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Abstract

:

The isolation degree of cellulose nanocrystals (CNCs) suspensions calculated from the amount of sediments obtained with the centrifugation method can be estimated with turbidimetry, surface charge and dispersion analysis of the CNCs suspension. Three different types of raw cellulosic materials were used and carried out with an acid hydrolysis and mechanical disintegration. As the number of high-pressure homogenizer treatments increased, the isolation degree of CNCs from microcrystalline cellulose (MCC) increased from 2.3 to 99.6%, while the absorbencies from turbidimetric measurement of the CNCs suspension decreased, from 2.6 to 0.1 Abs units. Furthermore, the surface charges based on zeta potential measurements of the CNCs suspensions increased from −34.6 to −98.7 mV, but the heights of sediments from the CNCs suspensions were reduced, from 4.01 to 0.07 mm. Similar results were obtained for CNCs from softwood pulp (SWP) and cotton pulp (CP). These results show a direct correlation between yield, turbidity, surface charge and sedimentation of CNCs suspensions. Their correlation indices (0.9) were close to a maximal value of 1. This approach can be suggested as a facile and rapid estimation method for CNCs manufacturing process.
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1. Introduction


Cellulose nanocrystals (CNCs) are among the most attractive types of renewable nanoscale materials, with a highly ordered and tightly packed crystalline structure due to strong hydrogen bonds. They are mainly extracted from wood or cotton pulp, industrial papermaking waste and non-edible biomass residue, which are appropriate resources given the economic stakes and available supply. CNCs have attracted exponentially growing interest for the last 20 years due to their numerous applications, which include reinforcing agents [1,2,3,4,5,6], biomedical devices [7,8,9], rheological modifiers [10,11], flexible electronics or sensors [12,13,14] and replacements of conventional nanomaterials (e.g., carbon nanotubes, graphene, nanoclay, metal and inorganic nanoparticles) [15,16]. Because of these wide applications, there is a substantial demand for research on the commercial development of CNCs, including manufacturing processes and facilities. However, until early 2012, CNCs were still mainly prepared several grams at a time using laboratory apparatus in a university. In recent years, Canada has become the world leader in pilot units and commercial plants for the large-scale production of CNCs, with four different companies (CelluForce, Alberta Innovates, BioVision and US Forest Product Lab). The other pilot units are located in the USA [17].



The efficient production of CNCs is influenced by several factors, such as the type of raw material, chemical consumption or recycling, hydrolysis conditions, equipment development and new methods [18,19]. Given the potential variability of the factors mentioned above, industrial processing is not that simple, and still requires research as well as synergy between engineers and researchers. In this regard, methods that can quickly monitor and step-count the degree of hydrolysis (or degree of isolation from micron to nano-size) in real-time are needed for engineers and other workers. For example, if the chemical treatment (mainly acid hydrolysis) used to isolate the cellulosic materials proceeds without a problem, just one or a few cycles of mechanical disintegration process will be required. If not, a higher dosage of mechanical treatment energy will be required, or it might not even reach nano-levels.



When a mechanical disintegration process is conducted on hydrolyzed cellulose, an electrostatically stable colloidal suspension is produced, by exposing sulfate half ester (OSO3-) groups on the CNCs surfaces, which are able to sufficiently penetrate into the cellulose molecules during hydrolysis. The suspension becomes more transparent with increasing cycles of mechanical disintegration. This change in transparency indicates that almost all of the cellulose fractions have reached nano-scale, and thus have lower light scattering potential [20,21].



Various spectrophotometric techniques have been employed to estimate the degree of cellulose nanofiber material fibrillation, as well as predict the size of their products. Shimizu et al. examined the partial relationship between the widths of nanocellulose and turbidities in a water dispersion and found that the results were well correlated with the AFM-measured thickness [22]. Yano et al. showed that the light transmittance of composites prepared with fibrillated pulp and acrylic resin increased with increasing degree of fibrillation [23].



Generally, reinforcing materials suffer a loss of transparency due to the increase in light scattering of their composite, but the refractive index of cellulose nanofibers is too small to affect the transparency of their composites. Aulin et al. determined the light transmittance of two carboxymethylated microfibrillated (MFC) films prepared by dispersion casting from aqueous dispersions homogenized once and 10 times, respectively [24]. The MFC film prepared from a dispersion homogenized 10 times was transparent (90%) compared with the film prepared from a dispersion homogenized once, which appeared opaque (25%). This means that the degree of nanofibrillation/dispersion has a decisive effect on the microstructure and optical properties of the films.



Chinga-Carrasco et al. prepared a series of MFC suspensions by mixing two MFC qualities; one was a highly fibrillated material (TEMPO-oxidized MFC), the other had an insufficient degree of fibrillation (homogenized MFC without any chemical pretreatment) [21]. Films with partially unfibrillated fractions were more opaque than highly fibrillated fractions. They also mentioned that an optical method can be used in online production lines to quantify and assess the degree of fibrillation in a given material, for process control. However, those evaluation methods were only used to estimate the width of the nanocellulose, or to assess the characteristics of the final products with added nanocellulose, such as composites, papers and films. For those reasons, they are unsuitable for conducting an accompanying simple and useful measurement, to determine the amount of nano-sized fraction isolated from the macro cellulose fraction during mechanical treatment in an online process.



The typical procedure used to fractionate cellulose particles in the nano size range from mechanically isolated treated cellulosic materials is the centrifuge separation method, which can be effectively used to remove any larger agglomerates or some un-isolated coarse fragments from the final cellulose nanoparticles suspension. The centrifugal separation method is based on the rate of settling of particles in a liquid at rest under a gravitational or centrifugal field. Larger particles have a greater tendency than smaller particles of the same material to settle to the bottom of the dispersion. Cellulose nanoparticles prepared by acid hydrolysis and mechanical isolation, because of their small size and high negative surface charge, are electronically stable in an aqueous suspension, which prevents their sedimentation during centrifugation. At the same time, since the small dimensions (width less than 100 nm) of the nanoparticles lower their light scattering potential, this in turn reduces the opacity of the aqueous suspension and thus increases its light transmittance [25]. This fundamental optical phenomenon could be a way to demonstrate and confirm the potential of relatively simple methods, for assessing the degree of isolation of cellulosic materials. This method, using optical devices such as a spectrophotometer and/or turbidimeter, is simple and can quantify the nano-sized cellulose fractions in suspension. Such a system would have significant potential in real-time manufacturing process control.



Generally, it has been demonstrated that increasing surface charge values will boost acceleration effects during the fibrillation of cellulosic materials, i.e., the zeta potential values reveal a higher negative charge depending on the degree of fibrillation or isolation of the CNF or CNCs [26,27]. Zhao et al. reported that the refining process results in physical changes of the fiber cell wall structures, including fibrillation and fiber shortening [28]. This can increase the fiber’s surface charge by increasing the specific surface area and/or by changing the chemical compositional distribution on the fiber surfaces to some extent. Banavath et al. determined that the fiber surface charge increased linearly with an increase in refining level. As the refining process opens up the fiber surface, the fiber surface charge increases [29]. It should be noted that increasing the specific surface area of the pulp increased the fiber surface charge. When refining produced a large fiber surface area it resulted in a proportional increase in fiber surface charge.



In this work, we first prepared CNC samples extracted using the conventional sulfuric acid hydrolysis method from different types of cellulosic sources (MCC, wood and cotton pulp). Hydrolyzed cellulosic materials were isolated using a high-pressure homogenizer (HPH) for a number of passes, and an evaluation of optical and surface charge properties of CNC suspensions was carried out. We showed that the turbidity and zeta potential values of the aqueous suspensions, including for different CNC quantities, can be utilized in a simple and fast method to estimate the degree of isolation (the yield of CNCs in aqueous suspension) when using the centrifugal separation method.




2. Results and Discussion


2.1. Mass Fraction Separation of CNCs Aqueous Suspensions


We developed a facile method for estimating the isolation degree of CNCs from the turbidity of their suspensions. We determined that the turbidity of the CNCs suspensions decreased significantly as the mechanical disintergration treatment was increased. Several studies have described how acid hydrolysis generates negative charges that induce repulsive forces between cellulose microfibrils, which helps loosen the microfibrils’ cohesion, due to hydrogen bonding, and degrades the disordered regions of the cellulose microfibrils, making them more scissile [30]. The mechanical disintergration leads to a decrease in the amount of settling fractions separated from the CNCs aquous suspensions by centrifugal sedimentation treatment. This increased the degree of CNCs isolation in suspension and decreased turbidity (Scheme 1). The tiny fractions stabley dispersed in the suspension ranged in size from several tens to hundreds of nanometers.



Many studies have been conducted on the separation of nano-sized fractions from aqueous suspensions containing nano- and micro-sized cellulose particles using filtration or centrifuge methods [31,32,33]. However, it is difficult to separate nano-sized cellulose crystals by filtration methods because the nanocrystals can pass through the membrane due to the CNC structure’s aspect ratio, which can be rod-like. During centrifugation, the large fractions that did not reach nano-size will precipitate to the bottom of the tube first because they have a higher velocity than the nano-sized fractions. In the supernatant after centrifugation at more than 195 relative centrifugal force (RCF), the nano-sized fractions have widths of less than 100 nm [34]. The isolation degree of CNCs suspensions was calculated from the amount of sediments in the suspensions. Importantly, the isolation degree of the CNCs suspension is associated with yield of the resultant CNCs. The isolation degree of the CNCs suspension increased exponentially with the cycles of high-pressure homogenizer (HPH) treatment. Specifically, the MCC, SWP and CP increased from 2.3, 15.8 and 11.6 to 96.6, 99.6 and 95.8, respectively, after six cycles of HPH treatment (Figure 1).




2.2. Optical Properties of CNCs Aqueous Suspensions


We investigated the influences of mechanical treatments that resulted in down-sizing the morphologies of the cellulose fractions in suspensions. Representative TEM and AFM images (Figure 2 and Figure S1), showing before and after pictures of the cellulose fractions, indicate that mechanical disintegration was accomplished by the HPH treatment ((Figure 2a,c,e): cellulose hydrolyzed by sulfuric acid using an acid-to-cellulose ratio of 16.38 wt % for 2 h and (Figure 2b,d,f): nano-sized fractions showing the mechanical disintegration of the hydrolyzed cellulose after 6 cycles of HPH treatment). After 6 cycles of HPH treatment, the nano-sized fractions appeared as rod-like cellulose crystals about 10–20 nm in width and 300–400 nm in length. On the other hand, the fractions of untreated mechanical disintegration remained as micro-sized cellulose bundles, as shown in Figure 2a,c,e. Multiple studies and commercial applications have demonstrated that high-pressure homogenizers are very effective for the disintegration and delamination of acid-hydrolyzed cellulose [34,35].



Another very interesting relationship between the optical refractive properties of CNCs suspensions and particle size was investigated by turbidity and light transmittance analyses. The results in Figure 3 clearly demonstrate the dependence of light transmittance on particle size in the CNCs suspension. When the size of the cellulose fractions was smaller than half of the visible light wavelength (about 350 nm), the light transmittance of the suspensions increased. It seems that the nanocrystals in the suspensions were too small to reflect light, and were homogeneously dispersed in the suspension without any agglomeration [19,36].



In Rayleigh light scattering theory, the intensity of the scattered light depends on particle size, but when the particle sizes are larger than the wavelength (visible light wavelength, 600 nm in our study), Mie scattering is dominant [37,38]. Mie scattering occurs when the diameters of the particulates are similar to or larger than the wavelengths of the scattered light, and also increase exponentially with increasing particle size. It is also noted that the Mie scattering of nanoparticles becomes much more serious with a change in fraction size, and this suggests that the yield of cellulose nanocrystals can be predicted by measuring light transmittance. The reason that the Mie scattering theory can be applied to this study is that if the particles in the CNCs suspension are larger than the visible light wavelength, scattering will occur a lot and the turbidity will increase. It is also noted that the correlation with the amount of unfibrillated cellulose fractions and turbidity of the CNCs suspension can be observed.



Based on the aforementioned theory and available research, we evaluated the turbidities of the CNCs suspensions following centrifugal treatment, which were divided into supernatants and precipitates, using a UV-Vis spectrometer (Figure 4). In order to know whether the turbidity of the CNCs suspension affects the supernatant or the precipitate, pure water was added to the precipitate with high solids instead of the supernatant after centrifugation to adjust the volume to the same as the original CNCs suspension. The diluted precipitates containing large size fractions caused a lot of scattering, and showed a level similar to the turbidities of the CNCs suspensions, while the supernatants were very transparent. In other words, because the turbidities of precipitates have a high linear correlation with that of the CNCs suspensions (inset), by measuring the turbidities of the CNCs suspensions, the turbidity curve can be calculated by inversely calculating the yield of nanocrystals.




2.3. Surface Charge and Dispersion Stability of CNCs


The stability of the CNCs suspensions, which is influenced by the electrostatic repulsion of the negative charged surfaces, was estimated by measuring zeta potential (Figure 5). Surface charge is one of the most important factors affecting the quality of CNCs suspensions, and is usually measured using a Zetasizer. The zeta potential values of the CNCs suspensions from MCC (−34.6 ± 0.3 to −98.7 ± 1.0 mV), Softwood pulp (−31.0 ± 1.4 to −84.0 ± 1.5 mV) and Cotton pulp (−37.4 ± 0.4 to −45.4 ± 0.4 mV) (Table 1) satisfied the minimum threshold (±30 mV) for a high degree of stability considering their absolute values. The absolute zeta potential values of the CNCs suspensions gradually increased with the number of mechanical treatments, as shown in Figure 5. Several studies have also shown similar trends, and reported that the absolute zeta potential values increased with increasing mechanical treatment due to the fibrillation of the fiber surface [28,39].



An increase in the surface area or the presence of exposed sulfate groups on the cellulose surface due to the mechanical treatments can increase the absolute zeta potential value. Interestingly, the surface charge of the CNCs (CP) hardly changed even with the increase in mechanical treatment, compared to the other two samples. This indicates that the level of ordering of the crystalline region in the cotton pulp is higher relative to wood pulp or regenerated cellulose, suggesting that the acid hydrolysis of a more ordered cellulose does not ensure the sufficient introduction of sulfate groups (Table 2). Despite the low surface charge, the isolation degree was ironically high, due to the high degree of crystallinity. Udomkichdecha et al. reported that crystallinity has a positive correlation with the fibrillation of fibers because fibrillation is affected by oriented crystalline regions [40]. Since the cotton pulp used had a high crystallinity of 91.6%, even though there were less sulfate groups introduced, fibrillation by mechanical disintegration occurred easily.



It was confirmed that the isolation degree, turbidity and zeta potential of each of the CNCs suspensions tended to change depending on mechanical disintegration. The values from the three different evaluation methods showed a fairly intimate relationship with each other, and more specifically, the isolation degree of the CNCs suspensions had a strong linear correlation with turbidity and zeta potential, as shown in Figure 6. The R-squared values for isolation degree and turbidity were 0.93, 0.95 and 0.97 for the MCC, SWP and CP respectively. The isolation degree of the CNCs suspensions can be calculated using the amount of sediments (macro cellulose fractions) in the suspensions separated from the supernatant by centrifugation, as well as the turbidity, which also affected by the large fractions in the suspensions. The two evaluation methods can be seen to be strongly correlated. Furthermore, there is a high correlation between the isolation degree and zeta potential of the CNCs suspensions. The correlation coefficients (R2) were 0.98, 0.91 and 0.79 for the MCC, SWP and CP, respectively. This is because, as the number of mechanical disintegrations inducing the fibrillation of cellulose increases, the number of nano-sized fractions increases and the number of exposed sulfate half ester groups increases.



A dispersion stability analyzer (LUMISizer, GmbH) was used to evaluate sedimentation of colloidal dispersions within a short time, and revealed there was a direct correlation between the isolation degree of the CNCs suspensions and the height of the sediment, as shown Figure S2. R squared values were between 0.96 and 0.99 for the linear correlation between isolation degree and the height of sediments. This result indicates that the isolation degree of the CNCs suspension can be also evaluated effectively with LUMISizer (Figure S3).




2.4. Size Distribution of the CNCs


The dimensions of the cellulose nanocrystals in the suspensions were determined by TEM images of more than 50 individual particles, as shown Figure 7. The average values are presented in Table 1. All of the CNCs samples exhibited a relatively narrow distribution of lengths, between 200–350 nm (both MCC and CP) and 300–500 nm (SWP). The widths of the CNCs also had a narrow distribution with particles that ranged from 5–15 nm (both MCC and SWP) and 15–25 nm (CP).



For the CNCs (CP), the width was defined as the largest measured dimension because cotton has the highest crystallinity and is strongly packed compared to wood or regenerated cellulose. Still, the nano-sized cellulose crystals present in the supernatant of the suspensions all had a uniform size, and many studies have reported that CNCs of a uniform size were obtained by the centrifugation method [41,42]. Bai et al. reported that the sediments in CNCs suspensions with a size of more than 280 nm were almost precipitated after centrifugation at more than 1751 RCF, and that the small size CNCs were uniformly dispersed in the supernatant [43]. Although it is possible to accurately observe the morphology of CNCs using TEM measurement, it does not accurately represent all of the CNCs. The measurement is also difficult, and takes a long time, so it is difficult to use TEM as a CNCs product manufacturing control index [22]. By identifying the correlation between turbidity, yield and zeta potential of CNCs suspensions, the present study will make it possible to effectively manage real-time manufacturing processes.



The sizes of nanoparticles have been widely measured using dynamic light scattering (DLS). This is a comparatively cheap and useful method for measuring size distributions, but DLS does not measure the dimension of particles directly, like TEM or any other type of microscopy. It measures the hydrodynamic diameter of nanoparticles [44]. Actually, DLS is inadequate when measuring the dimensions of nanocellulose, because of the high aspect ratio of nanocelluloses, but it is possible to measure the uniformity of the overall sample size, unlike TEM measurement, which only measures local parts of the sample.



The CNCs in supernatant have entirely narrow distribution and the values of between maximum and minimum size were 250, 200 and 190 nm of MCC, SWP and CP, respectively (Figure 8). Furthermore, uniform CNCs were obtained with only one pass of the high pressure homogenzier treatment. In particular, as mentioned above, CNCs (CP) had the highest crystallinity, which can lead to more fibrillation compared other cellulose sources, ensuring a more uniform size.



The average length of the CNCs (MCC), CNCs (SWP) and CNCs (CP) ranged from 275.9 ± 40.7 to 233.4 ± 36.8 nm, 486.8 ± 93.7 to 385.2 ± 123.3 nm and 291.0 ± 75.5 to 274.3 ± 73.9, respectively (Table 1). Studies in the literature using TEM analysis have reported the particle size of CNCs from microcrystalline cellulose and wood as ranging from 50 to 500 nm in length and 5 to 20 nm in width, and cotton as ranging from 50 to 300 nm in length and 10 to 50 nm in width [41,46,47,48].



After at least three HPH treatments, the width, length and isolation degree of the CNCs exhibited uniform and constant values regardless of the number of further treatments. The width and length of the CNCs were uniform regardless of the number of HPH treatments, and more than 90% isolation degree could be obtained in all CNCs samples when there were at least three HPH treatments. The turbidity of the CNCs (MCC), CNCs (SWP) and CNCs (CP) suspensions ranged from 2.635 ± 0.000 to 0.128 ± 0.001, 1.633 ± 0.004 to 0.226 ± 0.001, and 2.241 ± 0.001 to 0.100 ± 0.000, respectively. As the number of HPH treatments increased, the turbidity of the CNCs suspensions gradually decreased. The absolute value of zeta potential gradually increased as the sulfate half ester group exposure increased with HPH treatment. The zeta potential value of the CNCs (MCC), CNCs (SWP) and CNCs (CP) suspensions ranged from  − 34.6 ± 0.3 to  − 98.7 ± 1.0,  − 31.0 ± 1.4 to  − 84.0 ± 1.5 and  − 37.4 ± 0.4 to  − 45.4 ± 0.4, respectively.



For the three samples, it can be seen that the isolation degree, turbidity, surface charge and stability of the CNCs suspension showed a trend as the HPH treatment increased. However, in the case of CNCs (SWP), the sample of HPH treatment applied six times showed a slightly lower stability than the sample of HPH treatment applied five times because the length of CNCs was larger. As mentioned above, since the high-pressure homogenizer treatment showed a fractionation degree of 90% or more with only three times, some deviation of data may be seen in the treatment three times or more.



Cellulose is a linear polymer composed of D-glucose units linked by  β -1,4-glycosidic bonds. The hydroxyl groups in cellulose are involved in a lot of intra- and intermolecular hydrogen bonds, resulting in various ordered crystalline arrangements [51]. The crystallinity index (CI) values of CNCs (MCC), CNCs (SWP) and CNCs (CP), were 82.0, 85.2 and 91.6%, respectively (Table 2). CNCs (CP) had lower sulfate half ester content than the other CNCs materials even under the same hydrolysis conditions because the strongly packed crystalline region of the cotton materials distrubs acid hydrolysis [52]. There were variations in the degree of polymerization (DP) depending on the original materials. The highest DP (1266) was found for SWP, followed by those for CP and MCC (DPs of 1071 and 348), respectively.





3. Conclusions


This study developed a facile and quantitative method for estimating the isolation degree of cellulose nanocrystals (CNCs) suspensions using turbidimetry, surface charge and dispersion analysis. Three different types of CNCs suspensions were produced from microcrystalline cellulose (MCC), softwood pulp (SWP) and cotton pulp (CP) using sulfuric acid hydrolysis and high-pressure homogenization. By identifying the correlation between the turbidity, yield and zeta potential of CNCs suspensions, this study will make it possible to effectively manage real-time manufacturing processes. The results demonstrated the possible commercial applications of the correlation between turbidity, yield and zeta potential of CNCs suspensions. Cellulose nanocrystals (CNCs) with uniform sizes of 10 to 20 nm in width and 200 to 500 nm in length were efficiently obtained using high-pressure homogenizer treatment, and the isolation degree of CNCs could be predicted by quantifying large-sized fractions separated by centrifugation. There was a slight difference depending on the crystallinity of the raw material itself, but it was found that the optical transparency, surface charge and yield of the CNCs suspensions produced by mechanical disintegration are highly correlated with each other, with a correlation coefficient of 0.9 or more. Cellulose nanocrystals have great potential for use as a renewable material, and can be extracted from abundant lignocellulosic biomass resources. Therefore, it is expected that this innovative study will lay the foundation for further application development, by developing a system that improves the management of the cellulose nanocrystals production process and ensures uniform quality.
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Scheme 1. Schematic diagram for estimation of isolation degree of CNCs suspensions from MCC according to high-pressure homogenizer (HPH) treatment with turbidimetry. 
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Figure 1. The isolation degree of CNCs suspensions from various cellulose materials following mechanical treatment. Square: CNCs (MCC); circle: CNCs (SWP); triangle: CNCs (CP). 
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Figure 2. TEM images of negatively stained CNCs obtained by sulfuric acid hydrolysis, from three different materials, with or without mechanical treatment: (a) MCC-untreated, (b) MCC-6 cycles, (c) SWP-untreated, (d) SWP-6 cycles, (e) CP-untreated, (f) CP-6 cycles. 
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Figure 3. Photograph of CNCs suspensions with changing turbidity due to increased mechanical treatment: (a) CNCs (MCC), (b) CNCs (SWP), (c) CNCs (CP). 
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Figure 4. Turbidity curve of the suspension, sediment and supernatant of CNCs dispersions according to number of HPH treatments. (inset) Comparison of the turbidity of sediment and supernatant and the turbidity of the suspension of CNCs. 
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Figure 5. Zeta potential of CNCs from various materials (squares: CNCs (MCC) of 1.0 wt %; circles: CNCs (SWP) of 0.5 wt %; triangles: CNCs(CP) of 1.0 wt %.). 






Figure 5. Zeta potential of CNCs from various materials (squares: CNCs (MCC) of 1.0 wt %; circles: CNCs (SWP) of 0.5 wt %; triangles: CNCs(CP) of 1.0 wt %.).



[image: Materials 14 06463 g005]







[image: Materials 14 06463 g006 550] 





Figure 6. Comparison of turbidity, zeta potential and isolation degree of the various CNCs suspensions. (a): CNCs (MCC), (b): CNCs (SWP), (c): CNCs (CP). 
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Figure 7. Size distribution histograms and TEM images of supernatant: (a-1, b-1, c-1) length of CNCs (MCC, SWP, CP), (a-2, b-2, c-2) width of CNC (MCC, SWP, CP). 
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Figure 8. The DLS intensity distribution for diverse CNCs suspensions according to HPH treatment: (a) Isolated CNCs from MCC, (b) isolated CNCs from SWP, (c) isolated CNCs from CP. 
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Table 1. Characteristics of CNCs suspensions from diverse cellulosic materials.
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	CNCs Samples a
	Width

(nm) b
	Length (nm) b
	Isolation Degree of CNCs(%) c
	Turbidity (Abs) d
	ζ-Potential (mv) e
	Stability

(%) f





	MCC0
	58.2 ± 25.5 g
	18.4 ± 7.7 g
	2.3 ± 1.4
	2.635 ± 0.000
	 − 34.6 ± 0.3
	0.0



	MCC1
	9.5 ± 2.6
	275.9 ± 40.7
	75.5 ± 0.6
	1.986 ± 0.003
	 − 67.3 ± 1.0
	78.6



	MCC2
	10.8 ± 2.1
	266.5 ± 41.3
	89.9 ± 0.1
	1.210 ± 0.002
	 − 86.9 ± 1.3
	92.6



	MCC3
	9.9 ± 1.8
	265.3 ± 45.7
	93.8 ± 1.2
	0.666 ± 0.002
	 − 95.2 ± 2.1
	98.0



	MCC4
	10.1 ± 2.2
	259.5 ± 43.7
	95.1 ± 1.0
	0.329 ± 0.001
	 − 99.3 ± 3.9
	97.9



	MCC5
	9.3 ± 1.9
	269.9 ± 40.1
	96.5 ± 0.8
	0.200 ± 0.001
	 − 97.5 ± 0.0
	97.5



	MCC6
	9.3 ± 2.4
	233.4 ± 36.8
	96.6 ± 1.0
	0.128 ± 0.001
	 − 98.7 ± 1.0
	98.3



	SWP0
	95.6 ± 28.5 g
	28.7 ± 10.0 g
	15.8 ± 1.0
	1.633 ± 0.004
	 − 31.0 ± 1.4
	0.0



	SWP1
	10.6 ± 3.0
	486.8 ± 93.7
	61.5 ± 0.8
	1.457 ± 0.001
	 − 39.3 ± 0.6
	37.7



	SWP2
	12.7 ± 2.2
	438.6 ± 95.5
	75.0 ± 0.2
	1.196 ± 0.001
	 − 43.9 ± 0.8
	73.6



	SWP3
	10.4 ± 3.8
	423.8 ± 128.3
	94.9 ± 0.5
	0.646 ± 0.000
	 − 67.0 ± 1.1
	88.6



	SWP4
	10.7 ± 4.4
	399.5 ± 138.6
	98.0 ± 0.3
	0.442 ± 0.000
	 − 71.1 ± 0.1
	93.0



	SWP5
	10.6 ± 3.6
	384.5 ± 103.2
	99.6 ± 0.7
	0.264 ± 0.000
	 − 75.5 ± 2.1
	95.1



	SWP6
	10.1 ± 3.7
	385.2 ± 123.3
	99.6 ± 0.1
	0.226 ± 0.001
	 − 84.0 ± 1.5
	92.5



	CP0
	54.9 ± 24.6 g
	17.5 ± 6.0 g
	11.6 ± 0.3
	2.241 ± 0.001
	 − 37.4 ± 0.4
	0.0



	CP1
	21.5 ± 3.2
	275.2 ± 76.6
	82.7 ± 0.4
	0.867 ± 0.001
	 − 40.8 ± 0.1
	95.2



	CP2
	22.0 ± 4.1
	289.1 ± 76.2
	88.6 ± 0.2
	0.391 ± 0.001
	 − 41.7 ± 0.2
	98.3



	CP3
	22.2 ± 3.7
	274.3 ± 73.9
	93.3 ± 0.1
	0.192 ± 0.000
	 − 42.5 ± 0.2
	98.9



	CP4
	22.3 ± 4.3
	291.0 ± 75.5
	95.0 ± 0.0
	0.141 ± 0.001
	 − 43.6 ± 0.3
	99.4



	CP5
	21.7 ± 3.7
	284.0 ± 73.8
	95.3 ± 0.3
	0.111 ± 0.000
	 − 44.4 ± 0.0
	99.5



	CP6
	21.9 ± 4.0
	282.4 ± 55.1
	95.8 ± 0.3
	0.100 ± 0.000
	 − 45.4 ± 0.4
	99.6







a Samples were coded according to cycles of HPH treatment. b The width and length of more than fifty particles in the supernatant were measured from TEM images using GMS 3 softeware. c A diluted CNCs suspension was centrifuged at 10,000 RPM for 30 min to separate CNCs from non-nanocellulose sediment. The sediment fraction was dried at 70 °C for 24 h in a vacuum oven dryer. The degree of isolation of the CNCs was calculated using the following equation: degree of isolation of CNCs (%) = (1  −   (weight of dried sediment)/weight of total solid))  ×  100 [31]. d Turbidity was measured at 870 nm using a ultraviolet-visible spectrophotometry (UV-1650PC, Simadzu, Japan). A cuvette filled with DI water was used as blank. e The ζ-potential of CNCs suspensions was characterized with a ZetaSizer Nano ZS (Malvern Instruments, UK) utilizing electrophoretic light scattering at transmission of 25% [45]. f The centrifugal sedimentation experiments were carried out in a LUMisizer 610 (L.U.M. GMbH, Germany) at transmission of 25%. g The dimensions were measured using an optical microscope (BX51, OLYMPUS, China). The unit of size is a micrometer.
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Table 2. Segal crystallinity index, crystallite size and degree of polymerization from diverse raw materials.
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	Materials
	Crystallinity Index CI

(%) a
	Crystallite Size

τ

(Å) b
	Degree of

Polymerization

(DPV) c
	Sulfur

Content

(mg/kg) d





	Microcrystallinecellulose (MCC)
	82.0
	6.7
	348.0
	8510



	Softwood pulp (SWP)
	85.2
	4.3
	1265.7
	6490



	Cotton pulp (CP)
	91.6
	6.3
	1070.7
	5740







a The crystalline index was calculated using the diffraction intensities of the crystalline structure and that of the amorphous fraction according to the method of Segal [31]. b The dimension Dhkl of the crystallites perpendicular to the hkl diffracting planes was estimated from the peak broadening in the XRD profiles after deconvolution, using Scherrer’s equation [30]. c Viscosity measurements of a cellulose sample dissolved in cupriethylenediamine (CED) were used to estimate the degree of polymerization. The relationship between the intrinsic viscosity and the degree of polymerization has been formulated as Eq. [49]. d The sulfur content of CNCs was analyzed using an ICP-AES (ICAP 7400, Thermo Scientific, MA, USA) to predict the degree of sulfation [50].
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