevertheless,
compared with conventional mineral and synthetic admixtures, the use of biopolymers in
ordinary Portland cement-based materials remains relatively underexplored [9].

Among these bio-based materials, chitin—the second most abundant natural polysac-
charide after cellulose—has emerged as a particularly attractive candidate. It is naturally
synthesized by a wide variety of organisms, with an estimated annual biosynthesis of
10'9-10""! tons. However, only a small fraction, mainly originating from seafood-processing
waste such as crustacean shells, is currently recovered and valorized, and its application
in cementitious materials remains limited [10,11]. Owing to its biodegradability, biocom-
patibility, non-toxicity, and favorable mechanical properties, chitin has been extensively
investigated for applications in water treatment, food packaging [12], biomedical engi-
neering [13-16], and food preservation [17,18]. In addition, its chelating ability toward
heavy metals and organic dyes has attracted considerable interest for wastewater treatment
applications [19].

Recent studies have begun to demonstrate the potential of chitin and its derivatives
as functional additives in cementitious materials. Haider et al. [20] investigated chitin
nanocrystals (ChNC) and chitin nanofibers (ChNF) derived from shrimp-shell waste as
additives in cement paste. At low dosages, these nanochitin forms modified the fresh
and hardened behavior of the cementitious matrix, with delays in final setting time and
improvements in mechanical performance; at an incorporation level of 0.05 wt.%, increases
of approximately 40% in flexural strength and up to 12% in compressive strength were
reported. In a complementary investigation on mortar, Haider et al. [21] showed that ChNC
and ChNF influenced not only setting and mechanical properties but also late-age hydration.
ChNF at 0.05 wt.% increased flexural strength and fracture energy by approximately
24% and 28%, respectively, while solid-state NMR indicated a more polymerized C-5-H
structure and a higher degree of hydration. These findings suggest that particle morphology,
aspect ratio, surface characteristics, and dosage strongly govern the interactions between
chitin-based nanomaterials and the cement matrix.

Other studies, however, have shown that the beneficial effects of chitin-derived ad-
ditives are not universal and depend strongly on their chemical form and concentration.
Ortega et al. [22] investigated cement pastes containing 0.5-2.1 wt.% chitin after prolonged
exposure to water and sulfate environments. By combining atomic force microscopy
(AFM), Raman spectroscopy, Fourier transform infrared spectroscopy (FTIR), force spec-
troscopy, and compressive strength measurements, they established relationships between
nanoscale elasticity and adhesion and the macroscopic mechanical behavior of the compos-
ites; nevertheless, increasing chitin content was associated with a reduction in mechanical
performance. More recently, Baykara et al. [9] investigated shrimp-shell-derived chitosan
particles at concentrations ranging from 0.05 to 2 wt.% in cement mortars. Their results
indicated that chitosan affected the hydration process and produced only limited changes in
mechanical performance, while the presence of chitosan particles appeared to slow cement
hydration. Taken together, these studies demonstrate that the response of cementitious
materials to chitin-derived additives is highly dependent on the form of the biopolymer
(powder, nanocrystals, nanofibers, or chitosan), its dosage, particle characteristics, and its
interaction with the hydration process.
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Despite these recent advances, research on the direct incorporation of untreated
chitin powder into Portland cement pastes remains limited. Most available studies have
focused on highly processed forms such as chitin nanocrystals, chitin nanofibers, and chi-
tosan [9,20,21]. Untreated chitin powder differs substantially from these materials in terms
of particle dimensions, surface characteristics, and dispersion behavior, which may lead to
different interactions with cement particles and hydration products. Moreover, the litera-
ture shows that chitin-derived additives may enhance or reduce mechanical performance
depending on their form and concentration [9,20-22], highlighting the need to establish the
behavior of non-nanoscale chitin powder separately. In particular, its influence on water-
vapor sorption and microstructural development remains insufficiently documented, and
the relationships between its physicochemical characteristics, interaction with the hydrated
cement matrix, and resulting mechanical performance are not yet fully understood.

To better understand the physicochemical effects of chitin incorporation, complemen-
tary characterization techniques are required. FTIR spectroscopy provides information on
the functional groups and chemical bonds involved in the chitin—cement system, while
XRD enables the identification of crystalline phases and their evolution. TGA-DSC fur-
ther provides information on mass-loss processes and thermal transformations associated
with chitin and cement hydration products. The combined use of these techniques, to-
gether with microstructural and hygroscopic characterization, therefore provides a more
comprehensive basis for interpreting the changes induced by chitin incorporation [20,23].

To address these knowledge gaps, the present study investigates the effect of crab-
shell-derived chitin powder on the physicochemical, microstructural, hygroscopic, and
mechanical properties of Portland cement pastes. Chitin was isolated from discarded crab
shells collected from a seafood-processing plant in Bekalta (Monastir Governorate, Tunisia)
and characterized before its incorporation into cement pastes at 0, 1, 2, and 3 wt.% relative
to the cement mass. Particular attention was given to establishing relationships between
water-vapor sorption behavior, microstructural modifications, and compressive strength to
clarify the mechanisms governing the behavior of chitin-modified cement pastes. Beyond
improving the understanding of non-nanoscale chitin in cementitious systems, this study
contributes to the valorization of seafood-processing by-products as potential bio-based
additives for construction materials.

2. Materials and Methods
2.1. Materials

This study investigates the chemical treatment of crab shell waste to extract chitin, a
natural polymer, and explores its incorporation into cement to test its eventual effects on
the properties and functionality of resulting material structures. The raw material used
was the exoskeleton of blue crab “P. segnis”, sourced from a Tunisian processing facility. All
chemicals were analytical grade and procured from Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). The Portland cement type used in this study was CEM II/A-LL 42.5, supplied
by Cementir Holding (CPRO+, Cementir Holding N.V., Amsterdam, The Netherlands), and
characterized by the chemical composition presented in Table 1. It served as the cement
type for the preparation of all cement paste mixtures examined in this research.

Table 1. Cement chemical composition (%).

f:)rs‘; Si0, ALO; Fe,03 TiO, MnO CaO MgO SO; K,O0 Na0 P,05 s-  ClI-
68 182 41 21 02 01 62 18 29 08 011 02 003 006
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2.2. Experimental Procedures
2.2.1. Chitin Extraction Process

The first step consisted of cleaning and drying the P. segnis crab shells. After cleaning,
the shells were air-dried under sunlight for 24 h. Once dried, the shells were crushed
using a planetary ball mill (RETSCH GmbH, Haan, Germany) operated at 200 rpm for 1 h.
The resulting powder was then sieved through a 315 pum sieve to obtain particles with a
controlled size before the subsequent chemical extraction steps.

The second phase focused on biomass demineralization. A 2 M hydrochloric acid
(HC1) solution was used to remove the main inorganic component, calcium carbonate
(CaCO:3), from the shells. The extraction was performed using a 1:10 (weight/volume) ratio
of shell powder to HCl solution at 60 °C for 2 h under constant stirring at 350 rpm. After
treatment, the material was filtered and thoroughly washed with distilled water until a
neutral pH was reached. The material was then air-dried for 24 h at room temperature [24].

The subsequent deproteinization step involved treating the dried, demineralized
material with 3 M sodium hydroxide (NaOH) solution at a 1:10 (weight/volume) ratio for
3 h at 80 °C under constant stirring. The resulting material was then filtered, thoroughly
washed with distilled water, and dried under the same conditions as those used after
demineralization. Finally, decolorization was performed by treating the isolated chitin
from crab shells with a mild oxidizing solution composed of 0.1 M H,O, and 10 mM HCl
at a volume ratio of 9:1 [25]. After treatment, the product was thoroughly washed with
distilled water and air-dried for 24 h at room temperature, yielding purified crab chitin.

2.2.2. Mix Proportions and Sample Preparation

The prepared chitin was incorporated into the cement at 1, 2, and 3 wt.% relative
to the cement mass. The resulting cement—chitin composites were designated as CHO,
CH1, CH2, and CH3, corresponding to chitin contents of 0, 1, 2, and 3 wt.%, respectively.
Modified cement pastes were prepared using a water-to-cement ratio (w/c) of 0.45 with
demineralized water. For each formulation, the required amount of chitin was incorporated
into the cement before the addition of water to promote a homogeneous distribution
of the chitin powder within the cement matrix. The mixtures were then mixed until a
homogeneous cement paste was obtained.

All specimens were cast into cylindrical PVC molds with a diameter of 35 mm and
a height of 70 mm, corresponding to a height-to-diameter ratio of 2:1. A thin layer of
oil was applied to the inner surfaces of the molds before casting to facilitate demolding.
After casting, the molds were placed on a vibrating table for 30 s to remove entrapped
air and improve specimen compactness. After 24 h, the specimens were demolded and
subsequently cured at 23 £ 2 °C and 50 % 5% relative humidity for 28 days.

The overall chitin extraction procedure and sample preparation process are illustrated
in Figure 1.

2.3. Method of Analysis
2.3.1. Characterization of the Chitin Powder

Fourier Transform Infrared Spectroscopy (FTIR) was performed in transmission mode
using KBr pellets on a PerkinElmer infrared spectrometer (PerkinElmer Inc., Waltham,
MA, USA). Chitin powder (2 mg) was homogeneously mixed with dry KBr (200 mg) and
pressed into a pellet. The spectra were recorded in the range of 4000-450 cm ! to identify
the functional groups present in the chitin powder.

X-ray diffraction (XRD) analysis was conducted on a D4 Endeavor diffractometer
(Bruker AXS GmbH, Karlsruhe, Germany) using Cu Ko radiation (A = 1.54060 A) to assess
the crystallinity of the chitin powder. Approximately 200 mg of finely powdered chitin
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sample was used for the analysis. The measurements were performed in locked-coupled
geometry, with a step size of approximately 0.02° (20) and an acquisition time of 114.602 s

per step.
1. SHELL CLEANING 2. SIZE REDUCTION 3. DEMINERALIZATION 4 DEPROTEINIZATION 5. DECOLORIZATION
AND DRYING
2MHCI (110 wh) IMNaOH (110 wh) H,0; (0.1M) &
; 60°C for 2 hours 80°C for 3 hours HCI (10 mM)
Stirring at 350 rpm ~N 001 Stirring (9:1v1)
Mild oxidizing treatment
L
Wash vith Washwit
distilled water distilled water
o wtal pH ohuadpH Wash with distilled water
I Shekls re wished Dried shell are ground AIR DRYING AIR DRYING and 3 dy (240 t Room Temp)
e into afine powder. (24h at Room Temp) (24hatRoomTemp) | | pURIFIED CRAB CHITIN

Demineralized

6. CEMENT & CHITIN MIXING 7. PASTE MIXING 8. CASTING & COMPACTION 9. DEMOLDING 10. CURING
(After 24 hours)

> 1% Water
- (wes04y & | 28
/\ ~
> % Curing at 23°C + 2
by weight of cement VIBRATION TABLE °C and 50 % 5% RH

Figure 1. Schematic illustration of the extraction of chitin from blue crab shells and the preparation of
cement paste samples.

Thermogravimetric analysis (TGA) was performed using a GP Concept T4/STA 449
F3 Jupiter simultaneous TGA-DSC system (NETZSCH-Gerédtebau GmbH, Selb, Germany),
coupled with a quadrupole mass spectrometer for the analysis of evolved gases. Approxi-
mately 20 mg of sample was placed in an alumina crucible and heated from 30 to 700 °C
at a heating rate of 10 °C/min under an air atmosphere. The mass loss was continuously
recorded as a function of temperature. Data acquisition and subsequent data processing
were performed using NETZSCH Proteus software (version 8.0).

The surface morphology of the chitin powder was examined using a Scanning Electron
Microscope (SEM). The analysis was performed on a Quanta 200 FEG SEM (FEI Company,
Hillsboro, OR, USA). The sample was dried, mounted on adhesive tape, and coated with
a 10 nm thick gold layer. Images were obtained under high-vacuum conditions using a
secondary electron (SE) detector operated at an acceleration voltage of 10 kV.

Scanning Electron Microscopy was used to examine the microstructure and surface
properties of the modified cement pastes, providing insights into their bonding behavior
and morphological characteristics.

2.3.2. Characterization of the Chitin-Modified Cement Paste

The compressive strength test was performed in accordance with ASTM C39, adapted
for small-scale cylindrical cement-based specimens [26]. Cylindrical specimens measuring
35 mm in diameter and 70 mm in height were tested after 28 days of curing using a
Tinius Olsen H50KS universal testing machine (Tinius Olsen Testing Machine Company,
Horsham, PA, USA) with a maximum load capacity of 50 kN. The tests were conducted
under displacement control at a loading rate of 1 mm/min until failure. Before testing,
the ends of the specimens were mechanically ground using a surface-grinding machine to
obtain flat, parallel loading surfaces, thereby ensuring a more uniform stress distribution
during loading and minimizing premature failure due to stress concentrations. Three
specimens were tested for each formulation, and the mean compressive strength was
calculated from the three measurements.

The water sorption behavior of the modified cement pastes was evaluated using a
Dynamic Vapor Sorption (DVS) apparatus, ProUmid SPSx-1p (ProUmid GmbH & Co. KG,
Ulm, Germany). The measurements were performed with reference to ISO 12571:2021,
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which specifies methods for determining the hygroscopic sorption properties of porous
building materials [27]. The fully automated instrument operates according to the gravimet-
ric principle and determines changes in sample mass under controlled relative humidity
(RH) conditions at a constant temperature of 23 °C. Cubic specimens with dimensions of 1

Cl’n3

were placed in the climatic chamber of the instrument and exposed to different RH
levels. The mass variations recorded at equilibrium during the sorption and desorption
cycles were used to construct the corresponding isotherms. The instrument provides a mass
resolution of 0.01 mg and a moisture content uncertainty of +0.005%. Relative humidity
is regulated with an accuracy of £0.1% and an uncertainty of £1% to £1.5%. During
testing, the RH was initially set at 0% and then increased stepwise from 0% to 90% in 10%
increments. Each RH level was maintained until the sample mass reached equilibrium
before proceeding to the next RH level. For each formulation, the absorption/desorption
measurement was performed on a single specimen.

To quantitatively characterize the moisture adsorption behavior of the cement pastes,
the experimental adsorption isotherms were fitted using the GAB model. Among the
different mathematical models proposed for describing water vapor sorption in porous
materials, the GAB model is one of the most widely accepted because it accounts for
both monolayer adsorption and subsequent multilayer adsorption over a broad range of
water activities. Unlike the Brunauer-Emmett-Teller (BET) model, whose applicability is
generally restricted to water activities below approximately 0.5, the GAB model remains
valid up to water activities close to 0.90, making it particularly suitable for cementitious
materials, where significant moisture uptake occurs at high relative humidity. Consequently,
the GAB model has been extensively applied to hardened cement pastes, concrete, bio-based
construction materials, and natural polymers to investigate moisture storage mechanisms
and to relate hygroscopic behavior to pore structure and internal surface characteristics [28].
The GAB equation is expressed as

wm CK¢

“T 1 —K¢)(1 — Ko + CK¢) M

where w is the equilibrium moisture content (g/g), wy, is the monolayer moisture content,
¢ is the relative humidity expressed as water activity (aw = RH/100), and C and K are
dimensionless constants related to the sorption energy of the first adsorbed layer and the
properties of multilayer water, respectively. The model parameters (w;,;, C, and K) were
determined by nonlinear regression of the experimental adsorption data [29].

3. Results and Discussion
3.1. Characterization of Extracted Chitin

Figure 2 illustrates the chitin extracted from the crab shell, characterized using Fourier
Transform Infrared Spectroscopy.

The FTIR spectra of the isolated chitin reveal distinctive features, including a promi-
nent hydroxyl group peak at 3443 cm~! and observed amide bands I, II, and III at 1658, 1558,
and 1314 cm ™!, respectively. Additionally, NH stretching peaks appeared at 3107 cm !
(Table 2). These observations are consistent with the findings of Kumari et al. [30], Liu
etal. [31], and Jabeur et al. [32], confirming the successful extraction and preservation of
the chitin structure.

The abundant hydroxyl (-OH) groups highlight the hydrophilic nature of chitin and
promote hydrogen bonding with water molecules. Meanwhile, the amide functional groups
provide additional polar sites capable of interacting with calcium ions and the surface of
calcium silicate hydrate (C-S-H) through hydrogen bonding and electrostatic interactions.
Owing to these functional groups, chitin is expected to exhibit good compatibility with the
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hydrated cement matrix and may influence the organization of hydration products and the
interfacial characteristics of the composite [19].

Figure 3 displays the diffractogram of the extracted chitin, obtained in the 20 range
of 10-70°. The XRD pattern shows four unique crystalline peaks at 13°, 19.6°, and 27°,
validating the polymer’s o-form [20]. Furthermore, it demonstrates several distinct peaks
with a significant level of crystallinity.

%T
B

o
=

3

3500 3000 2500 2000 1500 1000 40
cmt

=3
=1

Figure 2. FTIR Spectra of the extracted chitin.

Table 2. Wavelengths of the bands obtained by the FT-IR of extracted chitin from crab shell powder.

Vibration Mode Extracted Crab Chitin (cm—1)
OH stretching 3443
NH stretching 3107

Symmetric CH3 stretching and

asymmetric CH2 stretching 2962
Amide I band 1658

Amide II band 1558

CH2 bending and CH3 deformation 1416
Amide Il band and CH2 wagging 1314
Asymmetric bridge O2 stretching 1156
C-O stretching 1028

CHS3 wagging along the chain 952

The crystallinity index (CrI) of the extracted chitin was calculated using the Segal
method according to the following equation:

Lo — Lom
110

Cr(%) = x 100 )
where [j1p is the maximum intensity of the crystalline region at 19.6°, and I, is the
maximum intensity of amorphous diffraction at 13°. The obtained crystallinity index was
estimated at 81.3%, indicating a relatively high degree of crystallinity, comparable to values
reported in the literature for o-chitin extracted from crustacean shells [33].

The crystallinity index achieved was calculated to be 81.3%, reflecting a notably high
level of crystallinity, similar to those mentioned in the literature for o-chitin sourced
from crustacean exoskeletons [33]. A crystallinity index of 81.3% indicates a significant
amount of well-structured crystalline regions compared to the amorphous phase. A highly
crystalline structure typically offers enhanced stiffness, better dimensional stability, and
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increased resistance to thermal and chemical degradation compared to less crystalline
chitin. These traits assist in maintaining the structural integrity of the biopolymer within
alkaline surroundings, like cement pore solutions [9].

400

300 4

200 4

Intensity (cps)

T T T T T T T T T T T T T 1
5 10 15 20 25 30 35 40 45 50 55 60 65 70 7h
20 ()
Figure 3. XRD patterns of chitin.

In cementitious materials, the relatively high crystallinity of chitin is also expected to
enhance particle stability during hydration while maintaining its reinforcing role within
the hydrated matrix. At the same time, the coexistence of crystalline domains and surface
functional groups enables chitin to retain sufficient surface reactivity to interact with hy-
dration products [34]. Therefore, the high crystallinity of the extracted chitin suggests that
the biopolymer can preserve its structural integrity while remaining capable of interacting
with the surrounding cementitious matrix. This combination of structural stability and
surface functionality is advantageous for its use as a bio-based cement additive.

TGA was conducted to assess the correlation between sample mass loss and tempera-
ture treatment, and the results are shown in Figure 4.

DSC /(mWimg)
TG % DTG /(%/min)

86,6°C 0sC | exo 4

10.0

1-0.5
290.6°C

/\\.\v—/v»~\\

60
|20 14
40 t-25
t30
20 1-35
t-40

T100 200  m0 T s00  e0 700

T 400
Temperature /°C

Figure 4. TG-DTG-DSC curves of extracted chitin.
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The thermogram of chitin powder reveals a multi-stage decomposition process. Ini-
tially, degradation occurs between 50 °C and 150 °C, corresponding to the evaporation
of physically adsorbed moisture, resulting in a mass loss of 4.17% [35]. This initial loss
confirms the hygroscopic nature of chitin, attributable to the presence of abundant hydroxyl
and amide functional groups.

The second degradation stage, spanning 150 to 400 °C, is the main decomposition
region, accounting for 61.77% of the mass loss. An endothermic peak centered at 351.7 °C
is observed and is attributed to the degradation of the chitin polymer chains through
dehydration of saccharide rings, depolymerization, and decomposition of acetylated and
deacetylated units [35]. The DTG curve shows a maximum degradation rate at 321.7 °C,
indicating the temperature at which thermal decomposition proceeds most rapidly.

A third degradation stage occurs between 400 and 630 °C, with an additional mass loss
of 30.27% and an exothermic peak at approximately 450 °C, which is commonly associated
with the oxidation of carbonaceous residues formed during the previous decomposition
stage. Finally, a residual mass of 0.77% persists at 700.7 °C, reflecting the inorganic ash
content of the obtained chitin.

In general, the thermogravimetric analysis shows that chitin maintains thermal stabil-
ity until around 250 °C, beyond which considerable degradation starts. This comparatively
elevated thermal stability is primarily due to the structured molecular arrangement and
wide hydrogen-bonding network typical of x-chitin. This stability benefits cementitious
uses since the temperatures experienced during cement mixing, hydration, curing, and reg-
ular service conditions stay significantly lower than the threshold for thermal degradation.
Consequently, the chitin particles are expected to preserve their structural integrity and sur-
face functional groups throughout the hydration process, allowing them to maintain their
potential interactions with the cement hydration products and the surrounding matrix.

SEM analysis of chitin is also presented, and the resulting scans are depicted in
Figure 5.

mag R HV det {mode | HFW WD
5000x 1000kV ETD| SE |25.4pm|113mm |

Figure 5. SEM images of chitin (x5000 and x2500).

The scan suggests that the chitin surface exhibits a rough, porous structure. Further ex-
amination revealed the presence of porous and fibril structures within the biopolymer [24].
The observation of a continuous and uniform porous structure indicates an interaction
feature among the chitin molecules.
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3.2. Performance of Chitin-Modified Cement Paste
3.2.1. Compressive Strength

Figure 6 presents the results of the compressive strength test for the reference CHO and
mixes prepared with chitin—cement at various replacement percentages. Three cylindrical
samples were tested for each percentage. Mechanical testing was conducted on composites
cured for 28 days. Notably, the control samples consisting solely of cement exhibited con-
siderably lower strength, averaging 17.6 MPa. In contrast, compressive strength increased
as the chitin percentage rose from 1% to 3%. More precisely, at a chitin concentration of 3%,
the strength increased by 56.8% compared to the control samples, reaching 27.6 MPa.

Compressive Strength (MPa)

CHO CH1 CH2 CH3
Chitin powder content (%)

Figure 6. Compressive strength test of Chitin-Cement composites.

The improvement in compressive strength may be attributed to the ability of chitin
particles to modify the cement matrix through void filling and pore refinement. Their
surface characteristics may also provide additional nucleation sites for hydration prod-
ucts, promoting C-S-H formation and contributing to a denser and more homogeneous
microstructure [20,36]. Similar mechanisms have been reported for finely divided mineral
and bio-based additives, where particle packing, pore refinement, and particle-matrix
interactions contribute to mechanical performance [37].

The present results are consistent with previous studies showing that chitin-derived
additives can modify the mechanical behavior of cementitious materials, although the
magnitude and direction of the effect depend strongly on their form and dosage. In the
present study, the compressive strength increased from 17.6 MPa for CHO to 27.6 MPa for
CHB3, corresponding to an improvement of 56.8% at 28 days. Haider et al. [20] reported an
increase of up to approximately 12% in 28-day compressive strength using only 0.05 wt.%
ChNC or ChNF In contrast, Ortega et al. [22] observed a progressive decrease in mechanical
performance with increasing chitin content (0.5-2.1 wt.%), while Baykara et al. [9] reported
that the effect of chitosan on mortar strength varied with dosage and was accompanied by
changes in cement hydration. These differences highlight the importance of particle size,
morphology, chemical form, concentration, and dispersion in governing the interaction of
chitin-derived materials with the cement matrix.

Compared with conventional mineral fillers such as limestone powder, fly ash, silica
fume, or metakaolin, chitin is an organic biopolymer whose hydroxyl and acetamide
groups and affinity for water may introduce additional interactions with the hydrated
cement matrix. Therefore, its contribution cannot be explained solely by a physical filler
effect. Within the range investigated here, strength increased continuously up to 3 wt.%
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chitin; however, this value should be considered the highest dosage tested rather than an
optimum content. Further investigation at higher dosages is required to determine whether
a threshold exists beyond which the beneficial effect on mechanical performance decreases.

To further elucidate the mechanisms underlying the observed improvement in com-
pressive strength, the moisture sorption behavior and microstructural evolution of the
cement pastes were subsequently investigated.

3.2.2. Water Vapor Sorption Behavior

To investigate the influence of chitin incorporation on the hygroscopic behavior of
cement paste, water vapor sorption isotherms were measured at 23 °C using the Dy-
namic Vapor Sorption (DVS) technique. Figure 7 presents the experimental water vapor
adsorption—desorption isotherms of the reference paste (CHO) and the chitin-modified
cement pastes (CH1, CH2, and CH3).
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Figure 7. Sorption isotherm at 23 °C for biocomposite samples with different chitin contents: (a) CHO,
(b) CH1, (c) CH3, and (d) CH4.

All formulations exhibited a typical sigmoidal adsorption-desorption isotherm, char-
acteristic of hardened cementitious materials. According to the IUPAC classification, this
behavior corresponds to a Type Il isotherm, which is generally associated with multilayer
adsorption occurring on heterogeneous porous solids. Such behavior has been widely
reported for hydrated cement pastes and reflects the progressive filling of the pore network
as the relative humidity increases [38].

Compared with the reference paste (CHO), the chitin-containing pastes showed slightly
higher equilibrium moisture contents, with the differences becoming more pronounced at
high RH. At 90% RH, the observed equilibrium moisture content was approximately 5.2%,
11.3%, and 12.0% higher than that of CHO for CH1, CH2, and CHS3, respectively. Similar
differences of 5.4%, 13.5%, and 12.8% were observed at 80% RH. These observations suggest
that chitin incorporation may contribute to increased moisture uptake while preserving the
overall shape of the sorption isotherm.
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The higher moisture uptake may be related to chitin slightly modifying the inter-
nal microstructure of the hydrated cement paste. Besides the intrinsic hydrophilicity of
chitin, resulting from its hydroxyl and acetamide functional groups, the increase in equi-
librium moisture content may also be associated with changes in the accessible internal
surface area and the interfacial regions between chitin particles and cement hydration
products [39]. These microstructural features could provide additional adsorption sites for
water molecules, particularly at high relative humidity, where multilayer adsorption and
capillary condensation become predominant.

The similar overall shapes of the adsorption—desorption isotherms and hysteresis loops
suggest that the incorporation of up to 3 wt.% chitin preserves the characteristic sorption
behavior of hydrated cement paste. The observed differences may therefore be associated
primarily with variations in accessible adsorption sites rather than a fundamental change
in the sorption mechanism.

To quantitatively describe these adsorption phenomena and further examine the
influence of chitin on the water sorption characteristics of the composites, the experimental
adsorption isotherms were fitted using the Guggenheim—Anderson-de Boer (GAB) model.

3.2.3. GAB Model Analysis

Figure 8 compares the experimental adsorption isotherms with the corresponding GAB
fittings for all investigated formulations. The fitted curves closely reflect the experimental
data across the full range of water activity examined, suggesting that the GAB model
successfully represents the adsorption characteristics of both the reference paste and the
chitin-modified composites. The determination coefficients (R2 > 0.98) validate the strong
correlation between the experimental results and the model forecasts, indicating that
the adsorption process is primarily influenced by the mechanisms included in the GAB
formulation, specifically monolayer adsorption succeeded by multilayer adsorption.
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Figure 8. Comparison of experimental data with the adsorption curves fitted by the GAB model.
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The correlation between the experimental data and the fitted curves is especially strong
in the low and intermediate water activity ranges, where adsorption primarily happens on
the internal surface of the C-S-H gel via the sequential creation of molecular water layers.

At higher water activities (>0.75), the model also reproduces the sharp increase in
equilibrium moisture content associated with capillary condensation within the finest
accessible pores. The ability of the GAB model to accurately describe this transition
confirms that the pore structure of the investigated cement pastes remains dominated by
gel pores and fine capillary pores, which are responsible for the rapid increase in moisture
storage at high relative humidity [40].

Although the four adsorption curves exhibit very similar shapes, a slight upward
shift is observed as chitin content increases, particularly for CH2 and CH3. This behavior
indicates that chitin does not modify the fundamental adsorption mechanism but rather
increases the equilibrium moisture adsorption capacity of the cement paste. Such an
increase can be attributed to two complementary effects.

First, chitin is an intrinsically hydrophilic biopolymer containing hydroxyl and ac-
etamide functional groups that can form hydrogen bonds with water molecules, thereby
creating additional adsorption sites. Second, the incorporation of chitin slightly increases
the accessible internal surface area and the interfacial regions between the biopolymer
particles and the hydrated cement matrix, allowing a greater amount of water vapor to be
retained at equilibrium [41]. This interpretation is consistent with the experimental DVS
isotherms, which showed increases in equilibrium moisture content of approximately 5.2%,
11.3%, and 12.0% at 90% RH for CH1, CH2, and CH3, respectively, compared with the
reference paste.

The GARB fitting, therefore, provides quantitative evidence that the incorporation of
chitin mainly affects the adsorption capacity of the cement paste rather than the adsorption
mechanism itself. The nearly parallel evolution of the four fitted curves suggests that
the hydration products remain the dominant adsorption phase, while chitin contributes
additional hydrophilic adsorption sites without significantly modifying the overall pore
network. Similar behavior has been reported for cementitious composites incorporating
bio-based polymers, where the increase in hygroscopicity was primarily attributed to the
intrinsic hydrophilicity of the biopolymer and to slight modifications of the accessible pore
structure rather than to major changes in total porosity [42].

The evolution of the GAB parameters presented in Table 3 further supports this
interpretation. In particular, the progressive increase in the monolayer moisture content
(wm) with increasing chitin dosage suggests an increase in the number of energetically
favorable primary adsorption sites, thereby enhancing the hygroscopic capacity of the
chitin-modified cement paste.

Table 3. Fitting parameters of the GAB model for adsorption isotherms.

Material Phase wm (g/g) C K R?
CHO Adsorption 0.00734 248.0 0.9723 0.9965
CH1 Adsorption 0.00763 241.5 0.928 0.9894
CH2 Adsorption 0.00840 194.6 0.937 0.9936
CH3 Adsorption 0.00841 174.4 0.938 0.9938

Consequently, the observed increase in moisture uptake is mainly associated with the
hydrophilic character of chitin and the increase in accessible adsorption sites rather than
with a fundamental modification of the pore structure.
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3.2.4. Proposed Physicochemical Interaction Mechanism Between Chitin and Cement
Hydpration Products

Figure 9 illustrates the proposed physicochemical interaction mechanism between
chitin particles and the hydrated cement matrix. This mechanism is established based on the
chemical characterization of the extracted chitin, the experimental results obtained in the
present study, and previous investigations on the interactions between polysaccharides and
cementitious materials. Although these interactions were not directly characterized at the
molecular scale, they provide a consistent framework for interpreting the improvements ob-
served in compressive strength, moisture sorption behavior, and microstructural evolution.
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Figure 9. Physicochemical interactions between chitin particles and hydrated cement phases.

FTIR analysis indicates that the extracted chitin is rich in hydroxyl (-OH) and ac-
etamide (-NHCOCH3) functional groups scattered throughout its polymeric backbone.
These polar groups give the biopolymer a strong hydrophilic nature and create chemically
active sites that engage with both water molecules and the products of cement hydration.
Hydroxyl and acetamide groups create hydrogen bonds with water molecules, resulting
in tightly bound water layers and, as relative humidity rises, multilayer adsorption. This
adsorption process has been widely documented for chitin and chitosan, illustrating their
strong attraction to water vapor, which is closely linked to the existence of these functional
groups [39,43].

In the process of cement hydration, the dissolution of alite and belite phases results in
the release of calcium ions (CaZ*), hydroxyl ions (OH ™), and silicate species, which causes
the formation of calcium silicate hydrate (C-S5-H) gel and portlandite (Ca(OH),) [44,45].
In such strongly alkaline environments, the hydroxyl and acetamide group oxygen atoms
may engage with calcium ions via coordination and electrostatic forces, while hydrogen
bonds could concurrently develop between the functional groups of chitin and the hy-
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droxylated surfaces of C-S-H. These surface interactions are anticipated to enhance the
compatibility of chitin particles with the adjacent cement matrix by facilitating improved
particle-matrix adhesion.

Furthermore, the adsorption of calcium ions and hydrated silicate species on the
chitin surface may create preferential sites for the heterogeneous nucleation of C-S5-H.
Although chitin does not directly participate in hydration reactions, its functionalized
surface may facilitate the local precipitation and growth of hydration products, resulting
in a more homogeneous distribution of C-S-H around the biopolymer particles. Similar
nucleation mechanisms have been reported for finely dispersed bio-based nanomaterials
and polysaccharides incorporated into cementitious systems, where they contribute to
matrix densification and improved mechanical performance [20,45].

The combined effects of hydrogen bonding, calcium coordination, and preferential
nucleation of hydration products are therefore proposed to explain the behavior of the
chitin-modified cement pastes. These interactions may increase the number of hydrophilic
adsorption sites, modify the moisture transport pathways within the pore network, and
enhance the continuity of the hydrated matrix. Consequently, the proposed mechanism
provides a plausible explanation for the higher equilibrium moisture contents obtained
from the DVS measurements, the evolution of the GAB parameters, and the progressive
increase in compressive strength observed with increasing chitin content.

3.2.5. Microstructural Analysis

To better understand the mechanisms responsible for the improvement in compressive
strength and the slight changes in moisture sorption behavior, Figure 10 compares the SEM
micrographs of the reference cement paste (CHO) and the paste containing 3 wt.% chitin
(CHB3) after 28 days of curing.

Plate-like crystals<.
(Portlandite)

LR PF, el @O0 < BTN e Dy - e
mag & HV det [mode| HFW WD e —— — mag @ HV det [mode| HFW WD
5000x [10.00kV|ETD| SE [25.4 ym|9.4 mm 5000x |10.00kV|ETD| SE [25.4 pm|8.2 mm

Figure 10. SEM micrographs of cement paste (x5000): (a) CHO and (b) CH3.

The reference paste (CHO) displays a relatively heterogeneous microstructure, dom-
inated by fibrous hydration products interspersed with numerous intergranular voids,
reflecting a loosely packed and poorly connected hydrated matrix. By contrast, the CH3
specimen exhibits a markedly denser and more homogeneous microstructure, with a visible
reduction in porosity and a continuous, well-interconnected network of hydration products.
Plate-like crystals consistent with portlandite are embedded within the matrix, while the
fibrous C-5-H morphology remains fully developed, indicating that hydration proceeds
normally in the presence of chitin. Taken together, these features suggest that chitin pro-
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motes a densification and refinement of the microstructure rather than the formation of
additional or alternative hydration phases.

This microstructural refinement is consistent with the DVS and GAB results, which
showed increased moisture adsorption and a greater number of accessible sorption sites as
chitin content increased. Rather than resulting from higher pore volume, this enhanced
water uptake is more plausibly explained by the hydrophilic hydroxyl and acetamide
groups exposed on the chitin surface, which introduce additional sorption sites without
compromising matrix compactness—a behavior previously reported for other biopolymers
incorporated in cementitious systems [20,46]. Furthermore, the denser, more continuous
hydrated matrix observed in CH3 correlates well with the substantial gain in compres-
sive strength, reinforcing the proposed mechanism whereby favorable physicochemical
interactions between chitin and the hydrating cement phases enhance matrix compactness
and improve stress transfer throughout the paste. Similar relationships between matrix
densification, pore refinement and mechanical performance have been extensively reported
for cement-based composites [47].

4. Conclusions

This study investigated the potential of chitin extracted from blue crab shells as
a sustainable bio-based additive for cement paste. FTIR and XRD analyses confirmed
the characteristic structure of «-chitin, while thermal analysis demonstrated its thermal
behavior and stability under the investigated conditions.

Chitin incorporation influenced the mechanical, hygroscopic, and microstructural
behavior of the cement pastes. Among the investigated formulations, the paste contain-
ing 3 wt.% chitin exhibited the highest compressive strength, reaching a 56.8% increase
compared with the reference paste. DVS measurements showed higher equilibrium mois-
ture contents in the chitin-containing pastes, particularly at high relative humidity, while
GAB modeling suggested changes in the accessible adsorption sites associated with chitin
incorporation. SEM observations also showed a denser and more homogeneous microstruc-
ture with increasing chitin content, characterized by fewer visible intergranular voids and
improved continuity of the hydrated matrix.

The combined findings suggest that the observed behavior may result from the con-
tribution of chitin as a fine particulate additive together with interactions between its
hydrophilic functional groups and the hydrated cement matrix. These effects may influ-
ence the interfacial environment, moisture adsorption, and microstructural organization,
thereby contributing to the improved mechanical performance observed in the investigated
formulations.

Overall, crab shell-derived chitin shows potential as a bio-based additive for cementi-
tious materials while providing a valorization pathway for seafood waste within a circular
economy framework. The present findings provide a basis for further investigation of
chitin-modified cementitious materials, particularly regarding hydration kinetics, moisture
transport, durability, and long-term performance. Future studies should also include repli-
cate sorption measurements and extend the investigation to mortar and concrete to assess
the reproducibility and practical applicability of the observed trends.

5. Perspectives

Future research should extend this approach to mortar and concrete and evaluate the
influence of chitin on transport properties, shrinkage, durability, and long-term mechanical
performance. Isothermal calorimetry could be used to investigate the effect of chitin on
cement hydration kinetics and heat evolution. In addition, measuring the vapor sorption
isotherms of pure chitin at mass fractions equivalent to 1, 2, and 3 wt.% would help
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distinguish the intrinsic hygroscopic contribution of chitin from its effect on the cement
matrix. SEM observations at early hydration ages (e.g., 1, 3, and 7 days) could further
clarify the evolution of the microstructure and hydration products. Finally, optimization of
chitin extraction and its large-scale valorization from seafood waste should be investigated
to support potential industrial implementation.
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