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Abstract

:

Nanocellulose (NC) has emerged as a promising biodegradable material with applications in various industrial fields owing to its high mechanical strength, thermal stability, and eco-friendly properties. Traditional methods for isolating NC from wood-based biomass (WB) involve high energy consumption and extensive chemical usage, leading to environmental and sustainability concerns. This study explored an alternative approach to isolate NC from seaweed-based biomass (SB) (SNC), which contains fewer non-cellulosic components and a higher cellulose content than WB, thereby yielding a more efficient e-isolation process. We employed a combination of modified-acid solution and electron beam (E-beam) technology to isolate NC from SB. The E-beam process enhanced the crystallinity while reducing the particle size, thus facilitating NC isolation with reduced environmental impact and processing time. Moreover, our method significantly reduced the need for harsh chemical reagents and energy-intensive processes, which are typically associated with traditional NC isolation methods. We fabricated biodegradable films with improved mechanical properties using NC as a reinforcing agent in polymer composites, thereby demonstrating the potential of NC-based materials for various applications. Therefore, our proposed approach offers a sustainable and efficient method for NC isolation and serves as a guide for the development of eco-friendly industrial processes. Our findings contribute to ongoing efforts to create sustainable materials and reduce the environmental footprint of the manufacturing industry.






Keywords:


nanocellulose; seaweed; biodegradable; polymer composite; E-beam process












1. Introduction


Recently, biomass has received tremendous growing attraction as a promising alternative material for various industrial fields because the intense global demands for eco-friendly materials are increasing dramatically due to sustainable development [1,2,3,4]. Biomass exhibits outstanding biodegradable properties and contains various industrially valuable components such as lignin, polyphenols, and cellulose. Among these components, cellulose stands out as one of the most promising natural, abundant, and biodegradable materials. This is due to its high mechanical properties and thermal stability, which are derived from the strong hydrogen bonding network both within its glucose chains and between adjacent chains [5,6].



Nanocellulose (NC) is considered a highly attractive material owing to its superior properties, such as transparency, biodegradability, surface area, and strength, compared to cellulose [7,8,9]. Generally, NC is isolated from biomass cellulose by chemical and mechanical methods. First, a homogenizer breaks the hydrogen bond between the crystalline regions using high pressure and speed to isolate NC as a mechanical method. Similarly, a ball mill defibrillates cellulose through physical force between balls and balls with high energy. However, this method has high energy consumption and yields NC with a limited size range, poor thermal stability, low crystallinity, and strength [10,11,12]. Second, chemical methods have often been used for NC mass production, using sulfuric acid (SAc) and 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) to hydrolyze cellulose [13,14,15]. These kinds of chemical reagents selectively oxidize a primary hydroxyl group to the carboxyl group, while the hydroxyl groups of cellulose form a sulfate ester with SAc, resulting in the isolation of NC. However, chemical methods have critical problems, such as high cost, long processing times, and environmental pollution due to the tremendous chemical usage. Thus, several research groups have sought eco-friendly, simple, high-yield, and cost-effective techniques for preparing NC [16].



The majority of NC has been isolated from wood-based biomass (WB). However, an essential strong-base pretreatment process employing high pressure, heating, and high energy is required to isolate NC and remove non-cellulosic components, such as hemicellulose, lignin, and other residual substances [17]. In addition, WB isolation results in low NC. Meanwhile, NC isolated from seaweed-based biomass (SB) has few or no lignin, hemicelluloses, and other residual substances [18]. Therefore, NC isolated from SB exhibits outstanding efficiency and the potential for producing high-value and eco-friendly biodegradable materials with minimal influence on the environment.



Seaweed-based biomass (SB) offers numerous advantages for sustainable development and plays a crucial role in environmental protection and economic growth. As a rapidly renewable resource, seaweed can be harvested on a large scale without deforestation, and it absorbs significant amounts of atmospheric carbon dioxide, thereby reducing greenhouse gas levels. Seaweed farming also supports marine ecosystem protection and eutrophication reduction. Thus, seaweed production is cost-efficient, does not require arable land or freshwater resources, and generates jobs to improve the economy of coastal communities. Additionally, seaweed is easily dried, stored, and transported. These combined benefits highlight the potential of seaweed biomass as a critical resource for future sustainable development [19,20,21,22].



Recently, there has been a considerable demand for environmentally friendly approaches to effectively isolate NC from biomass. Electron beam (E-beam) is receiving a lot of attention as one of the effective approaches. E-beam irradiation produces ions in a material that can initiate a series of chemical reactions and cleave chemical bonds. This ionizing radiation predominantly causes scission (breaking of molecular chains), degradation (breaking down into smaller components), and depolymerization (reducing polymer chains into monomers or shorter polymers) of cellulose. The extent of such degradation increases proportionally with the radiation dose [23,24].



Numerous researchers have meticulously studied the relationship between radiation dose and cellulose degradation [25,26,27]. Their findings consistently showed that higher radiation doses resulted in a more significant degradation of cellulose. This increased degradation is due to the higher energy input, enhanced ionization, and subsequent chemical reactions that break down the cellulose structure. These studies are crucial for understanding the control and optimization of radiation used in cellulose applications, such as the modification of materials for industrial use or the treatment of cellulose-based waste.



In this study, we reported the isolation of NC from SB whereby different particle sizes were obtained depending on the process time and acid concentration. We developed a new method for isolating NC from SB with a considerable decrease in chemical reagent usage and process time by using modified-acid treatment (Mo-Ac) and a highly effective E-beam process. Using the produced NC as the reinforcing agent in polymer composites, we fabricated biodegradable film with enhanced mechanical properties by building network structures between poly (vinyl alcohol) (PVA) and NC. The results of this study can provide a guideline for the effective isolation of NC from SB and its accessibility in next-generation core materials for other industrial and research fields.




2. Materials and Methods


2.1. Materials


Wakame seaweed (Undaria pinnatifida) was harvested during the summer season in Wando Province, Republic of Korea. Microcrystalline cellulose (MC, 20~100 μm) was purchased from Daejung, sulfuric acid (SAc, 95.0%) was purchased from Samchun, hydrogen peroxide (30%) was purchased from Junsei, ethanol (EtOH, 95%) was purchased from Ducksan, and t-butanol (≥99.5%) and poly (vinyl alcohol) (Mw 89,000~98,000) (PVA) were purchased from Sigma Aldrich. All chemicals were used without further purification.




2.2. Methods


2.2.1. Preparation of Nanocellulose (NC) Isolated from Seaweed with Modified-Acid (Mo-Ac) Treatment


The seaweed was pre-washed with distilled water to remove impurities and dried in an oven at 80 °C overnight. Subsequently, the seaweed was ground into small particles (<100 μm), stirred in EtOH, and kept at 80 °C for 1.5 h. The mixtures were then washed several times with EtOH to remove other impurities. After washing, the particles (1 g) were stirred in 100 mL acid solution in 0.5, 1, 3, and 6 M H2SO4, a drop of H2O2 (~100 μL) was added and kept at 45 °C for 6, 12, and 24 h. The slurry was centrifuged for 10 min at 4000 rpm and washed with distilled water until pH 6~7 (supernatant measured by pH meter) several times. The slurry was dispersed in a tert-butanol solution. Finally, the powdery NC was obtained by freeze-drying for 5 days. Samples were named for MNC (NC isolated from microcrystalline cellulose via Mo-Ac treatment) and SNC (NC isolated from seaweed via Mo-Ac treatment).




2.2.2. Preparation of Nanocellulose (NC) Isolated from Seaweed with E-Beam Process


Washed seaweed particles were pretreated with doses of E-beam at 20, 40, and 60 kGy in 2.5 MeV and 1.5 mA followed by Mo-Ac. The slurry was centrifuged for 10 min at 4000 rpm and then washed with distilled water until pH 6~7 (supernatant measured by pH meter) several times. The slurry was dispersed in a tert-butanol solution. Finally, the powdery NC was obtained by freeze-drying.




2.2.3. Fabrication of Nanocellulose-Based PVA Composite Films


The prepared NC was stirred in 5 wt% PVA solution at 1, 2, 5, and 10 parts per hundred resin (phr) at 95 °C overnight, respectively. The well-dispersed polymer composite solutions were then transferred onto clean glass substrates and cast according to the ASTM D-882 standard [28]. The thickness of the films was controlled to approximately 40 µm by using a micro doctor blade.





2.3. Characterization


The surface morphology was observed by scanning electron microscope (SEM), using an S-4800 microscope (Hitachi, Tokyo, Japan). The structural properties were analyzed by Fourier transform infrared spectroscopy (FT-IR) using a Nicolet6700 (Thermo Scientific, Waltham, MA, USA), dynamic light scattering (DLS) using a Malvern Zetasizer Nano-ZS ZEN 3600 (Malvern, UK), and X-ray diffraction (XRD) using an MXD10 (Rigaku, Tokyo, Japan). The thermal properties were obtained by thermal gravimetric analysis (TGA) using a TGA2050 (TA Instruments, New Castle, DE, USA) and differential scanning calorimeter (DSC) using a DSC60A (Shimadzu, Kyoto, Japan). The tensile strength and Young’s modulus were measured by using an AGS-10kNX (Shimadzu, Japan) according to ASTM D-882 [28,29].





3. Results and Discussion


Figure 1 shows the schematic of NC isolated from SB using the Mo-Ac and E-beam methods. The seaweed was washed several times with distilled water to remove surface impurities and then dried overnight in a vacuum oven. The well-dried seaweed was finely ground to enhance the efficiency of subsequent treatments. The ground seaweed was stirred in EtOH and maintained at 80 °C for 1.5 h to remove chlorophyll [30]. The mixtures were washed several times with EtOH to remove any remaining residues. Subsequently, the EtOH-washed seaweed (Et-SW) was treated with a modified acid mixture of H2SO4 and a small amount of H2O2 at 45 °C for various durations. H2SO4 combined with a small amount of H2O2 exhibits stronger oxidizing power than pure H2SO4 and is effective for decomposing amorphous organic material [31,32].



Large amounts of strong bases are used to isolate NC from WB before acid treatment, thereby improving its efficiency by removing polyphenols that resist various acids [33,34]. However, a strong base treatment is not required for seaweed because most seaweeds contain small amounts or no polyphenols [35,36]. Additionally, seaweed has superior wettability and a more flexible structure in aqueous solutions than wood, which enhances its responsiveness during acid treatment [37]. Consequently, the isolation of NC from seaweed is an extremely efficient and environmentally friendly process, characterized by short processing times and low chemical and energy usage.



Before Mo-Ac treatment, electron beam (E-beam) irradiation was used to improve the crystallinity of the cellulose and reduce environmental pollution and processing time. This procedure is advantageous because it is fast and simple, requiring no chemical additives to achieve surface modifications of cellulose. As the E-beam dose was increased, the particle size of the cellulose decreased dramatically. The dose, defined as the amount of energy absorbed per mass unit, is measured in kilograys (kGy), with one kGy representing the absorption of one joule of energy per gram of material. For example, when cellulose is exposed to a dose of 1 kGy, each gram of cellulose absorbs one joule of energy from radiation [25]. Therefore, the E-beam process facilitated the isolation of NC with enhanced properties and increased the NC yield without the need for additional chemical reagents.



The treated samples, processed via Mo-Ac and Mo-Ac with E-beam, were centrifuged and washed with distilled water to remove non-reacted cellulose and neutralize the solution. The slurry was then dispersed in a tert-Butanol solution. Finally, the powdery NC was obtained by freeze-drying.



Dynamic light scattering (DLS) analysis is a crucial technique for determining the size distribution of NC. In Figure 2, the particle size of the NC was analyzed according to the time, concentration, and dose of the E-beam. As both the processing time and acid concentration increase, the size of the MNC particles initially decreases, denoting that extended processing durations and elevated acid concentrations promote the breakdown of cellulose into finer particles. However, this reduction in size saturates after 12 h and at a concentration of 3 M, as illustrated in Figure 2a,b. These findings suggest the optimal time and acid concentration for achieving the smallest particle size, thereby preventing over-processing. The SNC results exhibited a clear tendency similar to the MNC results as shown in Figure 2c,d. However, the particle size of SNC decreases more rapidly at a processing time of 12 h and an acid concentration of 3 M compared to that of MNC. These results imply that the smaller size of the SNC under optimal conditions is ascribed to the superior wettability and flexible chemical structure of seaweed, resulting in a higher reaction rate. The optimal conditions were suggested to be 12 h and a concentration of 3 M.



To obtain smaller and finer NC, E-beam irradiation was used for the pretreatment of microcrystalline cellulose (MC) and EtOH-washed seaweed (Et-SW) at doses of 20, 40, and 60 kGy. After E-beam irradiation, Mo-Ac treatment was carried out on each sample under optimal conditions. As the E-beam dose increased, the sizes of the SNC and MNC significantly decreased, and sample collapse was observed at 60 kGy. Thus, NC was successfully isolated from SB with a size of approximately 100 nm using E-beam and Mo-Ac, as shown in Figure 2e.



The SEM images in Figure 3 illustrate the progressive structural changes in microcrystalline cellulose (MC) and EtOH-washed seaweed (Et-SW) with increasing E-beam doses. At lower doses of 20 and 40 kGy, MC and Et-SW demonstrated effective size reduction and increased fragmentation, indicating the successful breakdown of the cellulose structure. Thermal degradation became more pronounced at the highest dose of 60 kGy, as shown in Figure 3d,h. These findings indicate that, although E-beam irradiation is highly effective for reducing particle size, an optimal dose should still be identified to prevent over-processing and preserve the structural integrity of the material.



Crystalline structures play an important role in determining the physical and mechanical properties of composite films. XRD analysis, as presented in Figure 4, shows the crystallinity properties of MNC and SNC depending on the E-beam irradiation dose after Mo-Ac treatment under optimal conditions. All SNC samples exhibit an intense peak with a double peak signal between 15° and 20°. In contrast, MNC has a single peak signal between 15° and 20°. These results suggest that MNC has lower crystallinity and the presence of an amorphous region. Additionally, the peak at 23.6° became slightly narrower with increased intensity at an E-beam dose of 40 kGy than that at 20 kGy, implying the effective decomposition of the amorphous structure without collapsing the crystal structure. However, the overall intensity of the peaks decreased significantly at an E-beam dose of 60 kGy, indicating the collapse of the structure due to the high dose of E-beam irradiation. Thus, the optimal E-beam dose for isolating NC without a major collapse in the crystallinity of cellulose was noted to be 40 kGy [38].



The FT-IR spectra in Figure 5 illustrate the chemical structure changes in SNC and MNC pretreated with different E-beam doses. Noticeably, the intensity of the band corresponding to the -OH groups (green shaded area, 3200~3500 cm−1) slightly increases and broadens with an increasing E-beam dose. Moreover, the shape and intensity of the sp3-CH band (orange shaded area, 2800~3000 cm−1) and C-O-C stretching (gray shaded area, 1050~1150 cm−1) are more clearly deconvoluted and increased. These results confirm that NC prepared by E-beam pretreatment was effectively obtained without significant changes in the chemical structure [39,40].



NC, which is derived from natural sources, exhibits impressive biodegradability and robust mechanical properties. Its nanoscale dimensions make it an ideal candidate as a composite filler. Consequently, a PVA composite was engineered using NC, leveraging its unique characteristics to enhance the properties of polymer composites.



The mechanical properties of the PVA composites were significantly affected by their NC content and structure. Figure 6 shows the tensile strength of PVA composites with different NC contents. All PVA composites achieved the highest tensile strength at 2 phr. In particular, the PVA composite with 2 phr of SNC obtained under 40 kGy E-beam irradiation exhibited a dramatically enhanced tensile strength of 80 MPa. This can be explained by the interaction of strong hydrogen bonds between NC and PVA [41]. However, at higher concentrations (5 and 10 phr), the tensile strength decreases, which can be ascribed to issues such as particle agglomeration. As particle agglomeration increases, the hydrogen bonds between the PVA and the NC decrease, resulting in a decline in the physical properties of the composite. These results suggest that NC provides optimal strength enhancement to the PVA composites at a concentration of 2 phr.



As shown in Figure 7, the thermal stability of the PVA composite with NC upon E-beam irradiation was obtained using TGA. TGA analysis reveals the enhanced thermal stability of the PVA composites with E-beam-treated SNC and MNC. Compared to pure PVA film, all PVA composites achieved superior thermal stability. Both types of NC improved the thermal stability with increasing E-beam doses, whereby the largest enhancement was obtained with the E-beam doses of 40 kGy. This suggests that the E-beam treatment facilitated the dispersion and interactions between the NC and PVA matrix, thereby increasing the thermal stability of the composites.



The TGA analysis demonstrated that the PVA composites with 2 phr SNC and MNC are improved with E-beam treatment, achieving enhanced thermal stability. The results confirmed the optimal dose of 40 kGy for achieving improved thermal properties, and the importance of dose optimization in the E-beam treatment process.




4. Conclusions


In this study, we successfully demonstrated an eco-friendly and efficient method for isolating NC from SB using a combination of Mo-Ac treatment and E-beam irradiation. This innovative approach significantly reduced the need for harsh chemical reagents, which are commonly associated with traditional WB methods, thereby minimizing the environmental impact and processing time.



SNC derived using this method exhibited superior properties to MNC, including enhanced crystallinity and reduced particle size, when treated with the optimal E-beam doses, which was identified to be 40 kGy. At the optimal dose, the desired NC characteristics were achieved without compromising the structural integrity of the material. The resulting NC was utilized as a reinforcing agent in PVA composites, to obtain biodegradable films with improved mechanical properties. The PVA composites exhibited the highest tensile strength with an NC concentration of 2 phr. In particular, the composite obtained using SNC prepared under the E-beam radiation of 40 kGy achieved an impressive tensile strength of 80 MPa, which was attributed to the strong hydrogen bonding interactions between NC and PVA with increased crystallinity of the NC. Thermogravimetric analysis (TGA) further confirmed the enhanced thermal stability of the PVA composites obtained using E-beam-treated SNC and MNC, with the 40 kGy dose providing the largest improvement. This suggests that E-beam treatment promoted the dispersion and interactions between the NC and PVA matrix, realizing thermally stable composites.



Our study presents a sustainable and efficient method for NC isolation from SB, offering a viable alternative to traditional WB methods. This process enhanced the mechanical and thermal properties of NC-based polymer composites and contributed to the development of eco-friendly industrial processes. These findings underscore the potential of NC as a critical material for various industrial applications, promoting the advancement of sustainable materials and reducing the environmental footprint of the manufacturing industry.
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Figure 1. Schematic of the NC isolation process from seaweed. 






Figure 1. Schematic of the NC isolation process from seaweed.



[image: Jcs 08 00253 g001]







[image: Jcs 08 00253 g002] 





Figure 2. DLS analysis of the size of NC according to processing time, acid concentration, and dose of E-beam. MNC based on (a) processing time and (b) acid concentration; SNC based on (c) processing time and (d) acid concentration; (e) E-beam- and Mo-Ac-treated SNC and MNC under the optimal condition. 
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Figure 3. SEM images of microcrystalline cellulose (MC) and EtOH-washed seaweed (Et-SW) irradiated with different E-beam doses: MC at (a) 0 kGy, (b) 20 kGy, (c) 40 kGy, (d) 60 kGy; Et-SW at (e) 0 kGy, (f) 20 kGy, (g) 40 kGy, (h) 60 kGy. 
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Figure 4. XRD spectra of MNC and SNC with different E-beam doses. (a) 20 kGy, (b) 40 kGy, and (c) 60 kGy. 
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Figure 5. FT-IR Spectra of (a) SNC and (b) MNC treated with various E-beam doses. 
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