[image: image1]Nanocellulose Extraction Using Ionic Liquids: Syntheses, Processes, and Properties

		REVIEW
published: 24 May 2022
doi: 10.3389/fmats.2022.919918


[image: image2]
Nanocellulose Extraction Using Ionic Liquids: Syntheses, Processes, and Properties
Ahmad Adlie Shamsuri1*, Siti Nurul Ain Md. Jamil2,3 and Khalina Abdan1*
1Laboratory of Biocomposite Technology, Institute of Tropical Forestry and Forest Products, Universiti Putra Malaysia, UPM Serdang, Selangor, Malaysia
2Department of Chemistry, Faculty of Science, Universiti Putra Malaysia, UPM Serdang, Selangor, Malaysia
3Centre of Foundation Studies for Agricultural Science, Universiti Putra Malaysia, UPM Serdang, Selangor, Malaysia
Edited by:
Yasir Nawab, National Textile University, Pakistan
Reviewed by:
Khubab Shaker, National Textile University, Pakistan
R.A. Ilyas, University of Technology Malaysia, Malaysia
* Correspondence: Ahmad Adlie Shamsuri, adlie@upm.edu.my; Khalina Abdan, khalina@upm.edu.my
Specialty section: This article was submitted to Polymeric and Composite Materials, a section of the journal Frontiers in Materials
Received: 14 April 2022
Accepted: 09 May 2022
Published: 24 May 2022
Citation: Shamsuri AA, Md. Jamil SNA and Abdan K (2022) Nanocellulose Extraction Using Ionic Liquids: Syntheses, Processes, and Properties. Front. Mater. 9:919918. doi: 10.3389/fmats.2022.919918

Increased environmental awareness has encouraged researchers to seek alternatives to replace the use of hazardous chemicals in the extraction of nanocellulose for environmental conservation. Lately, ionic liquids have been used as a medium for processing cellulose and other biopolymers because they are recyclable and reusable. Recently, ionic liquids have been used to extract nanocellulose for a variety of applications. In this short review, examples of ionic liquids that are usually used for the extraction of nanocellulose are demonstrated. Additionally, sources of cellulose that are employed as raw materials for nanocellulose have also been shown. Moreover, the synthesis of ionic liquids and the process of nanocellulose extraction using ionic liquids are exhibited in this paper. In addition, the properties of nanocellulose extracted by different ionic liquids were also shortly reviewed. On top of that, the knowledge gained from this review provides a clearer comprehension of the process of nanocellulose extraction and the important properties of the extracted nanocellulose. In conclusion, this short review revealed that different mechanisms of nanocellulose extraction using ionic liquids give distinct properties to the extracted nanocellulose.
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INTRODUCTION
Nanocellulose is a cellulose with nanometric dimensions. Nano dimensional cellulose has turned out to be an interesting material to study due to its larger surface area with superior properties (Sable et al., 2014; Tan et al., 2015; Babicka et al., 2021). The dimensions of nanocellulose are smaller because of the removal of the amorphous phase of cellulose particles (Chowdhury and Hamid, 2016). Other terminologies for nanocellulose are cellulose nanocrystals, nanocrystalline cellulose, cellulose nanowhiskers, etc. Nanocellulose can own at least dimensions of 50 nm in length and 14 nm in diameter, and crystallinity higher than 80% (Gonçalves et al., 2018). Low dimensions of nanocellulose can be obtained by optimizing the process of nanocellulose extraction (Haron et al., 2021). Many processes are used to extract nanocellulose from various lignocellulose materials, involving the physical processes, such as grinding, grating, etc. (Sable et al., 2014; Babicka et al., 2021). In addition, the chemical processes using acids and alkalis have also been utilized for extracting nanocellulose from cellulose–hemicellulose–lignin complex (Grząbka-Zasadzińska et al., 2017; Samsudin et al., 2020). Most recently, the use of ionic liquids in the extraction of nanocellulose has increased because they are often regarded as green solvents, which possess some versatile properties, for example reusable, non-corrosive, non-volatile, non-flammable, etc. (Shamsuri and Md. Jamil, 2020; Shamsuri et al., 2021a).
Ionic liquids are organic salts with a melting point below 100°C and composed entirely of ions (Grząbka-Zasadzińska et al., 2017; Low et al., 2020), they also have good chemical and thermal stabilities. Nowadays, ionic liquids have extensively been used in the dissolution of cellulose and other biopolymers. In addition, the excellent interaction between ionic liquids and biopolymers has provided biopolymer solutions that can be employed in many applications, for instance biopolymer blend, biopolymer composite, biopolymer modification, and so forth (Shamsuri et al., 2021b; Shamsuri and Jamil, 2021). The use of ionic liquids for extracting nanocellulose is an alternative approach because it can avoid the usage of non-environmentally friendly chemicals like mineral acids that require huge volumes of basic solutions for the neutralization process (Onkarappa et al., 2020a). Table 1 shows examples of ionic liquids used for the extraction of nanocellulose. It can be observed that ionic liquids with imidazolium cations are typically used compared to other organic cations. This is due to the fact that they are easily available, and they also have unique properties for use in several usages (Shamsuri et al., 2021d). Moreover, different counter anions, such as chloride, acetate, and hydrogen sulfate are frequently selected for that purpose because of the effectiveness of these anions.
TABLE 1 | Examples of ionic liquids used for the extraction of nanocellulose.
[image: Table 1]In addition, the preceding studies revealed that [Bmim][Cl], [Emim][OAc], and [Bmim][HSO4] are repeatedly used for the extraction of nanocellulose (Li et al., 2012; Wang et al., 2013; Wang et al., 2015; Xiao et al., 2015; Vinogradova and Chen, 2016; Phanthong et al., 2017; Wang et al., 2017; Al Hakkak et al., 2019; BABICKA et al., 2019; Chowdhury et al., 2019; Dai et al., 2019; Hernani et al., 2019; Huang et al., 2019; Samsudin et al., 2020; Onkarappa et al., 2020b; Huang et al., 2020; Mohd Ishak et al., 2020; Jordan et al., 2020; Haron et al., 2022). Figure 1 exhibits the chemical structures of [Bmim][Cl], [Emim][OAc], and [Bmim][HSO4]. These ionic liquids have different counter anions that give distinct mechanisms for extracting nanocellulose. The mechanism of nanocellulose extraction in [Bmim][Cl] and [Emim][OAc] are involved the dissolution process. [Bmim][Cl] and [Emim][OAc] can disrupt the hydrogen bonding network among cellulose chains, causing the dissolution of cellulose and giving a homogeneous solution (Li et al., 2012; Shamsuri et al., 2021e). On the other hand, the nanocellulose extraction mechanism in [Bmim][HSO4] is involved the swelling process. [Bmim][HSO4] can swell cellulose by increasing the intermolecular distance between the cellulose chains (Chowdhury et al., 2019) and making the extraction of nanocellulose a heterogeneous process (Huang et al., 2019). Therefore, different counter anions of ionic liquids can play an important role in the dissolution and swelling processes of cellulose (Babicka et al., 2021) for extracting nanocellulose.
[image: Figure 1]FIGURE 1 | Chemical structures of (A) [Bmim][Cl], (B) [Emim][OAc] and (C) [Bmim][HSO4].
Numerous sources of cellulose have been employed as raw materials for nanocellulose. Table 2 displays examples of celluloses and ionic liquids used for the extraction of nanocellulose. It can be seen that a wide variety of celluloses from different sources were successfully employed as nanocellulose resources. Besides that, in the last 10 years, several ionic liquids have been used in the extraction of nanocellulose with the intention of increasing the use of ionic liquids and reducing the usage of hazardous chemicals. This can provide a safe workplace and subsequently conserve the environment. The use of ionic liquids as extracting agents can also give other advantages, as stated earlier. Additionally, variations of ionic liquids can provide some options for researchers to choose from to match nanocellulose applications. Hitherto, to the best of the authors’ knowledge, there is no short review has been made, focusing on the syntheses, processes, and properties of nanocellulose extracted by ionic liquids. That is the primary objective of creating a structured review in this paper. Moreover, this short review is narrow, and even though not broad, it is still relevant to other present studies.
TABLE 2 | Examples of celluloses and ionic liquids used for the extraction of nanocellulose.
[image: Table 2]SYNTHESES OF IONIC LIQUIDS
Chloride Anion-Based Ionic Liquids
Chloride anion-based ionic liquids can be synthesized via alkylation reaction (Shamsuri et al., 2021f) by reacting N-alkylimidazole with an alkylating agent, such as alkyl chloride. Figure 2 presents the schematic of the alkylation reaction of N-alkylimidazole with alkyl chloride to prepare N-alkyl-N-alkylimidazolium chloride ionic liquid. The alkylation reaction of N-alkylimidazole is commonly carried out under reflux condition for overnight at elevated temperature with stirring (Onkarappa et al., 2020a; Onkarappa et al., 2020b). A polar aprotic solvent like acetonitrile can be employed as a medium for such a reaction (Babicka et al., 2020). In addition, [Emim][Cl], [Pmim][Cl], and [Bmim][Cl] are successfully prepared by means of this reaction. However, [Bmim][Cl] is typically used by most researchers for the extraction of nanocellulose compared to other chloride anion-based ionic liquids, this may be due to its ease of finding and low price.
[image: Figure 2]FIGURE 2 | Schematic of the alkylation reaction of N-alkylimidazole with alkyl chloride to prepare N-alkyl-N-alkylimidazolium chloride ionic liquid.
Acetate Anion-Based Ionic Liquids
Acetate anion-based ionic liquids can be synthesized through metathesis reaction (Shamsuri et al., 2021e) by exchanging chloride anion of N-alkyl-N-alkylimidazolium with an acetate anion using potassium acetate. Figure 3 shows the schematic of the metathesis reaction of N-alkyl-N-alkylimidazolium chloride with potassium acetate to prepare N-alkyl-N-alkylimidazolium acetate ionic liquid. The metathesis reaction of N-alkyl-N-alkylimidazolium chloride is usually conducted at room temperature with stirring (Shamsuri et al., 2021e; Shamsuri et al., 2021f). Moreover, a polar solvent, such as ethanol, is generally employed as a medium for the reaction. Besides that, potassium chloride is also produced from the reaction; nevertheless, it can easily be removed because it is insoluble in ethanol (Shamsuri et al., 2021f). [Emim][OAc] is often used for nanocellulose extraction as it requires moderate temperature (Al Hakkak et al., 2019).
[image: Figure 3]FIGURE 3 | Schematic of the metathesis reaction of N-alkyl-N-alkylimidazolium chloride with potassium acetate to prepare N-alkyl-N-alkylimidazolium acetate ionic liquid.
Hydrogen Sulfate Anion-Based Ionic Liquids
Hydrogen sulfate anion-based ionic liquids can be synthesized via neutralization reaction (Shamsuri et al., 2021a) by reacting N-alkyl-N-alkylimidazolium hydroxide with a mineral acid, in particular sulfuric acid (Grząbka-Zasadzińska et al., 2019). Figure 4 displays the schematic of the neutralization reaction of N-alkyl-N-alkylimidazolium hydroxide with sulfuric acid to prepare N-alkyl-N-alkylimidazolium hydrogen sulfate ionic liquid. The neutralization reaction of N-alkyl-N-alkylimidazolium hydroxide is normally performed by dripping dilute sulfuric acid at a low temperature with stirring (Gonçalves et al., 2018). Water has also been produced from the reaction. Nonetheless, it can straightforwardly be removed by evaporation at elevated temperature under vacuum. Meanwhile, one of the most widely used hydrogen sulfate anion-based ionic liquids for the extraction of nanocellulose is [Bmim][HSO4].
[image: Figure 4]FIGURE 4 | Schematic of the neutralization reaction of N-alkyl-N-alkylimidazolium hydroxide with sulfuric acid to prepare N-alkyl-N-alkylimidazolium hydrogen sulfate ionic liquid.
PROCESSES OF NANOCELLULOSE EXTRACTION
Dissolution Process
In the dissolution process for extracting nanocellulose, either chloride or acetate anion of ionic liquids interacts well with the hydroxyl groups of cellulose via hydrogen bonding, disrupting the strong intermolecular hydrogen bonding that exists between cellulose chains, consequently inducing the dissolution of cellulose (Onkarappa et al., 2020b). Figure 5 demonstrates the mechanism of the dissolution process of cellulose with chloride or acetate anion-based ionic liquids. Some aspects can affect the effectiveness of dissolution, for example the weight ratio of cellulose to ionic liquid, the dissolution temperature, and the dissolution time (Li et al., 2012). Table 3 indicates ionic liquids, dissolution temperatures, dissolution times, anti-solvents, agitation, and separation processes are applied for the extraction of nanocellulose. It can be perceived that the dissolution time of cellulose decreased with increasing temperature (Wang et al., 2013), especially for [Bmim][Cl] and [Emim][OAc]. However, the dissolution time also depends on the weight ratio of cellulose to ionic liquid. In that case, the dissolution time of cellulose continuously increased with increasing cellulose weight. After the dissolution process has finished, an anti-solvent was added into the cellulose/ionic liquid solution, and instantly the solution converted into a suspension containing cellulose precipitates (Al Hakkak et al., 2019).
[image: Figure 5]FIGURE 5 | Mechanism of the dissolution process of cellulose with chloride or acetate anion-based ionic liquids.
TABLE 3 | Ionic liquids, dissolution temperatures, dissolution times, anti-solvents, agitation, and separation processes are applied for the extraction of nanocellulose.
[image: Table 3]The addition of anti-solvent drastically reduced the solvation of cellulose in ionic liquid. This is because anti-solvent weakened the hydrogen bonding between ionic liquid and cellulose. Water, acetonitrile, and acetone/water mixture are commonly utilized as anti-solvents, nevertheless, water is the most preferred as it is the safest and least expensive anti-solvent. In Table 3, it can also be seen that the agitation process like stirring, sonication, or homogenization has been done during or after the addition of anti-solvent for splitting cellulose into smaller dimensions. Meanwhile, the separation process is a final procedure for isolating nanocellulose from ionic liquid/anti-solvent solution. Therefore, the separation processes, such as filtration and centrifugation, can be applied for such a purpose. On top of that, the extracted nanocellulose that is separated via the filtration process is usually washed with cold distilled water (Onkarappa et al., 2020a; Onkarappa et al., 2020b), acetonitrile (BABICKA et al., 2019; Babicka et al., 2020), or acetone/water mixture (Babicka et al., 2021) to remove residual ionic liquid. Besides that, the extracted nanocellulose that separated through the centrifugation process can also be washed with deionized water (Sable et al., 2014; Pacheco et al., 2020; Samsudin et al., 2020) and acetonitrile (Al Hakkak et al., 2019).
Swelling Process
The swelling process of cellulose in ionic liquids for the extraction of nanocellulose is almost similar to the dissolution process. Nevertheless, in the swelling process, hydrogen sulfate anion of ionic liquids diffuses into the intermolecular space between the cellulose chains, subsequently increasing their distance, causing the swelled formation of cellulose (Low et al., 2020). Figure 6 indicates the mechanism of the swelling process of cellulose with hydrogen sulfate anion-based ionic liquids. Table 4 exhibits ionic liquids, swelling temperatures, swelling times, anti-solvents, agitation, and separation processes are applied for the extraction of nanocellulose. It can be observed that the swelling temperatures of cellulose in [Bmim][HSO4] are from 90 to 120°C. Additionally, the minimum swelling time of cellulose is 0.75 h, and the maximum swelling time is 12 h, depending on the cellulose weight. An anti-solvent was also added into the cellulose/ionic liquid suspension once the swelling process was completed, and off-white cellulose precipitates formed immediately (Haron et al., 2021). The addition of anti-solvent radically rearranged the cellulose chains, which induced the precipitation of cellulose.
[image: Figure 6]FIGURE 6 | Mechanism of the swelling process of cellulose with hydrogen sulfate anion-based ionic liquids.
TABLE 4 | Ionic liquids, swelling temperatures, swelling times, anti-solvents, agitation, and separation processes are applied for the extraction of nanocellulose.
[image: Table 4]It can also be seen in Table 4 that water is the most commonly utilized as an anti-solvent compared to an organic solvent. Besides that, the agitation processes, such as stirring and sonication, have been performed during or after the addition of anti-solvent same as the dissolution process. Moreover, the separation processes, such as centrifugation and a combination of centrifugation and filtration, have also been applied for isolating nanocellulose from ionic liquid/anti-solvent solution. Meanwhile, the residual ionic liquid can be removed from the extracted nanocellulose by washing with deionized water (Tan et al., 2015; Xiao et al., 2015; Gonçalves et al., 2018; Chowdhury et al., 2019; Haron et al., 2021) or distilled water (Grząbka-Zasadzińska et al., 2017; Huang et al., 2019) until a neutral pH. On top of that, the ionic liquid used in the swelling and dissolution processes for the extraction of nanocellulose can be recovered by evaporating anti-solvent, followed by freeze-drying (Tan et al., 2015; Samsudin et al., 2020). The recovery yield of ionic liquid usually is high, which is more than 90% (Tan et al., 2015; Low et al., 2020). In addition, unlike mineral acids, the ionic liquid used for extracting nanocellulose can also be recycled and reused at least five times (Huang et al., 2019).
PROPERTIES OF EXTRACTED NANOCELLULOSE
Properties of Nanocellulose Extracted by Chloride Anion-Based Ionic Liquids
Table 5 shows the properties of nanocellulose extracted by chloride anion-based ionic liquids. The nanocellulose has been extracted from rubber wood cellulose using [Bmim][Cl] (Onkarappa et al., 2020a). The chemical, crystalline, morphological, and thermal properties of the extracted nanocellulose were characterized by Fourier transform infrared spectrometer, X-ray diffractometer, scanning electron microscope, and thermal gravimetric analyzer. The chemical property, such as the infrared spectrum of the extracted nanocellulose indicated that the lignin vibrational peaks are marginally disappeared compared to the rubber wood cellulose. This was due to the residual lignin being removed by [Bmim][Cl] after the dissolution of rubber wood cellulose. However, the crystalline property, such as the intensity of the X-ray diffraction peak of the extracted nanocellulose is slightly broader compared to the rubber wood cellulose. This was attributed to the crystallinity index decreased because of the dissolution of cellulose crystalline regions in [Bmim][Cl]. Besides that, the morphological property, such as the average size of the extracted nanocellulose is between 200 and 300 nm with a fibrous shape and partly translucent character (Onkarappa et al., 2020a). This confirmed that the size of the extracted nanocellulose is in the nanoscale dimension. On the other hand, the thermal property, such as the degradation temperature of the extracted nanocellulose is significantly unchanged, which is the same as the nanocellulose extracted by acid hydrolysis. This suggested that both nanocelluloses have similar thermal stability. Therefore, it can be concluded that the use of [Bmim][Cl] provides rubber wood nanocellulose with low crystallinity and fibrous character.
TABLE 5 | Properties of nanocellulose extracted by chloride anion-based ionic liquids.
[image: Table 5]Meanwhile, the nanocellulose has been extracted from maize husk cellulose using [Bmim][Cl] (Onkarappa et al., 2020b). The chemical, crystalline, morphological, and thermal properties of the extracted nanocellulose were characterized by Fourier transform infrared spectrometer, X-ray diffractometer, transmission electron microscope, and thermal gravimetric analyzer. The chemical property, such as the infrared absorption peaks of the extracted nanocellulose shifted to higher wavenumbers compared to the maize husk cellulose, which exhibited the transition from cellulose I to cellulose II. This verified that during the dissolution process, no other derivational reactions occurred. Nevertheless, the crystalline property, such as the intensity of the X-ray diffraction peak of the extracted nanocellulose is considerably decreased compared to the standard nanocellulose. This was ascribed to [Bmim][Cl] broke the intermolecular and intramolecular hydrogen bonding of cellulose. Furthermore, the morphological property, such as the average size of the extracted nanocellulose is 25.02 nm with a fibrous shape and small nanobundles (Onkarappa et al., 2020b). This proved that the size of the extracted nanocellulose is in the nanoscale dimension. In contrast, the thermal property, such as the degradation temperature of the extracted nanocellulose is higher compared to the nanocellulose extracted from rubber wood cellulose with the same processes using the same kind of ionic liquid. This implied that the extracted nanocellulose has exceptional thermal stability. Hence, it can be inferred that the use of [Bmim][Cl] gives maize husk nanocellulose with low crystallinity and high thermal stability.
The nanocellulose has been extracted from cotton cellulose using [Bmim][Cl] (Wang et al., 2013). The chemical, crystalline, morphological, and thermal properties of the extracted nanocellulose were characterized by Fourier transform infrared spectrometer, X-ray diffractometer, transmission electron microscope, and thermal gravimetric analyzer. The chemical property, such as the infrared spectrum of the extracted nanocellulose is almost the same as the spectrum of the original cellulose. This validated that no other derivational reactions occurred during the dissolution and refining processes. Nonetheless, the crystalline property, such as the crystallinity index of the extracted nanocellulose is decreased compared to the original cellulose. This was caused by the hydrogen bonding of cellulose broken, which induced the collapse of the crystal structure. Additionally, the morphological property, such as the particle size of the extracted nanocellulose is about 20 nm (Wang et al., 2013). This demonstrated that the size of the extracted nanocellulose can be achieved on the scale of a nanometer. Besides, the thermal property, such as the onset decomposition temperature of the extracted nanocellulose is lower compared to the original cellulose. Such an occurrence was because the crystal region between cellulose was destroyed in the extracted nanocellulose. Thus, it can be deduced that the use of [Bmim][Cl] grants cotton nanocellulose with low crystallinity and low thermal stability.
On top of that, the nanocellulose has been extracted from Eucalyptus pulp cellulose using [Bmim][Cl] (Wang et al., 2017). The chemical, crystalline, morphological, and thermal properties of the extracted nanocellulose were characterized by Fourier transform infrared spectrometer, X-ray diffractometer, transmission electron microscope, and thermal gravimetric analyzer. The chemical property, such as the infrared absorption peak of the extracted nanocellulose slightly moved to the blue shift compared to the Eucalyptus pulp cellulose. This displayed that the chemical identity of the extracted nanocellulose is preserved. However, the crystalline property, such as the crystallinity index of the extracted nanocellulose is marginally reduced compared to the Eucalyptus pulp cellulose. This was because the extracted nanocellulose turned out to be an amorphous region. In addition, the morphological property, such as the diameter size of the extracted nanocellulose is ranged from 20 to 100 nm, which is four times smaller compared to Eucalyptus pulp cellulose (900–1300 μm). This verified that the size of the extracted nanocellulose is in the nanoscale dimension. Moreover, the dispersion of the extracted nanocellulose is better than the nanocellulose extracted from cotton cellulose (Wang et al., 2017). Furthermore, the thermal property, such as the initial decomposition temperature of the extracted nanocellulose is lower compared to the original cellulose. This was attributed to the damage in the crystal region between cellulose chains. Therefore, it can be concluded that the use of [Bmim][Cl] provides Eucalyptus pulp nanocellulose with low crystallinity and low thermal stability.
Besides that, the nanocellulose has been extracted from sugarcane bagasse cellulose using [Bmim][Cl] (Li et al., 2012). The chemical, crystalline, morphological, and thermal properties of the extracted nanocellulose were characterized by Fourier transform infrared spectrometer, X-ray diffractometer, transmission electron microscope, and thermal gravimetric analyzer. The chemical property, such as the infrared spectrum of the extracted nanocellulose showed almost no difference from the spectrum of the original cellulose. This suggested that no other chemical reactions occurred during the processes of dissolution and refining. On the other hand, the crystalline property, such as the crystallinity index of the extracted nanocellulose is significantly decreased compared to the original cellulose. This was ascribed to the collapse of the crystal structure of the extracted nanocellulose, which was caused by the broken of the intermolecular hydrogen bonding. Nevertheless, the morphological property, such as the diameter size of the extracted nanocellulose is in the range of 10–20 nm with a circular shape (Li et al., 2012). This confirmed that the size of the extracted nanocellulose can be reached to the nano-level. Conversely, the thermal property, such as the onset decomposition temperature of the extracted nanocellulose is reduced compared to the original cellulose. This was due to the crystal region between cellulose chains is damaged. Hence, it can be inferred that the use of [Bmim][Cl] gives sugarcane bagasse nanocellulose with low crystallinity and low thermal stability.
The nanocellulose has been extracted from blueberry pruning cellulose using [Emim][Cl] (Pacheco et al., 2020). The chemical, crystalline, morphological, and thermal properties of the extracted nanocellulose were characterized by Fourier transform infrared spectrometer, X-ray diffractometer, atomic force microscope, and thermal gravimetric analyzer. The chemical property, such as the transmittance of the infrared absorption peak of the CH2 bending vibration, of the extracted nanocellulose is decreased compared to the raw cellulose, which was caused by the presence of cellulose II. This revealed that during the dissolution process, no other derivational reactions occurred. Nonetheless, the crystalline property, such as the intensity of the X-ray diffraction peak of the extracted nanocellulose is reduced compared to the nanocellulose extracted by TEMPO oxidation. This was owing to the decreased crystallinity index and crystallite size of the extracted nanocellulose. Additionally, the morphological property, such as the diameter size of the extracted nanocellulose is 22.4 ± 4.9 nm with an oval shape (Pacheco et al., 2020). This proved that the extraction process generated particles of cellulose at the nanoscale level. On the contrary, the thermal property, such as the degradation temperature of the extracted nanocellulose is higher compared to the nanocelluloses extracted by TEMPO oxidation and acid hydrolysis. This indicated that the extracted nanocellulose has good thermal stability. Thus, it can be deduced that the use of [Emim][Cl] grants blueberry pruning nanocellulose with low crystallinity and high thermal stability.
Properties of Nanocellulose Extracted by Acetate Anion-Based Ionic Liquids
Table 6 exhibits the properties of nanocellulose extracted by acetate anion-based ionic liquids. The nanocellulose has been extracted from microcrystalline cellulose using [Bmim][OAc] (Samsudin et al., 2020). The chemical, crystalline, morphological, and thermal properties of the extracted nanocellulose were characterized by Fourier transform infrared spectrometer, X-ray diffractometer, field emission scanning electron microscope, and thermal gravimetric analyzer. The chemical property, such as the infrared spectrum of the extracted nanocellulose is almost similar to the spectrum of the microcrystalline cellulose. This demonstrated that the chemical structure of the extracted nanocellulose remains unchanged after the extraction process. However, the crystalline properties, such as the crystallinity index and crystallite size of the extracted nanocellulose are significantly decreased compared to the microcrystalline cellulose. This was ascribed to the breakage of hydrogen bonding within the crystalline domains of the cellulose chains. On top of that, the morphological property, such as the shape of the extracted nanocellulose is cylindrical fibrils with a smooth surface and refined fibrillar structure (Samsudin et al., 2020). Furthermore, the hydrodynamic size of the extracted nanocellulose is as low as 59.34 nm. In contrast, the thermal property, such as the decomposition temperature of the extracted nanocellulose is slightly higher compared to the microcrystalline cellulose. This was because of the antiparallel arrangement in the cellulose chains, which improved the thermal stability. Therefore, it can be concluded that the use of [Bmim][OAc] provides microcrystalline nanocellulose with low crystallinity and high thermal stability.
TABLE 6 | Properties of nanocellulose extracted by acetate anion-based ionic liquids.
[image: Table 6]Besides that, the nanocellulose has been extracted from microcrystalline cellulose using [Emim][OAc] (Babicka et al., 2021). The chemical, crystalline, morphological, and thermal properties of the extracted nanocellulose were characterized by Fourier transform infrared spectrometer, X-ray diffractometer, scanning electron microscope, and thermal gravimetric analyzer. The chemical property, such as the infrared spectrum of the extracted nanocellulose, revealed the absence of new bands. This validated that there was no chemical modification to the extracted nanocellulose. Nonetheless, the crystalline property, such as the crystallinity index of the extracted nanocellulose is reduced compared to the microcrystalline cellulose. This was caused by the cellulose chains broken during the extraction process with [Emim][OAc], which decreased the degree of crystallinity. Moreover, the morphological property, such as the shape of the extracted nanocellulose is regular with a spherical structure (Babicka et al., 2021). Additionally, the average particle size of the extracted nanocellulose is within the range of 30–200 nm. In addition, the thermal property, such as the onset decomposition temperature of the extracted nanocellulose is considerably lesser compared to the microcrystalline cellulose. This was owing to the greater surface area of the extracted nanocellulose exposed to high temperatures, which lessened the thermal properties. Hence, it can be inferred that the use of [Emim][OAc] gives microcrystalline nanocellulose with low crystallinity and low thermal stability.
The nanocellulose fiber has been extracted from wood pulp cellulose using [Emim][OAc] (Vinogradova and Chen, 2016). The crystalline, morphological, and thermal properties of the extracted nanocellulose fiber were characterized by wide angle X-ray diffractometer, scanning electron microscope, and thermal gravimetric analyzer. The crystalline properties, such as the crystallinity index and crystal size of the extracted nanocellulose fiber are marginally reduced compared to the nanocellulose fiber extracted by [Bmim][Cl]. This was due to there is no mechanical shearing of solution during the fiber extrusion because [Emim][OAc] has lower dissolving and spinning temperatures than that of [Bmim][Cl]. Besides that, the morphological property, such as the diameter size of the extracted nanocellulose fiber is within the range of 100–1000 nm with a fine surface structure (Vinogradova and Chen, 2016). This confirmed that the size of the extracted nanocellulose fiber is in the nanoscale dimension. On the contrary, the thermal property, such as the decomposition temperature of the extracted nanocellulose fiber is higher compared to the nanocellulose fiber extracted by [Bmim][Cl]. This indicated that the extracted nanocellulose fiber possessed better thermal stability than the nanocellulose fiber extracted by the chloride anion-based ionic liquid. Thus, it can be deduced that the use of [Emim][OAc] grants wood pulp nanocellulose fiber with low crystallinity and high thermal stability.
Meanwhile, the nanocellulose has been extracted from cellulose powder using [Emim][OAc] (Phanthong et al., 2017). The chemical, crystalline, morphological, and thermal properties of the extracted nanocellulose were characterized by Fourier transform infrared spectrometer, X-ray diffractometer, transmission electron microscope, and thermal gravimetric analyzer. The chemical property, such as the infrared spectrum of the extracted nanocellulose is almost identical to the spectrum of the cellulose powder. This displayed the similarity of their chemical structures and no changes in the functional groups after the extraction process. Nevertheless, the crystalline properties, such as the crystallinity percentage and crystal size of the extracted nanocellulose are lesser compared to the nanocellulose extracted by [Bmim][Cl] using the same processes. This was attributed to the smaller cations of [Emim][OAc] that have a higher ability to interact with cellulose chains than the larger cations of [Bmim][Cl] in the same condition. On top of that, the morphological property, such as the diameter size of the extracted nanocellulose is 10–25 nm with a few micrometers scale in length (Phanthong et al., 2017). This demonstrated the effective extraction of the nanoscale dimension of cellulose by [Emim][OAc]. Conversely, the thermal property, such as the maximum decomposition temperature of the extracted nanocellulose is significantly lower compared to the cellulose powder. This was because of the huge amount of free end chains of nanocellulose and the high exposure surface area to heat. Therefore, it can be concluded that the use of [Emim][OAc] provides powder nanocellulose with low crystallinity and low thermal stability.
Properties of Nanocellulose Extracted by Hydrogen Sulfate Anion-Based Ionic Liquids
Table 7 displays the properties of nanocellulose extracted by hydrogen sulfate anion-based ionic liquids. The nanocellulose has been extracted from microcrystalline cellulose using [Bmim][HSO4] (Tan et al., 2015; Low et al., 2020). The chemical, crystalline, morphological, and thermal properties of the extracted nanocellulose were characterized by Fourier transform infrared spectrometer, X-ray diffractometer, transmission electron microscope, and thermal gravimetric analyzer. The chemical property, such as the infrared spectrum of the extracted nanocellulose is nearly equal to the spectrum of the microcrystalline cellulose. This implied no changes in the functional groups of the extracted nanocellulose. Besides, the absence of peaks of [Bmim][HSO4] in the extracted nanocellulose spectrum suggested the complete removal of [Bmim][HSO4] during the washing process. Interestingly, the crystalline property, such as the crystallinity index of the extracted nanocellulose is increased compared to the microcrystalline cellulose. This was due to the progressive decrease and elimination of the amorphous parts of cellulose. Furthermore, the morphological property, such as the width size of the extracted nanocellulose is around 15–20 nm (Tan et al., 2015) and 12–60 nm (Low et al., 2020) with a rod/needle-like shape. This indicated that the size of the extracted nanocellulose can be achieved on the nanometer scale. On the other hand, the thermal property, such as the decomposition temperature of the extracted nanocellulose is lesser compared to the microcrystalline cellulose. This was ascribed to the high surface area of the extracted nanocellulose, which increased the exposure to heat. Hence, it can be inferred that the use of [Bmim][HSO4] gives microcrystalline nanocellulose with high crystallinity and low thermal stability.
TABLE 7 | Properties of nanocellulose extracted by hydrogen sulfate anion-based ionic liquids.
[image: Table 7]Meanwhile, the nanocellulose has been extracted from Adansonia kilima cellulose using [Bmim][HSO4] (Chowdhury et al., 2019). The chemical, crystalline, morphological, and thermal properties of the extracted nanocellulose were characterized by Fourier transform infrared spectrometer, X-ray diffractometer, transmission electron microscope, and thermal gravimetric analyzer. The chemical property, such as the infrared spectrum of the extracted nanocellulose possessed peaks almost the same as Adansonia kilima cellulose. In addition, the aromatic ring vibration peaks disappeared, which showed the complete elimination of lignin. Intriguingly, the crystalline property, such as the crystallinity index of the extracted nanocellulose is considerably increased compared to the Adansonia kilima cellulose. This was attributed to the removal of the intra-and intermolecular hydrogen bonding because of the cavitation effect, which released the micro- and nano-fibrillated cellulosic fiber. Besides that, the morphological property, such as the width size of the extracted nanocellulose is about 15–20 nm with a needle shape (Chowdhury et al., 2019). This verified that the size of the extracted nanocellulose can be reached to the nano-level. On the contrary, the thermal property, such as the maximum decomposition temperature of the extracted nanocellulose is slightly lower compared to the Adansonia kilima cellulose. This was owing to the enhancement of defibrillation and defragmentation of long cellulose chains. Thus, it can be deduced that the use of [Bmim][HSO4] grants Adansonia kilima nanocellulose with high crystallinity and low thermal stability.
The nanocellulose has been extracted from cotton linter cellulose using [Bmim][HSO4] (Huang et al., 2019). The chemical, crystalline, morphological, and thermal properties of the extracted nanocellulose were characterized by Fourier transform infrared spectrometer, X-ray diffractometer, transmission electron microscope, and thermal gravimetric analyzer. The chemical property, such as the infrared spectrum of the extracted nanocellulose is almost similar to the spectrum of the cotton linter cellulose. This demonstrated that the extraction process had no effect on the chemical composition of cellulose. Additionally, the crystalline property, such as the crystallinity index of the extracted nanocellulose is increased compared to the cotton linter cellulose. This was caused by the amorphous regions of cellulose selectively removed, whereas the crystalline structure was preserved as crystalline regions retained in the extracted nanocellulose. Moreover, the morphological property, such as the diameter size of the extracted nanocellulose is ranged from 50 to 100 nm with a rod-like shape (Huang et al., 2019). This proved that the extraction process generated individual cellulose crystallites at the nanoscale level. Conversely, the thermal property, such as the onset degradation temperature of the extracted nanocellulose is significantly reduced compared to the cotton linter cellulose. This was due to the tinier cellulose dimensions that led to a larger surface area exposed to heat. Therefore, it can be concluded that the use of [Bmim][HSO4] provides cotton linter nanocellulose with high crystallinity and low thermal stability.
On top of that, the nanocellulose has been extracted from microcrystalline cellulose using [HEA][HSO4] (Gonçalves et al., 2018). The chemical, crystalline, morphological, and thermal properties of the extracted nanocellulose were characterized by Fourier transform infrared spectrometer, X-ray diffractometer, transmission electron microscope, and thermal gravimetric analyzer. The chemical property, such as the infrared spectrum of the extracted nanocellulose exhibited there were no bands of aliphatic amine group and hydrogen sulfate group. This validated the complete removal of [HEA][HSO4] during the washing process. On the other hand, the crystalline property, such as the intensity of the X-ray diffraction peak of the extracted nanocellulose is lesser compared to the microcrystalline cellulose. This was ascribed to some degradations in the crystalline regions of the nanocellulose during the extraction process. Furthermore, the morphological property, such as the diameter size of the extracted nanocellulose is within the range of 0–3 nm with a needle shape (Gonçalves et al., 2018). This showed the effective extraction of the nanoscale dimension of cellulose by [HEA][HSO4]. In contrast, the thermal property, such as the onset decomposition temperature of the extracted nanocellulose is considerably lessened compared to the microcrystalline cellulose. This was because of the high surface area of the extracted nanocellulose, which is more exposed to heat than macroscopic cellulose. Hence, it can be inferred that the use of [HEA][HSO4] gives microcrystalline nanocellulose with low crystallinity and low thermal stability.
CONCLUSION
In this paper, ionic liquid examples, cellulose sources, ionic liquid syntheses, and the nanocellulose extraction processes were shortly reviewed. In addition, the important properties, for instance chemical, crystalline, morphological, and thermal properties of the extracted nanocellulose were also revisited in this short review. Ionic liquids used in the extraction of nanocellulose are mostly comprised of chloride, acetate, and hydrogen sulfate anion-based ionic liquids. Chloride anion-based ionic liquids are usually synthesized via alkylation reaction, while acetate anion-based ionic liquids are commonly synthesized through metathesis reaction, whereas hydrogen sulfate anion-based ionic liquids are generally synthesized via neutralization reaction. In most studies, the use of ionic liquids has not changed the chemical structure and functional groups of the extracted nanocellulose. On top of that, nanocelluloses extracted by chloride and acetate anion-based ionic liquids have a low crystallinity index. On the other hand, nanocelluloses extracted by hydrogen sulfate anion-based ionic liquids have a high crystallinity index. Besides that, the diameter size of the nanocellulose extracted by chloride and acetate anion-based ionic liquids is ranged from 10 to 200 nm. On the contrary, the diameter size of the nanocellulose extracted by hydrogen sulfate anion-based ionic liquids is ranged from 3 to 100 nm. Nevertheless, the thermal stability of the extracted nanocellulose is frequently lower than the raw cellulose. Therefore, this short review may be helpful not only for the extraction of nanocellulose but also for researchers in expanding the applications of ionic liquids.
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Rubber wood celiose [Bmim](C] Onkarappa et al. (2020a); Onkarappa et al. (2020b)
Wood puip celliose Bmim][C] Vinogradova and Chen, (2016)
Defatted cotton celluiose [Bmim](C] Wang et al. (2015)
Maize husk cellulose Bmim][C] Orkarappa et al. (2020b)
Sugarcane bagasse celluiose  [Bmim][C] (Li et al., 2012; Onkarappa et al., 2020b)
Celuiose powder Bmim(C] Phanthong et al. (2017)
Cotton gin motes celliose  (Bmimj[C] Jordan et al. (2020)
Pineapple peel cellulose [Bmim(C] Dai et al. (2019)
Cotton celllose Bmim][C] Wang et al. (2013)
Eucalyptus pulp celulose [Bmim](C] Wang et al. (2017)
Microcrystaline celliose [Bmim|[HSO,]  Sable etal. (2014); Tan et al. (2015); Grzabka-Zasadziska et al. (2017); Low etal. (2020); Haron et al. (2021); Haron et al,
(2022)
Adensonia kilima cellulose [Bmim][HSO,]  Chowdhury et al. (2019)
a-Celulose [BMiM]HSO,  Xio et al. (2015)
Cotton linter celulose [BmimJHSO,]  (Huang et al, 2019; Huang et al., 2020)
Banana pseudo-stem celluiose  [ComJ[OA]  Hemani et al. (2019)
Microcrystaliine cellulose [Emim][OAc] Al Hakkak et al. (2019); Babicka et al. (2021)
Wood puip celliose [Emim[[OAC]  Vinogradova and Chen, (2016)
Celuiose powder [EmimlOA]  Phanthong et al. (2017)
Jute stalk celllose [Emim](C] Chowdhury and Hamid, (2016)
Blueberry pruning celiose  [Emim][C] Pacheco et al. (2020)
Microcrystaline celliose [Emim(C] Babicka et al. (2020)
Microcrystaliine cellose [Emdim][HSO,] ~ Grzabka-Zasadkzifiska et al. (2019)
Microcrystalline cellulose: [Emmim] Grzabka-Zasadzifiska et al. (2019)
[HSO4)
Orange bagasse cellulose [Mim][HSO,] Menezes et al. (2021)
Microcrystalline cellulose [PmimjiC Babicka et al. (2020)
Microcrystaline celllose HEAJHSO.]  Gongalves et al. (2018)

Wood puipboard celluiose [TBAJOA] Miao et al. (2016)
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