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 10 

ABSTRACT 11 

Vegetable fibers have been identified as a potential solution to the brittle behavior of 12 

geopolymers. However, these binders are activated by alkaline solutions, which can 13 

degrade the fibers over time and compromise the performance of the composite. This 14 

study investigates the impact of different alkaline activators and matrix dosages (low vs. 15 

high free ion concentration) on the durability of sisal fiber-reinforced geopolymer 16 

composites. Aged composites were evaluated through three-point bending tests and water 17 

absorption measurements. The fibers removed from the matrix were evaluated by TG and 18 

fibers immersed in the activating solution were analyzed by FTIR. The results show that 19 

sisal fibers can enhance the specific energy of the composites. However, mechanical tests 20 

revealed a significant reduction—up to 55.82%—in specific energy for composites with 21 

high free ion concentration, which were exposed to outdoor conditions for six months. 22 

TG analysis highlighted the impact of free alkaline ions on the degradation of non-23 

crystalline components and cellulose in the fibers. FTIR analysis revealed the evolution 24 

of fiber degradation following immersion in alkaline solutions. SEM analysis further 25 

showed the presence of voids at the fiber-matrix interface in composites with high free 26 

ion content. These findings suggest that improper dosing of geopolymer matrices can lead 27 

to the degradation of vegetable fibers, regardless of environmental exposure or the type 28 

of alkaline activator used. Optimizing the free ion content during matrix formulation can 29 

help mitigate, or even prevent, this degradation. A possible degradation mechanism is 30 

proposed. 31 

 32 
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1. INTRODUCTION 34 

Geopolymer binders can exhibit physical and mechanical properties equivalent to 35 

Portland cement while emitting less carbon dioxide (CO2) throughout their production 36 

cycle (Provis et al., 2014; Mohajerani et al., 2019). Currently, there are advanced studies 37 

on the production of pastes (Romagnoli et al., 2012), mortars (Latella et al., 2008; Alonso 38 

et al., 2017), concretes (Amorim Júnior et al., 2021), precast components (Provis, 2018; 39 

Singh et al., 2015), and self-compacting mixes (Santana et al., 2020) based on geopolymer 40 

binders. 41 

However, geopolymers are prone to brittle fractures (Alzeer et al., 2013; Yan et al., 42 

2016; Korniejenko et al., 2016), characterized by low energy absorption typical of 43 

ceramic materials, which necessitates reinforcement to overcome this limitation. 44 

Vegetable fibers (VF) have generated significant interest as potential reinforcements in 45 

geopolymer matrices. The advantages of vegetable fibers include their lower density 46 

compared to steel and glass fibers, renewable resources, availability in developing 47 

countries at a relatively low cost, and their diverse morphological and dimensional variety 48 

(Tonoli et al., 2009; Ferreira et al., 2015). 49 

Among the vegetable fibers used as reinforcement in geopolymer matrices are flax 50 

fibers (Alzeer et al., 2013; Lazorenko et al., 2020; Assaedi et al., 2017), cotton fibers 51 

(Korniejenko et al., 2016; Alomayri et al., 2013), sisal fibers (Correia et al., 2013; Alves 52 

et al., 2019; Wongsa, 2020), coconut fibers (Siddharth et al., 2016; Amalia et al., 2017), 53 

and pineapple fibers (Correia et al., 2013). Notably, in a recent literature review, Santana 54 

et al. (2021) highlighted that the durability of vegetable fibers has not yet been fully 55 

investigated, becoming a critical issue due to the fragile physical and chemical stability 56 

of these fibers in an alkaline environment. 57 

It is well established that Portland cement-based matrices can degrade vegetable 58 

fibers over time through two primary mechanisms that compromise fiber durability: 59 

alkaline hydrolysis and mineralization, both of which are associated with the by-products 60 

of Portland cement hydration (Toledo Filho et al., 2009; Melo Filho et al., 2013; Wei and 61 

Meyer, 2015). In this context, methods for protecting fibers from matrix alkalinity (Kabir 62 

et al., 2012; Lima et al., 2014; Ferreira et al., 2017), modifications of matrices to enhance 63 

chemical compatibility with lignocellulosic reinforcements (Lima and Toledo Filho, 64 

2008; Pizzol et al., 2014), and the effect of composite aging in natural environments (Dias 65 

et al., 2018; Almeida et al., 2013) have been research priorities in recent years. These 66 



studies have contributed to making the application of vegetable fibers in Portland cement-67 

based matrices a reality. 68 

Notably, hydrated calcium silicate (C-S-H) and portlandite (CH) are the primary 69 

products formed during Portland cement hydration (Gallucci and Scrivener, 2007). In 70 

contrast, geopolymers, which are binders based on aluminosilicate precursors, involve 71 

different chemical reactions (Provis and Bernal, 2014). During geopolymerization, the 72 

presence of a specific oxide "M" (such as Na2O or K2O) leads to the formation of M-A-73 

S-H (M-aluminosilicate hydrate). In systems with calcium-rich precursors, calcium oxide 74 

(CaO) can result in the formation of C-A-S-H gel (calcium aluminosilicate hydrate). The 75 

extremely alkaline environment of the aqueous phase of the mixtures in their fresh state 76 

and the alkalinity of the pore solution of the matrices in their hardened state are the 77 

predominant factors of alkali-activated mixtures that can affect the durability of vegetable 78 

fibers. Consequently, mechanisms developed to mitigate the degradation of vegetable 79 

fibers in Portland cement matrices are unlikely to be effective for geopolymers, since the 80 

phases formed in these matrices are not the same. 81 

The production of composites based on vegetable fibers and geopolymer matrices 82 

is constrained by the durability of this material. Understanding the behavior of fibers 83 

within geopolymer matrices is essential, particularly in light of climatic influences for 84 

assessment that can predict long-term performance. To address this, the interaction 85 

between vegetable fibers and geopolymer binders was thoroughly studied by evaluating 86 

composites produced with different alkaline activators after exposure in a natural 87 

laboratory environment and in a natural, outdoor environment. 88 

 89 

2. METHODOLOGY 90 

This study evaluates the durability of sisal fiber (Agave Sisalana) used as 91 

reinforcement in geopolymer matrices. The geopolymer matrices were prepared with 92 

varying levels of aggressiveness. The composites underwent natural aging and laboratory 93 

environment exposure. 94 

 95 

2.1. Fiber characterization 96 

The sisal vegetable fibers were previously washed in distilled water at 50°C and dried in 97 

an oven at 80°C for 48 hours to remove superficially impregnated sugars, thus preserving 98 

fiber-matrix adhesion. Fiber samples cut to approximately 1 mm were evaluated by X-99 



ray diffraction, with diffraction spectra obtained over a scanning range (2θ) from 5° to 100 

50° (Figure 1a). The crystallinity index (𝐶𝑟𝑙) was calculated according to Equation 1, 101 

where 𝐼𝑐𝑟 is the intensity of the peak of the most crystalline cellulose plane, representing 102 

the crystalline region (2θ between 22° and 23°), and IA is the peak intensity of the most 103 

intense amorphous region for cellulose (2θ between 18° and 19°). 104 

𝐶𝑟𝑙 =  𝐼𝑐𝑟 − 𝐼𝑎𝑚𝐼𝑐𝑟 × 100 
 (Eq. 1) 

 105 

Tensile strength, elongation at break, and Young's modulus were determined 106 

through stress-strain curves based on ASTM C1557 (2008). The test was conducted on 107 

15 samples of 50 mm long sisal fibers, using a displacement rate of 2 mm/min on an 108 

INSTRON universal testing machine, model 23-10, equipped with a 2 kN load cell. 109 

Displacement measurement was performed by tracking the equipment's crosshead 110 

movement, as the fibers' short length precluded using an extensometer. Only ruptures 111 

occurring near the central section were considered, eliminating the gripping effect on 112 

rupture. To calculate the cross-sectional area equivalent to a circle, the equivalent 113 

diameters of sisal fibers were determined using an optical microscope, defined as the 114 

average of three measurements distributed along the length of each fiber. The stress-strain 115 

curve is shown in Figure 1b. 116 

 117 

 118 

Figure 1 - (a) Diffractogram and (b) stress versus strain curve of sisal fiber. 119 

 120 

In determining the water absorption capacity of the fibers [𝐴(%)], bundles of fibers 121 

30 mm long and approximately 1 g weight were used and dried in an oven at 80°C until 122 

a constant mass was achieved, measuring the dry mass (𝑊1). Subsequently, the fibers 123 

were immersed in water, surface-dried with a damp cloth, and weighed after 48 hours of 124 



immersion, determining the wet mass (𝑊2). Water absorption was calculated according 125 

to Equation 2. 126 

 127 𝐴(%) =  𝑊2 − 𝑊1𝑊1 × 100 
 (Eq. 2) 

 128 

The fiber density (ρ) was determined using a helium gas pycnometer (AccuPyc II 129 

1340 Micromeritics). Table 1 provides a complete characterization of the sisal fiber. 130 

 131 

Table 1 - Physical, mechanical, and mineralogical characterization of sisal fiber. 132 𝐶𝑟𝑙  
(%) 

Stress (MPa) Strain (%) Young Modulus (GPa) A (%) ρ (g/cm²) 

69.99 466.86 ± 95.66   2.81 ± 0.29 16.55 ± 2.32 189.19 1.59 ± 0.04 

 133 

The characteristics determined for sisal fiber show values close to those observed 134 

in the literature (Wei and Meyer, 2016; Yan et al., 2016). It should be noted that, as it is 135 

a natural material, its characteristics cannot be fully controlled during harvesting and 136 

processing, leading to the large expected variation in physical and mechanical properties. 137 

 138 

2.2. Dosage and characterization of the matrix 139 

To assess the influence of dosage efficiency of alkali-activated matrices on fiber 140 

durability, prediction models for properties were employed, as established in a previous 141 

study (Santana et al., 2023). These models were determined using the statistical mixture 142 

design (SMD), employing Design-Expert® software, i-Optimal Custom Designs tool, and 143 

Best algorithm. Consequently, four formulations of geopolymers were established based 144 

on boundary conditions: 145 

i) GNamin – Geopolymeric matrix activated with sodium silicate solution, optimized to 146 

minimize the concentration of free alkali ions in the pore solution.; 147 

ii) GNamax – Geopolymeric matrix activated with sodium silicate solution, optimized to 148 

maximize the concentration of free alkali ions in the pore solution; 149 

iii) GKmin – Geopolymeric matrix activated with potassium silicate solution, optimized 150 

to minimize the concentration of free alkali ions in the pore solution. 151 

iv) GKmax – Geopolymeric matrix activated with potassium silicate solution, optimized 152 

to maximize the concentration of free alkali ions in the pore solution. 153 



The Metacaulim HP Ultra (MK) from Metacaulim do Brasil, and term-treated 154 

asbestos cement waste (ACWT) were used as precursors. The ACWT was carefully treated 155 

according to the methodology detailed in Carneiro et al. (2021). The activating solutions 156 

were produced with densified silica fume supplied by Companhia de Ferro Ligas da 157 

Bahia, sodium hydroxide (NaOH), and potassium hydroxide (KOH), with 98% purity. 158 

Table 2 presents the specific gravity of metakaolin, silica fume, and ACWT, determined 159 

by helium gas pycnometer (AccuPyc II 1340 Micromeritics), specific surface area 160 

determined by BET method on a Gemini VII Micromeritics Pycnometer, and chemical 161 

composition obtained by X-ray fluorescence using a Bruker S2 Ranger spectrometer. The 162 

precursor materials' average particle diameter (Da) was determined by dry laser 163 

diffraction (S3500 Microtrac). 164 

 165 

Table 2 - Chemical composition and physical properties of materials. 166 

Materials Metakaolin ACWT Silica fume 

Physical properties    

Skeletal density (g/cm3) 2.80 2.95 2.32 

BET specific surface area (m²/g) 30.52 6.68 15.15 

Da 20.29 18.80 - 

Chemical composition (%)    

SiO2 44.88 18.20 81.75 

Al2O3 42.86 4.06 1.41 

Fe2O3 4.82 2.35 4.90 

K2O 0.72 0.34 1.82 

SO3 0.13 1.66 0.51 

MgO 0.67 7.27 1.34 

MnO 0.11 - 0.13 

CaO - 48.69 0.29 

Others 1.41 1.13 3.46 

Loss on ignition (1000 °C) 4.23 16.30 4.40 

 167 

Metakaolin is predominantly composed of alumina and silica, essential for M-A-168 

S-H production. In contrast, ACWT is rich in calcium and can promote the formation of 169 

C-A-S-H, C-S-H, and portlandite. The use of these two precursors with different chemical 170 



compositions was motivated by the need to assess the durability of vegetable fibers with 171 

various compounds. 172 

Sodium and potassium silicate solutions were prepared in the laboratory to 173 

evaluate the influence of alkaline base (NaOH or KOH) on the durability of vegetable 174 

fibers. Liquid sodium silicate (LSS) was synthesized with 52% deionized water, 27% 175 

silica fume (SF), and 21% sodium hydroxide (NaOH) by mass (molar ratio SiO2/Na2O of 176 

1.33). Liquid potassium silicate (LKS) was produced with 49% deionized water, 27% SF, 177 

and 24% potassium hydroxide (KOH) by mass (molar ratio SiO2/K2O of 1.16). The 178 

silicate solutions were prepared with different compositions because NaOH showed 179 

greater efficiency in precursor material decomposition reactions in preliminary laboratory 180 

tests. The activating solution materials were manually mixed, the container was sealed 181 

with plastic film, and the solution was used after cooling to room temperature. 182 

The compressive strength (CS) of the pastes was determined on three cubic 183 

specimens measuring 40 mm per side per formulation after 28 days of curing in an 184 

environment with a temperature of (25 ± 2) °C and relative humidity of (65 ± 5) %. 185 

Testing was conducted using a servo-hydraulic press with a capacity of 1200 kN at a 186 

loading rate of 500 N/s. The density of the pastes (ρ) was measured using a helium gas 187 

pycnometer (AccuPyc II 1340 Micromeritics).  188 

Control of free alkali ions in the pore solution of the matrix was indirectly 189 

conducted by measuring the electrical conductivity of the residual solution (σ) obtained 190 

after samples were immersed in distilled and deionized water. The chemical composition 191 

of the residual solution was determined using a flame atomic absorption spectrometer 192 

(Varian, 220 FS). The mass fractions and characteristics of the formulations are presented 193 

in Table 3. 194 

Table 3 - Formulations of alkali-activated matrices used in the exposure test. 195 

Formulation 
Weight fraction Properties Chemical composition 

pH 
MK ACWT Ativador 

CS 
(MPa) 

ρ 
(g/cm²) 

σ 
(mS/cm) 

Ca 
(mg/L) 

Mg 

(mg/L) 

Na 

(mg/L) 

K 

(mg/L) 

GNamin 0.474 0.013 0.513 
60.35 
± 1.81 

2.35 ± 
0.006 

7.88 < 2 < 2 301 106 10.85 

GNamax 0.286 0.127 0.586 
40.42 
± 0.55 

2.14 ± 
0.003 

28.60 < 2 < 2 2753 43 10.10 

GKmin 0.490 0.000 0.510 
57.36 
± 2.89 

2.44 ± 
0.017 

7.58 < 2 < 2 222 107 10.76 

GKmax 0.252 0.148 0.600 
33.55 
± 0.03 

2.25 ± 
0.017 

28.50 < 2 < 2 243 8802 10.04 

 196 



2.3. Production and aging of the composites 197 

For the production of the composites, fibers were cut to a length of 25 mm, 198 

established based on the critical length (defined as the minimum length for stress 199 

accumulation equal to the breaking stress), determined in preliminary laboratory tests. A 200 

fiber content of 2.5% by mass of the precursor was used, a value determined based on the 201 

maximum proportion that did not affect the workability of the mixture. 202 

The four pre-dosed pastes were produced in a 5 L planetary mixer. Metakaolin 203 

and ACWT were mixed for 30 seconds, followed by the addition of the activating solution 204 

for another 30 seconds, and mixed for an additional 30 seconds. Subsequently, the mixer 205 

was turned off for 30 seconds to scrape the sides of the bowl and the mixer paddle. After 206 

this period, the mixer was turned on again, and sisal fibers were added to the mixture, 207 

which was kept running for another 30 seconds to homogenize the fibers with the paste. 208 

The process was conducted at a low speed (62.5 ± 5 rpm).  The composites were molded 209 

into prismatic forms with internal dimensions of 230 mm x 50 mm x 10 mm, ensuring 210 

homogeneous and dispersed fiber distribution. The molds were kept in a laboratory 211 

environment at (25 ± 2) °C and (65 ± 5) % relative humidity for 24 hours, followed by 212 

demolding and placement in the exposure environment (Fig. 2). 213 

Three composites per group were evaluated after exposure in a laboratory 214 

environment for 28 days (28Lab series), laboratory aging up to 120 days (120Lab series), 215 

and natural exposure aging up to 120 days (120Nat series). All groups remained in the 216 

laboratory for 28 days to ensure that all alkali-activation reactions had occurred before 217 

exposure. 218 

The samples were exposed on the terrace of the School of Engineering at the 219 

Federal University of Bahia, Brazil, located at latitude 12° 59 '58.30 " S and longitude 220 

38° 30' 37.07" W, according to the WGS 84 geodetic reference system. Based on the 221 

works of Dias (2005), and Almeida et al. (2013), the specimens were placed in galvanized 222 

steel supports facing true north, with a 45° inclination relative to the horizontal plane. 223 

The exposure period chosen involved daily precipitation and significant thermal 224 

fluctuations (see Figure 2), exposing the composites to repeated wetting and drying 225 

cycles. Samples designated for natural exposure were kept in the laboratory for 72 hours 226 

under the same conditions as the other samples, ensuring uniform moisture content across 227 

all specimens before testing. 228 

 229 



 230 

Figure 2 - Exposure conditions for the three groups of composites under study. 231 

 232 

2.4. Chemical analysis of fibers by FTIR 233 

To evaluate the chemical modifications of the fibers when exposed to the 234 

activating solutions, the reference fibers (as received) were divided into two groups: one 235 

immersed in the SSL solution and the other in the SSK solution. Samples were taken after 236 

10 minutes, 1, 6, 24, and 160 hours of immersion and analyzed by Fourier Transform 237 

Infrared Spectroscopy (FTIR). Fiber samples were cut to approximately 1 mm in length, 238 

and 2 grams of the samples were analyzed using Attenuated Total Reflectance (ATR). 239 

Data were collected in the 400 to 4000 cm⁻¹ wavenumber range using a Thermo Fisher 240 



Nicolet iS5 FTIR spectrometer equipped with a Specac Golden Gate Single Reflection 241 

Diamond ATR System. Each spectrum represents the average of 64 scans with a spectral 242 

resolution of 2 cm⁻¹. The spectra were normalized using the band centered at 3750 cm⁻¹ 243 

as a reference, which was not affected by the immersion of the fibers in the alkaline 244 

solution. 245 

 246 

2.5. Physical and mechanical evaluations of composites 247 

The capacity of water absorption (𝐶𝑊) of the composites after exposure to different 248 

environments was determined by measuring the dry mass (𝑊1) and the water-saturated 249 

mass (𝑊2) of three specimens per formulation and calculated using Equation 3. 250 

 251 

𝐶𝑊 =  𝑊2 − 𝑊1𝑊1 × 100 
 (Eq. 3) 

 252 

The dry mass of the specimens was obtained after drying in an oven for 72 hours at 253 

a temperature of 50 ± 2°C, and the saturated mass was determined after 48 hours of 254 

immersion in water. 255 

To determine mechanical properties, a 3-point bending test was conducted with a 256 

span between supports of 170 mm, using a displacement rate of 0.5 mm/min on an 257 

INSTRON universal testing machine, model 23-10, equipped with a load cell capacity of 258 

2 kN. The limit of proportionality (LOP) of the composites was determined from the load 259 

(N) versus deflection (mm) curve (Eq. 4). 260 

 261 

𝐿𝑂𝑃 = 𝐹𝑓𝐿𝑤ℎ² 

 
(Eq. 4) 

  262 

Where 𝐹𝑓 is the load at the point on the load-deflection curve where behavior 263 

becomes nonlinear (N), L is the distance between the supports (170 mm), w is the width, 264 

and b is the height of the cross-sectional area of the sample (mm). 265 

The absorbed energy during the test was determined by integrating the load versus 266 

deflection curve. The specific energy (SE) was determined at different deflection levels 267 

by the ratio of absorbed energy to the cross-sectional area of the samples:  268 



(i) SE(0-1) level between 0 and 1 mm of deflection, referring to the region before any 269 

cracking occurs, where the transfer of elastic stress is the dominant mechanism and 270 

longitudinal displacements of the fiber and matrix at the interface are geometrically 271 

compatible; 272 

(ii) SE(1-9)  level between 1 and 9 mm of deflection, referring to the region characterized 273 

by the appearance of multiple cracks supported by fiber anchoring. Subsequently, existing 274 

cracks begin to open, supported by the fiber length (25 mm). This widening is intensified 275 

at the central crack in the direction of the flexural load application; 276 

(iii) SE(10-20)  level between 10 and 20 mm, referring to the region where the bonds 277 

between fibers and the matrix are broken, resulting in a decrease in load with an increase 278 

in deflection of the composites. 279 

 280 

2.6. Thermogravimetric analysis 281 

Thermogravimetric analyses of sisal fibers removed from the composites were 282 

conducted using a Perkin Elmer TGA 4000 thermobalance under a nitrogen atmosphere, 283 

with a heating rate of 10 °C/min from 30°C to 900°C. Approximately 7.5 mg of fibers 284 

were used for each test. 285 

 286 

2.7. Microstructural analysis 287 

The microstructure of fractured sections of the composites was investigated using 288 

a Hitachi TM3030 scanning electron microscope. The microscope operated under an 289 

acceleration voltage of 15 kV. A thin carbon layer was applied to the samples to make 290 

them conductive and suitable for analysis. Additionally, the polished section was 291 

analyzed after embedding in a polymer resin, facilitating observation of the interface zone 292 

between the matrix and the fiber. 293 

 294 

3. RESULTS 295 

3.1. Chemical analysis of fibers by FTIR 296 

Figure 3 presents the spectra of the fibers after immersion for 10 minutes, 1, 6, 297 

24, and 160 hours in the activating solutions LSS and LKS. The five main bands of the 298 

spectra for the fibers subjected to sodium- and potassium-based activating solutions were 299 

highlighted.  300 



 301 

Figure 3 – FTIR spectra for fibers immersed in solutions of (a) liquid sodium silicate (LSS) and 302 

(b) liquid potassium silicate (LKS), analyzed after 10 minutes, 1, 6, 24, and 160 hours. 303 

 304 

 305 

The first band (1), centered at the wavenumber of 3300 cm⁻¹, is associated with 306 

the intramolecular and intermolecular OH stretching of the lignin, cellulose, and 307 

hemicellulose molecules (Yang et al., 2007; Oudiani et al., 2017; Salim et al., 2021). The 308 

second band, located at the wavenumber of 2900 cm⁻¹, corresponds to the C–H stretching 309 

also in the cellulose, hemicellulose, and lignin molecules (Yang et al., 2007; Salim et al., 310 

2021). The third band (3), located around the wavenumber of 1550 cm⁻¹, is associated 311 

with the C=C stretching of the aromatic ring of lignin (Mohan et al., 2012; Kamarudin et 312 

al., 2020). The fourth band, at 1350 cm⁻¹, corresponds to CH₂ wagging in cellulose 313 

(Oudiani et al., 2017; Javier-Astete et al., 2021; Salim et al., 2021). The last band, 314 

centered at 1000 cm⁻¹, corresponds to the C–O–C stretching of cellulose and 315 

hemicellulose (Yang et al., 2007; Javier-Astete et al., 2021). Additionally, the band 316 

between 1650 and 1630 cm⁻¹, overlapping with the region indicating C=C stretching of 317 

the aromatic ring in lignin, is attributed to absorbed water in cellulose (Álvarez et al., 318 

2006). 319 



The first two bands, related to hydrogen bonding in hemicellulose, cellulose, and 320 

lignin, show a reduction in intensity with longer immersion periods. Hemicellulose and 321 

lignin are amorphous components that are easily degraded in alkaline solution, while 322 

cellulose is protected by the first two, making it the last to be compromised (Wei and 323 

Meyer, 2015). The third band, related to the stretching of the aromatic ring of lignin, did 324 

not show as significant changes as the first bands, indicating that the molecules 325 

composing lignin were not completely compromised by the alkaline solutions, a result 326 

that is more evident in fibers exposed to LKS. The bands in regions 4 and 5, related to 327 

chemical modifications in the cellulose, also showed slight reductions in intensity for 328 

fibers immersed in both solutions. Possibly, after the initial degradation of lignin and 329 

hemicellulose, the bonds that hold the cellulose microfibrils together may have been 330 

compromised, but the microfibrils remained stable, even after 160 hours of immersion. 331 

It is worth noting that immersing the fibers in alkaline solutions is an extreme 332 

condition, and in alkali-activated matrices, a large portion of the alkaline ions present in 333 

the solution will have reacted with the matrix and will no longer be available to promote 334 

this mechanism. On the other hand, the alkalinity at the time of mixing is analogous to 335 

the alkalinity of the activating solution. According to Santana et al. (2021), the pH of the 336 

metakaolin-based geopolymeric mixture activated by sodium silicate (silica fume, sodium 337 

hydroxide, and water) effectively decreases after about one hour. Thus, the decomposition 338 

of the fiber components, as indicated by the spectra obtained at 10 minutes and 1 hour, is 339 

expected to occur. Minimizing free ions in the solution within the matrix pores is one of 340 

the major challenges in studies of this class of binders, as it not only ensures the durability 341 

of materials used as reinforcement but also reduces the manifestation of efflorescence on 342 

the material surfaces. 343 

 344 

3.2. Composites water absorption capacity 345 

Figure 4 shows the water absorption capacity of the composites after exposure to 346 

the three proposed environmental conditions. 347 

It is known that composites produced with cementitious matrices and vegetable 348 

fibers exhibit higher water absorption than the matrix (PAGE et al., 2019), justified by 349 

the higher water absorption capacity of the fibers. The increased water absorption 350 

capacity indicates the increment in connected pores within the matrix, which in 351 

composites can be caused by the decomposition and leaching of fibers in the alkaline 352 



solution of the matrix pores or the leaching of matrix products due to cycles of 353 

environmental variations. 354 

 355 

 356 

Figure 4 – Water absorption capacity of the evaluated composites. 357 

 358 

It is noted that composites produced with matrices of higher alkaline aggressiveness 359 

(Namax and kmax) showed lower water absorption capacity after exposure in the laboratory 360 

environment (28Lab and 120Lab) than Namin and Kmin composites. This behavior can be 361 

attributed to the lower proportion of activating solution in the matrices of Namin and Kmin 362 

composites and, consequently, the higher viscosity of the paste, favoring the formation of 363 

voids during mixing with the fibers. 364 

In contrast, for the Namax and kmax composites after exposure to the natural 365 

environment (120Nat), the influence of weather conditions and weathering on the 366 

increase in water absorption capacity is evident. Increases of 79.6% and 70.6% were 367 

observed for Namax and kmax, respectively, compared to the same composite groups that 368 

remained in the laboratory for 28 days, and increases of 109.5% and 60.1% compared to 369 

composites that remained in the laboratory for 120 days. According to Juarez et al. (2007), 370 

variations in humidity and temperature can induce cracks and microcracks due to drying 371 

shrinkage of the matrix. These cracks facilitate moisture flow from the external 372 

environment, leaching products weakly bonded to the matrix structure. Moreover, 373 



moisture transport within the matrix can cause the dissolution of free alkaline ions, 374 

increasing the alkalinity of the water solution in contact with the vegetable fibers. 375 

Kani et al. (2012) highlighted that potassium-based geopolymers are less 376 

susceptible to efflorescence formation due to the strong bond of potassium within the 377 

geopolymers' structure, aligning with the observed result where composites produced 378 

with sodium-based matrix showed higher water absorption capacity. Indeed, a significant 379 

portion of the sample mass may have decreased after sodium leaching due to weathering 380 

actions. 381 

 382 

3.3. Mechanical evaluation 383 

Figure 5 shows the load versus deflection curves of the composites after exposure 384 

in the laboratory environment for 28 days (28Lab) and 120 days (120Lab) and after 385 

exposure in the natural environment for 120 days (120Nat). 386 

 387 

Figure 5 – Load versus deflection behavior for the composites exposed in the three 388 

different exposure conditions (28Lab, 120Lab and 120Nat). 389 



The geopolymeric composites reinforced with vegetable fibers exhibited the 390 

characteristic behavior of a Portland cement-based composite reinforced with vegetable 391 

fiber, as presented by Melo Filho et al. (2023). The curves obtained in the three-point 392 

bending test made it possible to determine the limit of proportionality (LOP) and the 393 

specific energy (SE) of the evaluated samples. 394 

 395 

3.3.1 Limit of proportionality (LOP) 396 

Figure 6 presents the LOP values obtained from the load versus deflection curves 397 

of the composites, highlighting the influence of both the exposure environment and the 398 

matrices on the observed values. 399 

When analyzing the LOP values, which refers to the stress where the first crack 400 

occurred at the end of the elastic-linear phase in the stress versus deflection curve, it is 401 

observed that the Namax and Kmax composites exhibited inferior performance compared to 402 

the Namin and Kmin composites, regardless of the exposure environment. The LOP is a 403 

property influenced by the stiffness of the matrix, and the matrices of Namax and Kmax 404 

composites were previously characterized with lower compressive strength and higher 405 

porosity. Furthermore, the high alkalinity of these matrices can induce fiber degradation 406 

processes, further contributing to the lower LOP values observed. 407 

 408 

 409 

Figure 6 – Limit of proportionality obtained from the load versus deflection curve. 410 

 411 



The Namax and Kmax composites exposed to the natural environment did not show 412 

well-defined first crack peaks. In Fig. 2, it can be observed that the composites were 413 

subjected to intense daily cycles of wetting and drying due to recurring precipitation 414 

during the exposure period. As discussed by Juarez et al. (2007), variations in humidity 415 

and temperature can lead to cracks and microcracks due to dimensional changes in the 416 

composite, meaning the matrices were already cracked at the beginning of the test, and 417 

the fibers temporarily bear the load applied to the composite. During the setting of 418 

cementitious pastes, vegetable fibers can absorb water and contribute to the shrinkage of 419 

the matrix, consequently compromising the adhesion between the phases of the composite 420 

(Ferreira et al., 2020), a predominant factor for Namax and Kmax, which have a higher 421 

proportion of liquid in their compositions. Additionally, Ballesteros et al. (2019) 422 

emphasize that vegetable fibers exhibit hydrophilic performance, which creates 423 

incompatibility and loss of adhesion at the interface between the fiber and the matrix, 424 

potentially exacerbated by the higher porosity of these composites. 425 

It is noted that for sodium-based matrices, the environment and exposure time 426 

were effective variables affecting the LOP of the composites, with the following intensity 427 

order observed: 28Lab > 120Lab > 120Nat. This behavior can also be explained by the 428 

weakening of the matrix caused by drying shrinkage over time, described in the literature 429 

as a common issue in geopolymeric matrices (Amorim Junior et al., 2021; Zhang et al., 430 

2022), which climatic variations can exacerbate. Additionally, there may be weakening 431 

of the vegetable fiber through alkaline hydrolysis (Wei and Meyer, 2015), enhanced by 432 

moisture in the natural environment and dimensional variations in the fibers (Melo Filho 433 

et al., 2013), leading to internal stresses in the matrix or discontinuities after degradation. 434 

Differing the LOP behavior observed for composites produced with sodium-based 435 

matrices, it is noted that Kmin showed a superior LOP result after 120 days of exposure in 436 

the laboratory environment compared to Kmin after 28 days under the same laboratory 437 

conditions. It was observed that this group of composites exhibited well-defined first 438 

crack load peaks, with a single crack opening in the center of the composite and a sudden 439 

transfer of load from the matrix to the fibers in this region. Before cracking, the bond 440 

between the fiber and the matrix is sustained by chemical adhesion and friction, which 441 

may have contributed to the load peak. Subsequently, the high stress transferred abruptly 442 

from the matrix to the fiber may have exceeded the shear stress between these two 443 

materials, causing a sudden reduction in the load that was subsequently recovered, 444 

indicating that the fibers still can support loads, even after 120 days in the matrix. 445 



In comparison between alkaline activators, it is noticeable that only in 28Lab are 446 

the LOP values for sodium-based matrices higher than those for potassium-based 447 

matrices. One hypothesis for the change in this behavior for 120Lab and 120Nat lies in 448 

the increased release of ions in the sodium-based matrices, which may have compromised 449 

the adhesion between phases, meaning the shear stress between the fiber and the matrix 450 

was reduced over time due to potential reactions between free sodium ions and the 451 

cellulose structure. 452 

 453 

3.3.2 Specific energy (SE) 454 

Specific Energy (SE) was determined through the area under the load versus 455 

deflection curve obtained in the 3-point bending test, analyzed at three deflection levels 456 

(Figure 7). 457 

 458 

 459 

Figure 7 – Specific energy determined for the groups of composites evaluated. 460 

 461 

To understand the behavior of the composites, it is necessary to consider that 462 

fibers are more effective in the post-cracking zone, acting as reinforcements in the 463 



cracked regions. In these areas, fibers can cause two effects on the matrix (Bentur and 464 

Mindess, 2006): i) deflection hardening, characterized by an increase in the composite's 465 

strength to values greater than the matrix's strength, achieved through stress transfer to 466 

the fibers; ii) deflection softening, increasing the toughness of the composite by absorbing 467 

energy through fiber pull-out, even with a decreasing load versus deflection curve after 468 

cracking. 469 

These behaviors are associated with a specific critical volume of fibers in the 470 

composite, where when the fiber volume equals or exceeds this critical volume, deflection 471 

hardening behavior is expected, as predominantly seen in the results depicted in Figure 472 

6. In this context, in addition to fiber behavior, the fiber volume also governs the specific 473 

energy of the composite. The fiber volume used in this study (2.5%) is higher than typical 474 

values observed in the literature for Portland cement-based matrices. The Kmin samples 475 

that exhibited deflection softening behavior in 120Lab were likely influenced by 476 

increased load on the matrix and abrupt transfer to the fibers after the first crack. 477 

Regarding specific energy, it is noted that the first deflection level (SE0-1), the 478 

region predominantly contributed by the matrix, shows more effective values for the 479 

Namin and Kmin composites produced with matrices optimized with higher compressive 480 

strength, lower porosities, and minimized free alkalis, aligning with the results observed 481 

for the LOP. 482 

The specific energy of the second level (SE1-10) represents the fiber's ability to 483 

absorb energy after the matrix rupture. It serves as an indicator of the bond strength 484 

between the fiber and the matrix, as well as the degradation of the fiber due to the action 485 

of free alkalis in the pore solution. As expected, the SE1-10 values were higher for the 486 

Namin and Kmin composites at 28 days. It is noteworthy that the SE1-10 value for Kmin at 487 

120Nat (2.99 kJ/m²) was 31.7% higher than the value obtained for the Namin composite 488 

under the same conditions, demonstrating that the Kmin composite exhibits superior 489 

performance even under the most critical environmental condition (120Nat). It is also 490 

noted that, even after 120 days of exposure to the natural environment, the Kmin 491 

composite exhibits between 3 and 5 cracks in the matrix (indicated by the abrupt reduction 492 

in load in the three-point bending test curves). After all cracks have occurred, the 493 

composite recovers its load-bearing capacity, achieving values higher than those at the 494 

first crack. 495 

Another crucial factor influencing the specific energy of the composite is the 496 

critical length of the fibers. According to Bentur and Mindess (2006), when the fiber 497 



length is shorter than the critical length, there is not enough length to generate a stress 498 

equal to the fiber's strength, meaning the fiber is not entirely effective. However, if the 499 

fiber length exceeds the critical length, the stress along the fiber will reach its tensile 500 

strength, thus utilizing most of the fiber's potential. 501 

According to the load versus deflection curves of the evaluated composites, the 502 

critical length can vary depending on the properties of the matrix and the exposure 503 

environment. In this study, the critical length was determined for the Namin matrix through 504 

pull-out tests and adopted for the other composites. It is sufficient to observe the behavior 505 

of the composite produced with the same Namin matrix after 120Nat, where a longer fiber 506 

length is likely required to compensate for the loss of specific energy caused by the loss 507 

of adhesion between the composite phases. 508 

Finally, it is noteworthy that for the Namax and Kmax composites, after 120 days in 509 

the natural environment, the specific energy values for the last deflection level (SE10-20) 510 

are close to SE1-10. In fact, the stress-strain curve for these composites shows a constant 511 

behavior without significant variations in the supported load, indicating that the fibers are 512 

easily pulled out from the matrix and the bond strength is ineffective. Adhesive strength 513 

is compromised when fibers are gradually degraded, affecting the bond with the matrix 514 

and forming voids at the interface zone. 515 

  516 

3.4. TG Analysis 517 

Figure 9, Figure 10, and Figure 11 show the results of thermogravimetric 518 

analysis for the fibers extracted from the matrix after aging in different environments. 519 

The thermal decomposition of sisal fiber components occurs gradually through the 520 

vaporization of absorbed water (40 and 115 °C), decomposition of hemicellulose and 521 

glycosidic bonds of cellulose (220 to 315 °C), cellulose decomposition (315 to 400 °C), 522 

and decomposition of lignin, which has a complex structure of aromatic rings, occurring 523 

over a wide temperature range (Fiore et al., 2016; Zhou et al., 2014). 524 

 525 



 526 

Figure 9 – Thermogravimetric analysis for fibers extracted from the matrix after exposure in 527 

28Lab. 528 

 529 

.  530 

Figure 10 – Thermogravimetric analysis for fibers extracted from the matrix after exposure in 531 

120Lab. 532 

 533 



 534 

Figure 11 – Thermogravimetric analysis for fibers extracted from the matrix after exposure in 535 

120Nat. 536 

 537 

The fibers that were not incorporated into the matrix exhibited characteristic 538 

behavior (Fiore et al., 2016; Wei and Meyer, 2016), with a mass loss range between 258 539 

°C and 353 °C, corresponding to hemicellulose decomposition, and between 332 °C and 540 

404 °C, corresponding to cellulose decomposition. The reduced thermal stability of 541 

cellulose causes an overlap of peaks with hemicellulose in the DTG curve. However, it is 542 

worth noting that hemicellulose is easily decomposed in an alkaline environment, and no 543 

hemicellulose may be present in the fibers after exposure to different matrices. Fiore et 544 

al. (2016) observed a reduction in the hemicellulose peak after the alkaline treatment of 545 

vegetable fibers, which may have occurred after the fibers were exposed to the 546 

geopolymer matrices in this study. Additionally, Wei and Meyer (2016) demonstrated 547 

that cycles of wetting and drying also lead to hemicellulose decomposition and the 548 

disappearance of this peak in the DTG curve. This process occurred during the natural 549 

aging of the composites. 550 

With the aid of the curve referring to the first derivative of the mass variation 551 

(DTG), Table 4 was obtained, with the values of the starting (Ti), final (Tf), and peak (Tp) 552 

temperatures of the thermal decomposition region of the cellulose. 553 

 554 

 555 



Table 4 – Initial, final, and peak temperatures of thermal decomposition of cellulose obtained 556 

from the DTG curve. 557 

Exposure 
environments 

Temperature  

(°C) 

Composites 

Nmin Nmax Kmin Kmax 

28Lab 

Ti 250.13 237.42 260.66 230.07 

Tf 356.27 354.27 366.30 353.60 

Tp 329.69 324.55 338.39 314.48 

120Lab 

Ti 247.96 243.81 252.13 246.28 

Tf 359.11 355.94 356.77 352.99 

Tp 331.87 326.02 331.03 321.89 

120Nat 

Ti 272.86 261.33 268.85 268.01 

Tf 374.16 362.62 369.98 367.47 

Tp  347.58 337.72 342.57 341.90 

REF 

(As received) 

Ti 331.87 

Tf 404.08 

Tp 374.16 

 558 

For all fibers extracted from the matrices, there was a reduction in the thermal 559 

decomposition temperature of cellulose compared to the reference fiber, indicating a 560 

decrease in the thermal stability of this component. This behavior was also noted by Zhou 561 

et al. (2014) during their study on alkaline treatment of vegetable fibers, highlighting that 562 

an alkaline environment lowers the thermal decomposition temperature of cellulose. 563 

Additionally, the thermal decomposition temperatures of cellulose were lower for fibers 564 

exposed in matrices with maximized free ions (Namax and Kmax), regardless of the 565 

exposure environment. Wei and Meyer (2016) emphasize that the reduction in the thermal 566 

decomposition temperature of cellulose may be caused by alkaline hydrolysis degradation 567 

of lignin and hemicellulose, which could have occurred more intensively in fibers 568 

exposed to Namax and Kmax. 569 

Regarding lignin, the thermal decomposition of this component occurs across the 570 

entire temperature range studied, making it difficult to identify and quantify the influence 571 

of the matrix and aging environment on its decomposition. 572 

 573 

3.5. Microstructural analysis by SEM 574 

Figure 12 and Figure 13 present analyses of polished sections of the composites 575 

after aging in the laboratory and natural environment, respectively. Notably, all 576 

composites exhibit voids in the matrix-fiber interface zone, likely caused by the bending 577 



test, where fibers were partially pulled out after the applied stress on the composite 578 

exceeded the fiber-matrix adhesion strength. 579 

 580 

 581 

Figure 12 – Microstructural analysis of the polished fractured sections of the composites aged 582 

for 120 days in a laboratory environment.  583 

 584 

 585 

Figure 13 – Microstructural analysis of the polished fractured sections of the composites aged 586 

for 120 days in a natural environment. 587 

 588 

The dimensions of the voids can be considered indicative of the intensity of fiber 589 

degradation. It is observed that the decomposition affects the outermost layers, primarily 590 

composed of amorphous and alkaline-sensitive components such as lignin and 591 



hemicellulose. Wei and Meyer (2015) observed analogous behavior in analyses of 592 

fractured sections of Portland cement-based composites reinforced with vegetable fibers. 593 

For both evaluated environments, it is noted that in composites produced with 594 

matrices optimized with maximized free alkaline ions (Namax and Kmax), the space 595 

between the matrix and the fiber is larger, likely due to the higher intensity of the alkaline 596 

hydrolysis process. Additionally, the results align with a three-point bending test 597 

conducted on the composite, where matrices dosed with minimized free alkaline ions 598 

(Namin and Kmin) did not exhibit significant toughness losses after composite aging. 599 

It is also noteworthy that the fibers appear more intact for composites exposed to 600 

the natural environment and produced with Namin and Kmin matrices compared to 601 

composites exposed in the laboratory environment. While weathering in the natural 602 

environment can have adverse effects, causing dimensional variations in fibers and 603 

potentially enhancing void formation at the interface zone, it can also have positive effects 604 

by leaching free alkalis or promoting unintentional fiber hornification through observed 605 

wetting and drying cycles, as shown in Figure 2. 606 

Figure 14 and Figure 15 present microstructural analyses of the fractured section 607 

of composites exposed in laboratory and natural environments, respectively. It is 608 

observed that fibers used as reinforcement in Namin and Kmin matrices maintain structural 609 

integrity, with few degradation points on their surface, likely caused by fiber pull-out 610 

during three-point bending test. 611 

 612 

 613 

Figure 14 – Microstructural analysis for fibers extracted from 120Lab composites. 614 



 615 

Figure 15 – Microstructural analysis for fibers extracted from 120Nat composites. 616 

 617 

On the other hand, consistent with the previously evaluated properties, images of 618 

fibers in Namax and Kmax matrices depict an advanced process of surface degradation, with 619 

fractures indicating material fragility. The reduction in fiber tensile strength suggests that 620 

cellulose was also compromised; indeed, TG and FTIR analyses indicate chemical 621 

modifications in the fiber structure. 622 

 623 

3.6. Mechanisms and strategies to prevent fiber degradation 624 

It is essential to revisit alkali-activation reactions to introduce the hypothesis of 625 

the degradation mechanism of vegetable fibers in an alkaline matrix and propose a 626 

plausible solution based on dosing mechanisms. According to Glukhovsky's conceptual 627 

model (1959), these reactions occur in three main stages: dissolution-coagulation, 628 

coagulation-condensation, and condensation-crystallization. Initially, reactive 629 

aluminosilicates are rapidly dissolved by OH- anions from the activating solution, 630 

releasing tetrahedral units of [SiO4
-] and [AlO4

-]. These units polymerize by sharing 631 

oxygen atoms, forming Si-O-Al-O bonds. The resulting gel (condensation) forms three-632 

dimensional structures through hydrogen bonding. Simultaneously, the negative charge 633 

of Al is balanced by cations such as Na+ and K+. In a hypothetical scenario where all 634 

alumina in the precursor is reactive, the ideal molar ratio of (Na2O or K2O)/Al2O3 to avoid 635 

free alkaline cations would be 1. Excess of this ratio results in free alkaline ions in the 636 



matrix pore solution, while excess OH- anions also influence the degradation of vegetable 637 

fibers. 638 

Based on consolidated geopolymerization models (Glukhovsky 1959; Lolli et al., 639 

2018), the fiber degradation mechanisms detailed by Wei and Meyer (2015), and the 640 

theory of sodium cellulose formation presented by Klemm et al. (1998), Figure 16 641 

describes the likely mechanism of degradation of vegetable fibers exposed to alkaline 642 

binders. This mechanism aligns with the results observed in thermogravimetric analysis, 643 

where fibers extracted from the matrix were found to be less stable than reference fibers, 644 

likely due to the formation of a new structure that is more easily thermally decomposed. 645 

Chemical modifications in the fiber structure were also observed in FTIR analysis, 646 

possibly caused by the actions of free alkaline ions in the matrix. 647 

 648 

 649 

Figure 16 – Description of the probable degradation mechanism of vegetable fibers in alkali-650 

activated binders. 651 

 652 

As evidenced in all evaluated properties, the degradation of fibers extracted from 653 

composites with minimized free alkaline ions (Namin and Kmin) was less intense than fibers 654 

produced with matrices having maximized free alkaline ions (Namax and Kmax). In this 655 

regard, plausible solutions to prevent fiber degradation are associated with optimizing the 656 

(Na2O or K2O)/Al2O3 ratio close to 1, ensuring fixation of free alkalis, and using 657 

precursors with higher purity, contributing to fixing Na+ or K+ ions. As for OH- ions, 658 



these are incorporated into the mixtures through alkali hydroxide (NaOH or KOH), and 659 

although crucial for precursor dilution, they are directly controlled by the proportion of 660 

sodium or potassium in the binder dosing. Minimizing or maximizing these elements 661 

directly affects the minimization or maximization of available hydroxyl ion 662 

concentrations in the composite pore water. 663 

 664 

4. CONCLUSIONS  665 

To evaluate the durability of vegetable fibers as reinforcement in geopolymeric 666 

matrices, composites were produced with matrices of varying concentrations and alkaline 667 

bases exposed to natural and laboratory environments. Based on the analysis of the 668 

results, it was observed that: 669 

According to the FTIR analysis, both activating solutions resulted in a gradual 670 

reduction of the bands associated with lignin, hemicellulose, and cellulose, which aligns 671 

with the mechanism of alkaline hydrolysis. 672 

The natural exposure environment caused increased water absorption in Namax and 673 

Kmax composites, indicating fiber decomposition and leaching in highly alkaline 674 

environments or matrix leaching due to environmental weathering cycles of wetting and 675 

drying. Load-deflection curve analysis showed that vegetable fibers provide ductile 676 

behavior in geopolymeric binders, with energy absorption after the first crack. 677 

Regarding the LOP, it was observed that the natural exposure environment also 678 

negatively affects this property, primarily governed by the tensile strength of the matrix. 679 

However, vegetable fibers can maintain and increase the composite's strength, provided 680 

that the alkalinity of the matrix does not compromise its chemical and physical stability, 681 

as observed in the specific energy analysis, where higher values were obtained for 682 

composites produced with matrices optimized with minimized free ions. 683 

Overall, composites produced with the Kmin matrix could recover and increase the 684 

load supported after the first crack, indicating that in this matrix, regardless of the 685 

environment and exposure time, fiber degradation did not compromise its ability to act as 686 

an anchoring element for the matrix. Regarding fiber-matrix adhesion, the Kmin matrix 687 

appears to be the least severe environment for vegetable fibers. 688 

The thermogravimetric analysis also corroborates the FTIR results and the 689 

mechanical analyses, which showed a disappearance of the hemicellulose decomposition 690 

peaks and a reduction in the temperature at which cellulose begins its thermal 691 



decomposition. The microstructural analysis depicts voids at the interface zone and 692 

highlights the degradation process observed in fibers exposed to Namax and Kmax. 693 

Through the combined analysis of the results, it is plausible that after lignin and 694 

hemicellulose degradation, reactions occur between cellulose and free alkaline ions (Na 695 

or K), forming a less stable and less resistant compound. These results differ from several 696 

previously published works that point to vegetable fibers as a solution for the brittle 697 

behavior of geopolymeric binders. However, it has been shown here that controlling 698 

matrix aggressiveness is a viable approach to enable the association of these two 699 

materials. A formulation with higher efficiency in fixing free ions and optimizing the 700 

Na2O/Al2O3 ratio will likely yield better results. 701 

 702 
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