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Abstract

:

Cellulose nanofiber is the world’s most advanced biomass material. Most importantly, it is biodegradable. In this work, nanofibers were obtained from pineapple leaves, a large solid waste in Colombia, using a combined extraction method (chemical procedures and ultrasound). The native fibers were bleached, hydrolyzed, treated with ultrasound, and characterized by scanning electron microscopy (SEM), infrared analysis (FTIR), thermogravimetric analysis (TGA), and transmission electron microscopy (TEM). As a comparison, a commercial microcrystalline cellulose sample was analyzed, which demonstrated the efficiency of cellulose extraction. The nanofibers had a diameter and a length of 18 nm and 237 nm, respectively, with a maximum degradation temperature of 306 °C. The analysis showed the efficiency of acid treatment combined with ultrasound to obtain nanofibers and confirmed that pineapple residues can be valorized by this method. These results indicate that lignocellulosic matrices from pineapple leaves have potential application for obtaining polymeric-type composite materials. Due to their morphology and characteristic physical properties, the cellulose nanofibers obtained in this work could be a promising material for use in a wealth of fields and applications such as filter material, high gas barrier packaging material, electronic devices, foods, medicine, construction, cosmetics, pharmacy, and health care, among others.






Keywords:


agro-industrial waste revalorization; cellulose nanofiber; bioprospecting; bioeconomy; circular economy












1. Introduction


The urgency of today’s environmental problems has led academia and the industry to focus on increasing research and production of natural biodegradable materials [1,2,3]. In this sense, the availability of biopolymers, due to their abundance and accessibility in nature and their low cost, have led to their use in different interesting applications [3,4]. A clear example of biopolymers with these advantages is cellulose [3,5,6,7].



Aside from being one of the easiest organic compounds to obtain, cellulose is the most abundant natural, renewable, and biodegradable polysaccharide in the world [4,5], with an annual production yield greater than 10 × 1011 tons [2,8].



Cellulose contains amorphous regions in its structure that are susceptible to acid attack and allow the formation of nanofibrils [6]. These nanofibrils show excellent water dispersibility and are easy to obtain, handle, and shape. Moreover, nanofibrils are able to form interactions between units at the nanoscale, creating permeable networks connected by hydrogen bonds, which results in good dispersion in the polymer matrix [9].



Cellulose nanofibers are sustainable materials with high elastic modulus, tensile strength, transparency, chemical resistance, aspect ratio (length/diameter), and specific surface area. In addition, they have a low thermal expansion coefficient and remarkable optical, rheological, and film-forming properties [5,10]. Because of these properties, cellulose nanomaterials hold different applications such as absorbents in water treatment and antimicrobial materials. In fact, cellulose nanofibers have been used to turn contaminated water into drinking water; they have also been shown to be antimicrobial materials in protective healthcare equipment, food packaging, and ultrafiltration membranes [8].



Cellulose nanofibers have had a recent impact on industrial applications [5,7], mainly in the Japanese market. The cellulose nanofiber market size was valued at USD 346 million in 2021 and is projected to reach USD 1424 million by 2030, growing at a compound annual growth rate (CAGR) of 19% from 2022 to 2030 [11].



Cellulose nanofibers are generally obtained from agricultural sources such as wheat straw, cotton, coconut husk fibers, sisal fiber, bamboo waste, and sugarcane bagasse, among others [5,12]. Agro-industrial waste could also be a good source of cellulose nanofibers [13,14,15]. In this regard, circular economy [16,17] and revalorization strategies [18,19] are capable of revalorizing abundant and biodegradable agro-industrial waste that could play an important role in a globally sustainable future economy.



Colombia is one of the ten pineapple-producing countries in the world. Colombian pineapple production has increased at an annual rate of 12%, reaching over 1.2 million tons in 2021 [20]. Pineapple leaves are an abundant waste during pineapple transformation since leaves represent between 65% and 80% of the total crop; most of these come from the crown (leaves from the upper part of the fruit) and the stem. A pineapple plant in the harvested state contains 25 to 30 leaves, with diameters ranging from 45 µm to 205 µm. These leaves contain 2% to 3% fiber and are composed of approximately 70–80% cellulose, 17% hemicellulose, and 5% lignin [21].



Concentrated chemicals and mechanical methods over long periods of time degrade the cellulose during the isolation of nanofibers, reducing the degree of chain polymerization. The use of combined methods could decrease cellulose degradation and optimizes morphology and aspect ratio [14]; therefore, this work aimed to obtain cellulose nanofibers from pineapple waste using chemical methods combined with ultrasound. Then, to demonstrate the efficiency of these methods, fibers were characterized by scanning electron microscopy (SEM), infrared analysis (FTIR), thermogravimetric analysis (TGA), and transmission electron microscopy (TEM).




2. Materials and Methods


2.1. Reagents


Hydrochloric acid solution (HCl, 37% w v−1, Sigma-Aldrich, St. Louis, MO, USA), ammonium hydroxide (Sigma-Aldrich, St. Louis, MO, USA), sodium hydroxide (NaOH, pellets, Merck, Darmstadt, Germany), sodium chlorite (NaClO2, crystals, Sigma-Aldrich, St. Louis, MO, USA), glacial acetic acid (CH3COOH, 99.7%, Merck, Darmstadt, Germany), sulfuric acid solution in water type II (H2SO4, 96%, Merck, Darmstadt, Germany), and nitrogen (99.99%, Linde, Dublin, Ireland) were used. All materials were used as received. The water used in this work was distilled and came from our laboratory.




2.2. Pineapple Waste


Pineapple leaf samples were obtained from the Bengala Agrícola S.A. company (Pradera, Valle del Cauca, Colombia). Samples were washed with distilled water and cut with stainless steel scissors into pieces of about 10 mm. Then, samples were subjected to freeze-drying (Freezone 6 Plus, Labconco, Kansas City, MO, USA) at −40 °C and 0.01 mbar for 24 h. The dried samples were ground in a blade mill to a size of 38 µm (400 mesh), placed in airtight polyethylene bags, and stored in a desiccator at room temperature.




2.3. Obtention of Cellulose Nanofibers


2.3.1. Native Nanofibers


First, native fibers (PL-N) were obtained. For this, dried samples were stirred with a hot plate (Corning®, PC-420D, Corning, NY, USA) in 0.01 N HCl solution (1:10 ratio) at 600 rpm and 70 °C for 2 h to remove fat and pectin from the samples [22]. Subsequently, ammonium hydroxide was added until the pH value of the mixture was adjusted to 9.5 [23]. Finally, the fibers were vacuum filtered, washed with distilled water to neutral pH, and dried at 50 °C in a forced convection oven (UN 110, Memmert, Schwabach, Germany) until constant weight was achieved, obtaining PL-N.




2.3.2. Obtention of Nanofibers by Chemical Methods Combined with Ultrasound


Cellulose nanofibers from native fibers were obtained according to previous reports [13,14]. For this, PL-N were both delignified and blanched (PL-DB). To delignify, the native fiber was mixed with a 4% w v−1 aqueous NaOH solution (1:25 ratio) at 600 rpm and 90 °C for 4 h. For blanching, the delignified material was mixed (1:20 ratio) with a solution resulting from the mixture (1:1 ratio) of a 1.7% w v−1 aqueous NaClO2 solution and an acetate buffer solution (27 g NaOH + 75 mL CH3COOH L water−1). Afterwards, this solution was stirred at 600 rpm and 80 °C for 6 h. Finally, the fibers were vacuum filtered (Millipore, Merck, Darmstadt, Germany), washed with water (1:1 ratio) until neutral pH was reached, and dried in an oven at 50 °C until constant weight was achieved.



To obtain nanofibers through acid hydrolysis (PL-H) combined with ultrasound (PL-HUS), 5 g of previously obtained samples was stirred at 400 rpm with 125 mL of H2SO4 6.5 M for 24 h at 50 °C. Then, the mixture was diluted in 300 mL of water and neutralized with 1600 mL of 4% aqueous NaOH solution. Afterwards, the precipitate was vacuum filtered (Millipore, Merck, Darmstadt, Germany), washed with water (1:1 ratio), and dried at 50 °C for 24 h. Using this dried sample, 100 mL of an aqueous suspension (1% w v−1) was prepared and mixed well with an ULTRA-TURRAX® (T25, IKA, Staufen, Germany) at 10,000 rpm for 15 min. At this point, the PL-H nanofibers were obtained. Afterwards, suspensions were ultrasonically homogenized (SFX550, Branson, Barcelona, Spain) with a ½″ diameter cylindrical probe at 20 kHz and 550 W for 30 min. The sample was kept between 25 °C and 30 °C in an ice bath. The obtained nanofiber suspensions were freeze-dried at an ice condenser temperature of −40 °C and a pressure of 0.01 mbar for 24 h. At this point, the PL-HUS nanofibers were obtained and stored in hermetic containers at 5 °C for further analysis.





2.4. Characterization of the Nanofibers


2.4.1. Scanning Electron Microscopy (SEM)


The surface morphology of the fibers was analyzed with a scanning electron microscope (SEM, JEOL Model JSM-6490, Akishima, Japan). For this, the sample was fixed on a double-sided carbon tape attached to the sample holder and then it was coated with gold (layer thickness: 5 nm) using a Cressington 108 Auto Sputter Coater (Ted Pella, Redding, CA, USA).




2.4.2. Infrared Analysis (FITR)


FTIR spectra were obtained between 400 cm−1 and 4000 cm−1. Commercial microcrystalline cellulose (CC, cellulose microcrystalline, Merck, Darmstadt, Germany) was used as a control treatment.




2.4.3. Thermogravimetric Analysis (TGA)


Thermograms (DSC/TGA 2 Star system, Mettler Toledo, Columbus, OH, USA) were obtained between 30 °C and 600 °C at 10 °C min−1 and 20 mL nitrogen min−1. CC was used as a control treatment.




2.4.4. Transmission Electron Microscopy (TEM)


Dispersions of 0.1% w w−1 nanofibers in water were prepared and mounted on copper grids. Then, samples were photographed with a transmission electron microscope (TEM, JEOL JEM 1.011, Akishima, Japan). Finally, to estimate the diameter and length of these samples, three representative TEM micrographs were analyzed using an image processing software (Image J, National Institutes of Health, Bethesda, MD, USA) [14].






3. Results and Discussion


3.1. Morphology Analysis


In order to verify that the fiber bleaching process was efficient to eliminate the lignin present in native nanofiber, the obtained samples were analyzed by SEM. Figure 1 shows SEM images of native (see PL-N in Figure 1a) and delignified–blanched nanofibers (see PL-DB in Figure 1b). As can be seen in Figure 1a, PL-N were non-homogeneous due to the presence of compounds (such as lignin, hemicellulose, and pectin, among others) which acted as binders, preventing the defibrillation of the cellulose chains [24]. In Figure 1b, on the other hand, a morphological change in fibrils with a defined and uniform diameter with a size of roughly 3.6 µm was observed, indicating that the lignin and hemicellulose that enveloped the cellulose fibers had been eliminated by the effect of delignification and blanching [25].




3.2. Functional Groups Analysis


Infrared (see Figure 2) and thermal stability (see Figure 3) analyses of PL-N, PL-DB, PL-H, and PL-HUS nanofibers were performed to demonstrate the efficiency of bleaching, hydrolysis acid, and ultrasound treatments. Regarding PL-N, two absorption zones were observed (see Figure 2): 600 cm−1–1750 cm−1 and 2800 cm−1–3400 cm−1. The absorption band found at 3332 cm−1 corresponded to the stretching of the hydroxyl groups (-OH). The peak at 2860 cm−1 corresponded to the C-H stretching present in cellulose, hemicellulose, and lignin [26]. Meanwhile, the peak at 1739 cm−1 corresponded to the C=O vibrations in the ester groups (-COO- and H3CO-) characteristic of hemicellulose, or in the ester bond of the carboxylic group (-COOH) characteristic of the ferulic and p-coumaric acids belonging to lignin [26,27]. The peak at 1240 cm−1 was related to the -C-O-C- vibration found in the bonds between the aromatic ring and methoxy groups in lignin [28]. The peaks at 1647 cm−1, 1562 cm−1, and 1460 cm−1 referred to the C=C stretching in the aromatic rings in lignin [24,25,26,28]. Finally, the peak at 1028 cm−1 corresponded to the C-O-C stretching of the β-1,4-glycosidic ring bonds between the D-glucose units in cellulose [24].



Figure 2 also includes infrared spectra of PL-DB, PL-H, PL-HUS, and CC. Figure 2 shows that the bands around 1240 cm−1, 1647 cm−1, and 1740 cm−1 disappeared after the delignification–bleaching process (see PL-DB in Figure 2), which was proof of the removal of lignin and hemicellulose during the treatment [29]. Additionally, Figure 2 shows the disappearance of the peak around 2848 cm−1 for PL-DB, PL-H, and PL-US. According to Salim et al. [30], a peak around 2850 cm−1 corresponds to the C-H stretching vibration corresponding to the methyl (-CH3) and methoxy (O-CH3) groups that form the aromatic ring of lignin. Consequently, a disappearance of this peak after treatment could be attributed to lignin removal.



Meanwhile, FTIR spectra of PL-HUS (see Figure 2) show a peak around 1000 cm−1, which was related to the C-O-C vibration of the β-1,4-glycosidic bond between the D-glucose units in the cellulose [24]. Figure 2 also shows an increase in the intensity of the bands around 1000 cm−1, 3300 cm−1, and 2900 cm−1, which is typical of the functional groups of cellulose, which were prominent in the PL-H and PL-HUS spectra. In these last ones, the appearance of bands at 1100 cm−1, 1300 cm−1, and 890 cm−1 was also noted, which became more intense due to the effect of the treatment with H2SO4 and ultrasound. Additionally, a band around 1400 cm−1 and the increase in the intensity of the bands around 1360 cm−1 in the PL-HUS spectrum were evident, which agreed with that reported by Julie Chandra et al. [24], who indicated that sharp signals around 1426 cm−1–897 cm−1 and 1370 cm−1–2900 cm−1 reflect the cellulose crystalline band.




3.3. Thermal Stability Analysis


To demonstrate the efficiency of the chemical methods combined with ultrasound to produce cellulose nanofibers, thermal stability analyses (see Figure 3) were performed. Figure 3a,b show the mass loss and thermogravimetric derivatives, respectively, of PL-N, PL-DB, PL-H, and PL-HUS nanofibers.



A first weak peak was found between 50 °C and 150 °C for all samples in Figure 3. This peak was related to the water evaporation. Another pronounced peak was found between 400 °C and 500 °C, and maximum degradation points were observed in the range of 200 °C–400 °C. For PL-H and PL-HUS, a single maximum degradation point was found at around 306 °C, compared to PL-N, indicating higher thermal stability due to the removal of less thermally stable substances such as hemicellulose and pectin. These results were attributed to the chemical treatments combined with ultrasound [31]. However, it was also evident in Figure 3 that the degradation temperature of PL-HUS was lower with reference to the PL-DB sample (315 °C). As reported by Vanderfleet et al. [32] this lower degradation temperature of PL-HUS could be attributed to the fact that the acid treatment resulted in shorter cellulose chains and, consequently, in a lower degree of polymerization and in an increase in the surface charge density, which led to a lower degradation temperature.



Additionally, it was observed that the maximum degradation temperature of CC was higher (338 °C), compared to the produce nanofibers (LP-HUS, 306 °C), which could be attributed to the number of free terminal chains, which decompose at lower temperatures [33,34]. Hydrolysis with H2SO4 caused a significant decrease in the degradation temperature and an increase in the maximum degradation temperature range for PL-HUS between 181 °C and 360 °C, caused by the inclusion of sulfate groups in the cellulose chains [33,35].



The drying method is another factor that affects the thermal stability of cellulose nanofibers due to fiber rearrangements caused by water removal. By conventional sample drying, nanofibers are free to form a homogeneous phase with defined particle spacing, whereas freeze-drying requires initial freezing. In this state, the nanofibrils cannot be rearranged during water sublimation, resulting in dispersed nanofibril clusters and a large specific surface area, which affects thermal stability [36]. It was important to consider the aforementioned in this work, as the samples were dried in a circulating air oven after the hydrolysis process was completed and by freeze-drying after sonication.




3.4. Particle Size Analysis of Cellulose Nanofibers


Figure 4 shows the TEM micrographs (Figure 4a) and size distribution (Figure 4b) of the PL-HUS nanofibers obtained by H2SO4 treatment combined with ultrasound. In agreement with other studies [37,38] where it was claimed that cellulose nanofibers had a typical elongated shape, whose diameter varied from 10 nm to 100 nm, the length and diameter of the nanofibers in this work were 237 nm ± 33 nm and 18 nm ± 7 nm, respectively.



Some authors have discussed the reasons for the effect of ultrasound applied after acidic hydrolysis on the production of smaller nanofiber particle sizes. According to Csiszar et al. [39], sonication has a crucial impact on the particles in liquid suspension of nanocellulose since the microjets involved in the sonicated suspension can disintegrate the large micron-sized aggregates of nanowhiskers, decreasing the particle size gradually, as can be seen in Figure 4a. Likewise, in their study of nanocellulose preparation from ginkgo seed shells, Li et al. [40] indicated that ultrasonic treatments can change the particle size due to the sound energy provided by acoustic cavitation. These authors mentioned that the violent collapse of bubbles produces microjets and shock waves on the surfaces of suspended cellulose particles, resulting in the scission effect on micron-sized cellulose particles. This scission effect can break the relatively weak interfaces between the fibers, which are bound together mainly by van der Waals forces and hydrogen bonds.





4. Conclusions and Perspectives


Due to its strong mechanical and structural functions, cellulose nanofiber has gained popularity for sustainable production in recent years [2]. The use of cellulose nanofiber from natural sources has grown significantly as the industry shifts away from unsustainable fossil fuel resources and looks toward a softer and more sustainable environmental approach.



Colombia currently produces more than one million tons of pineapple per year [20], which indicates that the country has a production potential of 800.000 tons of solid waste that is up to 80% cellulose [41], which gives this waste commercialization potential and the possibility of adding value to a Colombian pineapple waste.



In Colombia, the use of petrochemical plastics has recently been regulated, which calls for the development of new biodegradable packaging materials. Such materials could be reinforced with nanocellulose fibers from pineapple leaves, which could mechanically reinforce thermosets and thermoplastics. Hydrophobic properties could also be enhanced by adding cellulose nanofibers as nanocomposites for adhesion in fiber-reinforced composites such as epoxies.



Due to the morphology and characteristic physical properties of the obtained materials, cellulose nanofiber produced in this work could be a promising material for use in a wealth of fields and applications such as filter material, high gas barrier packaging material, electronic devices, foods, medicine, construction, cosmetics, pharmacy, and health care [2]: (i) due to their large specific surface area, cellulose nanofibers can accumulate small dust particles, which demonstrates their potential for air filtration (they could even support the development of nanofoams and aerogels to filter particles from the air); (ii) cellulose nanofibers are a great barrier against oxygen (due to their > 40% crystallinity) and have low thermal expansion, properties that give them potential for use in food production and preservation since cellulose nanofibers could act as gas barrier films to reduce air flow and to maintain food freshness, thus acting as biodegradable packaging; (iii) for construction, nanocellulose fiber coating materials could protect from ultraviolet rays and oxygen better than acrylic resin, so it has a higher potential to suppress the generation of radicals, such as discoloration and cracking; (iv) the thermal stability of cellulose nanofibers makes them excellent materials for use in electronic devices as they exhibit low porosity and roughness, increase print resolution, make electronic devices more conductive, and can prevent short circuits by distorting water permeation in electronic circuits; and finally, (v) these produced materials could be used as adsorbent, antimicrobial material and for controlled drug delivery.
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Figure 1. Scanning electron micrographs (SEM) of (a) native (PL-N) and (b) delignified–blanched (PL-DB) nanofibers from pineapple leaves. 
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Figure 2. Infrared spectrum (FITR) of native (PL-N), delignified–blanched (PL-DB), hydrolyzed (PL-H), and ultrasound (PL-HUS) nanofibers from pineapple waste, along with the commercial microcrystalline cellulose (CC). 
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Figure 3. (a) Thermogravimetric and (b) derivative thermogravimetric analysis of native (PL-N), delignified–blanched (PL-DB), hydrolyzed (PL-H), and ultrasound (PL-HUS) nanofibers from pineapple leaves, along with the commercial microcrystalline cellulose (CC). 
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Figure 4. (a) Transmission electron micrographs (TEM) and (b) size distribution (mean diameter 18 ± 7) of produced nanofibers (PL-HUS) from pineapple waste. 
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