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Large amounts of lignocellulosic-rich agricultural biomass waste are produced worldwide, making its proper management a key factor for a sustainable bioeconomy. Brazil is the fourth-largest banana producer in the world. After fruit harvesting, around four tons of wet biomass are generated for each ton of banana harvested. Converting these residues into value-added derivatives has attracted significant attention in recent years. In this context, this study proposes valorizing banana postharvest waste through cellulose extraction and purification, followed by the synthesis of Cellulose Acetate (CA) and Carboxymethylcellulose (CMC), highly versatile biomaterials that could potentially replace conventional polymers of industrial relevance. The efficiency of cellulose purification was evidenced by the low insoluble lignin (less than 2.18 %) and the high levels of α-cellulose (55.2 % to 79.5 %) in the bleached samples. The biopolymers synthesis was also confirmed by determining the degrees of substitution (DS) of CA (ranging from 2.87 to 2.89), and CMC (ranging from 0.77 to 0.85), as well as by identifying characteristic bands using Fourier Transform Infrared Spectroscopy (FT-IR), such as the peak at 1737 cm⁻¹ representing the stretching of the carbonyl ester of CA, and the peaks near 1587 cm⁻¹, confirming the elongation vibration of the carboxyl groups of CMC. These results demonstrate the viability of reusing lignocellulosic waste from banana postharvest processing to obtain high-value-added CA and CMC biopolymers, reinforcing their potential as a sustainable alternative in the valorization of agro-industrial waste.
Introduction
The global search for renewable resources has driven universities and industry to find new sources for materials and energy. The conversion of agricultural biomass into sustainable raw materials is vital to meet energy demand and reduce environmental damage. Despite logistical challenges, lignocellulosic biomass stands out as an abundant, carbon-neutral, and accessible resource, making it a strategic solution (Saravanan et al., 2023). Rich in cellulose, these postharvest wastes have been reused to create innovative biomaterials, transforming up to 60 % of plant biomass into sustainable solutions (Patil et al., 2024). The synthesis of biopolymers, such as CA and CMC, is becoming increasingly attractive, especially regarding the production of cellulosic derivatives. CA synthesis predominantly involves pretreatment to isolate cellulose, followed by acetylation via acid catalysis or ionic liquids, which enable higher control over DS (Liu et al., 2024). CMC, also derived from cellulose, stands out for its hydrophilicity and its excellent ability to form gas-barrier films, given that the predominant synthesis route remains etherification in a heterogeneous medium, involving alkalization with NaOH followed by reaction with chloroacetic acid (Candido & Gonçalves, 2016). Recent innovations focus on optimizing reaction variables, such as alkali concentration and reaction time, to improve the DS, generally between 0.4 – 1.2 for CMC, and 2.7 – 2.9 for CA, a parameter that determines the polymer's solubility, viscosity, and thermogelation (Florencio et al., 2024). Given the potential of these biopolymers and the availability of residual biomass, this study proposes the integral use of postharvest residues (pseudostem, rachis, and leaves) from the banana Musa paradisiaca as a source of cellulose for the synthesis of CA and CMC. This approach differs from most studies reported in the literature, which focus on the utilization of isolated fractions of the banana residues, giving to this proposal an innovative character. The integration of these different fractions into a single lignocellulosic valorization system expands the utilization of biomass and reduces waste generation. Furthermore, the transformation of an abundant and still little-explored resource into high value-added products reinforces sustainability principles, aligned with the principle of fully using renewable raw materials. 
Methodology
The raw biomass processing steps were conducted according to the flowchart shown in Figure 1. Chemical characterization tests of the raw materials were performed according to TAPPI standard 222 om-02 (2002), while the methodological procedure described by Istirokhatun et al. (2015) was employed in the purification steps. For the synthesis of biopolymers, the methodologies proposed by Candido & Gonçalves (2016) for CA and by Kaewprachu et al. (2022) for CMC were adopted.
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O conteúdo gerado por IA pode estar incorreto.]Figure 1: Methodology applied for the processing of raw materials and the synthesis of the biopolymers
Results and discussion
Characterization of raw biomass
The characterization of the raw biomass as moisture and ash content, insoluble lignin (TLi%), and cellulosic fractions of α-cellulose (TαC%), hemicellulose (THe%), and holocellulose (THo%), are shown in Table 1. The raw materials had a high moisture content, ranging from 80 % to 92 %, indicating high water retention in the different fractions of the banana plant. These values ​​are consistent with data reported by Pereira et al. (2022) for the pseudostem (92.01±0.65 %); by Wisansakkul & Oupathumpanont (2026) for the leaves (66.05 % to 82.18 %); and by Guo et al. (2021) for the rachis (93.4 %). The ash contents also were within the expected values ​​in the literature, particularly those of the pseudostem and leaves, ranging from 7.3 % to 20.5 %, and 7.60 % to 18 % (Daimary et al., 2023; Singh et al., 2020). The higher ash content of the rachis (19.32 %) is due to its higher concentration of total minerals. Differences in banana species or cultivars, management and cultivation, and soil nutrient availability can also cause significant changes in the inorganic fraction and, consequently, in ash content (Lima Neto et al., 2020). The insoluble lignin reveals that the raw biomass, pseudostem (9.94 %), leaf (25.55 %), and rachis (33.66 %), have high lignin levels compared to the bleached samples: pseudostem (about 0.0 %), leaf (2.08 %), and rachis (2.18 %). This difference is associated with the anatomical characteristics of plant tissues, since the pseudostem is predominantly composed of thin tissues, whereas leaves and, above all, the rachis require higher support and lignification (Azriena et al., 2025). The bleaching process drastically reduced these levels, especially in the rachis, which dropped from 33.66 % to 2.18 %, indicating an effective breakdown of aromatic bonds, facilitated by the accessibility of the fibres or by the specific chemical composition of each plant fraction (Freitas et al., 2024). It is also worth noting that bleaching significantly increased the THo% and Tα-C% of the samples, confirming the effectiveness of the purification processes, which favor the solubilization of non-cellulosic constituents and promote selectivity and increased quality of the cellulosic fraction (Azriena et al., 2025; Freitas et al., 2024). The effectiveness of the treatment is more evident in the pseudostem samples, with a reduction in THe% from 25.11 % to 4.21 %, and in the rachis samples, with an increase in TαC% from 56.04% to 77.14%. Similarly, the pseudostem showed a substantial increase in TαC% from 34.25 % to 78.62 %, demonstrating that, despite its initially more resistant lignocellulosic matrix, the chemical treatment promoted a significant enrichment of the cellulosic fraction. The leaves also showed high α-cellulose content (73.02 %), indicating high delignification efficiency, consistent with the previously observed low TLi%. The results are in agreement with the literature, which reports α-cellulose contents between 65 % and 85 % for biomasses subjected to efficient delignification and alkaline extraction processes, reinforcing the suitability of the material for more demanding technological applications, such as the synthesis of cellulose derivatives and advanced biomaterials (Battisti et al., 2019; Pereira et al., 2022). Additionally, the yields from the bleached cellulose production process were 26.57 % for the pseudostem, 38.54 % for the rachis, and 54.07 % for the leaves, indicating variations related to the initial composition and structural resistance of each plant fraction. When compared to literature, the values ​​obtained are compatible with different processing methods. Hafemann et al. (2020) reported yields between 29.4 % and 34.3 % using H2O2 for rice husk, while Rosa et al. (2012) indicate an average efficiency of 28 %. Similar values ​​are also observed in processes with ionic liquids, with yields of up to 30 % (Paredes et al., 2025). On the other hand, Wang et al. (2021) reported significantly higher yield (92.6 %) in lignocellulosic biomass using sodium chlorite, which may be attributed to more intense reaction conditions.
Table 1: Moisture, ash, yield and cellulosic fraction contents of biomass: raw (R) pseudostem, bleached (B) pseudostem, raw (R) rachis, bleached (B) rachis, raw (R) leaf, and bleached (B) leaf
	Samples
	Moisture (%)
	Ash (%)
	THo (%)
	TαC (%)
	THe (%)
	Yield (%)

	(R) Pseudostem
	89.03±0.20
	13.68±0.36
	59.35±1.13
	34.25±2.70
	25.11±1.57
	26.57

	(B) Pseudostem
	--
	--
	82.83±1.24
	78.62±4.33
	4.21±3.09
	

	(R) Rachis
	91.66±0.03
	19.36±0.26
	73.11±2.58
	56.04±3.57
	17.08±6.15
	38.54

	(B) Rachis
	--
	--
	86.32±0.52
	77.14±1.20
	9.18±0.68
	

	(R) Leaf
	80.33±0.33
	11.07±0.07
	67.77±1.78
	55.62±2.05
	12.15±3.83
	54.07

	(B) Leaf
	--
	--
	84.61±0.28
	73.02±0.49
	11.59±0.77
	



Scanning Electron Microscopy (SEM) analysis, shown in Figure 2, reveals clear morphological differences between the raw biomass and the purified biomass. The raw samples of pseudostem, rachis, and leaves exhibit a compact morphology, with aggregated fibers and surfaces covered by non-cellulosic components, characteristic of a less accessible lignocellulosic matrix. After chemical purification, higher structural disaggregation is observed, with more individualized fibers, increased surface roughness, and higher porosity. These changes indicate the efficient removal of lignin, hemicellulose, and extractives, promoting the opening of the biomass matrix (Ardila et al., 2024). The treated pseudostem stands out for its high exposure of cellulosic fibrils, while the rachis presents cleaner and more defined fibers. The treated leaves, although more heterogeneous, also show significant surface modification (Sriwong et al., 2023). Overall, SEM results corroborate the chemical characterization analyses, confirming the enrichment of the cellulosic fraction and the increased accessibility of the fibers after the purification treatment.
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Figure 2: SEM images of materials at a scale of 100 µm: raw (a) and treated (b) pseudostem; raw (c) and treated (d) rachis; raw (e) and treated (f) leaf


Synthesis of the biopolymers CA and CMC
The DS was calculated to verify the conversion of cellulose into the biopolymers CA and CMC. Table 2 shows the DS values ​​of the biopolymers obtained from different fractions of banana residue. The DS of CA represents the average number of acetyl groups that replace hydroxyl groups per glucose unit. The maximum degree of acetylation is achieved when all OH groups are replaced by acetyl groups, yielding a DS of 3 (Freitas et al., 2017). The pseudostem (2.89±0.01), rachis (2.85±0.02), and leaf (2.87±0.04) DS confirm the synthesis of cellulose triacetate in all fractions, with good experimental reproducibility, evidenced by the low standard deviations (Candido & Gonçalves, 2016). The DS of CMC is defined as the average number of hydroxyl groups substituted by carboxymethyl groups, with values ​​ranging from 0.5 to 1.4. The experimentally determined values for the pseudostem (0.77±0.05), rachis (0.85±0.04) and the leaf (0.81±0.01) are consistent with the literature (Kinjo et al., 2026). The mass yields for CA were 126.22 % (pseudostem), 132.32 % (rachis), and 114.17 % (leaf), while for CMC were 103.0 % (pseudostem), 98.79 % (rachis), and 120.0 % (leaf). Values ​​above 100 % are expected due to the incorporation of functional groups (acetyl or carboxymethyl) into the cellulose structure, resulting in increased mass. The results demonstrate high efficiency of the chemical reactions for all fractions evaluated. Thus, DS and Yield results confirmed the potential of the different postharvest banana fractions as viable sources of cellulose for the synthesis of CA and CMC biopolymers, with suitable properties.
Table 2: Degree of substitution (DS) of Cellulose Acetate (CA) and Carboxymethylcellulose (CMC)
	Degree of substitution (DS)
	Pseudostem
	Rachis
	Leaf

	CA
	2.89±0.01
	2.85±0.02
	2.87±0.04

	CMC
	0.77±0.05
	0.85±0.04
	0.81±0.01



The FT-IR analysis, shown in Figure 3, confirms the structural differences between the raw cellulosic biomass and the acetylated products (CA) obtained from the pseudostem, rachis, and leaves. In the spectrum of the raw cellulosic biomass, a band is observed around 3401 cm⁻¹, attributed to the stretching of hydroxyl (OH) groups, characteristic of the extensive network of intramolecular and intermolecular hydrogen bonds, in addition to the band at 2914 cm⁻¹ related to C–H stretching. The presence of the band at approximately 1048 cm⁻¹ is associated with C–O stretching of glycosidic bonds, typical of the polysaccharide structure of cellulose. In the spectra of the CA products, a significant reduction in the intensity of the OH band is observed, indicating the substitution of these groups by acetyl groups during the acetylation reaction. The formation of CA is evidenced by the appearance of an intense band around 1737 cm⁻¹, attributed to the stretching of the carbonyl (C=O) of the ester group, absent in the raw cellulose spectrum. The presence of bands between 1230–1243 cm⁻¹ is associated with the C–O–C stretching of the acetyl groups, and around 1378 cm⁻¹, related to the C–H deformation of the methyl group (CH₃) (Jia et al., 2022).
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Figure 3: FT-IR of the Cellulose Acetate (CA) biopolymers obtained
Figure 4 clearly shows the chemical modifications resulting from the conversion of cellulosic biomass into CMC, as evidenced by FT-IR spectra. In the spectra of CMC samples obtained from the pseudostem, rachis, and leaves, a reduction in the intensity of the OH band is observed, indicating the partial substitution of hydroxyl groups during the carboxymethylation reaction. The appearance of characteristic bands of carboxymethyl groups (COO⁻), especially the band around 1588 cm⁻¹, confirms the formation of CMC. The band at approximately 1415 cm⁻¹ is related to and associated with the CH₂–COOH group, confirming the introduction of the carboxymethyl substituent into the cellulosic chain (Florencio et al., 2024).
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Figure 4: FT-IR of the Carboxymethylcellulose (CMC) biopolymers obtained 
Conclusions
This study demonstrated the technical feasibility of transforming postharvest banana waste (pseudostem, rachis, and leaves) into high-value-added biopolymers, reinforcing the principles of the circular economy. Chemical characterization revealed that although the rachis had the highest lignin content, the purification processes were highly effective across all biomass fractions, drastically reducing non-cellulosic components and increasing α-cellulose content to levels above 73 %. Therefore, the reutilization of these biomass residues, which could represent a significant environmental liability for small farmers in the Criciúma region (SC) in Brazil, proved to be a promising strategy. Thus, the conversion of lignocellulosic biomass into CA and CMC offers a sustainable alternative to fossil-based polymers, adding value to the banana production chain. 
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