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A B S T R A C T   

Eco-friendly and cheap treatments based on the use of mildly alkaline solutions have been 
recently investigated to modify natural fibers, altering their surface and improving their 
compatibility mainly with polymer matrices. A challenge for the researchers is nowadays rep-
resented by the assessment of this kind of treatments as a viable approach also for geopolymer 
based composites. In such a context, this study presents a novel and sustainable approach for 
enhancing sisal fibers for geopolymer composites using a sodium bicarbonate (NaHCO3) treat-
ment. While the treatment offers a greener alternative to conventional methods, its key advantage 
lies in achieving a balance between fiber properties. Although it slightly reduces raw fiber 
strength, the NaHCO3 treatment effectively removes impurities, promoting improved crystallinity 
and, more importantly, significantly enhances fiber surface roughness and homogeneity. This 
tailored surface modification fosters superior interfacial bonding with the geopolymer matrix, 
resulting in composites with significantly enhanced flexural toughness (82 %) – a critical property 
for construction materials – compared to those reinforced with untreated fibers. Flexural strength 
is also improved by (53 %). This work not only demonstrates the effectiveness of NaHCO3 
treatment but also highlights its potential for developing high-performing, eco-friendly con-
struction materials. A comprehensive evaluation, including three-point bending tests to assess 
toughness, validates this promising approach.   

1. Introduction 

Natural fiber-reinforced geopolymer composites have received a huge interest in the last years thanks to their potential to replace 
traditional cement-based composites. Indeed, geopolymers are well-known for their low energy consumption, low carbon footprint, 
compressive strength, fire resistance, and long-term durability [1,2]. However, they show quite low tensile and flexural strength 
values, thus limiting their applicability to semi-structural or non-structural applications [3,4]. 

To overcome these issues, natural fibers like flax, jute, sisal, coir, and bamboo could be mixed into the geopolymer matrix to in-
crease its toughness capacity [5,6]. The inclusion of fibers in the geopolymer matrix allows increasing the mechanical performances of 
the composite as well as improving its energy absorption and deformation resistance [7,8]. Geopolymers reinforced with synthetic or 
natural fiber allow usually to achieve better toughness results in comparison with traditional cement-based composites [8,9]. How-
ever, the recent choice is strongly oriented towards the use of natural fibers to increase the environmental sustainability of the 
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materials. 
Natural fiber-reinforced geopolymer composites can be considered as eco-friendly alternatives to traditional cement-based com-

posites and the addition of natural fibers enhances their mechanical properties, making them suitable for various structural 
applications. 

The main concern of the use of natural fiber composites is the relative high moisture absorption of natural fibers, which results in 
weak compatibility between fibers and the matrix [10,11]. Therefore, modification and functionalization strategies for natural fibers 
aimed to tailor interface properties and to improve mechanical behavior of cement and geopolymer-based composites become highly 
important [2,12,13]. 

Alkaline treatment, a process that exposes the fibers to an alkaline solution, is a common method to improve the performance of 
natural fibers in concrete composites [14,15]. The alkaline environment disrupts the surface structure of the fibers, removing 
non-cellulosic components like lignin and hemicellulose and exposing the cellulose microfibrils, which form the primary load-bearing 
component of the fiber [16]. This treatment enhances the fiber surface area and promotes hydroxyl groups that facilitate chemical 
bonding with the geopolymer matrix [17]. 

The enhanced interfacial bonding between fibers and geopolymers leads to substantial improvements in the mechanical properties 
of geopolymer-based composites. Several studies have reported increased tensile strength, flexural strength and impact resistance, 
attributed to the enhanced fiber-matrix interaction and improved fiber pull-out behavior [18–20]. Additionally, alkaline treatment can 
reduce the water absorption and thermal conductivity of composites, further enhancing their performances [14,20,21]. 

Therefore, alkaline treatment of natural fibers is a crucial step in the development of high-performance geopolymer-based com-
posites. By improving the fiber-matrix interfacial bonding, alkaline treatment enables the synergistic utilization of natural fibers and 
geopolymers, leading to the production of sustainable, eco-friendly, and high-performance building materials. 

While previous studies have explored the use of various treatments to modify sisal fibers for use in composites, a new green 
approach focused on the application of a mild alkaline treatment with NaHCO3 was suitable applied in natural fiber composites [22]. 
Sodium bicarbonate represents a cost-effective and eco-friendly alternative to traditional alkaline compounds such as sodium hy-
droxide for treating natural fibers, widely investigated for thermoset polymer based composites in the last years [23–28]. This 
approach offers a potentially greener alternative compared to harsher chemical treatments often used. Zamboni Schiavon et al. [29] 
evaluated impact of chemical treatments on coir fibers, analyzing composition, mechanics, surface chemistry, and morphology. The 
surface treatment improves fiber properties for potential use in cementitious materials, thus leading to improved physical and me-
chanical performances of mortars treated coir fibers [30]. Fiore et al. [22] treated sisal fibers with 10 % NaHCO3 solution for 24–240 h, 
improving tensile strength (197.9 %) and modulus of elasticity (115.0 %) after 120 h. Another study explored sodium bicarbonate as a 
treatment for sugar palm fibers (SPF) [31]. This treatment resulted in improved thermal stability and crystallinity compared to both 
untreated and alkali-treated fibers, suggesting potential as a greener alternative for cellulose fiber treatment. 

In this concern, this paper presents a novel approach to modifying sisal fibers for geopolymer composites using a sustainable and 
green surface treatment with sodium bicarbonate (NaHCO3). Unlike traditional methods that often rely on harsh chemicals, this eco- 
friendly approach investigates the impact of NaHCO3 treatment on fiber properties and, more importantly, its effectiveness in 
enhancing the flexural strength and toughness of the resulting geopolymer composites. By combining improved fiber performance with 
a low environmental footprint, this treatment has the potential to become a valuable tool for developing sustainable and high- 
performing construction materials. 

To validate the proposed treatment, a multifaceted evaluation was undertaken, encompassing a comprehensive examination of the 
chemo-physical and mechanical properties of sisal fibers, complemented by an in-depth assessment of the mechanical performance of 
the geopolymer composites through three-point bending testing, thus addressing a further improvement of knowledge in the existing 
literature and providing valuable insights for practical green and sustainable approaches. 

2. Experimental part 

2.1. Sisal fibers 

Sisal plants were extracted from plants collected in a the area near Palermo (Italy), then were washed and dried at 25 ◦C ± 1 ◦C for 
2 days [22]. The influence of sodium bicarbonate treatment on the properties of sisal fibers was analyzed. To this aim, sisal fibers were 
soaked at 25 ◦C for 5 days in NaHCO3 solutions with varying weight concentrations of salt (i.e., 2.5 %, 5 % and 10 % coded as T2.5, T5 
and T10, respectively). Afterwards, the treated fibers were washed with distilled water and dried in an oven at 40 ◦C ± 1 ◦C for 2 days. 

2.1.1. Fourier transform infrared spectrometry 
Fourier transform infrared spectrometry (FTIR) was performed on raw and treated sisal fibers by using a Perkin Elmer spectrometer 

model Spectrum II in order to evaluate the effect of sodium bicarbonate treatment on their chemical components. All the spectra were 
recorded in attenuated total reflectance (ATR) mode at frequency resolution of 1 cm− 1 between 500 and 4000 cm− 1. 

2.1.2. X-ray diffraction 
The crystalline phases of raw and treated fibers were determined through an X-ray diffractometer (XRD) by Malvern Panalytical 

model Empyrean, operating at 40 kV and 30 mA. A 2-theta scan from 6◦ to 40º with a step size of 0.026◦ was assessed by using the 
monochromatic radiation from CuKα with wavelength λ = 0.154 nm. 

The crystallinity index (CI) of sisal fibers was calculated by using Segal empirical equation [x]: 
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CI(%) =
I200 − Iam

I200
× 100 

I200 represents the maximum intensity of the crystalline phase (i.e., the 200 lattice planes) peak at 2θ angle equal to 22.6◦ whereas 
Iam denotes the intensity of the amorphous phase present in the fiber, calculated as the height of the valley of the minimum between the 
(220) and (110) peaks. 

2.1.3. Tensile tests 
50 samples were tested in tensile configuration for each investigated condition. In particular, all tensile tests were carried out in 

accordance with the ASTM D 3379 standard, by using a U.T.M. by Zwich- Roell model Z005, equipped with a 200 N load cell. The gage 
length and the strain rate were set equal to 70 mm and 1 mm/min, respectively. The experimental data were then statistically analyzed 
using a two-parameter Weibull distribution. 

2.1.4. Thermogravimetric analysis 
Thermogravimetric analysis (TGA) was carried out to investigate the thermal behavior of sisal fibers with the aid of a thermo-

balance model STA Model f1 Jupiter by Netzsch. Samples of untreated and treated fibers (20–30 mg) were heated from 30 ◦C to 
1000 ◦C at a heating rate of 10 ◦C/min in nitrogen atmosphere. 

2.2. Geopolymer composites 

Geopolymer composites were manufactured by using a metakaoline (Silicon to Aluminum molar ratio of 1.3:1; grain size distri-
bution in the range 1 μm - 100 μm) as precursor, which was activated through a 7 M water solution of potassium hydroxide (KOH). All 
geopolymer samples were made by setting the metakaoline to alkaline activator ratio equal to 1:1. In particular, the process began by 
mixing metakaoline with potassium silicate powder (K2O⋅nSiO2) in combination with river sand following a specific mix ratio of 
1:0.5:2. Subsequently, KOH solution was added to the mixture, to allow the geopolymerization process. To enhance the composite’s 
properties and their sustainability, 2 wt% of the aggregate was replaced with raw and treated sisal fibers, with a nominal length of 
2.5 mm. Natural fibers were soaked in NaHCO3 solutions at varying the weight concentration (i.e., 2.5, 5 and 10 %) for 5 days at room 
temperature. 

The following codes were used in this study to indicate the geopolymer composites: MK-T0, MK-T2.5, MK-T5 and MK-T10. For 
instance, MK-T10 indicates sisal fibers used to reinforce the geopolymeric matrix have been previously treated in 10 % NaHCO3 
solution. 

2.3. Three-point bending tests 

Prismatic samples (40 mm×40 mm x 160 mm) were tested under three-point bending loading, by using a universal testing machine 
ETM-C (WANCE, Shenzhen China), equipped with a 50 kN load cell. The span length was set equal to 100 mm and a pre-load of 10 N 

Fig. 1. FT-IR spectra of untreated and treated sisal fibers.  
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was applied at the beginning of each test to stabilize the testing fixture. All the quasi-static tests were carried out in displacement 
control setting the rate equal to 1 mm/min rate, according to EN 1015–11 standard. Five specimens were tested for each condition 
investigated. 

The fracture surface features of geopolymer composites and treated and untreated natural fibers were examined using a FEI Quanta 
600 ESEM microscope operating at 20 kilovolts. To prevent electrostatic charging during the scanning electron microscopy (SEM) 
analysis, all specimens were coated with a thin layer of gold. 

3. Results and discussion 

3.1. Sisal fibers 

3.1.1. Functional groups analysis 
With the purpose of evaluating the functional groups modification induced by the mildly alkaline treatment, Fig. 1 compares the 

FTIR spectra of sisal fibers treated at varying NaHCO3 concentration (i.e., T2.5, T5 and T10, respectively) and untreated fibers (i.e., T0) 
as reference. 

The spectrum of untreated sisal fiber (i.e., T0 batch) allows emphasizing the most important transmittance peaks, which charac-
terize the natural fiber. Starting from high wavelengths, the wide peak with a maximum at 3330 cm− 1 can be attributed to the O-H 
stretching vibration and hydrogen bond of the hydroxyl groups [32]. The two peaks at 2922 cm− 1 and 2853 cm− 1 are indicative of the 
C-H stretching vibration (methylene CH2, and aliphatic saturated CH, respectively) in cellulosic and hemicellulose molecules [33]. 
Instead, the stretching vibration of the C––O carbonyl group binding the carboxylic acid in lignin or the ester group in hemicellulose is 
responsible for the appearance of a broad and distinct absorption band centered at 1726 cm− 1 [34]. Furthermore, this peak can be 
ascribed to pectin and waxes scattered in the sisal fiber, according to [35]. 

The broad and relevant peak centered at 1596 cm− 1 can be associated to the presence of water in the lignocellulosic fibers [36], 
while the smaller peak at 1503 cm− 1 is caused by the C––C stretching of the functional group of alkenes (i.e., lignin) [37]. The 
absorbance at 1424 cm− 1 is due to the symmetric bending of CH2 in cellulose, hemicellulose and lignin [38], whereas the absorbance 
peaks at 1367 cm− 1 and 1314 cm− 1 can be ascribed to the bending vibration of the C-H and C-O groups of the aromatic ring in 
polysaccharides [39]. The C-O stretching vibration of the acetyl group in lignin is responsible for the absorbance peak at 1241 cm− 1 

[40]. Additionally, two extremely bright peaks can be observed at 1105 cm− 1 and 1029 cm− 1, which can be associated with the 
stretching vibration of the C-O-C of the pyranose ring in the polysaccharides [41] and hydroxyl and ether groups in cellulose [42]. The 
peak at 897 cm− 1 is attributed to the presence of b-glycosidic linkages between the monosaccharides [43]. 

The impacts of NaHCO3 treatment on sisal fiber surfaces were likewise assessed by FTIR spectra modifications (as shown in Fig. 1). 
In order to compare all transmittance spectra, the FTIR peaks are baseline corrected to the peak at 3330 cm− 1. From the comparison, it 
is possible to observe that the signal at 1730 cm− 1, attributable to the carbonylic group C––O stretching vibration of carboxylic acid 
linkage in lignin or ester group in hemicellulose, waxes and oils, is not observable in the spectra of treated fibers, regardless of the 
solution concentration. These considerations disclose that the NaHCO3 treatment allows the partial removal of hemicellulose from the 
fiber surface [22,44] and waxes may be partially decomposed during the process, thus directly affecting the surface characteristics of 
the fiber itself [45]. 

Fig. 2. XRD patterns of untreated and treated sisal fibers.  
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Furthermore, the peak centered at 1241 cm− 1 is less visible for treated fibers than for untreated ones. As mentioned above, this 
peak can be ascribed to the C-O stretch of the acetyl group of lignin, and it is lowered because lignin is partly removed from the fiber 
surface [46]. Overall, the main effects of the mildly alkaline treatment in sisal natural fibers consist in the removal of hemicellulose as 
well as the decrease of lignin content from sisal fibers. 

The removal of these compounds as well as of impurities, wax and fatty substances from the fiber surface leads to fibrillation and 
consequent reduction of fibers diameter, thus increasing their aspect ratio. Furthermore, the mechanism of action of alkaline treatment 
consists in the disruption of hydrogen bonds on the fiber surface, thereby increasing its roughness [47] 

All these effects contribute to make natural fibers more compatible with hydrophobic polymers: i.e., the enhanced chemical and 
mechanical compatibility strengthens the interfacial fiber-matrix bonding, thus leading to significant enhancements in the mechanical 
properties of the composites. 

3.1.2. Crystalline structure observation 
The XRD patterns of raw and treated fibers are illustrated in Fig. 2. 
The X-ray diffraction (XRD) analysis revealed a prominent and distinct crystalline peak for the sisal fiber, corresponding to the 

crystallographic planes (200) and (110) of the cellulose, at high (i.e., ~22◦) and low (i.e., ~16◦) scattering angles, respectively. 
Interestingly, after subjecting the fiber to the mildly alkaline treatment, the position of the (200) peak slightly shifted towards higher 
angles. This shift indicates a soft reduction in the interplanar spacing of the (200) planes [48]. 

The findings of the study indicate that the treatment using low concentrated solution leads to an enhancement in the (200) peak 
intensity. This increase suggests a higher level of crystallinity in the modified fibers. It is proposed that this improvement in crys-
tallinity may be attributed to the rearrangement of cellulose molecules following the removal of substances such as hemicellulose, 
lignin, pectin, and others through various treatments [49], in accordance with FTIR results. 

When sisal fibers are treated with an alkaline solution, the alkali molecules attack the amorphous components of the fibers, namely 
hemicelluloses and lignin. These amorphous components are responsible for the surface roughness and hydrophilic nature of the fibers, 
which can hinder their adhesion to polymer matrices [50]. 

By removing these amorphous components, the mildly alkaline treatment exposes the crystalline cellulose, which is hydrophobic 
and has better bonding properties. Furthermore, this removal of amorphous components leads to an increase in the fibers crystallinity, 
as more of the fiber’s structure is organized into crystalline regions. 

However, these findings clearly indicate that the chosen treatment conditions are suitable to avoid the triggering of crystalline 
cellulose degradation phenomena. Indeed, a too aggressive alkaline environment can lead to unwanted decreases in the overall 
crystallinity of the fiber itself [51], mainly due to the hydrolysis of cellulose chains, which breaks them into smaller fragments [52]. 

To confirm these statements, the empirical Segal equation was used to calculate the reported crystallinity index (CI) values for all 
samples, as shown in Table 1. it can be observed that the eco-friendly treated fibers have CI of about 3 % higher than untreated one. 

3.1.3. Morphological analysis 
Fig. 3 compares the SEM images at different magnifications of raw and treated sisal fibers. 
By analyzing Fig. 3a), it can be observed that untreated fibers are characterized by cellulose microfibrils, oriented longitudinally in 

parallel alignments, bound together through a layer of hemicellulose, lignin and waxes. On the other hand, treated sisal fibers showed 
different surface appearance: i.e., the increase in the concentration of the alkali solution determines a progressive surface deterioration 
of the fiber, which modifies its morphology. 

Fig. 3b) evidences that slight fiber deterioration is observable when it is soaked in less concentrated solution (i.e., T2.5 batch). The 
removal of some surface constituents, such as waxes, cuticles and globular particles, generates some pits on the fiber surface with the 
beginning of the formation of grooves takes place [53]. However, the surface is still quite smooth, very similar to that of untreated 
fibers: i.e., it can be assumed that the treatment condition was not suitable to induce significant surface modifications. 

As clearly shown in Fig. 3c), by increasing the solution concentration to 5 wt% (i.e., T5 batch), the fiber surface degradation begins 
to become noteworthy. In particular, the protective layers of lignin and hemicellulose were at least partially destroyed, as evidenced by 
the fibrils separation and the exposure of the helical structure of cellulose microfibrils, made of square-shaped spirals. This partial 
degradation of the lignin and hemicellulose matrix resulted in a rougher surface, which can improve the available contact area and 
adhesion between the fiber and the geopolymer matrix. 

Finally, Fig. 3d), which shows the longitudinal view of sisal fiber treated in 10 wt% NaHCO3 solution (i.e., T10 batch), highlights 
that the fibrillation is further increased. However, the onset of superficial damage of the fiber itself is also observed. In particular, 
damage or stripping of the microfibrils can be noticed, due to the partial removal of non-cellulosic materials from the external layer. 

Table 1 
Crystallinity index values of untreated and treated sisal 
fibers.   

Crystallinity Index [%] 

T0  53.4 
T2.5  56.7 
T5  56.1 
T10  56.2  
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This reveals the internal cellulosic microfibrils thus contributing to the fibrils separation. 
Overall, the degradative action of the alkaline treatment consists of different phases, whose kinetics are strictly related to the 

exposure time and to the aggressiveness of the solution. The first step brings to the degradation of lignin and part of the hemicellulose 
content, followed by stripping of cellulose microfibrils and then by alkaline hydrolysis of the amorphous regions of the cellulose. 

Therefore, the inadequate choice of treatment conditions such as immersion time or concentration of the solution can imply the 
activation and evolution of significant and irreversible degradation phenomena on the natural fiber. This could have a harmful effect 
on the mechanical performances of the fiber and represents a warning to pay attention in order to define a threshold value for the fiber 
treatment to be applied. 

3.1.4. Single-filament tensile tests 
By observing the typical stress-strain curves shown in Fig. 4, it can be observed that, regardless of the treatment condition, sisal 

fibers exhibit mainly brittle behavior with a sudden and relevant load drop at first crack triggering. Although, the analysis of the single 
filament tensile test was difficult cause of the high scatter of the data. Indeed, by considering the wide chemical-physical variability of 
natural fibers as well as their structural and geometric intrinsic heterogeneity, it is widely known that the mechanical properties of the 
fibers are highly scattered and characterized by a wide dispersion of data [54,55]. Furthermore, this distribution is also related to 
anthropic characteristics (difficult to be parameterized) such as soil conditions, extraction or drying process. Consequently, the 
application of statistical approaches (such as Weibull distribution) represents a potentially effective strategy for specifically evaluating 

Fig. 3. Morphological images of a) T0, b) T2.5, c) T5 and d) T10 fibers.  
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the test results and being able to better correlate the results acquired from different batches of treated and untreated fibers [56]. 
In such a context, Fig. 5 compares the Weibull distributions of the tensile strength of raw and treated sisal fibers, showing the plots 

of ln/-ln(1-F(σ))) versus ln(σ) with a least square fit for the best fitting line. The Weibull model was applied on all batched exhibiting a 
good fitting of the experimental data, regardless of the treatment condition, meaning that the Weibull distribution offers a reasonable 
approximation of the tensile strength. 

Fig. 5 presents the statistical characteristics of tensile strength for raw and treated fibers. It is evident that the tensile strength 
decreases with increasing the concentration of the NaHCO3 solution. In particular, T10 batch exhibited a reduction of the scale 
parameter of 17.4 % in comparison to untreated fibers (i.e., T0 batch). 

Fig. 4. Typical tensile stress versus strain curves of untreated and treated sisal fibers.  

Fig. 5. Weibull distribution of tensile strength (x) for a) T0, b) T2.5, c) T5 and d) T10 fibers.  
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This can be partially attributed to the modifications induced in the chemical composition of sisal fibers after the soaking in the 
NaHCO3 solutions, which effectively removed the non-cellulosic components such as hemicelluloses and lignin, as clearly revealed by 
FTIR analysis. 

Furthermore, the mildly alkaline treatment causes detrimental effect on the fiber morphology that evidences the presence of some 
pits on the surface with the consequent formation of evident grooves. As shown by SEM images, these morphological modifications are 
more evident with increasing the alkalinity of the sodium bicarbonate solution. 

All these effects induced by the proposed treatment can help us to explain the slight average reduction in the tensile strength 
experienced by treated sisal fibers in comparison to untreated ones. 

The scale parameter (or spread, η) is related to the mean stress at failure. It is defined in Weibull analysis as the stress at which 
63.2 % of the fibers under consideration broke. By evaluating in detail the data reported in Table 2, it is possible to notice that the trend 
of this parameter is in accordance with that of the mean value. 

On the other hand, the shape parameter (or Weibull modulus) can be used to evaluate the surface integrity of the treated surface. 
The higher the shape parameter, the narrower the distribution of the fiber strength values. For natural fibers, which are characterized 
by large data dispersion, the Weibull modulus is usually ranging between 1 and 6 [48]. For raw and treated sisal fibers investigated in 
the present work, the calculated shape parameter ranges between 1.9 and 2.3, compatible with other natural fibers. 

Furthermore, the interquartile range (i.e., IQR parameter in Table 2) is related to the spread of the middle half of the failure stress 
distribution of the fibers. It is calculated as the difference between the upper Q3 and lower Q1 quartiles, hence it identifies the width of 
the range of values that contains the middle-half of the data. It was found that this parameter decreases by increasing the solution 
concentration. 

This confirms that the distribution of the stress at failure values is more compact more concentrated towards the peak value of the 
bell-shaped distribution of data. 

This finding, as also confirmed by the standard deviation values, indicates that treated fibers are more homogeneous and therefore 
characterized by a lower dispersion of their mechanical performance compared to raw ones. 

With the aim of better evaluating the statistical peculiarities related to the fiber failure values, the cumulative probability function 
of the tensile strength of treated and untreated fibers is shown in Fig. 6. The evolution of the cumulative probability function related to 
untreated fibers (i.e., T0 batch) is shifted toward higher values than those of treated ones, thus confirming that the surface treatment 
led to a reduction of the stress at failure of sisal fibers. At the same time, a slight increase of the curve slope can be also identified (i.e., 
more evident for T10 batch), ascribed to a narrow dispersion of the data around the average value. 

A fitting with a two parameter Griffith’s model was also done to assess the evolution of the tensile strength (σ) as a function of fiber 
diameter (d) for all the investigated fiber batches. In particular, the Griffith empirical model relates the variation of the mechanical 
performance with the fiber diameter according to the following expression: 

σ(d) = A+

(
B
d

)

(1)  

Where A and B are two fitting constants. 
As shown in Fig. 7, the superimposed dotted red lines (drawn applying the Griffith model) reveal a decrease in the fiber strength at 

increasing the diameter. This is justified by considering that natural fibers with large cross-sectional area show an higher number of 
flaws and defects than fibers having smaller cross-sectional area [57]. Furthermore, it can be observed that there is a good agreement 
between the Griffith curves and the experimental data, indicating that the model can suitably predict the mechanical characteristics’ 
dependency with the fiber size. 

However, a greater dispersion in the distribution of the tensile strength values as function of fiber diameter can be identifiable for 
the T2.5 batch, in comparison to the other batches of fibers treated in higher concentrated sodium bicarbonate solutions (i.e., T5 and 
T10 batches). This result can be ascribed to the use of a non-effectively aggressive alkaline solution: i.e., it doesn’t allow an adequate 
surface cleaning of the fiber thus achieving only locally the dissolution of the surface waxes, hemicellulose and lignin, as already 
evidenced by SEM images. The consequence is a not effective correlation between the failure tensile strength and fiber diameter, 
whereas T5 and T10 batches evidenced a good experimental correspondence between these two parameters. 

Table 2 
Characteristic statistical parameters for tensile strength of untreated and treated sisal fibers.   

Tensile Stress  

T0 T2.5 T5 T10 

Scale Parameter [MPa]  1136.2  989.8  966.3  938.6 
Shape Parameter  2.3  2.1  1.9  2.1 
Mean Value [MPa]  1010.3  879.8  869.8  834.4 
Standard Deviation [MPa]  509.0  488.1  479.0  454.6 
Median [MPa]  939.3  718.7  683.0  649.3 
IQR  835.5  752.5  677.5  671.1 
Correlation  0.95  0.90  0.93  0.95  
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3.1.5. Thermal stability 
Fig. 8 shows the results of the thermogravimetric analysis performed on untreated and treated sisal fibers. 
Both figures clearly evidence that untreated and treated fibers show a first peak due to the water evaporation in the range 30 ◦C - 

Fig. 6. Cumulative probability function of tensile strength for treated and untreated sisal fibers.  

Fig. 7. Experimental data and Griffith model (i.e., dotted line) for tensile strength for a) T0, b) T2.5, c) T5 and d) T10 fibers.  
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150 ◦C. In this temperature range the loss in weight was about 9.3 %, 7.2 %, 7.5 % and 8.4 %, for T0, T2.5, T5 and T10, respectively. 
This confirms the reduction of the fiber hydrophilicity after the mildly alkaline treatment. 

Afterwards, all the curves (i.e., regardless the treatment condition) shows two thermal degradation phases. In particular, the onset 
degradation temperature of all sisal fibers is about 250 ◦C and the first degradation peak, caused by the depolymerization of hemi-
celluloses and pectin and the glycosidic linkages of cellulose, is centered in the range about 290 ◦C-300 ◦C for all the investigated 
fibers. This peak is clearly observable in the DTG curve of untreated fibers whereas it tends to disappear for treated fibers. During this 
degradative step, it is worth noting that the weight losses experienced by T0, T2.5, T5 and T10 samples were equal to 39.4 %, 36.4 %, 
35.8 % and 37.2 %, respectively. These findings are in accordance with the results of FTIR, which clearly showed the reduction of 
hemicellulose content due to the soaking of sisal fibers in NaHCO3 solutions. 

Finally, the degradation of α-cellulose can be noticed by observing the final peak between 335 ◦C and 348 ◦C for all the investigated 
fibers. No specific peak can be attributed to the lignin degradation, because this component is characterized by a complex structure of 
aromatic rings with various branches. Hence, its degradation occurs slowly in the entire temperature range. 

Overall, the thermal analysis confirms that, similarly to mercerization, the mildly alkaline treatment allows to partially remove the 

Fig. 8. a) TG and b) DTG curves of untreated and treated sisal fibers.  
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hemicellulose from sisal fibers. On the other hand, no statement about the lignin reduction can be argued because no peak related to 
the degradation of this component can be observable from room temperature to 1000 ◦C. 

3.2. Geopolymer composites 

The comparison of flexural stress versus strain curves shown by the investigated geopolymer composites is preliminarily reported in  
Fig. 9. 

Overall, the solution concentration (i.e., aggressiveness) led to three main effects on the mechanical behavior of geopolymer 
composites reinforced with treated sisal fibers:  

I. Elastic regime. At low strain values, the linear-elastic zone, strictly correlated to the sample stiffness, slightly increases its slope 
with increasing the solution aggressiveness. This indicates that the soaking of sisal fibers in sodium bicarbonate positively 
affects the stiffness of the composite geopolymers;  

II. Deflection-hardening regime. At intermediate strain values, the stress versus strain curve partially loses its linear trend after the 
first-crack triggering in the composite geopolymer. Furthermore, we can observe a monotone trend until the maximum stress 
value is reached. The addition in the geopolymer composite of treated sisal fibers induces a relevant increase in the maximum 
strength, which reaches its highest value for MK-T10 samples (i.e., 4.16 MPa, about 2 times higher than that of MK-T0 samples, 
reinforced with untreated fibers);  

III. Deflection-softening regime. Once the maximum stress is reached, a progressive decrease in the composite strength at increasing 
strain occurs. In particular, the post-peak branch is characterized by a progressive decline in the mechanical stability of all the 
investigated composites, mainly due to the coalescence and propagation of cracks within the material. It is worth noting that 
geopolymer composites reinforced with treated fibers (i.e., MK-T2.5, MK-T5 and MK-T10) evidenced by higher stress values in 
this region as well as less pronounced performances decay, thus indicating better stability to crack propagation in comparison to 
the untreated sisal fiber reinforced geopolymer (i.e., MK-T0). 

According to other literature papers [15,58], the beneficial effects of the fiber treatment on the improved mechanical performances 
can be attributed to a synergistic action of fiber modification and improved fiber-matrix interfacial adhesion. As widely evidenced 
through several fiber characterization methods, the mildly alkaline treatment promotes the depletion of hemicellulose and lignin 
content in sisal fibers, similarly to mercerization [22]. Furthermore, the alkaline treatment increases the surface roughness of sisal 
fibers, causing their fibrillation. This enhances the interfacial adhesion between the natural fibers and the surrounding geopolymeric 
matrix, with a similar effect achievable through mercerization [21]. 

In this context, the inorganic matrix can more easily penetrate and interact with the fiber increasing the mechanical interlocking 
and the chemical adhesion between these constituents [18]. As a result, beneficial effects on stiffness, strength and post-cracking 
stability of geopolymer composites were achieved [59]. It important to underline that is behavior may not be considered as pre-
dictable by taking into account that sisal fibers progressively modify their morphology after the sodium bicarbonate treatment: i.e., 
they lose the geometric regularity and structural texture. It was also evidenced that this modification implied the reduction in the 
tensile strength of the fibers themselves. 

However, the mechanical results of geopolymer composites clearly evidenced that the driving force that mainly affects their 

Fig. 9. Typical flexural stress versus strain curves of geopolymer composites.  
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mechanical performances is the stress transfer ability at the fiber-matrix interface. Consequently, a stronger interfacial bond enhances 
pull-out resistance and contributes to improved strength and bridging during crack propagation.[60]. 

From the mechanical point of view, as shown by the stress versus strain curves reported in Fig. 9, the hardening and softening 
regimes play a key role in amplifying the toughness shown by the composite geopolymers (identifiable as the area under the stress- 
strain curve). 

To this regard, further mechanical features can be identifiable from three-point bending curves in order to better assess the impact 
of sisal treatment on the toughness of the investigated composites [61]. 

According to the schematization shown in Fig. 10, it is possible to detect the peak load value (i.e., Pmax, identified by point A) as 
well as the load values reached when the sample deflection δ is equal to L/100 (i.e., PL/100, point B) and L/40 (i.e., PL/40, point C). By 
considering that the sample length L is equal to 100 mm, the threshold deflection values are equal to 1 mm (point B) and 2.5 mm (point 
C), respectively. This means that points B and C allow to graphically identify the residual load values suffered by the sample when its 
deflection is equal to 1 mm and 2.5 mm, respectively. Furthermore, the toughness values related to the same points, defined as TL/100 
and TL/40, can be calculated. 

On this regard, Table 3 summarizes the average values and the standard deviation (reported in round brackets) of the main flexural 
features shown by all the investigated geopolymer composites, both in deflection-hardening and deflection-softening regimes. This 
table also reports the maximum stress values (σmax) and the related strain (εσmax) when the maximum stress is achieved. 

It is worth noting that all load values (i.e., Pmax, PL/100, and PL/40) as well as the maximum stress one (i.e., σmax) rise as the solution 
concentration increases, due to the enhanced capacity to withstand the applied stresses evidenced by treated sisal fibers in comparison 
to untreated ones. In particular, the high crack-bridging action furnished by treated fibers during the crack opening phase, can be 
considered as the main key factor to achieve higher load bearing capacity [62]. 

In particular, the MK-T10 batch exhibited an average peak load value during the deflection-hardening regime equal to 1626 N, i.e., 
about 600 N higher than that shown by MK-T0. Indeed, geopolymer composites reinforced with sisal fiber treated in low concentrated 
solutions (i.e., MK-T2.5) show an average Pmax value equal to 1377, i.e., more than 350 N higher than untreated one (MK-T0). This 
result confirms the relevant beneficial effect induced by the green surface treatment in the fibers also by using not very aggressive 
alkaline solution. This large discrepancy between treated and untreated composites is also amplified by evaluating in detail the load 
deflection-softening regime. By taking into account PL/40 as reference parameter, all the treated composites (i.e., MK-2.5, MK-T5 and 
MK-T10) are characterized by average values more than twice than the MK-T0 batch. Analogous consideration could be argued for PL/ 

100 parameter. These results confirm that the fibers surface treatment has also a marked impact in increasing the load bearing capacity 
of geopolymer composites during the deflection-softening regime. Therefore, the improved fiber homogeneity and interfacial fiber- 
matrix strength increases the pull-out resistance also enhancing the bridging action offered by short sisal fibers during the crack 
formation and propagation. The consequence is a significant improve in the energy required to cause the damage evolution and the 
related collapse of the composite. 

On the other hand, both δPmax and εσmax parameters are not clearly dependent on the fiber treatment conditions. Given that these 
parameters are significantly related to first crack activation in the matrix, they could be more influenced by the mechanical properties 
of the metakaolin based geopolymer than sisal fibers used as reinforcement [63]. 

With the aim of better highlighting how the fiber treatment allows to increase the energy required for the damage evolution 
(Fig. 11). compares the toughness values measured in correspondence of points B and C in Fig. 10 (i.e., TL/100 and TL/40), at varying the 
concentration of NaHCO3 solution. The toughness was determined by measuring the area under the load versus deflection curve up to 
L/100 (i.e., orange diamond markers) and L/40 deflection values (i.e., gray circle markers), respectively. 

First of all, it can be noticed that all treated geopolymer composites show higher toughness values than that of the untreated one. 

Fig. 10. Schematization of load-deflection curve for a composite geopolymer under three-point bending test.  
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Furthermore, both parameters exhibit a distinct monotone trend. In particular, a NaHCO3 concentration equal to 10 wt% resulted in 
TL/100 and TL/40 values which are about 55 % and 80 % greater than those of MK-T0 composite, respectively. In the deflection- 
hardening and deflection-softening regimes, the flexural features of geopolymer composites are greatly affected by the role against 
the crack propagation played by treated sisal fibers [64]. 

As widely demonstrated, the NaHCO3 based treatment is able to remove impurities and waxy substances from the fiber surface, thus 
exposing more active sites for bonding with the surrounding geopolymer matrix [22,27]. At the same time, the treatment partially 
removes hemicellulose that can act as stress concentrators, being an amorphous polysaccharide promoting defects in the fiber structure 
[65,66]. All these effects greatly contribute to the enhancement of fiber-matrix adhesion, thus leading to more effective stress transfer 
between them and, as a consequence, resulting in improved composite strength and toughness. In this regard, the increase of the 
surface roughness of the fiber also impacts beneficially on the mechanical performance of the geopolymer composites. In particular, it 
promotes the mechanical interlocking between sisal fibers and matrix, further enhancing the composites’ resistance to crack propa-
gation in addition to improving their overall toughness [67]. 

The improved mechanical properties (i.e., particularly the enhanced toughness) shown by geopolymers reinforced with sisal fibers 
previously treated through sodium bicarbonate solution, prove that this eco-friendly treatment represents an effective approach to 
develop high-performance composites for a variety of applications in the construction field. The enhanced toughness and strength of 
these composites suggest their suitability for use in structural components, building panels, and other demanding applications where 
durability and resilience are crucial. 

Table 3 
Main features of geopolymer composites subjected to three-point bending test.   

Deflection-Hardening  Deflection-Softening  

Pmax 

[N] 
δPmax 

[mm] 
σmax 

[MPa] 
εσmax 

[%]  
PL/100 

[N] 
PL/40 

[N] 

MK-T0  1012 
(214)  

0.68 
(0.11)  

2.38 
(0.45)  

1.61 
(0.26)   

894 
(231)  

465 
(103) 

MK-T2.5  1377 
(216)  

0.72 
(0.27)  

3.30 
(0.51)  

1.71 
(0.63)   

1339 
(214)  

1009 
(197) 

MK-T5  1477 
(117)  

0.59 
(0.13)  

3.48 
(0.30)  

1.41 
(0.31)   

1360 
(141)  

958 
(137) 

MK-T10  1626 
(255)  

0.83 
(0.08)  

3.92 
(0.63)  

1.98 
(0.20)   

1532 
(181)  

1141 
(127) 

* the standard deviation in round brackets 

Fig. 11. Evolution of geopolymer composites toughness values measured at specified L/100 and L/40 deflections.  
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4. Conclusion 

The study investigated the effects of a mild alkaline treatment using sodium bicarbonate (NaHCO3) on the surface chemistry, 
morphology, mechanical properties, and thermal stability of sisal fibers. The treated fibers were then incorporated into geopolymer 
composites to evaluate the improvement in their mechanical performance. The main findings can be identified in:  

• Fiber Treatment: The NaHCO3 treatment effectively removed hemicellulose and partially removed lignin and waxes from the sisal 
fiber surface. This treatment increased the surface roughness and induced fiber fibrillation, enhancing the potential for better 
bonding with the geopolymer matrix.  

• Fiber Properties: Although the treatment improved the interfacial bonding potential, it also slightly decreased the tensile strength 
of the treated fibers compared to the untreated ones.  

• Geopolymer Composites: The geopolymer composites reinforced with treated sisal fibers exhibited an improved of 53 % in flexural 
strength and 82 % in toughness compared to the composites with untreated fibers. This improvement is attributed to the enhanced 
fiber-matrix interfacial adhesion due to the surface modifications of the treated fibers.  

• Treatment Optimization: While a low concentration might not be aggressive enough to achieve significant surface modification, a 
very high concentration could lead to excessive fiber degradation and compromise its mechanical properties. Thus, an optimal 
weight concentration of 10 % for the NaHCO3 solution was identified. 

Overall, the study demonstrates that a mild alkaline treatment with NaHCO3 can be a viable approach to improve the interfacial 
bonding between sisal fibers and geopolymer matrices, leading to enhanced mechanical and toughness performance of the resulting 
composites. 
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[18] K. Sankar, A.C. Constâncio Trindade, W.M. Kriven, The influence of alkaline treatment on the mechanical performance of geopolymer composites reinforced 
with Brazilian malva and curaua fibers, J. Am. Ceram. Soc. 106 (2023) 339–353, https://doi.org/10.1111/jace.18716. 
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