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Abstract 
 

Crystalline nanocellulose is an important material in supporting the needs of the industrial sector today. Because 

of its many uses, encouraging researchers to develop crystalline nanocellulose synthesis methods with various 

treatments and sources. Of the many methods, not all of them can be applied on an industrial scale. Therefore, the 

author aims to review the literature on the synthesis of crystalline nanocellulose so that we know which methods 

can be applied on an industrial scale. In this paper, we review 60 papers from 1995 to 2020 then highlight 12 

representative recent papers. This review is expected to be a reference in selecting crystalline nanocellulose 

synthesis methods for industrial use, given the lack of specific reviews on crystalline nanocellulose synthesis for 

industrial-scale applications. From the results of the review of several papers, the team of authors believes that 

the synthesis of nanocellulose which is suitable for application on an industrial scale is the acid hydrolysis method. 

This is based on the findings that with this synthesis, more samples are obtained, the process is more efficient, 

following current industrial developments and the materials used can be agricultural waste which is rarely seen in 

the industrial world. 
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1. Introduction 

The production of cellulose at the nanoscale has attracted attention because the properties of the resulting 

material have advantages, such as high strength and hardness combined with its light, biodegradable, 

and renewable properties [1]. The conversion of cellulose from micro to nano is an effort so that the 

application of this material is growing [2]. Nanocelluloses are a new class of nanoscale biopolymers that 

are creating a revolution in biologically based materials for various industrial applications, such as 

personal care, food chemistry, pharmaceuticals, and biocomposites [3]. Generally, there are three types 

of nanocellulose, namely crystalline nanocellulose (CNC), cellulose nanofibrils (CNF), and bacterial 

cellulose (BC) [4]. Nanocelluloses with nanoscale particle size and high crystallinity are commonly used 

as nanofillers for polymer materials, barriers in hazardous waste separation processes, food packaging 

that replaces non-biodegradable plastics, and as nanocomposites [5,6]. 

The material used as a source of cellulose for further processing into crystalline nanocellulose (CNC), 

generally comes from higher plants such as wood [7], cotton [8],wheat straw [9], coconut husk [10], 

bamboo fiber [11,12], microcrystalline cellulose (MCC) [13,14], hemp fiber [15], kenaf [16], phormium 

tenax fiber [17], mengkuang leaf [18], sisal fiber [19], and others. In addition, tunicate (a type of marine 

animal) [7,20], and bacterial cellulose (BC) [21,22] are also used as a source of cellulose. 

Ionic liquids can be used as cellulose solvents with the ability to dissolve depending on the size and 

polarity of the anions. Ionic liquid anions will make more easily breaking the hydrogen bonds that occur 

between cellulose molecules. Thus, the process of dissolving cellulose will be faster. It can dissolve 

cellulose with a higher concentration. The mechanism that occurs is the breaking of hydrogen bonds 

[23]. The ionic liquid used will interfere with the intermolecular hydrogen bond interactions of cellulose 

through hydrolysis reactions. The cation will attack the O atom from the –OH group while the anion will 

attack the H atom from the –OH group. Figure 1 shows an example of the cellulose dissolution 

mechanism by the ionic liquid Butyl-methylimidazolium chloride ([BMIM] Cl) [24]. 

 

Figure 1. Dissolving cellulose with ionic liquids. Figure adopted from Li et al. [24]. 
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Apart from using ionic liquids, the addition of strong acids is a step to convert cellulose into crystalline 

nanocelluloses through a hydrolysis reaction [25]. When acid hydrolysis occurs, cellulose which has two 

parts, namely the crystalline and amorphous parts, will undergo a structural change as a result of the loss 

of the amorphous part. Figure 2 shows the amorphous removal during the acid hydrolysis reaction 

leaving a nano-sized cellulose crystal [26]. 

 

Figure 2. Hydrolysis of strong acids in cellulose. Figure adopted from Ehmann et al. [26]. 

 

The amorphous area present in the cellulose chain is the first part and is easily accessible to the acid so 

that it can be hydrolyzed. However, the presence of kinetic forces and steric resistance in the crystalline 

region makes this part unaffected by hydrolysis [27,28]. The structure, properties, and phase separation 

behavior of the crystalline nanocellulose suspension are highly dependent on the type of mineral acid and 

its concentration, the temperature and time of hydrolysis, and the intensity of the ultrasonic radiation 

used [29]. There are various methods in the synthesis of crystalline nanocelluloses, namely mechanical 

methods [26], chemical methods consisting of the acid method [14], the organosolv method [30], the 

alkaline solvent method [31], oxidation method [32], and the ionic liquid method [33], and biological 

methods [22]. However, these various synthesis methods are not entirely applicable in industrial 

nanocellulose synthesis, even though the application of nanocellulose is very beneficial in the various 

fields that have been mentioned. Therefore, writing this paper aims to determine the synthesis method 

of crystalline nanocellulose which can be applied on an industrial scale by reviewing 60 papers from 

1995 to 2020 then highlighting 12 papers published in the last ten (most recent) years that are 

representative. As shown in Table 1, the synthesis of crystalline nanocellulose from 12 recent papers 

used a variety of sources and produced various nanocellulose sizes. The advantages and disadvantages 

of each method are discussed in more detail in the synthesis method section. 

Although there have been many papers discussing the manufacture of nanocellulose, the number of 

papers that have reviewed the manufacture of nanocellulose, especially crystalline nanocellulose, is still 

limited. So, it is hoped that this paper can become a reference in the selection of industrial crystalline 

nanocellulose synthesis methods. 
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Table 1. Recent studies regarding the synthesis of crystalline nanocellulose from various biomass sources and 

the size of the resulting nanocelluloses. 

Type of 

Nanocellulos

e 

Material Method Result Reference 

Crystalline 

Microcrystalline cellulose, 1-

butyl-3-methylimidazolium 

hydrogen sulfate 

(bmimHSO4) 

Hydrolysis of 

ionic liquids 

 Nanocellulose 50-

300 in size and 14-

22 nm in diameter 

[33] 

Microcrystalline cellulose, 

sulfuric acid (H2SO4) 

Hydrolysis of 

Acid 

Nanocellulose 

measuring 150-200 

and 10-20 nm in 

diameter 

[14] 

Rice Husk, 4 wt% NaOH, 

buffer solution of acetic acid, 

dilute chlorite (1.7% by 

weight), sulfuric acid 

Crystalline 

nanocellulose 

measuring 15-20 nm 

and 10–15 nm 

[39] 

Oil palm empty bunches, 

sulfuric acid (H2SO4), NaOH 

17, 5%, NaOH 17.5% (w / 

v), H2O2 10% (v / v), 

CH3COOH 10% (v / v), 

Nanocellulose 

measuring 160-298 

nm 

[44] 

Bark Tree Fronds zalacca, 

Nitric Acid (HNO3), NaOH, 

Na2SO3, NaOCl, H2O2, H2SO4 

Nanocellulose 

measuring 16.52 nm 

[47] 

Red Onion Waste, ethanol, 

distilled water, H2O2, and 

NaOH 

Nanocellulose 

measuring 12.615 nm 

[50] 

Corn cobs, aqua dm, sodium 

hypochlorite, sodium 

hydroxide, and sulfuric acid 

nanocellulose with a 

diameter range of 

14.30-45.00nm and 

an average diameter 

of 17.40nm. 

[52] 

Eucalyptus pellita fiber, 

sulfuric acid (H2SO4), 

NaOH, hypochlorite solution 

Nanocellulose 

measuring 82.70nm 

[53] 
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Table 1. (continued) Recent studies regarding the synthesis of crystalline nanocelluloses from various biomass 

sources and the size of the resulting nanocelluloses. 

Type of 

Nanocellulos

e 
Material Method Result Reference 

Crystalline 

Lin cotton tar, 2,2,6,6-

tetramethyl-pipelidine-1-

oxyl (TEMPO) 

Oxidation  Nanocellulose with 

a width of 5-10 nm 

and a length of 200 

to 400 nm 

[35] 

Microcrystalline cellulose, 

nickel (II) nitrate 

hexahydrate 

Hydrolysis of 

salt catalysts 

nanocellulose 300-

600 in size and 10-

60 nm in diameter 

[60] 

Polar wood, phosphoric acid, 

glacial acetic acid, sodium 

chlorite, cellulase 

enzymolysis-

assisted 

sonication 

Nanocellulose 20-50 

nm in diameter 

[63] 

Cotton fibers, 

microcrystalline cellulose 

(MCC), dextrose broth, 

Trichoderma reesei (ATCC 

13631), ultrapure water 

 Microbial 

hydrolysis of 

enzymatic 

crystalline nano-

celluloses produced 

with deep diameter 

100-150 nm range 

[34] 

 

2. Synthesis of Crystalline Nanocellulose 

To obtain crystalline nanocellulose from biomass, it is generally carried out in three stages, namely (1) 

removal of lignin and hemicellulose from biomass material by alkaline treatment or addition of dilute 

strong acids, (2) purification of cellulose by adding buffers, (3) isolation of crystalline nanocellulose by 

hydrolysis of cellulose by various methods such as the addition of ionic liquids [23], strong acids [26-

29], microbial enzymatics [34], and oxidation [35] which are generally followed by sonication, dialysis 

and, centrifugation. According to Rojas, an overview of the synthesis of crystalline nanocellulose is in 

accordance with Figure 3 shows the flow of crystalline nanocellulose synthesis from biomass materials 

[36]. 

 

2.1. Hydrolysis of ionic liquids 

Man et al. [33] reported the results of the synthesis of crystalline nanocellulose using the hydrolysis 

method with 1-butyl-3-methylimidazolium hydrogen sulfate (bmimHSO4) as a catalyst and 

microcrystalline cellulose (MCC) as a source of cellulose. Ionic liquids similarly react with MCC acid 
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hydrolysis.  Ionic liquid causes hydrolytic cleavage of the glycosidic bonds between two anhydroglucose 

units and result in rearrangements of the linked ends of the chains, which facilitate the release of internal 

strain [37,38]. Ionic liquids dissolve the amorphous and leave behind the crystalline regions. Treatment 

with ionic liquids with mechanical stirring resulted in the disintegrated of the microcrystalline cellulose 

structure into crystalline nanocellulose particles [33]. 

 

Figure 3. The flow crystalline nanocellulose synthesis (CNC). Figure adopted from Rojas et al. [36] 

MCC 10% (w/w) was mixed with bmimHSO4 and treated for 1 hour at 70, 80 and, 90 °C with each 

stirring speed of 400 rpm. The mixture is sonicated at room temperature, and the suspension is washed 

with deionized water several times using centrifugation at 2,000 rpm for 15 minutes. The supernatant 

obtained was centrifuged at 7,500 rpm for 30 minutes until crystalline nanocellulose particles were 

obtained [33]. MCC dissolution did not occur during treatment with ionic liquids. From diffractogram 

on Figure 4 shows that no change in the type of cellulose before and after MCC was treated with 

bmimHSO4. Figure 5 shows the increase in the crystallinity index is respectively the increase in 

temperature. 



A. Haerunnisa et al. / Arab. J. Chem. Environ. Res. 07 (2020) 95-125                                                                  100                                                                       

 

AJCER 

 

Figure 4 . XRD diffractogram of MCC (A) and crystalline nanocelluloses at heating temperatures (70, 80, and, 

90 ° C), were heated for 1 hour. Figure adopted from Man et al. [33]. 

 

Figure 5. The crystallinity index of microcrystalline cellulose and crystalline nanocellulose after treatment at 

different times. Figure adopted from Man et al. [33]. 

FTIR analysis showed that the MCC and crystalline nanocellulose obtained after treatment with 

bmimHSO4 had the same basic structure, shown in Figure 6. This spectrum confirms that bmimHSO4 

does not change during treatment, so it can be recycled [33]. 

 
Figure 6. FTIR spectra of MCC (A) and crystalline nanocelluloses at different heating temperatures (T = 70 °C, 

t = 1 hour), (T = 80 °C, t = 1 hour), (T = 90 °C, t = 1 hour). Figure adopted from Man et al. [33]. 
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The crystalline nanocelluloses produced by Man et al. [33] are 50-300 x 14-22 nm in size with a needle-

like structure obtained at three different temperatures as shown in Figure 7. The size of crystalline 

nanocellulose decreases as the heating temperature is increased during hydrolysis, where the smallest 

size of crystalline nanocelluloses is shown in Figure 7c.  

Needle-like structure of crystalline nanocellulose with a diameter of 21.42 nm at the center and tapered 

to 13.38 at the end obtained from crystalline nanocellulose at 90 °C for 1 hour. The Transmission 

Electron Microscope (TEM) is shown in Figure 8. 

 

Figure 7.  FESEM (50.00 KX) of crystalline nanocellulose at different heating temperatures (T = 70 ° C, t = 

1 hour), (T = 80 ° C, t = 1 hour), (T = 90 ° C, t = 1 hour ). Figure adopted from Man et al. [33]. 

 

Figure 8.  TEM micrograph of crystalline nanocellulose at 90 ° C for 1 hour. Figure adopted from Man et al. [33] 

2.2. Hydrolysis of Acid 

2.2.1. Microcrystalline Cellulose with Sulfuric Acid 

Ioelovich [14], synthesized nanocellulose with cellulose from microcrystalline cellulose (MCC) which 

was hydrolyzed with sulfuric acid (H2SO4) at various concentrations around 50-67% wt and the ratio of 

acid to cellulose (ACR) from 5-20. The reaction temperature used was 40-60 ℃, with a centrifugation 

stirring speed of 3200 rpm. Figure 9 shows the X-Ray Diffraction (XRD),  with sulfuric acid 
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concentrations in the range from 55-62% wt, it was found that the nanocellulose particles maintained a 

crystallinity similar to the microcrystalline cellulose. When the sulfuric acid concentration is more than 

63% by weight, microcrystalline cellulose dissolves in sulfuric acid, as a result, the crystallinity of the 

particles is low [14]. Crystalline nanocellulose isolated with sulfuric acid 60% wt, having a rod-like 

shape with a size of 150-200 x 10-20 nm was confirmed using Scanning Electron Microscope (SEM) 

shown in Figure 10. When the sulfuric acid concentration was more than 63% wt, the nanocellulose was 

obtained an amorphous ellipsoidal with a wide size distribution from 50 to 300 nm shown in Figure 11. 

 

Figure 9. Dependence of solubility of cellulose (1) and degree of crystallinity (2) of isolated nanocellulose on 

sulfuric acid concentration. Figure adopted from Ioelovich [14]. 

 
Figure 10.  SEM crystalline nanocellulose particles using sulfuric acid 60% wt. Figure adopted from Ioelovich [14] 

 
Figure 11. SEM of amorphous cellulose ellipsoidal nanoparticles when the sulfuric  

acid concentration was over 63%. Figure adopted from Ioelovich [14]. 
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2.2.2. Hydrolysis of sulfuric acid in rice husks 

Johar et al. [39] synthesized crystalline nanocellulose from rice husk material. First, an alkaline treatment 

is carried out to purify the cellulose by removing lignin and hemicellulose [39,40]. The resulting solid 

is filtered and washed several times using distilled water, repeated three times [39]. The mixture is 

allowed to cool and filtered using distilled water. excess. The bleaching process was repeated four times 

[39]. The next process is acid hydrolysis carried out after alkaline treatment and bleaching. The 

hydrolysis process takes place at a temperature of 50 ℃, sulfuric acid 10.00 M. This centrifugation step 

is repeated several times before the suspension is dialyzed with distilled water for several days until a 

constant pH in the range of 5-6 is reached. [39]. The first characterization is chemical content. Figure 12 

shows a photograph of the husk fiber without treatment, after alkaline treatment and bleaching. The 

difference in form indicates a change in chemical composition [39,41]. 

 

Figure 12. Photography of rice husk, Figures 12 (a), (b), and (c) are rice husk without treatment, rice husk 

treated with alkaline, and rice husks that have received alkaline and bleaching treatment, respectively. Figure 

adopted from Johar et al. [39]. 

The next characterization is Scanning Electron Microscope (SEM). The effect of the bleaching treatment 

can be observed from the comparison of after alkaline treatment shown in Figure 13b and after the 

bleaching treatment shown in Figure 13c. It can be observed that the fiber bonds of the rice husk are 

separated into individual fibers. The diameter of the fibrous material decreased from an average of about 

170–7 μm. This reduction indicates that alkaline treatment cannot destroy the natural bundles of cellulose 

[39,42]. Therefore, the required bleaching is to destroy the natural bundles of cellulose so that the rice 

husks break down to form cellulose microfibrils [39]. 



A. Haerunnisa et al. / Arab. J. Chem. Environ. Res. 07 (2020) 95-125                                                                  104                                                                       

 

AJCER 

 
Figure 13. Rice husk morphology through SEM analysis. Figures 13 (a), (b), and (c) are the morphology of rice 

husks without treatment, rice husks undergoing alkaline treatment, and rice husks undergoing alkaline and 

bleaching treatment, respectively. Figure adopted from Johar et al. [39]. 

Then the analysis was performed by the Transmission Electron Microscope (TEM). Figure 14A shows 

the results of the TEM analysis of crystalline nanocellulose from acid hydrolysis. Acid hydrolysis using 

sulfuric acid under controlled conditions aims to remove amorphous portions of cellulose microfibrils 

[39,42]. Johar et al. [39] also reported that the diameter of crystalline nanocellulose and the aspect ratio 

of crystalline nanocellulose respectively are shown in Figure 14B. Most nanoparticles display a range 

of 15-20 nm and 10–15 nm. 

 

Figure 14. (A) Morphology of crystalline nanocellulose through TEM analysis (B) Diameter and aspect ratio of 

CNC extracted from rice husk fiber. Figure adopted from Johar et al. [39]. 

Synthesis of CNC from rice husks using the methods and steps that have been carried out such as alkaline 

treatment, bleaching, and sulfuric acid hydrolysis has the advantage of being able to increase the 

cellulose content obtained by alkaline treatment and bleaching [39], increasing the crystallinity index 

[28,39]. Johar et al. [39] reported that the synthesis of CNC from rice husks using this method produced 

CNCs with a diameter of 10–15 nm. 
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2.2.3. Acid hydrolysis in empty oil palm bunches. 

This study aims to characterize the isolated nanocrystals from empty oil palm bunches. The process used 

was lignification with 3.5% HNO3 and NaNO2, and pulping with 17% NaOH. In the pulping process, 

the fibers develop so that the hemicellulose, mineral salts, and ash are lost. The result of this process is 

a brownish yellow pulp [43]. The next step was bleaching with 10% H2O2 and the last one was the 

isolation of the nanocrystals using the acid hydrolysis method with 48.84% H2SO4 [44]. During the 

hydrolysis process with 48.84% H2SO4, esterification of the hydroxyl group of cellulose with negatively 

charged sulfate ions occurred on the surface of the cellulose crystals so that the crystal suspension was 

stable. Hydrolysis with sulfuric acid does not alter the functional groups of cellulose, but only 

discontinues the glucose ring [45]. Figure 15 shows the results of characterization using FTIR. Figure 

16 shows the results of the morphological analysis using TEM. 

 

Figure 15. FTIR Spectrum of α-Cellulose and Crystalline Nanocellulose. Figure adopted from Putri et al. [44]. 

 

Figure 16. Morphology of Crystalline Nanocellulose Using TEM.  Figure adopted from Putri et al. [44]. 

The FTIR spectrum shows a band widening in the area of 3000-4000 cm-1 wave number which is the 

vibration of the OH bond from cellulose, and at the wave number 800-1300 cm-1 is the vibration of the 

CO bond, and there is an absorption band at 700-900 cm-1. This is a bond of β-glycosidic between the 



A. Haerunnisa et al. / Arab. J. Chem. Environ. Res. 07 (2020) 95-125                                                                  106                                                                       

 

AJCER 

glucose units of cellulose, and the Crystalline Nanocellulose from the resulting empty oil palm bunch 

has sizes ranging from 46.19–48.73 nm.  The resulting Crystalline Nanocellulose were needle crystals 

based on morphological and size analysis using TEM. Crystalline Nanocellulose had a particle size of 

47.46 nm [44]. The strengths of this research are using waste material so that it can reduce the impact of 

waste. Meanwhile, it lacks a fairly long and lengthy process because it can take 1 to 8 days. 

2.2.4. The hydrolysis of sulfuric acid on the fiber material of the bark zalacca tree. 

Triyastiti et al. [47] reported the results of the synthesis of crystalline nanocellulose from the bark tree 

of zalacca which is a source of α cellulose obtained by alkaline treatment using 2% NaOH and continued 

with the bleaching process with add 1.75% NaOCl solution at boiling point for 30 minutes. Then the α 

cellulose purification process was carried out by adding 17.5% NaOH solution at 80 ° C for 30 minutes 

[46]. Furthermore, acid hydrolysis was carried out using H2SO4 with a concentration of 40% (v / v)  and 

centrifuged at a speed of 12000 rpm for 5 minutes until neutral. [47].  

The FTIR results in Figure 17 shows the appearance of a typical cellulose uptake at the wave number 

894 cm-1, which indicates the presence of a CH group (near 900 cm-1 refers to close to CH) indicating 

the presence of β1,4-glycoside bonds between glucose units in cellulose [2,48]. 

 

Figure 17. FTIR spectra of (a) nanocellulose (b) bark tree of zalacca. Figure adopted from [47]. 

The X-ray diffraction pattern of the bark tree of zalacca and nanocellulose fractions can be seen in Figure 

18. Based on the image, it is known that two distinctive peaks, in nanocellulose, are at an angle of 2θ 

around 15.4 ° and 22.3 °. These angles are in accordance with JCPDS 50-2241 data which shows the 

diffraction of cellulose at an angle 2θ 15.0 ° and 22.8 °. Crystallinity was calculated using the segal 

method and the resulting crystallinity of nanocellulose was 58.42% and bark tree of zalacca 43%. The 

increase in crystallinity was caused by a decrease in the composition of the amorphous fibers due to acid 

hydrolysis treatment. The crystal size of cellulose and nanocellulose using the Scherrer equation is 21.09 

nm and the crystal size of cellulose is 16.52 nm. The change in size is also caused by the acid hydrolysis 

process. Apart from acid hydrolysis, ultrasonication is also used to reduce the size of nanocellulose [49]. 
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Figure 18. Diffractogram (top) nanocellulose (bottom) bark tree of zalacca. Figure adopted from Triyastiti et al. [47] 

Observation of the morphology of the bark tree of zalacca and nanocellulose carried out with an electron 

microscope can be seen in Figure 19. The fronds still have a fairly large size of around 400 µm due to a 

simple crushing process by milling. Chemical and mechanical treatments applied to the bark tree of 

zalacca resulted in a smaller size of about 4 µm. Based on its shape, cellulose nanocellulose produced 

from this study can be classified as crystalline nanocellulose. This is supported by XRD results which 

show the crystallinity of nanocellulose exceeds 50% [47].  

 

Figure 19. Morphological observations by SEM (A) bark tree of zalacca and (B) Nanocellulose. 

Figure adopted from Triyastiti et al. [47]. 

 

2.2.5. Hydrolysis of Sulfuric Acid in Red Onion Skin Waste  

The method used is the extraction of shallot using ethanol, distilled water, H2O2, and NaOH. The next 

step is sample preparation by acid hydrolysis using 50% sulfuric acid. Then the delignification is the 

process of removing lignin from the onion skin. Delignification was initiated by heating for 2 hours with 

ethanol and water [50]. Delignification is a process that aims to remove components other than cellulose 

in cellulose of oil palm empty bunches with alkaline treatment. The type of alkaline solution used is the 

NaOH solution. NaOH was chosen because it can damage the crystalline structure of lignin and the 



A. Haerunnisa et al. / Arab. J. Chem. Environ. Res. 07 (2020) 95-125                                                                  108                                                                       

 

AJCER 

amorphous structure of hemicellulose so that these two compounds can be separated from the long 

carbon chain bonds contained in the fiber [51]. 

The result of this heating is obtained by the onion skin without wax. After heating, the skin of the onion 

without wax will be bleached using a sulfuric acid solution using a magnetic stirrer. Then the onion skin 

is washed with an ethanol-water mixture to remove all lignin and raise the pH. The results of this washing 

obtained a blackish-brown filtrate and a residue, namely soft red onion skin. Table 2 shows the next step 

is to re-extract it to get nanocellulose using the same ingredients when extracting the onion. This study 

varied the heating time and stirring time [50]. 

 

Table 2. Comparison of residual yield by varying heating time and stirring time. Table adopted from Sanjaya [50] 

Duration of Heating Duration of 

Stirring 

Residue Filtrate 

1 hour 1 hour Yellowish 

white (+++) 

Brownish-yellow (+++) 

1 hour 2 hour Yellowish 

white (++) 

Brownish-yellow (++) 

2 hour 1 hour Yellowish 

white (++) 

Brownish-yellow (++) 

2 hour 2 hour Yellowish 

white (+) 

Brownish-yellow (+) 

 

The best method to analyze is when heating and stirring for 2 hours each because the residue is not too 

yellow compared to the results of the the heating and other stirring. The residual color that is yellow to 

brownish indicates that the lignin is high enough that it will affect the results because it will produce 

unwanted quinone compounds. Next is the characterization stage with SEM (Scanning Electron 

Microscope) and XRD (X-Ray Diffraction). Before being characterized, the sample must be dried first 

using filter paper and then in an oven at low temperature. After heating at low temperature, the samples 

were obtained in the form of powder [50]. Figure 20 shows the results of the XRD analysis. 

 
Figure 20. Results of XRD nanocellulose on shallot peel waste. Figure adopted from Sanjaya [50]. 
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The nanocrystalline morphological test is shown in Figure 21, it can be seen that there is a decrease in 

size before treatment and after treatment. The results of the characterization of XRD obtained a 

crystallinity index of 78.668%.  The shape of the nanocellulose as seen in Figure 21 looks lumpy and 

uneven. The result of this characterization is a nanocrystalline measuring 12,615 nm. This method uses 

the acid hydrolysis method to obtain nanocellulose so that the time needed is faster than other methods. 

In this study, the error occurred when the duration of heating and stirring was too fast at the cellulose 

extraction stage so that the residue was still yellowish white.  This shows that there is still lignin so that 

when characterized it is still clotted [50]. 

 
Figure 21. Results of the Scanning Electron Microscope for nanocellulose from shallot peel waste. Figure 

adopted from Sanjaya [50]. 

 

2.2.6. Hydrolysis of sulfuric acid on corncob 

Purwanti et al. [52] synthesized crystalline nanocellulose from corncob which is a source of α cellulose 

obtained by bleaching using 600 mL 1.7% NaOCl. Then performed hydrolysis using sulfuric acid 50% 

and 60%. Figure 22 shows the results of the TEM analysis. The results of TEM analysis (a), the resulting 

particle image is not good and the shape of the crystalline nanocellulose particles is not clear, so it is not 

continued to the next stage. The results of TEM analysis (b) show that the crystalline nanocellulose has a 

more uniform particle shape and size than the isolated cellulose, which is round [52]. 

 

Figure 22. TEM results of crystalline nanocellulose (a) CNC and (b) CNC 60. Figure adopted from Purwanti et al.[52] 



A. Haerunnisa et al. / Arab. J. Chem. Environ. Res. 07 (2020) 95-125                                                                  110                                                                       

 

AJCER 

2.2.7. Acid hydrolysis method Homified fiber Eucalyptuspellita Pandiangan. 

The method used is hornification and acid hydrolysis using H2SO4 45%. After that the fiber that has 

been obtained is then centrifuged to produce a pH of 5-6. The fiber is then dialysis using the core 

membrane (dialysis tubing) until a constant pH is produced. After that the sample is sonicated and 

autohydrolyzed [53]. In testing using SEM, the shooting results were obtained as below. In Figure 23, a 

crystalline nanocellulose is shown whose fibers have been fibrillated so that the fiber size shrinks to a 

nano-scale size. Figures 23a and 23b show a more even and homogeneous surface morphology due to 

the destruction of a combination of acid hydrolysis, ultrasonication, and autoclave on the sample so that 

the surface is smoother and homogeneous [53]. 

 

Figure 23. Autohidrolysis Bleaching Hornification 20,000 X magnification (a) Autohidrolysis Bleaching 

Hornification 40,000 X magnification (b) Autohydrolysis Bleaching 20,000 X magnification (c) Autohidrolysis 

Bleaching 40,000 X magnification (d) Hydrolysis Bleachingmagnification 20,000 X(e) Hydrolysis Bleaching 

40,000 X magnification (f) . Figure adopted from Pandiangan [53]. 

Figure 24 shows that there are differences in the surface morphology of the samples pulp and after 

treatment bleaching and chemical modification, namely hornification. The surface of the morphology 

pulp looks dirty and clumped as shown in Figures 24e and f. However, after hornification, the surface 

morphology of the fibers was clearer because there was no longer clumping and no impurities as shown 

in Figures 24a and b. XRD analysis was also carried out to determine the crystallinity of Crystalline 

Nanocellulose. The percentage of crystallinity of nanocellulose is presented in Table 3 below. The 

change in the crystal peak when the test was carried out showed the crystallinity value of the fiber 

nanocellulose E. pellita can be seen in Figure 25. If the size of the crystal atom is getting smaller it 

indicates that the more crystalline structure is indicated by the high crystallinity value. The results 

obtained in testing the size of the crystallinity tended to be slightly reduced from the samples that had 

been treated with acid hydrolysis and those that were not acid hydrolyzed (Table 3). 
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Figure 24. Pulp Bleaching Hornification 100x magnification (a) Pulp Bleaching 2000x magnification (b) Pulp 

Bleaching 100x magnification (c) Pulp Bleaching 2000x magnification (d) Pulp 100x magnification (e) 200x 

enlargement pulp (f). Figure adopted from Pandiangan [53]. 

Table 3. Measures of Crystalline Nanocellulose Crystallinity. Table adopted from Pandiangan [53]. 

Sample Crystallinity  % 

Pulp 58.13 

Pulp Bleaching 59.84 

Pulp Bleaching Hornification 59.12 

Hydrolysis Bleaching 52.94 

Autohidrolysis Bleaching 48.57 

Autohidrolysis Bleaching 

Hornification 
46.96 

 

Figure 25. XRD diffractogram. Figure adopted from Pandiangan [53]. 

The decrease in the crystallinity value is thought to be due to the use of a long time during the acid 

hydrolysis process so that it can damage the cellulose crystals too. Treatment of the acid hydrolysis can 

penetrate local goto amorphous cellulose thus causing the hydrolytic cleavage of glycosidic bonds and 
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release the crystal [54]. The use of FTIR analysis is also performed to determine the functional group of 

fibers E. pellita and nanocellulose, and its changes after being given treatment. The resulting 

nanocellulose powder then generated characterized so that the results of infrared spectroscopy using 

FTIR are shown in Figure 26. 

 

Figure 26. FTIR Spectrum Atohidrolysis Bleaching Hornification, Atohidrolysis Bleaching, Hydrolysis 

Bleaching, Pulp Bleaching Hornification, Pulp Bleaching, and Pulp. Figure adopted from Pandiangan. [53]. 

The peak change was seen in the autohydrolysis hornification sample bleaching. Figure 26 shows there 

are two waves that change, there is the same wave peak in the autohydrolysis sample bleaching with 

hydrolysis bleaching 2731 cm-1 but in the bleaching hornification autohydrolysis, the crest of the wave 

disappears and a decrease in the peak is seen 1651 cm-1 to 1636 cm-1 on autohydrolysis of bleaching 

hornification. Visible pure compound in a changing wave due to purification repeated on autohydrolysis 

bleaching hornification [55]. So this thing stated by G. Jayme in Minor that hornification is a treatment 

of drying and soaking cellulose repeatedly to reduce the level of ability of the fiber to expand when 

soaked with water [56]. The change of each carbon group peak is influenced by changes that occur in 

the content of lignin, cellulose, and hemicellulose. Thus, this was conveyed in the research of Solikhin 

et al. [57] that the peak change in each fiber treatment is due to the vibration stretching of cellulose, 

hemicellulose, and lignin and the occurrence of deformation CH from cellulose and lignin. 

2.3. Chemical Oxidation 

The oxidation method can be used to synthesize crystalline nanocellulose, which this method is usually 

used to increase the performance of the alkaline solvent method. The solvent will reduce superoxide 
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radical (-O2) at pH > 12 where the aromatic ring of lignin and part of the hemicellulose polymer will be 

attacked and turn into carboxylic acid compounds [32]. The oxidation method is one of the crystalline 

nanocellulose synthesis methods that is rarely used because the cost of the material required is quite 

expensive. And also, the process is quite long and less efficient, because the oxidation method can work 

optimally when combined with the alkaline solvent method before treatment [58]. 

Qin et al. [35] reported the results of their research, that is the synthesis of crystalline nanocellulose 

using the oxidation method with source of the cellulose are linter cotton and an oxidizing agent, 2,2,6,6-

tetramethyl-pipelidine-1-oxyl (TEMPO) [35]. Montanari et al. [59] used the same oxidizing reagent in 

synthesizing nanocellulose. In the process of making nanocellulose, the base material is dispersed using 

an oxidizing reagent, by adjusting the pH when and after the oxidation, oxidized fibers can be obtained. 

Ultrasonication with an amplitude of 80 for different periods of 60 and 120 minutes was used so that 

nanocellulose was obtained [35]. 

Nanocellulose was present in dilute samples (diluted to 0.1%) after 13.5 hours of being oxidized by 

TEMPO by the ultrasonic system. Figure 27 shows the crystalline nanocellulose has a width of 5-10 nm 

and a length of 200-400 nm. With the help of ultrasonics, the oxidized nanocellulose can have more 

hydrophilic carboxylate groups, which provides more stability to the nanocellulose and allows it to be 

well dispersed in an aqueous solution [35]. 

 

Figure 27. TEM of crystalline nanocellulose with TEMPO. Figure adopted from Qin et al. [35]. 

2.4. Hydrolysis of Transition Metal Salt Catalysts 

Yahya et al. [60] synthesizing microcrystalline cellulose (MCC) through the Ni Transition Metal Salt 

Catalyst Hydrolysis Pathway with nickel (II) nitrate hexahydrate (Ni(NO₃)₂.6H₂O) as the chemical 

reagent used. The concentration of this chemical reagent has an important role in the synthesis process 

so that various concentrations are made. Ni-inorganic salt is able to control selectively hydrolysis 

compared to the sulfuric acid reaction even though low acid concentrations are used.  

The main crystalline structure of MCC was maintained and unchanged during the Ni salt catalyst 

hydrolysis process. When the Ni salt concentration increased from 0.05 to 1.00 M, the intensity of the 
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XRD diffraction field increased, becoming higher than that of MCC. Figure 28 shows the increase in the 

crystallinity index and crystal size of nanocellulose treated Ni was positively influenced by the 

hydrolysis process. Based on the crystallinity profile, the crystallinity index of the samples was in the 

order MCC <NTC0.05 <NTC0.50 <NTC1.00, indicating an increase of about 5% of the raw material. 

An increase in the crystallinity index of the treated samples showed significant removal of amorphous 

regions and increased exposure to cellulose crystalline regions [60].  

 

 

Figure 28. X-ray diffraction patterns of (a) NTC1.0, (b) NTC0.5, (c) NTC0.05, and (d) MCC. Figure adopted 

from Yahya et al. [60]. 

The four samples have a similar FTIR pattern, Figure 29 shows the chemical structure of the 

synthesized nanocellulose remained unchanged after Ni catalyzed hydrolysis. Furthermore, the absence 

of NO3
-
 peaked at 1384 cm- 1

 showed that the Ni salt was completely removed during the washing and 

dialysis processes [61,62]. 

 

Figure 29. FTIR spectrum from MCC, NTC0.05, NTC0.50, and NTC1.00. Figure adopted from Yahya et al.[60] 

The surface morphology of MCC and Ni-treated nanocellulose was determined using field emission 

scanning electron microscopy (FESEM) analysis. When Ni concentration increases, Ni2+ ions spread 

to the surface of the cellulose fibers and attack the glycosidic bonds of the cellulose chains. Figure 30 

shows damage to the amorphous portion of the cellulosic fiber, resulting in smaller particle size and 

higher fiber porosity [60]. 
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Figure 30. FESEM images of (a) MCC (100 ×), (b) PKS (20000 ×), (c) NTC0.05 (100 ×), (d) NTC0.05 

(20000 ×), (e) NTC0.5 ( 20000 ×), and (f) NTC1.0 (20000 ×). Figure adopted from Yahya et al. [60]. 

TEM images of Ni-treated nanocellulose with various Ni concentrations is shown in Figure 31. Ni salt 

catalyzed hydrolysis produces individual Crystalline Nanocellulose in a porous tissue with a 

spiderweb-like structure. Furthermore, the nanocellulose is expressed in fine diameter (10 to 60 nm) 

and length at 300 to 600 nm, which implies that Ni ions successfully diffuse into the MCC rigid 

structure and result in selective fragmentation of the crystals into smaller sizes [60]. 

 
Figure 31. TEM micrographs and Particle Size Distribution Profiles from (a) NTC0.05, (b) NTC0.50, (c) 

NTC1.00, and (d) HTC. Figure adopted from Yahya et al. [60]. 
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2.5. Enzymolysis-Assisted Sonication 

Zhang et al. [63] synthesize Crystalline Nanocellulose from poplar wood through sonication assisted by 

enzymolysis with cellulase enzymes as surfactants. Most of the hemicellulose and some of the lignin in 

poplar wood were removed after steam explosion treatment. Sodium chlorite treatment removes nearly 

all of the remaining lignin and hemicellulose. The yield of Crystalline Nanocellulose depends on the 

enzyme dose shown in Figure 32. At low doses, most of the cellulose remains, resulting in low yields. 

With increasing enzyme dose, the yield of cellulose nanoparticles also increases, when the enzyme dose 

exceeds 200U / g, the yield decreases. Therefore, to ensure optimal nanocellulose yield, the enzyme dose 

is 200 U / g.  

 
 

Figure 32. Effect of enzyme dose on nanoparticle yield. Figure adopted from Zhang et al. [63]. 

Figure 33 shows the timing of the enzymatic hydrolysis affects the final outcome. After 12 hours, the 

yield is optimal, however, because the reaction time is extended, the nanocellulose hydrolyzes to glucose 

lowers the yield. Due to limited binding sites, yields of cellulose nanoparticles tend to stabilize after 16 

hours of enzymatic hydrolysis [63] 

 

 

Figure 33. Effect of time on hydrolysis. Figure adopted from Zhang et al [63]. 
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Figure 34a shows that temperature has a great influence on the result of enzymatic hydrolysis. The 

optimal temperature is 50℃. Below this temperature, enzyme activity slows down, resulting in lower 

yields. Beyond this temperature the enzymes become inactive, therefore, a gradual decrease in yield was 

observed [63]. The mean particle size of the sample is shown in Figure 34b. Sonication plays an 

important role in particle size. The average particle size of the sonicated nanocelluloses was 1600 nm, 

whereas the sonicated nanocelluloses were. The particle size is significantly reduced. Enzymatic 

hydrolysis temperature also affects the average particle size. At 40℃, the average particle diameter was 

674 nm. When the enzymatic hydrolysis temperature increases to 50℃, the particle diameter decreases 

to 310 nm. However, at 60℃, the mean particle size increased to 565 nm due to changes in enzyme 

activity. Enzymatic hydrolysis and optimal particle size were obtained at 50℃ [63].  

Figure 34c shows the zeta potential of the sample is negative. The sample surface is negatively charged 

in the water. The absolute value of cellulose nanoparticles that were not sonicated was 21 mV, lower 

than that of the cellulose nanoparticles treated with sonication. Enzymatic hydrolysis temperature has 

little effect on zeta potential, but the optimal value is obtained at 50℃ [63]. 

 
Figure 34. (a) Effect of temperature on enzymatic hydrolysis, (b) mean particle size of nanocellulose from 

enzymolysis at 50 without sonication at temperature 40 and by sonication at temperature 50-70. (c) zeta potential 

enzymolysis temperature 50 without sonication at temperature 40 and by sonication at temperature 50-70. Figure 

adopted from Zhang et al [63]. 
 

 
 

b 

a 

c 
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The chemical composition, crystallinity, and morphology of the composites were all characterized 

using FT-IR, x-ray diffraction, and TEM showing that the structure was not destroyed during the 

preparation process so that the crystal form remained in the form of cellulose I. The crystallinity was 

61.98%, more 9.15% higher compared to poplar cellulose. Width between 20 and 50 nm [63]. 

2.6. Synthesis of Crystalline Nanocellulose from Cotton Fiber by Controlled Microbial Hydrolysis 

For the synthesis of CNC from microcrystalline cellulose, the fibrous fungus Trichoderma reesei under 

controlled hydrolysis was used [34]. First of all, the raw material (cotton fiber) is converted into 

microcrystalline cellulose (MCC). Furthermore, MCC was hydrolyzed using microbes (Trichoderma 

reesei or Acetobacter xylinum) to produce CNC [34,64]. In the production of CNC, a 24-hour inoculum 

of the fungus Trichoderma reesei (ATCC 13631), was prepared in potato dextrose broth by inoculating 

the spore suspension (3 106 spores/ml). The optimized inoculum concentration was then added with 

Mandel Media containing MCC as the only carbon source. The next step was incubation at 25 ℃ under 

vibrating conditions of 150 rpm [64]. 

Synthesis using the fungus Trichoderma reesei does not produce peroxidase but produces cellulase 

which can degrade cellulose [34,64]. So that Trichoderma reesei is a good option for CNC production. 

By using the cellulase-free enzyme mechanism to break down cellulose, the carbohydrate-binding 

module (CBM) will combine with the flexible linker to form a multicomponent enzyme system that 

works synergistically to form crystalline cellulose. In order to increase the product obtained, the 

fermenter system is connected to a membrane to trap the resulting nanocrystalline [34].  

The synthesis of nanocellulose by enzymatic methods makes it possible to make nanocellulose react 

with impurities. Thus, the purification of the CNC obtained by enzymatic processes is an important 

step in the production of CNC by this method. The production of CNC by microbial hydrolysis of MCC 

by the fungus Trichoderma reesei includes fermentation and differential centrifugation of the broth for 

sedimentation of all particles larger than 1 mm in size. The resulting supernatant is filtered through a 

100 kDa ultrafiltration membrane, sucked in a vacuum where water and low molecular weight solutes 

pass through the membrane, CNC will be stuck on the membrane surface and removed by ultrapure 

water jets. Thus, differential centrifugation is combined with ultrafiltration. This enzymatic method 

using Trichoderma reesei is one of the best biological pathways in CNC synthesis. After purification, 

CNC was analyzed by Atomic Force Microscopy (AFM) to determine morphology and size. Figure 35 

shows the morphology of CNC produced by microbial hydrolysis [34].  

Meanwhile, Figure 36 shows the size distribution of crystalline nanocellulose obtained from the particle 

light scattering analysis. It can be seen from Figure 36 that the resulting crystalline nanocellulose has 

a diameter in the range of 100-150 nm and shows that there are also some whose sizes exceed 500nm 
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but this with low intensity is due to the purification method that has been carried out [34]. 

 

 

Figure 35. Morphology of crystalline nanocellulose through Atomic Force Microscopy (AFM) analysis. 

Figure adopted from Vigneshwaran et al. [34]. 

 
Figure 36. Distribution of crystalline nanocellulose synthesized by microbial hydrolysis. Figure adopted from 

Vigneshwaran et al. [34]. 

One of the best industries that produce nanocellulose, type of product, capacity and method in the world 

comes from Sweden. The company gives more research supported by Holmen pulp and paper SP 

technical research institute of Sweden, produces crystalline nanocellulose with a production capacity of 

0.1 tonnes/day and is a pilot for the first half of 2016, while the production methods are controlled 

sulfuric acid and sonification washing based on technology by Melodea [28]. 
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Conclusion 

This review presents studies on the preparation, synthesis, and characterization of crystalline 

nanocelluloses as well as methods commonly used on an industrial scale related to crystalline 

nanocelluloses. To obtain crystalline nanocellulose as discussed earlier, biomass (OPEFB, Jalar 

leaves, pineapple fiber, bark tree fronds, shallot waste, and rice husks) are treated beforehand so 

that microcellulose is obtained which will then be hydrolyzed using various approaches such as 

the one has been shown above and obtained crystalline nanocellulose. Each approach presented in 

this review has its own advantages and disadvantages. However, an approach that is often applied 

on an industrial scale in accordance with the above study is strong acid hydrolysis. This is 

supported by TAPPI data in 2015, with the highest amount obtained is 0.1 tonnes/day. In addition, 

the production time in the synthesis of crystalline nanocellulose is relatively short compared to 

other studies. Thus, the authors argue that acid hydrolysis is a relevant way to be applied on an 

industrial scale crystalline nanocellulose apart from the weaknesses of this method which also 

becomes a consideration for developing a more efficient method. 
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