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A B S T R A C T   

In recent decades, natural fibers have emerged as an alternative to synthetic fibers due to their 
renewable nature, lower environmental impact, and comparable strength properties. Agave 
bagasse, a byproduct of agave juice extraction in Mexico, stands out for its potential in various 
industrial applications, notably biocomposite production. Bagasse is rich in cellulose, along with 
hemicellulose and lignin. Cellulose is the most suitable to be converted into valuable products, 
and it is versatile, renewable, and biodegradable. An effective pre-treatment is crucial to enrich its 
fraction. This study aims to determine the optimal pre-treatment conditions for the agave bagasse. 
Three different pre-treatments were tested, acid (H2SO4), enzymatic (Cellic® HTec2 enzymatic 
preparation), and sequence of acid-enzymatic (sulfuric acid and Cellic® HTec2), to determine 
which pre-treatment got the optimal cellulose fraction increase. The acid pre-treatment was 
conducted over three time ranges (5, 10, and 15 min) at different acid concentrations (1%, 1.5%, 
and 2%). Enzymatic reactions were conducted over 24 h, testing three different enzyme con-
centrations (1.5%, 3%, 4.5%). The sequential pre-treatment utilized the optimal conditions 
derived from the acid experiments (1.5% H2SO4 for 10 min), followed by enzymatic reactions 
carried out over three different durations (6, 12, and 24 h). The findings revealed that a 1.5% acid 
concentration applied for 10 min was the most efficient pre-treatment method. This pre-treatment 
resulted in a 1.9-fold increase in the cellulose fraction while reducing hemicellulose content by 
30%. The hemicellulose reduction was confirmed through Fourier Transform IR spectroscopy 
(FTIR) analysis, complemented by scanning electron microscopy (SEM) observations highlighting 
physical alterations in the fiber structure. Furthermore, thermogravimetric analysis (TGA) 
demonstrated improved thermal stability, suggesting potential use in biocomposites. Future 
research should evaluate the environmental impact of optimized pre-treatment methods for agave 
bagasse.  
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1. Introduction 

Lignocellulosic fibers, derived from plant sources, offer an opportunity to develop biomaterials as they present a renewable 
alternative to synthetic fibers [1]. These fibers possess advantages: they are low-cost, biodegradable, and have a low density, making 
them suitable for meeting the mechanical needs of polymers [2]. Moreover, when they are sourced from agricultural waste, ligno-
cellulosic fibers not only alleviate the pressure on food resources but also promote circular economy principles [3]. 

Researchers have explored various fibers that can potentially be biopolymer reinforcements due to their chemical structure; some 
examples are coir, hemp, sugarcane bagasse, flax, and sisal [4]. Of particular interest for this study is agave bagasse, a lignocellulosic 
fiber, produced as a waste a byproduct of the tequila production process in Mexico. The bagasse represents 40% of the total weight of 
the agave stem [5]. Tequila, a distilled alcoholic beverage distinguished by its protected designation of origin, relies on the blue variety 
of Agave tequilana Weber (ATW), which is primarily cultivated in Mexico. The state of Jalisco is the biggest producer of this kind of 
agave, producing 75% of the total annual crop in Mexico [6]. In 2022, 2,036,000 tons of agave were harvested for tequila production, 
increasing by 9.14% compared to the previous year [7]. The substantial amount of bagasse generated poses an environmental chal-
lenge due to its significant proportion and the impact of its disposal. Mexico has no economically profitable use for these agricultural 
wastes, exacerbating the environmental concerns surrounding their disposal. 

Agave bagasse primarily consists of cellulose, hemicellulose, lignin, and other compounds. Studies have shown its composition to 
include cellulose (42%–44.5%), hemicellulose (20%–25.3%), lignin (15%–20.1%), and other components (7.3%–23%) [5,8,9]. Its 
high cellulose content makes agave bagasse a promising resource for biomaterial development. However, its full potential remains 
largely untapped, highlighting the need for research into methods to optimize its cellulose fraction to transform it into a valuable 
material for biopolymers. 

Studies assert that increasing the cellulose fraction cannot be overstated [10,11]. Cellulose is a polysaccharide that plays a crucial 
role in determining the strength of the fiber and its potential performance as part of a biopolymer. According to Fitch-Vargas (2019) 
and Zhou (2019), higher cellulose content correlates with enhanced biomass strength, highlighting the importance of defining an 
effective method to increase the cellulose fraction in the fiber. Another critical consideration in biopolymer performance is the 
fiber-matrix interphase, affected by the amount of hemicellulose present in lignocellulosic fibers. The hydrophilic nature of hemi-
cellulose, characterized by the presence of hydroxyl (-OH) groups, increases the fiber’s susceptibility to water absorption through 
hydrogen bonding, particularly when exposed to moisture in the environment [12–14]. 

Various pre-treatment methodologies have been proposed to address natural fiber limitations, such as spanning physical, chemical, 
biological, and thermophysical approaches [15]. Effective pre-treatments should separate the biomass components into useable 
fractions while potentially altering the fiber morphology [16]. These alterations can increase porosity and surface roughness, 
enhancing fiber-matrix adhesion in biopolymer composites and reducing their susceptibility to high moisture absorption. Additionally, 
they may improve the fiber’s resistance to high temperatures, making them more suitable for a wider range of applications [4,17,18]. 
Acid hydrolysis is an effective method for depolymerizing the hemicellulose fraction in lignocellulosic waste [19]. Furthermore, 
combining acid and enzymatic pre-treatments has been shown to increase the amount of dissolved hemicellulose, consequently 
enhancing the porosity of the plant cell wall [20]. 

Central to this investigation is optimizing the pre-treatments, which aimed to maximize the efficacy of acid, enzymatic, and 
sequential acid-enzymatic pre-treatments on ATW bagasse. Through structured experimental design, the research aims to observe the 
impact of the pre-treatment variables on the cellulose fraction of agave bagasse. Various parameters were explored; for the acid pre- 
treatment using sulfuric acid, concentration and duration were varied to define optimal conditions for hemicellulose dissolution. 
Similarly, the enzymatic pre-treatment protocol employing Cellic® HTec2 enzymes was optimized, focusing on enzyme dosage and 
incubation period for maximal cellulose increase and hemicellulose degradation. Furthermore, the sequential acid-enzymatic pre- 
treatment approach was designed to leverage the synergic effect of both methodologies to enhance cellulose enrichment. 

Chemical composition analysis, including cellulose, hemicellulose, and lignin, was conducted using the National Renewable Energy 
Laboratory Methodology (NREL) [21] and Fourier Transform IR spectroscopy (FTIR). Thermal degradation and surface morphology 
were assessed via thermogravimetric analysis (TGA) and scanning electron microscopy (SEM). 

The optimization of pre-treatment methodologies holds significant importance for the valorization of agave bagasse as a sus-
tainable feedstock for biopolymer production. Despite advancements in pre-treatment strategies for various lignocellulosic fibers, 
including agave bagasse [4,10,14,22], there remains a critical need for further investigation to define the optimal conditions spe-
cifically tailored to enhance its natural characteristics and transform it into a valuable resource for biopolymer production. This study 
endeavors to address this gap and unlock the full potential of agave bagasse as a renewable source by defining the optimal 
pre-treatment conditions. The research aims to promote innovation in the biomaterials area and advance the principles of circular 
economy and sustainability. 

2. Materials and methods 

2.1. Agave tequilana weber bagasse fiber (ATW) 

The ATW bagasse was sourced from an Amatitan factory in Jalisco, Mexico. The agave cooking process utilized a diffuser, where hot 
water was sprayed onto a bed of agave that had been torn and placed on a transporting chain. This method facilitated the dissolution of 
the sugar in the agave, preventing the fiber from becoming recalcitrant. 
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Subsequently, the collected bagasse was left to dry in the sun for two days. Following the drying process, it underwent partial 
grinding using a mill (Pulvex® 200, Mexico). This milling action resulted in smaller fibers with a particle size measuring 841 μm (mesh 
20). 

2.2. Pre-treatment bagasse fiber 

The agave bagasse fiber was involved in a series of three experiments. In the first experiment, the fibers were subjected to an acid 
pre-treatment with sulfuric acid and exposed to different durations and concentrations of the acid solutions. 

In the second experiment, the bagasse fibers were pretreated with an enzymatic solution (Cellic® HTec2) containing endoxylanase 
with high specificity toward hemicellulose [23]. The fibers were exposed to different dosages of the enzymatic solution at the same 
incubation time range. 

Finally, in the third experiment, a sequential pre-treatment approach was employed. The most effective pre-treatment methods 
determined from the first and second experiments were combined. Specifically, the optimal conditions defined from the acid pre- 
treatment in the first experiment and the enzymatic solution pre-treatment in the second experiment were utilized sequentially. 
This approach aimed to exploit the strengths of both pre-treatment methods. For a visual representation of the sequential pre-treatment 
approach, please refer to the process diagram in Fig. 1. 

2.2.1. Acid pre-treatment 
In the first experiment, different concentrations of sulfuric acid (H2SO4) (Fermont PA Cert) were applied to bagasse fibers at 

different times (see Fig. 2). Concentrations and time ranges were according to Table 1. The dried bagasse fibers were submerged in an 
acid solution to 10% solids (W/V) and placed in an autoclave (Sterilizer SM510 Yamato, United States) at 121 ◦C. Five repetitions of 
each pre-treatment were performed (n = 5). Posteriorly, the pre-treated fibers were washed with tap water and dried at 60 ◦C in a 
convection oven for 24 h. Once the bagasse was completely dry, it was ground in a blender (Krups® model gx410011, Germany) to 
mesh number 80 (177 μm) to characterize the sample by the National Renewable Energy Laboratory Methodology (NREL) [21]. 

2.2.2. Enzymatic pre-treatment 
The ATW dried and, with constant weight, was ground to a size of 125 mm (mesh 20). The enzymatic pre-treatment was performed 

at 10% solids with Cellic® HTec2 enzyme solution (Novozymes®) containing mainly endoxylanase with high specificity toward 
hemicellulose and cellulase background [23]. Different concentrations of enzymes were applied Cellic® HTec2 to bagasse fibers. The 
concentrations were evaluated according to Table 2. The bagasse fiber samples were submerged in the different enzymatic solutions for 
24 h with a pH of 5 and a constant temperature of 45 ◦C in an incubator (INFORS HT Multitron Pro shaker, Switzerland). This treatment 
was tested with five repetitions (n = 5). After pre-treatment, the fibers were washed with tap water and dried at 60 ◦C in a convection 
oven for 24 h. Dry bagasse was ground in a blender (Krups® model gx410011, Germany) up to mesh number 80 (177 mm) and 
characterized by the NREL methodology (Sluiter et al., 2012). 

2.2.3. Acid-enzymatic pre-treatment combination 
The acid and enzymatic concentrations that presented the highest fraction of cellulose in earlier acid and enzymatic experiments 

were selected for a sequential experiment, which combined both pre-treatments. The pre-treatments were evaluated according to 
Table 3. ATW dry fibers were submerged at 10% solids (W/V) in a 1.5% H2SO4 (sulfuric acid) solution and were placed in a Yamato 
SM510 Sterilizer (United States) autoclave at 121 ◦C. Once the first pre-treatment was finished, the fibers were washed with tap water 
and dried at 60 ◦C in a convection oven for 24 h. Subsequently, they were adjusted to a pH of 5 and immersed at 10% solids (W/V) in 
Cellic® HTec2 solution (Novozymes® enzymes) at 1.5% and a constant temperature of 45 ◦C in an incubator (INFORS HT Multitron 
Pro shaker, Swiss). This treatment was tested with five replicates (n = 5). After pre-treatment, the fibers were washed and dried as 
described above, and they were ground into a blender (Krups® model gx410011, Germany) to mesh number 80 (177 mm) to char-
acterize the sample by the NREL methodology [21]. 

Fig. 1. Pre-treatment process diagram.  
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2.3. Characterization 

2.3.1. Chemical characterization 
The structural carbohydrates (cellulose and hemicellulose) and lignin of the bagasse fiber were measured using the National 

Renewable Energy Laboratory methodology (Sluiter et al., 2012). This process utilizes two-step hydrolysis to fraction the biomass and 
make it easier to measure. Lignin is fractionated into acid-insoluble and acid-soluble materials. During hydrolysis, polymeric carbo-
hydrates hydrolyze into monomeric forms, which are soluble in the hydrolysis liquid (Naik et al., 2010). 

2.3.2. Fourier Transform IR spectroscopy (FTIR) 
A spectrometer from ©Agilent Technologies 4500 Series (Germany) FTIR was employed for the infrared analysis. The methodology 

Fig. 2. a) Acid pre-treatment of agave bagasse. b) Agave bagasse after acid pre-treatment.  

Table 1 
Experiments for the acid pre-treatment. Code, time (min), and acid concentration (%).  

Code Time in autoclave (min) Sulfuric acid concentration (%) 

A5-1 5 1 
A5-1.5 5 1.5 
A5-2 5 2 
A10-1 10 1 
A10–1.5 10 1.5 
A10-2 10 2 
A15-1 15 1 
A15–1.5 15 1.5 
A15-2 15 2  

Table 2 
Experiments for the enzymatic pre-treatment. Code, time (h) reaction in the shaker, and enzyme (Cellic® HTec2) 
concentration (%) in the enzymatic pre-treatments.  

Code Time in the shaker (h) Cellic® HTec2 concentration (%) 

E24–1.5 24 1.5 
E24-3 24 3 
E24–4.5 24 4.5  

Table 3 
Experiments for the sequential pre-treatment. Code, acid concentration (%), time (h) reaction, enzyme (Cellic® HTec2) concentration (%) in the acid- 
enzymatic sequential pre-treatments.  

Code Acid pre-treatment Enzymatic pre-treatment 

Sulfuric acid concentration (%) Time (min) Time in the shaker (h) Cellic® HTec2 concentration 

AE6-1.5 1.5 10 6 1.5 
AE12–1.5 1.5 10 12 1.5 
AE24–1.5 1.5 10 24 1.5  
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followed was the standard practice for general techniques for obtaining infrared spectra for qualitative analysis (ASTM E1252–98 
(2007). The analysis interval was 650–4000 cm− 1, with 32 scans. The software used to run the model was R version 4.2.1, and the 
samples were in a solid state. 

2.3.3. Scanning electron microscopy (SEM) 
After pre-treatments, the bagasse’s surface structure modification was evaluated in a scanning electron microscopy operating at 20 

kV (Jeol, IT100, Benelux). The agave bagasse samples were placed in a carbon patch on an aluminum pin. The raw fiber and the treated 
were observed in detail with high-resolution images. 

2.3.4. Thermogravimetric analysis (TGA) 
The thermogravimetric analysis was carried out with a TGA TA-Instruments Q500 (United States) advantage Software v5.5.24. The 

standard method utilized was the standard test method for compositional analysis by thermogravimetry (ASTM E 1131-08). Samples of 
approximately 10 mg were placed in platinum pans; they were heated from 20 to 900 ◦C at a 10 ◦C min− 1, under a nitrogen atmosphere 
from 20 to 650 ◦C (100 mL min− 1), after 650 ◦C there was an atmosphere change to oxygen. 

2.3.5. Statistical analysis 
The data analysis was carried out with GraphPad Prism software®, version 8. The experiments were performed with an n = 5, and 

the results are expressed as mean ± standard error of the mean. The normality of the data was assessed with the Shapiro-Wilk test. 
When the data lacked normality, the statistical differences were evaluated with Kruskal-Wallis with a 95% confidence interval. In the 
cases where the data was in a normal distribution, the differences were assessed with a two-way ANOVA followed by a Tuckey ad hoc 
test with a 95% confidence interval. 

Specifically, comparisons were made between the control and each pre-treatment group and between different pre-treatments. In 
cases where the data followed a normal distribution, differences between the control and pre-treatments were assessed using a two- 
way ANOVA followed by a Tukey ad hoc test with a 95% confidence interval. Statistical significance was set at p < 0.05. Please refer to 
Tables 1–3 in the methodology section for detailed information about the pre-treatment groups. 

Table 4 summarizes the key factors and their corresponding levels for the three pre-treatment experiments. Each experiment fo-
cuses on investigating specific pretreatment conditions to understand their effects on the outcome of the process. By systematically 
varying the levels of these factors, valuable insights into optimizing pretreatment methods for various applications are intended to be 
gained. 

3. Results and discussion 

The characterization of the raw agave bagasse revealed a significant insight into its composition, with 20.12 ± 0.5% of cellulose 
fraction, 11.54 ± 0.31% of hemicellulose fraction, and 17.45 ± 1.31% of lignin. These results align with the lower range of values 
reported in existing literature (Cellulose 20.85%–41.90%; hemicellulose 12.24%–18%, lignin 17.31%–21.10%), which highlights the 
consistency of the results with established data [5,24,25]. Even though the cellulose, hemicellulose, and lignin contents of this sample 

Fig. 3. Residual fraction of acid pre-treatments with different times in the autoclave and concentrations of sulfuric acid. The asterisk shows a 
statistical difference between the control and the pre-treatments. Different capital letters mean significant differences comparing pre-treatments, 
between three times evaluated (5, 10, 15 min), and the same acid concentration. Lower letters show significant differences between three con-
centrations (1, 1.5, and 2%) at the same reaction time. Residual fraction only considers cellulose, hemicellulose, and lignin. Bars indicate stan-
dard error. 
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fall within the range exposed by the authors, the present variability in the fiber’s composition can be attributed to factors such as 
geographical location, harvesting practices, and plant genetics [26,27]. Furthermore, as agave bagasse is a byproduct of an 
agro-industrial process, its composition may be subjected to additional variation [28]. As we advance in the discussion of the 
pre-treatments, it becomes apparent that these initial characteristics play an essential role in the results of the subsequent experiments. 

3.1. Acid pre-treatment 

The acid pre-treatment of agave bagasse resulted in significant changes in its composition, notably affecting the cellulose, hemi-
cellulose, and Lignin fraction. On average, the cellulose fraction increased by 78.8% ± 1.9%, while the hemicellulose content 
decreased by 30% ± 1.4% compared to the untreated bagasse (control). The significant increase in the cellulose portion within the 
agave bagasse can be attributed to the role of acid pre-treatment in hydrolyzing hemicellulose. These results are comparable to ob-
servations in other biomass sources such as sugarcane bagasse (32–45%) and hemp (36.5–75.6%) have been reported [29–33]. 

Within Fig. 3, pre-treatments A10–1.5 and A15-2 emerge as the most effective methods for augmenting the cellulose fraction. Pre- 
treatment A15-2 yields a significant 1.92-fold increase compared to control, followed by A10–1.5 with an increase in the proportion of 
1.91 times. Furthermore, compared to the control, the A15-2 treatment resulted in a notable 46% reduction in hemicellulose content 
compared to the untreated sample. The A10–1.5 treatment exhibited the most substantial decrease, with a hemicellulose content 67% 
lower than that of the untreated sample. 

The observed results reveal a complex dynamic in biomass deconstruction. Despite using lower acid concentration and shorter 
duration, the hemicellulose reduction was more significant in the A10–1.5 pre-treatment (1.5% of acid concentration for 10 min) 
compared to the pre-treatment with higher acid concertation and longer duration A15-2 (2% of acid concentration for 15 min). These 
results highlight lower acid concertation’s selective degradations and preservation effects for a shorter time [34]. The shorter reaction 
time may limit the extent of cellulose degradation, contributing to a higher cellulose fraction despite the reduction in hemicellulose 
content. 

In Fig. 3 it is observed that the statistical difference between the cellulose fraction of pre-treatment A10–1.5 and A15-2 is not 
significant. This suggests comparable outcomes despite variations in acid concentration and duration. Previous studies have 
demonstrated similar findings. They demonstrated significant hemicellulose hydrolysis using diluted sulfuric acid at 1%–2%. They also 
noted insignificant hemicellulose hydrolysis, resulting in an increase in cellulose fraction due to hemicellulose dissolution in the acid in 
similar lignocellulosic materials such as sugarcane bagasse [20,35]. The study may not account for potential variability in biomass 
samples, which could influence the outcomes of pre-treatment methods. Factors such as moisture content and chemical composition 
can vary and may affect the reproducibility of results. 

3.2. Enzymatic pre-treatment 

The enzymatic pre-treatment showed a noticeable increase in the cellulose fraction, averaging 17% compared to the control, as 
illustrated in Fig. 4. However, this statistically significant increase is 43% lower than achieved through the acid pre-treatment. In 
contrast, enzymatic pre-treatments led to an average decrease of 10% ± 0.4% in hemicellulose compared to the control. Additionally, 
there was a substantial increase of 65% ± 0.9% in lignin content. In Fig. 4, it can also be observed that there were no significant 
differences in the cellulose fraction among the enzymatic pre-treatments. These findings suggest that the enzymatic pre-treatment 

Fig. 4. Residual fraction of enzyme pre-treatment at different concentrations. The asterisk shows a statistical difference between the control and the 
pre-treatments. Different lowercase letters indicate a significant difference between pre-treatments at different enzymatic concentrations (1.5%, 3%, 
4.5%). Bars indicate standard error. 
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alone may not be sufficient to overcome the barrier posed by the structure of the agave bagasse fiber. The resistance could be due to 
crystalline cellulose and lignin barriers, which may be challenging for the hemicellulose to overcome [8]. 

Another potential reason could be attributed to the industrial processing undergone by the agave bagasse. This process may alter 
the fiber’s complexity and increase its recalcitrant characteristics, making it more resistant to breakdown [36,37]. Additionally, the 
substantial increase in lignin observed after enzymatic pre-treatment could be due to the enzymatic solution’s composition, which 
mainly contained endoxylanase, specifically targeting hemicellulose [14]. Consequently, this enzymatic activity may have led to a 
higher lignin concentration within the fiber. 

These results align with findings from other studies [14,38], which confirm the effectiveness of biological pre-treatments involving 
enzymes, bacteria, or fungi in targeting hemicellulose. However, the efficacy of these treatments is often hindered by biomass 
composition, including factors like lignin content and cellulose crystallinity, which can significantly impact the effectiveness of 
enzymatic hydrolysis. 

3.3. Acid-enzymatic pre-treatment 

In the concluding phase of the experiments, we implemented acid-enzymatic pre-treatments to augment the cellulose fraction. The 
acid pre-treatment utilized a 1.5% concentration for 10 min in an autoclave, yielding a notable 91.4% increase in the cellulose fraction. 
A 1.5% concentration of the enzymatic solution was used for the sequential enzymatic pre-treatment because earlier stages revealed no 
statistically significant differences among the pre-treatments. Various time frames (6, 12, and 24 h) were explored during this pre- 
treatment phase. After the sequential pre-treatment, the cellulose fraction saw a significant increase of 1.59 times compared to the 
control, while the hemicellulose content decreased by approximately 33%. 

Additionally, the lignin content showed a moderate increase of around 39%. As shown in Fig. 5, there is a significant difference 
between the control and the pre-treatment results. However, no significant differences were observed among the different pre- 
treatment combinations. 

The study findings indicate that the reduction in the hemicellulose fraction was not as significant as anticipated in the sequential 
pre-treatment designed to target hemicellulose. The difference in the cellulose and hemicellulose fractions observed after the enzy-
matic pre-treatment and after the acid pre-treatment indicates a complex interaction of factors. While the enzymatic pre-treatment 
might have contributed to the hydrolysis of hemicellulose, it also played a role in the hydrolysis of a portion of the cellulose. While 
the acid pre-treatment typically involves breaking down the rigid structure of cellulose fibrils to increase enzyme accessibility, it is 
plausible that the pre-treatment generated furan aldehydes, such as 5-hydroxymethylfurfural (HMF) and furfurals [19]. These com-
pounds may have acted as inhibitors to the endoxylanase enzyme responsible for hemicellulose degradation [38,39]. It is suggested 
that the severity of the acid pre-treatment conditions be moderated to mitigate the formation of inhibitory compounds by lowering the 
temperature [14]. This adjustment could potentially enhance the efficiency of hemicellulose degradation in subsequent processes. 

Furthermore, the duration of the pre-treatments did not significantly affect the cellulose or hemicellulose fractions, as can be 
observed in Fig. 5. Other authors have suggested that the time required for successful enzymatic hydrolysis can vary depending on 
factors such as substrate type, specific enzymes used, enzyme source, and pre-treatment conditions [35,38]. These highlights un-
derscore the need for further investigation to define the specific conditions required to reduce the hemicellulose fraction effectively. 
Moreover, it highlights the importance of optimizing enzyme mixtures and concentrations to ensure desired outcomes in cellulose 
preservation during sequential pre-treatment processes. Further exploration and adjustment of the enzymatic solution may be 
necessary to achieve more favorable results in future experiments. 

The successful pre-treatments were compared with the control, as illustrated in Fig. 6. Across all pre-treatment methods (acid, 

Fig. 5. Acid-enzymatic pre-treatment with different intervals of time in the shaker. The asterisk represents the statistical difference between the 
control and the pre-treatments. Lower letters show a significant statistical difference between time intervals (6, 12, and 24 h). Bars indicate 
standard error. 
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enzymatic, or acid-enzymatic), a significant increase in the cellulose fraction was observed compared to the control. Notably, the acid 
pre-treatment outperformed the enzymatic pre-treatment, yielding a 65% higher cellulose fraction and an 18% higher cellulose 
fraction than the sequential pre-treatment (acid-enzymatic). Furthermore, concerning hemicellulose reduction, the acid pre-treatment 
demonstrated the most favorable outcomes, with a 57% lower hemicellulose fraction than the enzymatic pre-treatment and a 41% 
lower fraction than the acid-enzymatic pre-treatment. In contrast, the enzymatic pre-treatment exhibited a lower increase in the 
cellulose fraction (17 ± 0.1%) and a reduction in hemicellulose (10 ± 0.9%) compared to the control. 

The comparative analysis of pre-treatment methods highlights the effectiveness of the acid pre-treatment in enhancing cellulose 
fraction and reducing hemicellulose content in agave bagasse. However, while combined pre-treatments have been reported to offer 
advantages over single methods, it is essential to acknowledge that they entail additional processing steps and necessitate further 
research to optimize the process [40]. Future research endeavors should prioritize fine-tuning the combined pre-treatment conditions 
for agave bagasse and exploring innovative approaches to maximize biomass conversion efficiency and sustainability. 

The impact of the factors employed for the pre-treatments was assessed using the data presented in Table 4. Both variables are 
statistically significant in the acid pre-treatment process. However, these results suggest that to specifically target hemicellulose, 
adjustments in the pre-treatment parameters could be beneficial. Those parameters include reducing the acid concentration and 
extending the hydrolysis time. Such adjustments could result in comparable hemicellulose reduction while minimizing acid usage, thus 
reducing environmental impact and reducing the resources required for the pre-treatment process. Moreover, existing literature 
emphasizes the importance of the time factor in hemicellulose hydrolysis, which is consistent with the findings of this study [40]. 
However, these parameters may not apply to other biomass or pre-treatment processes. 

There is a significant impact of enzyme concentration in the enzymatic pre-treatment on cellulose, hemicellulose, and lignin 
content. These findings underscore the importance of adjusting enzymatic concentration as a crucial factor in controlling the 
composition of the material under study, such as agave bagasse or similar biomass materials. Specifically, increasing the enzymatic 
dosage for agave bagasse could potentially lead to a more substantial reduction in the hemicellulose fraction during enzymatic pre- 
treatment. The literature suggests that the optimal enzyme dosage or concentration required for hydrolysis varies significantly 
depending on the type of biomass. Factors such as lignin content and cellulose crystallinity influence the composition and structure of 
biomass, impacting enzymatic hydrolysis efficiency [41]. Hence, future studies on the enzymatic pre-treatment of agave bagasse 
should consider increasing enzyme concentration to optimize hydrolysis outcomes. 

Table 5 reveals that time significantly influences combined pre-treatment outcomes. The results suggest that extending the duration 
of enzymatic hydrolysis in combined pre-treatments may enhance efficacy. Literature highlights the importance of defining optimal 
enzymatic hydrolysis times based on substrate characteristics, processing conditions, and enzymatic cocktail composition [41,42]. The 
interplay between time and concentration is critical for effective enzymatic hydrolysis. However, additional considerations arise for 
combined pre-treatment, including the potential presence of inhibitors [19]. This introduces more variables to consider for enzymatic 
pre-treatment optimization, necessitating further investigation. 

3.4. Spectrophotometry analysis 

The Fourier Transform IR spectroscopy (FTIR) analysis was conducted to identify functional groups in the samples of pre-treated 
agave bagasse (acid pre-treatment 1.5% for 10 min, enzymatic pre-treatment 1.5%, and acid-enzymatic pre-treatment 1.5% for 6 h). 
The FTIR spectra of the agave bagasse are presented in Fig. 7. 

Fig. 6. Residual fraction of chemical composition of the ATW fibers from (C) control and after better pre-treatments: (A) Acid pre-treatment, (E) 
Enzymatic pre-treatment, and (A–E) acid enzymatic. Lower letters show significant statistical differences between the control and the pre- 
treatments. Bars indicate standard error. 
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In the FTIR spectrum, several distinct peaks can be observed. The first prominent and broad peak was observed at 3321 cm− 1, 
according to Sidi-Yacoub et al. [43], associated with the O–H stretching vibrations of the hydrogen-bonded hydroxyl group (OH) 
present in cellulose. According to Zhuang et al. [44], these results indicate decreased water content due to the pre-treatments. The 
intensity of this peak decreased in all the pre-treatments, with the enzymatic pre-treatment showing the most significant reduction. 

The peaks at 2920 cm− 1 could correspond to the aliphatic saturated C–H stretching vibration on polysaccharides (cellulose and 
hemicelluloses) [43,45]. A decrease in absorbance at this peak was observed in all the pre-treatments, with the enzymatic 
pre-treatment demonstrating the most pronounced decrease, followed by the acid-enzymatic pre-treatment, consistent with research 
by Ref. [46]. The decrease indicated that there was cellulose degradation. These results also agree with the chemical characterization 
results [46,47]. 

According to the literature [48], the peak around 1761 cm− 1 is attributed to the stretching vibration of the C=O carbonyl group in 
the xylem component of hemicellulose and the lignin chemical group. The peak at 1618 cm− 1, close to the 1600 cm− 1 band, represents 
the O–H–O scissor bending and conferring to Kubovský et al. [47]. It confirms the hydrophilic nature of lignocellulosic fibers, reducing 
water content with the pre-treatments [44]. It also indicates that the applied pre-treatments led to a decrease in the number of OH 
groups. The strong peak at 1316 cm− 1 corresponds to the C–H bending in hemicellulose, suggesting a significant reduction in its 
composition after the pre-treatment [47]. Finally, the peak at 1030 cm− 1, indicating the C–O stretching, suggests the slightly degrading 

Table 4 
Factors and levels for each experiment.  

Experiment Factors Levels Experimental design 

Acid pre-treatment Time 5 min, 10 min, 15 min Two factors in three levels  
Acid concentration 1%, 1.5%, 2%  

Enzymatic pre-treatment Enzymatic Concentration 1.5%, 3%, 4.5% One factor in three levels 
Sequential pre-treatment Sequential Pretreatment 6 h, 12 h, 24 h One factor in three levels  

Time    

Table 5 
Effect of acid concentration, time reaction, enzyme concentration, and sequential pre-treatments on cellulose, hemicellulose, and lignin 
fractions. It was determined by one-way analysis of variance with GraphPad Prism software® version 8, followed by a Tuckey ad hoc test with 
a 95% confidence interval.  

Pre-treatment and interactions P-value (type III) 

Cellulose Hemicellulose Lignin 

Acid pre-treatment 
Time 0.0900 <0.0001 0.9402 
Acid Concentration <0.0001 <0.0001 <0.0001 
Enzymatic pre-treatment 
Enzymatic Concentration 0.0017 <0.0001 0.0005 
Combined pre-treatment 
Time <0.0001 <0.0001 <0.0001  

Fig. 7. FTIR spectra of ATW untreated (red), 1.5% concentration acid pre-treatment for 10 min (blue), 1.5% concentration enzymatic pre-treatment 
for 6 h (black), and acid-enzymatic pre-treatment (1.5% acid concentration for 10 min, 1.5% enzymatic pre-treatment for 6 h (black), and acid- 
enzymatic pre-treatment (1.5% acid concentration for 10 min, 1.5% enzymatic concentration for 6 h) (pink). Peaks are shown in the table to 
the right. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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portion of the cellulose [47]. 

3.5. Scanning electron microscopy analysis (SEM) 

During the analysis using scanning electron microscopy (SEM), it was observed that the untreated surface of the agave bagasse 
resembled a honeycomb structure (Fig. 8a). The analyzed sample was further examined using Energy Dispersive X-ray Spectroscopy 
(EDX), which detected the presence of the following elements: carbon (51.98%), oxygen (45.13%), calcium (1.94%), potassium 
(0.25%), magnesium (0.31%), aluminum (0.17%), and phosphorus (0.13%). The SEM morphology observation also revealed the 
presence of "bright bars" in the agave bagasse, consistent with the findings reported by Delgadillo Ruíz et al. [49], who suggested the 
formation of calcium oxalate crystals in agave bagasse. These mineral crystals can develop in specific plant tissues through biomin-
eralization, a process involving inorganic materials, often crystalline, forming on the external cell wall, within the cell wall, or sur-
rounding tissue areas [50]. Therefore, the "bright bars" observed in Fig. 8a and 6c could represent calcium oxalate crystals [49]. 

In the acid pre-treatment, there appeared to be more filaments at the edges of the fiber walls, increasing the surface roughness and 
resulting in a less defined honeycomb appearance (Fig. 8b). This outcome is probably attributed to the effect of H2SO4 on the fiber 
structure [40]. The EDX analysis detected the presence of the following elements: carbon (49.16%), oxygen (41.61%), calcium 
(3.03%), magnesium (0.12%), and aluminum (0.08%). Another possible indicator that the crystals present in the agave bagasse could 
be calcium oxalate is their absence in the micrograph of the bagasse pretreated with sulfuric acid, as these crystals are soluble in 
sulfuric acid without effervescence [51]. 

In the enzymatic pre-treatment, the fiber walls seemed to have little effect as they appeared to maintain their original shape 
(Fig. 8c). The EDX analysis detected the presence of the following elements: carbon (43.20%), oxygen (45.05%), calcium (3.10%), 
magnesium (0.01%), and aluminum (0.20%). Crystals that could be calcium oxalate were observed in micrograph 6c, which appeared 
unaffected by the enzymatic pre-treatment. 

Finally, the acid-enzymatic pre-treatment (Fig. 8d) affected the fiber’s cellular walls. After the acid pre-treatment, the more 
exposed structure of the cell wall allowed greater accessibility to hydrolytic enzymes, facilitating the hydrolysis of lignocellulosic 
biomass [52]. The EDX analysis detected the presence of the following elements: carbon (43.07%), oxygen (41.61%), calcium (1.70%), 
magnesium (0.12%), and aluminum (0.11%). In this case, no formations of calcium oxalate could be observed, possibly because 
sulfuric acid, which can dissolve calcium oxalate, was used in this pre-treatment. So, a lower calcium percentage was detected by EDX. 

The elemental composition obtained by SEM-EDX analysis of the agave bagasse samples was found to be quite similar in all 
particles/structures, regardless of their origin (natural) or the chemical or biological treatment they underwent. 

Fig. 8. SEM micrographics. a) Control bagasse, b) bagasse with acid pre-treatment (A10–1.5), c) bagasse with enzymatic pre-treatment (E24–1.5), 
d) bagasse with acid-enzymatic pre-treatment (E6-1.5). 
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3.6. Thermogravimetric analysis 

The thermogravimetric (TG) and the differential thermogravimetric (DTG) curves for the four biomass materials are presented in 
Fig. 9 a-b, illustrating the thermal degradation process. The degradation can be divided into three phases: moisture loss, devolatili-
zation, and the formation or removal of char and secondary gases. Phase I, which corresponds to moisture loss, occurs between room 
temperature (around 30 ◦C) and 160 ◦C. This phase is evident in all DTG curves (Fig. 9 a-b), characterized by the first peak within this 
temperature range. After removing the moisture, phase II, devolatilization occurs between 180 ◦C and 420 ◦C. This phase represents 
the primary pyrolysis region where most of the sample mass is lost. It can be further subdivided into two subsections, with the first 
subsection showing a shoulder indicating the decomposition of hemicellulose [53,54]. This shoulder, observed in the DTG curve, 
occurs between 220 ◦C and 310 ◦C for the pretreated and untreated bagasse. One notable observation is that, in the case of bagasse with 
acid pre-treatment, there is no shoulder before the cellulose decomposition, further confirming that the pre-treatment was successful in 
the hemicellulose hydrolysis. 

The second part of phase II corresponds to the decomposition of cellulose, which typically occurs within the temperature range of 
300–410 ◦C [53]. This behavior is observed in all four biomass samples, as their significant peaks are located within this temperature 
range. If we move to phase III, the curve’s tailing section indicates lignin decomposition and the formation of final char residues. It is 
worth noting that lignin decomposition has been reported to occur gradually over a wide temperature range of 200–600 ◦C [4]. 

In summary, the bagasse with the enzymatic pre-treatment resulted in higher susceptibility to thermal degradation at 250 ◦C and 
faster degradation at 400 ◦C than other materials. The enzymatically pretreated sample also showed a lower char residue after 400 ◦C, 
indicating a more rapid thermal degradation. This result suggests that the enzymatically pretreated bagasse may decrease the thermal 
stability of composite materials [55]. On the other hand, the untreated bagasse exhibited higher thermal stability compared to the 
pretreated bagasse. The thermogram demonstrates that the pre-treatments applied to the bagasse accelerate its thermal degradation, 
with the enzymatic pre-treatment showing the highest acceleration, followed by the acid-enzymatic pre-treatment. In contrast, the 
acid pre-treatment exhibits the least acceleration. These findings highlight the importance of considering materials’ thermal behavior 
and stability in future composite applications. 

Agave bagasse holds significant potential for various industrial applications. Concerns regarding the excessive accumulation and 
improper disposal of agave bagasse underscore the need for sustainable utilization practices to mitigate environmental impact. One 
promising avenue is its use in producing natural fiber polymer composites, where its fibrous composition lends itself as a reinforcement 
material. These composites exhibit excellent mechanical properties, making them ideal for automotive, lightweight, and structural 
applications [56]. By harnessing agave bagasse in manufacturing processes, waste reduction can be achieved, and environmental 
sustainability can be promoted while yielding value-added products across multiple sectors. 

A combination of analytical and experimental methodologies is essential to accurately determine the optimal amount of agave 
bagasse required in a composite material [56]. However, there is variability in the suggested cellulose fiber content for polylactic acid 
(PLA) composites. While Kai Li et al. (2021) proposed a 5%–30% range, Binoj et al. (2018) suggested a 40% fiber content. This 
discrepancy underscores the need for a comprehensive approach to determine the appropriate fiber quantity, taking into account 
various parameters such as the morphology and volume fraction of inclusions, the distribution of inclusion orientations, and the elastic 
characteristics of both the composite and its matrix [56,57]. Adaptation of the formulation is necessary to align with the specific 
requirements of the composite material [58,59]. By considering these factors comprehensively, the formulation can be tailored to meet 
the composite’s desired characteristics and performance criteria. 

4. Conclusion 

The study identified the acid hydrolysis with 1.5% H2SO4 for 10 min at 121 ◦C as the most effective method for augmenting the 
cellulose fraction in agave bagasse, and it resulted in a 1.9-fold increase in cellulose content and a 30% reduction in hemicellulose, 
highlighting the effectiveness of this pre-treatment in enhancing the cellulose fraction of agave bagasse. This treatment yielded the 
highest cellulose fraction among the tested conditions. Moreover, the pre-treatments induced a reduction in hydroxyl groups present in 
the biomass, confirmed through compositional analyses, thereby decreasing the biomass’s hydrophilicity. This reduction in hydroxyl 
groups potentially enhances the biomass’s resistance to moisture uptake and may increase its durability for various applications. 

The agave bagasse exhibited a complex composition with diverse elements and functional groups, as revealed by the analytical 
techniques. SEM-EDX analysis indicated the presence of calcium oxalate crystals, potentially formed through biomineralization 
processes, in the untreated bagasse, which displayed a honeycomb-like surface morphology. Acid pre-treatment induced structural 
changes and increased surface roughness, which helps improve the adhesion of the fiber to a polymer matrix. The enzymatic pre- 
treatment had a lesser effect on the surface morphology of the biomass. In contrast, the combined acid-enzymatic pre-treatment 
enhanced fiber accessibility and promoted biomass breakdown, facilitating further processing. 

Interestingly, enzymatically pretreated bagasse exhibited higher susceptibility to temperature, degrading faster than raw and acid- 
pretreated bagasse in thermogravimetric analysis. These changes may affect its thermal stability and suitability as a composite 
material. 

These findings contribute to a better understanding of optimal agave bagasse pre-treatment methods to increase the cellulose 
fraction for potential applications across various industries. By elucidating the effects of different pre-treatments on biomass 
composition, morphology, and thermal behavior, this research informs the development of sustainable and efficient utilization stra-
tegies for agave bagasse. The study may have used a limited number of samples and may not fully represent the variability inherent in 
agave bagasse from different sources. Future studies should aim to incorporate a more diverse range of samples to account for potential 
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variations in composition and properties. Further optimization of pre-treatment conditions, including acid concentration, reaction 
time, enzymatic dosage, and temperature, could enhance the efficiency of cellulose extraction and hemicellulose hydrolysis while 
minimizing energy consumption and environmental impact. 
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[36] R. Palomo-Briones, I. López-Gutiérrez, F. Islas-Lugo, K.L. Galindo-Hernández, D. Munguía-Aguilar, J.A. Rincón-Pérez, M.Á. Cortés-Carmona, F. Alatriste- 
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