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ABSTRACT:
							                           
The chestnut shell from the Amazon region shared between Colombia, Brazil, and Perú is an abundant residue of the walnut used for obtaining food and cosmetic products. This residue is not yet usable due to the lack of knowledge of its properties and the environmental impact generated by its treatment through methods such as mercerization. This work presents the results of the characterization of Amazon chestnut shell residues treated by two methods, mercerization with NaOH solution and intense plasma discharge (Glow Discharge Plasma), in a reactor with argon gas in a 0,3-bar vacuum and discharge conditions of 80 mA and 600 s. The microstructural, morphological, topographic, and nanomechanical changes of the chestnut residues without treatment and with the two proposed treatments were evaluated by means of the μRaman, scanning electron microscopy, and atomic force microscopy techniques. The results showed the effectiveness of the plasma method over the mercerization method at obtaining more crystalline cellulose structures due to the reduction of hemicellulose, lignin, and the aqueous phase of walnut shell waste.



Palabras clave: Castaña amazónica, Bertholletia excelsa, celulosa, descarga intensa de plasma.
		                         


RESUMEN:
						                           
La cáscara de castaña proveniente de la región amazónica, compartida entre Colombia, Brasil y Perú, es un residuo abundante de la nuez empleada en la obtención de productos alimenticios y cosméticos. Este residuo no es utilizable por la falta de conocimiento de sus propiedades y del impacto ambiental generado por su tratamiento por métodos como la mercerización. En este trabajo se muestran los resultados de la caracterización de los residuos de cáscara de castaña amazónica tratados por dos métodos, mercerización con solución de NaOH y descarga intensa de plasma (Glow Discharge Plasma), en un reactor con gas de argón en un vacío de 0,3 bar y condiciones de descarga de 80 mA y 600 s. Los cambios microestructurales, morfológicos, topográficos y nanomecánicos de los residuos de castaña sin tratamiento y con los dos tratamientos propuestos se evaluaron mediante las técnicas de μRaman, microscopía electrónica de barrido y microscopía de fuerza atómica. Los resultados mostraron la efectividad del método por plasma, por encima del método de mercerización, para la obtención de estructuras más cristalinas de celulosa debido a la reducción de la hemicelulosa, la lignina y la fase acuosa de los desechos de cáscara de nuez.



Palabras clave: Castaña amazónica, Bertholletia excelsa, celulosa, descarga intensa de plasma.
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			Introduction

			Generating agricultural waste is inevitable, since a large amount of it can result from the harvest in the early stages of the food production chain, which causes environmental and economic problems in cultivation areas. Por example, one of the main economic activities in the Brazilian Amazon region is the Brazilian nut, whose shelling stage is a process that generates large amounts of waste, representing 90% by volume of the chestnut crops (Cardozo et al., 2014; de Souza, E. S., et al., 2019). This product is part of the so-called 'dried fruits', which provide important nutritional benefits due to their high content of proteins, carbohydrates, unsaturated lipids, essential vitamins, and minerals (ARS-US, 2019). However, Brazilian nut harvesting maintains a constant demand in the international market.

			
Bertholletia excelsa is the scientific name by which this walnut species is known, according to its taxonomy and ecology.

			It belongs to the Lecythidaceae family, found mainly in the Brazilian Amazon and several South American countries such as French Guyana, Suriname, Bolivia, Venezuela, Perú, and Colombia, due to the fact that its growth is favored by sandy or clayey soils with good drainage. Furthermore, it is an endemic species, and it is impossible to domesticate, since it forms a natural balance dependent on rodents and specific organisms for pollination (Melo et al., 2018). Additionally, this species is representative of the Amazonian tropical forest, not only for its economic and environmental importance, but also for its size (up to 50 m), with a trunk that reaches 2 m in diameter (Salo et al., 2013). Its fruit is extremely hard, with a shape similar to that of coconut, and it can weigh up to 2 kg with 12 to 25 nuts inside, each with its own shell (Bonelli et al., 2001).

			The Brazilian nut shell is mainly composed of cellulose, lignin, and hemicellulose, so a convenient option to reduce the impact of generating unusable waste would be using it as a source for obtaining fibrils and/or cellulose nanocrystals, which is especially important for the multiple applications it can have in the paper, textile, food, and nanotechnology industries, given its use in the manufacture of bio-nanocomposites, pharmaceuticals, biomedical implants, medicines, among others; it is classified as a non-toxic, highly crystalline, hydrophilic material with outstanding mechanical properties, especially due to its high rigidity. (Naduparambath et al., 2018; de Souza, A. G. et al., 2019).

			To produce cellulose from biowaste, it is necessary to eliminate hemicellulose, lignin, and other components present in the lignocellulosic material that are rigidly associated through non-covalent bonds and covalent cross linkages (Tezcan and Atici, 2017). Figure 1 shows the molecular scheme of a lignocellulosic biomass, where hemicellulose is a carbohydrate polymer in the form of a network that covers the cellulose, and lignin is a polymer with an aromatic structure of a hydrophobic nature located between cellulose and hemicellulose fibers (Jagtap et al., 2018; Sun, et al., 2016; /Alvarez-Rodriguez et al., 2012). Current methods for obtaining cellulose are based on delignifying, that is, eliminating lignin through chemical pretreatments such as acid hydrolysis, basic hydrolysis, high pressure steam, among others (de Souza E. S., et al., 2019).
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Figure 1



Molecular scheme of lignocellulosic biomass.







Source: Jagtap et al., 2018






			

			Basic hydrolysis is a very common method, also known as the 'mercerization method', used to remove lignin from plant fiber waste. During this process, lignin is generally reduced by means of diluted NaOH, causing the separation between the structural links of lignin and the carbohydrates found on the external surface of the biomass, given the increase in its internal surface area (swelling) (Jaramillo-Quiceno, 2016; Rosa et al., 2010). One of the advantages of this method is the high efficiency in the solubilization of lignin. However, its treatment conditions imply the use of very expensive industrial equipment, as well as environmental and human health problems due to the use of chemical products (Tezcan and Atici, 2017).

			Glow Discharge Plasma (GDP) is a new method for the surface treatment of materials. It is economic and friendly to the environment, and it allows transforming the surface properties and sometimes of the interior mass of metals, polymers, elastomers, ceramics, etc. Surface cleaning, etching, crosslinking, and changes in the chemical structure are some of the most important modifications reported in materials treated with this technique (Vacková etal., 2019). Its operation consists of introducing a sample into a vacuum chamber under the action of a high-energy ionized gas (plasma) produced by an electric field within the chamber. The sample of interest interacts with cold ions, high-energy electrons, free radicals, and ultraviolet radiation, thus generating changes in their properties. These modifications depend on the working parameters of the plasma equipment: voltage, type of gas used, pressure, and the polarity of the sample versus the polarity of the equipment. In a polymer, for example, when the electrons collide with the surface, a break in the bonds and the formation of different molecular structures take place (Tsai et al., 2010). Different industries all over the world are planning to incorporate the modification of the surface properties of many materials into their production lines. This includes textiles, polymeric fibers, food, packaging, and other materials of an inorganic and organic nature. Therefore, the study of the transformation of the properties of plant waste is a great opportunity to explore a wide range of interesting applications.

			Studying the impact of technologies for the treatment of these new materials, specifically in the modification of vegetable fibers from agro-industrial waste, is one of the objectives of this research, as well as presenting the comparative results obtained from the treatment by intense plasma discharge and the treatment by mercerization of residues of chestnut walnut shell fibers, with respect to changes in morphology, microstructure, and mechanical behavior.

			
				Experimental section

				
					
Materials and methods


					The main objective of the methodological development proposed in this work was to prepare a useful residue extracted from the shell of the Amazonian chestnut using plasma glow discharge and mercerization treatments to compare the stiffness, morphological, topographic, and microstructural changes generated in the treated residues. To this effect, the collection and supply of seeds of the chestnut (Bertholletia excelsa) was carried out by residents of the jungle near the city of Leticia, located in the Colombian Amazon region.

					These seeds, approximately 4 to 5 cm in diameter, were washed with distilled water and simultaneously brushed to remove any adhering organic residue, before manually separating the shell and the fruit from the seed. This procedure was performed with a hammer, with extreme caution to avoid mixing the fruit of the walnut with the macerated shell. The residues obtained were reduced in size using a mortar and then separated by means of granulometric sieves with a 106-micron mesh, thus obtaining three triplicate samples of approximately 0,5 g each for study. A group of three of these samples was labeled as 'untreated', and the other two groups of three samples were marked as 'mercerized' and 'plasma', respectively.

					For the mercerization process of the walnut shell residues, NaOH solution was used. The variables established as preliminary control were NaOH concentration, temperature, exposure time, and fiber weight to NaOH solution ratio. Then, in the main experimental phase, these variables were assumed to be constant, according to previous works (Jaramillo-Quiceno, 2016). For this, 0,5 g of sample were treated at a concentration of 4% NaOH, a temperature of 40 0C for 2 h, and a fiber: solution ratio of 1:15. After this step, the sample was washed and filtered with 1% acetic acid in solution and then rinsed with distilled water to remove unreacted NaOH residues and water-soluble extracts. After this alkaline treatment, the fibers were dried in two stages, the first for 24 hours at room temperature, and the second at 70 0C for 48 h in a drying oven to remove as much moisture as possible.

					A Quorum Technologies Q150R sputtering reactor, adapted for the GDP process, was used on the crushed walnut shell samples, with an atmosphere of argon ionizing gas at a vacuum pressure of 0,3 bar and additional operating conditions of 80 mA, under positive polarity conditions in the sample holder and 600 s of processing time.

					Raman spectra of the shell samples with and without their corresponding treatments were obtained with a LabRam HR Evolution Horiba Scientific micro-Raman-Confocal spectrometer coupled with an Olympus BX41 light microscope with a 100X objective for the qualitative analysis of chemical structures. To this effect, 0,15 g of each sample were manually compacted to eliminate dispersions and placed on a glass slide. Scans were performed in a range of 50 cm-1 to 3 500 cm-1 with a 785 nm laser and an acquisition time of 6 s with 12 accumulations. The software used to determine the bands of interest and the corresponding processing of the spectra obtained was LabSpace6, along with its database, while also processing the spectra acquired with the baseline and the univariate method with Lorentian adjustment, in order to obtain intensity values with greater precision.

					Images were obtained from 500X to 2000X with a SEM EVO MA10 Carl Zeiss scanning electron microscope operating at a voltage of 5 kV and a working distance of 8,5 mm. This allowed analyzing and comparing the morphology of chestnut shell residues with and without the mercerization and plasma treatments. The observed samples were pre-coated with a thin layer of 5 nm gold (measured with a piezoelectric device conditioned in sputtering equipment), as is recommended for observing non-conductive samples in SEM.

					Using the AFM Park Systems NX10 atomic force microscope in areas of 5 x 5 pm and 256 x 256 pixels, topography, dimensional distribution, and stiffness measurements of the treated and untreated chestnut shell residues were performed on the Pint Point scanning mode, with a tip on cantilever (reference NSC14 with a force constant of 5 N/m and a frequency of 160 KHz).

				

			

		

		
			Results and discussion

			The images of the untreated seeds and a scheme with the different stages of treatment are shown in Figure 2.
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Figure 2



Chestnut husk treatments: a) Crushed and sieved, b) Mercerization, c) Plasma.







Source: Authors






			

			The untreated chestnut shell shows a brown color, which manifests itself in the aqueous solution resulting from the mercerization treatment with NaOH due to a partial elimination of lignin (Rosa et al., 2010). This color change did not occur in the chestnut shell samples treated with discharge plasma.

			Crystallinity in cellulose has an important effect on the physical, mechanical, and chemical properties of the fibers and microfibers that constitute it. Similar works have found that a higher crystallinity increases tensile strength and gives greater dimensional stability and density to the fiber while decreasing properties such as chemical reactivity and swelling (Jaramillo-Quiceno, 2016; Lopez-Duran et al., 2018; Kathirselvam et al., 2019). The Raman spectra of the fibers processed by mercerization and plasma, as well as of those unprocessed, are shown in Figures 3a, b, c, and d, where the variations in the intensity of the main bands represent, among other characteristics, changes in crystallinity and the reduction of lignocellulose from the residues of the Amazonian chestnut shell due to the treatments proposed in this research.

			In Figure 3a, the predominant bands in the spectral region between 1 525 cm-1 and 1 700 cm-1 are presented, thus representing the aryl stretching vibration, which is symmetric and mainly associated with lignin; as well as a 1 599 cm band whose attenuation indicates the delignification of the fiber of shell residues from mercerization (Gierlinger et al., 2013). In the Raman spectrum of plasma-treated fibers, the last band does not completely disappear; according to Segmehl et al. (2019), the typical distribution of lignin between hemicellulose and cellulose fibers is not uniform and, therefore, the location of the analyzed region is an important factor because there can be significant variations in the collected Raman signal. Taking this effect into account, the presented spectrum accounts for the average of several acquired. The bands of the spectra of the different analyzed samples located between 2 862 and 2 882 cm-1 represent the amorphous phase of cellulose, generally associated with the aqueous phase present in the residues. These bands decrease in intensity in the treated samples, mainly in the plasma-treated one. Table 1 shows the Raman band assignments for the Amazonian chestnut shell (Bertholletia excelsa).
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Figure 3



Raman spectra and Lorentzian adjustment: a) Raman spectra of chestnut fibers with and without mercerization and plasma treatments; b) Bands of interest for the analysis and adjustment to calculate the percentage of crystallinity; c-d) Lorentzian adjustment for bands 375 cm-1 and 1 094 cm-1.







Source: Authors






			

			
				

Table 1




Raman band assignments for Amazonian chestnut shell (Bertholletia excelsa) samples
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 Source: Authors






			

			
				Figure 3b shows the bands of the Raman spectra representing the loss of cellulose in the untreated walnut shell fibers at 374 and 1 096 cm-1, those treated by mercerization at 377 and 1 095 cm-1, and those plasma-treated at 372 and 1 093 cm-1 . Figures 3c and d show spectra with these bands of interest with a Lorentzian-type fit. In Figure 3b, the Raman bands between 1 096 and 1 122 cm-1 are associated with the stretching of the typical glycosidic bond of cellulose. The spectra with Lorentzian analysis in Figure 3d show the definition of the bands at 1 094, 1 095, and 1 125 cm-1, which represent partial and non-total loss of cellulose after the mercerization and plasma treatments. The transformation from type I to type II cellulose is generally related to the variation of the band at 380 cm-1, according to studies carried out on fibers treated by mercerization with NaOH (Segmehl et al., 2019). However, in this study, the position of this band for the three cases, 376, 377, and 372 cm-1 is relatively similar, although modifications to the bandwidth are observed due to the defects induced from the treatments on the walnut shell fibers.

			Considering that the changes in cellulose crystallinity are attributed to the degradation of lignocellulose and hemicellulose, a method has been proposed to quantitatively determine these changes based on the ratio of the intensities of the bands at 380 and 1 096 cm-1 (I380/I1096) and a data treatment with univariate analysis to solve problems involving the presence of fluorescence in the spectra (Agarwal et al., 2010; Agarwal et al., 2013). Similar works to determine the crystallinity of cellulose fibers have used X-ray diffraction patterns, with discrepancies in the reliability of the results obtained when varying the size of the fibers (Carrión-Prieto et al., 2019). Contrary to the spectra obtained in this study, due to the interaction of the signal that relates hemicellulose and pectin, a Raman dispersion can be produced, leading to an imprecise measurement of cellulose crystallinity (Anderson et al., 2003). According to this method, to determine the percentage of crystallinity in the walnut shell cellulose fibers, four Raman spectra have been processed for each treatment for their respective calibration, thus obtaining values of í375/í1094. In this sense, Equation (1) has been used to obtain the percentage of crystallinity (XRaman) of the samples not treated and treated by GDP and mercerization.
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			The results of this analysis are presented in Table 2.

			
				

Table 2




Raman intensity values and I375/I1094 ratio for the calculation of the X
 
 Raman
 crystallinity factor
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			According to Table 2, the 1,5 value of 375/ 1094 reported for the sample treated by GDP (I372/I1095) represents the highest value of cellulose crystallinity with respect to the values of 0,62 and 0,94 reported for the samples treated by mercerization and without treatment, respectively. The presence of the Raman spectral band at 1 599 cm-1 corresponding to the structural vibration of lignocellulose in untreated and plasma-treated walnut shell microfibers, which does not appear in the sample treated by mercerization, affects the value of the intensity of the band at 1 094 cm-1, whose value is higher in the sample treated by mercerization. Figure 4 shows the calibration graph of the four spectra taken in each sample, as well as the graph that relates the percentages of crystallinity vs. the calculated 375/ 1094 ratio.
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Figure 4



a) Graph showing the relationship between the crystallinity of the calibration set versus the Raman intensity ratio I375/Ii094; b) Graph that relates the crystallinity of each sample with the Raman intensities i375/Ii094 with univariate analysis.







Source: Authors






			

			According to the graph in Figure 4b, shown in ascending order by the degree of crystallinity, the walnut shell fibers treated by mercerization had a value of 27%, 42% for the sample without treatment, and 64% for the fiber treated by GDP. These values, as well as the I375/I1094 ratio, probably show some dispersion due to the presence of lignocellulose, which especially affects the band associated with microcrystalline cellulose at 1 095 cm-1. This band has been used for the study of mechanical properties in vegetable fibers, specifically for changes in viscoelastic properties (Eichhorn and Young, 2001).

			
				
Morphological description of the fibers by Scanning Electron Microscopy (SEM)


				
					Figure 5 shows the SEM images of the fibers with and without the treatments. The surfaces of the shell residues have rough and porous shapes, thus evidencing the presence of amorphous regions associated with morphologies other than cellulose, such as lignin and hemicellulose (Figure 5a and b). In the fibers treated by that mercerization and GDP, the size of the cellulose microfibers was identified between 1,5 and 2,5 μm.
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Figure 5



Morphological analysis: a) Image of the sample without treatment; b) Chestnut husk fibers with mercerization treatment in NaOH; c) Chestnut fibers with 80 mA plasma treatment.







Source: Authors






				

				Likewise, Rosa et al. (2010), in their research on coconut shells, related what was observed in SEM images with the partial removal of impurities (lignin, hemicellulose, and other compounds present in the shell) based on partial fibrillation, unlike the untreated sample. Results obtained by the Raman Spectroscopy technique of the plasma-treated samples are characterized by the presence of bands associated with cellulose, which are more defined than the bands of the samples without treatment. However, in both the mercerization and plasma treatment, they showed a level of partial defibrillation with a still compact morphology, similar to the morphology of the samples without treatment (according to the comparison in Figure 5a, b, and c), thus corroborating the results showing the Raman bands associated with lignin. In addition to this comparative analysis, it should be noted that the chestnut walnut shell sample with the highest defibrillation was the plasma-treated one, where long, continuous, spirally wound shapes of fibers of approximately 2,5 m of diameter were observed.

			

			
				
Atomic Force Microscope (AFM)


				
					Figure 6a shows the topographic characteristics of a walnut shell sample without any treatment, and Figures 6b and c, the topography images of the samples treated by mercerization and plasma, respectively. From this characterization, roughness measurements in Ra (pm) were obtained, observing a decrease in in this value for the samples treated by mercerization and by plasma in their order.
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Figure 6



AFM images of topography (3D) and stiffness (2D): a) untreated sample topography, b) mercerization-treated sample topography, c) plasma-treated sample topography, d) Stiffness image for untreated sample, e) Stiffness image for sample treated by mercerization, f) Stiffness image for sample treated by plasma.







Source: Authors






				

				This aspect is associated with the effect of mercerization and plasma treatment on the removal of cementitious material from the walnut shell or the structure of its first amorphous region, which is mainly composed of hemicellulose and lignin, which corroborates the results obtained through Raman and SEM imaging. The decrease in the roughness of the surfaces of the walnut shells after plasma treatment is caused by the breakdown of the amorphous structures of hemicellulose and lignin that are present in the primary layer of microfibrils, thus exposing a secondary layer rich in cellulose crystalline and with a smooth topography. Table 3 shows the values of roughness Ra ( m) and stiffness (GPa) obtained.

				
					

Table 3




Roughness Ra (pm) and Stiffness (GPa) values for chestnut nut fibers without treatment and with treatment




[image: 0120-5609-iei-42-01-e107-gt3.png]






 Source: Authors






				

				
					Figures 6d, e, and f refer to the images acquired by the AFM's Pin-Point mode, showing the variation of the stiffness on the surface (5 x 5 m) of the walnut shell residues. In the gray bar, the different color tones ranging from light gray, medium light gray, medium dark gray, and dark gray indicate the variation of stiffness in the range of 0,001 to 100 GPa. Medium dark gray and dark gray represent the areas with the highest stiffness distribution in the walnut shell residues and the most representative of the physical-mechanical changes manifested from the treatments developed in this research. In the untreated walnut shell samples, this zone appears between 0,7 and 7 GPa, with the notable presence of less rigid zones (between 0,1 and 0,7 GPa) in a light gray color tone. In Figure 6e (a sample treated by mercerization), the stiffer zones appear between 0,05 and 8 GPa, with a small distribution of less rigid structures between 0,001 and 0,3 GPa (light gray color tone). For the plasma-treated walnut shell sample shown in Figure 6f, values between 0,09 and 35 GPa represent areas of higher rigidity, and those between 0,001 and 0,09 GPa correspond to less rigid areas.

				Treatment processes in vegetable fibers, especially mercerization, generally produce lignin and hemicellulose removal effects on the fibers (Cheng and Wang, 2008; Cousins, 1978). While comparing the stiffness results of the different treated and untreated walnut shell samples, it was observed that the most notable changes occurred in the GDP-treated samples. From the process by plasma in vegetable fibers, it is known that the decrease in cellulose, hemicellulose, and lignin is caused by the breakdown of the glucoside bonds of cellulose, of the sugars present in the structure of hemicellulose, and the carboxylic and hydroxyls bonds in cellulose, thus generating a molecular restructuring of the carbon covalent bonds of the fibers with respect to oxygen ions. This causes important changes in the stiffness of the treated structures. Several studies have reported that the increase in stiffness is associated with a more crystalline structuring of cellulose microfibrils, which is consistent with the results obtained by AFM imaging, the morphological and structural changes observed in the SEM characterization, and the analysis of the spectral bands obtained by Raman (Marcuello et al., 2019).

				In the third column of Table 3, the stiffness values obtained by analysis in the AFM XEI software are shown. This procedure consists of processing the images acquired and shown in Figure 6d-f to obtain an arithmetic average in GPa of the selected region. A higher average stiffness value was found in the plasma-treated samples, which matches the values analyzed in the gray tone bands of their respective images. An important aspect to consider when processing the fibers with plasma is the drastic decrease in the humidity of the fibers due to the vacuum of the procedure. This reduces their viscoelastic properties, with the obvious consequence of increasing the rigidity of the walnut shell. This behavior was also observed in the samples treated by mercerization, which presented a stiffness value of twice that of the samples without treatment and almost eight times less than that of the samples treated with plasma. In general terms, the increase in the level of crystallinity and the stiffness of the walnut shell fibers is a consequence of the covalent molecular restructuring of the carbon and oxygen bonds of the fibers, in addition to the decrease in the aqueous phase (Marcuello et al., 2019).

			

		

		
			Conclusions

			Both the mercerization and plasma treatment on the Amazonian chestnut walnut shell generated the release of agglomerated cellulose microfibers in spirals with diameters between 1,5 and 2,5 pm, according to the SEM image analysis. The Raman spectra for both treatments used in this research showed bands associated with the presence of cellulose, with the disappearance of the 1 599 cm-1 band related to lignin degradation, with a greater effect in the treatment by mercerization than by plasma.

			Additionally, the calculation of the crystallinity index proposed in this work with the relation of intensities associated with cellulose showed a significant increase in crystallinity for plasma-treated samples compared to the untreated samples, as well as a decrease in crystallinity in the sample treated by mercerization, which indicates a transformation effect based on the breakdown and covalent restructuring of carbon-oxygen bonds in the fibers treated by plasma, and a structural breakdown effect with a low level of reconstitution for the mercerization treatment.

			In addition to this, the plasma treatment decreased the aqueous phase associated with cellulose, hemicellulose, and amorphous lignin, thus affecting the original viscoelastic properties of the chestnut shell residues and increasing their rigidity, as evidenced in the results obtained by AFM on the Pin-Point itinerant contact mode. However, an important effect must be added to the increase in the rigidity of the shell, based on the restructuring of the carbon-oxygen bonds that occurs after the removal of the first amorphous wall of hemicellulose and lignin, which exposes a second wall composed of crystalline cellulose, partially free of these amorphous substructures. This was an important factor for the decrease in the roughness of the structure treated by plasma.
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