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ABSTRACT

	
Aims: Investigate fully physical, chemical and morphological structure of the NFC and CNC produced in an industrial pilot plant to develop better applications for nanocelluloses.
Methodology: Chemical, physical and morphological structure characterization was performed through high-tech devices such as elemental analysis, carbohydrate content, metal content, electronic and atomic force microscopy, X-ray, FTIR, thermogravimetric analysis, zeta potential and fungal biodegradation.
Results: CNC presented a higher sulfation (0.9 %) than the NFC, what has promoted the higher zeta potential (-56.96 mV) for nanocrystals than for NFC (-26.86 mV). CNC showed cylindrical shape (85.48 nm length and 10.32 nm wide) while the NFC presented a more elongated shape (4.7 nm wide and length greater than 1μm). 3D profile of nanocelluloses shows the greatest morphological difference at the end of each production process, in which CNC are small rods with crystallinity (96.17 %) and NFC are elongated tubes with one of its dimensions at the nanoscale with higher content of amorphous areas and less crystallinity (79.30 %). The CNC presented a higher temperature of thermal degradation (375 °C) than the NFC (353 °C), and weight loss in the range of 300-400 °C for CNC than for NFC (200 -300 °C). FTIR spectra confirm the surface cellulosic polymers derivatives groups with emphasis on the peaks of 1205 cm-1 which shows the vibration for the linked sulfated groups (S=O) present in CNC due to acid hydrolysis, and the band of NFC in 1608 cm-1 indicating vibrations of carboxylic acids bonds, due to the presence of hemicellulose or oxidative treatments performed for the nanofibrils isolation. For both nanocelluloses types it occurred the degradation by a fungus of the genus Pleurotus sp., indicating no toxic potential.
Conclusion: The nanocelluloses can be applied in many areas considering their properties and safety features classified as biodegradable biopolymers.
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1. INTRODUCTION

The discovery of a transparent lightweight material more rigid than some commercial materials such as steel has aroused the academic and business interest to studies and applications of the nanocellulose production. It is an abundant material originated from natural plant fibers that are renewable and biodegradable, it has a competitive advantage to fossil and industrial materials.
The increasing development of new technologies and the search for new sources of raw materials for industrial use have provided advances never expected before. Brazil currently occupies the position of the largest world's pulp producer. Cellulose stands out worldwide as a great polymer in numerous industrial sectors. The nanotechnology and the study of nanomaterials provide valuable findings, not only for the development of new products, but also to provide a more intelligent use of resources. Today there are countless sectors that employ products and by-products in the nanometer size range. Nanomaterials are particles whose at least one dimension range from 1 to 100 nm.
In this scenario, the biopolymers such as cellulose are highlighted for the replacement of materials derived from non-renewable sources. The nanocelluloses have a great use potential in innumerous materials, for this reason they deserve attention among the known nanomaterials. Nanocelluloses can be obtained by different methods and in different structures. Nanofibrillated cellulose (NFC) and nanocrystalline cellulose (CNC) are nanocelluloses derived from cellulosic nanofibers that run through mechanical defibrillation processes and action of different chemical agents, respectively. To obtain these cellulosic nanofibers there are many important factors as the individualization process of the cellulose microfibrils which are embedded in a matrix linked to hemicellulose and lignin complexes.
The applications of these nanostructures have attracted the attention of researchers and base industries. The great interest is mainly due to their intrinsic characteristics of high strength and rigidity combined to low weight and availability in the environment [45]. The use of CNC and NFC has a great potential in the manufacturing process of various products that require strength characteristics. Therefore, we aim, by conducting this study, to achieve a level of knowledge that allows the use this new biorefinery. By this way the main objective of this study is the morphological, physical and chemistry characterization of nanocelluloses CNC and NFC produced from industrial process.

2. material and methods

2.1 Material

NFC and CNC, both produced from a mix of woods, were used in this study. The nanocelluloses were supplied by the United States Department of Agriculture (USDA) - Forest Products Laboratory in solid state.

2.2 Methods  

2.2.1 Chemical analysis

The chemical characterization was performed in the Pulp and Paper Laboratory of the Federal University of Viçosa. The following chemical analyzes were performed in triplicate: carbohydrate content (glucans, xylans, galactans, mannans, arabinans), gray, insoluble in HNO3 (nitric acid) - (silica) and metals (Mg, K, Ca, Mn, Fe and Cu). The elemental composition of cellulosic materials is well known because of its high carbon content, carbon is the main component of these structures.
CNC and NFC elemental analysis was carried out in a CHNS equipment LECO. The percentage of carbon, hydrogen, nitrogen and sulfur were determined in the TruSpec CHNS Micro module and the oxygen percentage in the TruSpec Oxygen Add-On Module. Table 1 shows analytical procedures utilized.
Table 1. Performed analytical procedures

	Parameters
	Procedures

	Carbohydrate content* 
	[42] 

	Ash content 
	[39] 

	Metals** 
	[39] 

	Elemental analysis*** 
	


* Glucans, xylans, galactans, mannans and arabinans.
** Magnesium, potassium, calcium, manganese, iron and copper.
*** Carbon, hydrogen, nitrogen and sulfur.

2.2.2 Transmission Electron Microscopy (TEM)

Transmission Electron Microscope Zeiss EM model 109-80 kV was used, in the Center for Microscopy and Microanalysis (NMM), in the Federal University of Viçosa (UFV). A suspension droplet was deposited on 300 mesh copper grids coated with Formvar (0.5% in chloroform). Acetate solution 2% uranyl was dripped onto the material to promote staining and allow the structures observation.

2.2.3 Scanning Electron Microscopy (SEM)

Nanocelluloses samples were directly mounted on "stubs" and metallized using the equipment Model FDU-010 (Balzers, Germany) coupled to a sputtering cathodic assembly. The material was observed in an electron microscope LEO 1430 VP model (Zeiss, Germany), in the NMM-UFV.

2.2.4 Atomic Force Microscopy (AFM)

AFM nanocelluloses in the studied samples were performed in the Department of Physics of the Federal University of Viçosa, Minas Gerais, Brazil. The topography of the NFC and CNC were studied using atomic force microscopy (AFM NT-MDT, Russia). AFM images were acquired on an intermittent contact mode in random areas of 5 × 5 µm ². Samples were analyzed at room temperature (25 ◦C).
2.2.5 X-Ray diffraction

X-ray diffraction in order to assess the cellulose crystallinity index (CI) given in percent, following procedures described in by previous authors [8,14]. We used the CNC and NFC samples that passed by grinding in a mill with a no cutting blade.
The X-ray diffraction was utilized to calculate the crystallinity index for the nanocelluloses samples; by using the X-radiation spreading through organized structures (crystals) it allows the morphological studies of materials by determining their structure and crystalline fraction [4]. The X-ray diffraction analyses were performed at room temperature in a diffractometer X-ray Diffraction System Model X 'Pert PRO (PANalytical) using Ni filter and Co-Ka radiation (λ = 1.78890 Å), angular variation of 5 -50 ° (2θ), speed of 3 ° / min, 40 kV voltage and 30 mA current.
The CI was calculated through the Origin 8.0 software [28] according to the method described by Segal et al. (1959), which utilizes the ratio between the maximum (2θ = 26.15 °) and the minimum (2θ = 20.91 °) intensity diffraction peak after a baseline correction

2.2.6 Thermogravimetric analysis (TG / DTG)

We used the apparatus DTG-60H, Shimadzu for the nanocelluloses thermogravimetric analysis. The analyzes were performed under an atmosphere of nitrogen gas at a constant flow rate of 50 ml.min-1, using about 1 mg of nanocrystals and cellulose nanofibrils milled in a grinder without cutting blades.
The thermogravimetric curves were obtained from 50 °C to the maximum temperature of 700 °C at a heating rate of 10 °C min-1. The thermogravimetric curve (TG) was obtained for the evaluation of the weight loss versus the temperature curve and the first derivative of the weight loss (DTG).
The mass loss was calculated based on the TG curve in the following temperature ranges: temperature 100-200 °C, 200-300 °C, 300-400 °C, 400-500 °C and 500-600 °C. The initial maximum and final thermal degradation temperatures were measured considering the sample wet weight at room temperature and the absolutely dry mass in the temperature of 100 °C.

2.2.7 Zeta potential

Zeta potential of the studied nanocelluloses was determined by Dynamic Light Scattering technique (Dynamic Light Scattering - DSL) and measurement of the electrophoretic mobility, using the Zetasizer equipment, Nano Series from Malvern Instruments. 3 ml aliquots of each suspension sample of the NFC and CNC were taken and placed in a glass cuvette at 20 °C for measuring the zeta potential.

2.2.8 Fourier transform infrared (FT-IR)

A spectrophotometer with Fourier transforms infrared (FT-IR) to obtain the FTIR spectra. The obtained spectra can be classified in a mid-infrared range between 400 cm-1 and 4000 cm-1.
Solid samples were used in order to obtain the spectrum, obtaining from pressed KBr pellets (potassium bromide). According to Barbosa (2007), this technique consists in mixing the finely pulverized sample (1 to 2 mg) with KBr (200 mg) in an agate mortar. The mixture is placed in a proper accessory and compressed at approximately 1,575 x 105 kg.cm² under vacuum. By this way we obtain a translucent pellet with about 13 mm diameter and 2 mm thickness. After this preparation the pellet is placed under a holder for reading the FTIR spectrum.
2.2.9 Potential of biodegradability and mycelial growth rate in CNC and NFC
In order to evaluate the potential of biodegradability and in vitro growth, the mycelium of the Pleurotus fungus was used in culture media containing nanocelluloses. The fungal isolate is kept stored in tubes containing potato dextrose agar (PDA, Merck®) culture medium at 4 °C and is reactivated every six months. A 1 cm disc from the reactivated mycelia was transferred to the center of a Petri dish containing PDA, PDA +CNC and PDA+ NFC and incubated at 25 ° C.
The culture media containing only PDA is the control treatment, composed exclusively of PDA and characterized as the reference for assessing the growth parameter. The PDA+CNC culture media was composed of CNC nanocellulose+PDA and the PDA+NFC culture media was composed of NFC nanocellulose+PDA, maintaining the proportion of 1 g of nanocellulose in 60 ml PDA medium. The culture media were autoclaved at 121 °C for 15 minutes and after that an amount was poured in the Petri dishes. It was reserved for solidification during a period of 20 minutes and the above described inoculation process was performed three times for each culture medium.
Measurements in duplicate of the fungal colony diameter was taken every day for a period of 9 days in order to determine the mycelium growth rate, this period of time was enough for the total mycelial colonization of the plates containing different culture media
3. results and discussion

3.1 Chemical composition

3.1.1 Inorganic content

The timber inorganic components present are entirely present in the ash residue after burning the organic material [36]. Likewise, the inorganic components are present after completely burning the pulp or other materials, such as the here studied NFC and CNC. According [6,15] in the wood elements such as calcium, silicon, potassium, and chloride are mentioned as main metals and their occurrence is preferably in the form of salts. It should be noted that what is going to influence their concentration in the nanocelluloses inorganic composition are the extraction and purification processes to which the raw material to obtain the desired product.
Ash content in the cellulose nanocrystals was lower than in the nanofibrillated cellulose. The silica content and almost all the elements hereby studied that compose the nanocelluloses presented a similar composition. Noteworthy higher sodium content (Na) is present in the NFC than in the CNC. This high content probably reflects an oxidative treatment used for the cellulose nanofibrils separation and to facilitate the isolation as proposed [34].
Table 2. Results of the analysis of ash content, insoluble in HNO3 (silica) and metals (Mg, K, Ca, Mn, Fe and Cu) for CNC and NFC

	Content
	Samples

	
	CNC
	NFC

	Ash (%)
	2.28
	5.31

	Insoluble in HNO3 (Silica) (%)
	0.28
	0.37

	Na (ppm)
	7188
	26350

	K (ppm)
	212
	714

	Ca (ppm)
	107.2
	1798

	Fe (ppm)
	23.1
	24.5

	Mn (ppm)
	0.6
	1.3

	Mg (ppm)
	132
	275

	Cu (ppm)
	4.2
	6.2



3.1.2 Carbohydrates content
Both nanocelluloses do not have lignin in their composition since their production is initiated using bleached pulp.
Bleached hardwood pulps [38] exhibited 74.7; 25; 0.1; 0.5 and 0.2 % content of glucose, xylose, arabinose, mannose and galactose, respectively. In the same study bleached softwood pulps showed 84.9; 7.4; 0.8; 6.6 and 0.4% of glucose, xylose, arabinose, mannose and galactose, respectively.
The chemical treatments such as acid hydrolysis and mercerization, which are usually performed for the CNC production, drastically changed the content of sugars such as xylose and mannose that are present in the hemicelluloses structure. Thus, high levels of sugars such as glucans (83.52%) and lower levels of galactans, xylans, mannans and arabinans were expected to CNC, since they are composed almost solely of crystalline cellulosic regions [29].
There is a clear reduction in the content of xylose type sugars for the softwoods while sugars such as mannose show an increase. This is due to the greater quantities of hemicellulose xylan type in hardwood whereas the mannan type are more significant in softwood [37]. This study found a high content of xylan type sugars (13.46%) components of the CNF hemicellulose chain. The presence of hemicellulose in the original pulp composition facilitates the mechanical disintegration process during the nanofibrillated pulp production since cellulose nanofibrils are originated due to the disintegration of the cellulosic fibers, especially those from their surfaces [19].
Xylan content did not significantly change [34] after the fiber’s oxidation using TEMPO reagent, also used in the nanocelluloses production. In the other hand the mannan content after oxidation showed difference by using the TEMPO reagent, probably due to these sugars dissolution after the C6 hydroxyl terminals oxidation. Thus, the carbohydrate content showed by this study is consistent since cellulose, the target polymer, must be preserved for the nanocelluloses extraction during the extraction and purification processes.
Table 3. Carbohydrate content in the CNC and NFC samples

	Content 
	Samples

	
	CNC
	NFC

	Arabinans (%)
	0.02
	0.02

	Galactans (%)
	-
	0.02

	Glycans (%)
	83.52
	58.74

	Xylans (%)
	0.05
	13.46

	Mannan (%)
	0.17
	0.16



3.1.3 Elemental analysis

Table 4 shows the elemental composition of the nanocelluloses characterized in this study.

Table 4. Analysis of samples of CNF and CNC

	Samples
	C (%)
	H (%)
	N (%)
	S (%)

	CNC
	43.9
	6
	0.2
	0.9

	NFC
	42.6
	5.9
	0.0
	0.2



The content of elements such as carbon and hydrogen in the NFC and CNC composition are very similar and are in accordance to the values ​​found [40], evaluated by various reactants and acid hydrolysis time for the cellulose nanocrystals production. However, sulfur content in the NFC and CNC are more critical, since the nanocelluloses sulfation is a factor that directly influences the stability of the dispersions in aqueous solution. Furthermore, the nanocelluloses surface sulfation will also influence on the zeta potential, that measures the superficial charge of these nanomaterials.

Same sulfur content (0.9%) for CNC after 60 minutes reaction time during acid hydrolysis of cellulose polymer at 45 °C [41] was reported. Only traces of nitrogen were found in the elemental composition.

3.2 Nanostructure: TEM, SEM and AFM

In recent years the nanocelluloses have acquired a great prominence as biopolymers with differentiated characteristics. This is due mainly to the increasing demand of new sustainable material sources, since the requirements to produce durable and nondurable consumption goods becomes differentiated while using natural biopolymers instead of artificial polymers. Although some artificial polymers cannot be fully replaced nanocelluloses have intrinsic characteristics that enable their application in a wide range of products. The knowledge of their nanostructure is essential to their application.
Cellulose nanofibrils originate from the cellulosic fiber’s disintegration, especially the superficial disintegration, promoting the cell wall disruption and the subsequent exposure of the fibrils and microfibrils previously situated inside the fibers [34]. The elementary fibrils originate the nanofibrillated cellulose and both them generate the microfibrils [10] (Figure 1C).
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Figure 1. TEM Images: A) CNC, 30000x magnification - 500 nm and C) NFC, 50000x magnification - 200 nm. SEM images: B) CNC, 5000x magnification - 10 µm and D) NFC, 500x magnification - 100 µm.
TEM images shows that NFC presents a tubular nanostructure (Figure 1C). Its diameter fits in the nanometric scale and its length in the micrometer scale. The SEM images allow us to observe that the NFC has the capacity of forming rougher films (Figure 1D).
CNC are like small cylinders or rods (Figure 1A) which are crystalline in nature and isolated through the fiber’s via generally acid hydrolysis as in this study. The mechanism for obtaining nanocrystals by acid hydrolysis demonstrates that the action of the hydrolysis agents promotes extraction of the amorphous regions from the elementary cellulose fibrils, remaining only the crystalline regions [29]. The CNCs have both dimensions in the nanometric scale. The SEM images allow observing the formation of hard films (1B) due to their high crystallinity.
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Figure 2. AFM Images of NFC, atomic force micrograph of scanning in the intermittent contact mode. A) General scanning of the area 5x5 μm², B) Scanning in 1x1 μm² (Detail of a cellulose nanofibril), C) 3D image of the nanofibrillated cellulose surface and D) Profile of the cellulose nanofibrils in the cut showed in B.
The atomic force microscopy enables the physical observation of the exact topography of these nanostructures. As the scanning is done the frequency of oscillation from valleys to peaks tips is designed according to the morphology of the studied nanocelluloses.
The nanofibrillated cellulose (Figure 2A) shows itself as a nano-network. This NFC network is formed due to the nanofibrils intertwining as their liaison active sites is exposed. A cellulose nanofibril, as mentioned above, has an elongated length and the diameter in the nanometer scale (Figure 2B and 2C). The use of AFM images allowed the 3D topographic mapping of the studied material (Figure 2C and 2D).
The nanofibrillated cellulose and the cellulose nanocrystal are cellulose polymers composed of glucose units that contain three free hydroxylic groups attached to carbons 2, 3 and 6, which are responsible for the intermolecular interactions. Successive structures can be formed by these interactions [17].
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Figure 3. AFM images of CNC micrograph of Atomic Force Scan in intermittent contact mode. A) Scanning area 5x5 μm², B) Scanning area 1x1 μm² (isolated nanocrystal detailed), C) 3D surface image of the nanocrystal, D) Profile of cellulose nanocrystals in the study area.
The cellulose nanocrystals physical structure (Figure 3A) observed through AFM refers to a small cylinder whose dimensions (length and diameter) are in the nanometric scale. By tracing the CNC 3D profile (Figure 3C and 3D) we observe its format like small rods. When compared to the NFC the cellulose nanocrystals do not have a long length and their crystallinity index is high because it is the only crystalline region of the original polymer.
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Figure 4. Histogram distribution of the nanoceluloses width and length according to the TEM images.
Using strong acid hydrolysis, it was obtained nanocrystals typically with 100-200 nm in length and 20-40 nm width [9]. The characterized nanocrystals have an average length of 85.48 nm (Figure 4A) and an average width of 10.32 nm (Figure 4B) as shown by the distributions. The NFC has an average width of 4.7 nm with their chains (Figure 4C), and length of several micrometers. The length of the nanofibrillated cellulose chains is several micrometers larger than their diameter [12].
Natural nanofibers have a very high elastic modulus compared to steel and this is particularly important for various industries [12]. Therefore, the knowledge of their physical and morphological structure is important to define their applications and their use.
3.3 X-ray diffraction

The Figure 5 shows the X-ray diffraction patterns concerning the nanocelluloses characterized in this study. Their crystallinity indices were calculated from the XRD patterns. As expected, the CNC crystallinity index is higher than the NFC crystallinity index, confirming the presence of amorphous regions in the structure of the elementary fibrils for NFC. The crystallinity index values ​​ for NFC (79.30%) and CNC (96.17%) in percentage according to the used methodology for its calculation after deconvolution of curves, shows CNC has much more rigid regions in your structure.
These results demonstrate that the crystallinity index is different for NFC and CNC mainly because their obtaining processes are also differentiated. The hydrolysis mechanisms using strong acids remove the amorphous regions, thereby increasing the crystalline regions frequency unlike nanofibrillated cellulose [29]. Thanks to this process the CNC crystallinity index will always higher than the NFC.
It is assumed that materials with higher crystallinity index are more resistant to thermal degradation, what could help to diversify the cellulose nanocrystals application. This hypothesis is based on studies that show that the amorphous regions of the cellulose are more susceptible to the heating effect and have lower thermal stability compared to the crystalline regions [5,7,11,18 and 25]


Figure 5. X-ray diffractograms of the CNC and NFC nanocelluloses.

3.4 Thermal analysis (TG / DTG)

The figure 6 depicts the thermogravimetric curve (TG / DTG) for the nanocelluloses, NFC and CNC. Thermogravimetric (TG) curves representing the weight loss in percentage, as a function of temperature, while the DTG curves corresponds to the first derivative of the TG curves and provide the mass change over time, that is recorded as a function of temperature.
	


     
Figure 6. TG/DTG nanocelluloses curves.
The thermal stability is essential for the use of nanocelluloses as effective reinforcing materials. The typical processing temperature of thermoplastic materials is above 200 °C thus the nanocelluloses which are increasingly used as reinforcing agents must be evaluated by their thermomechanical behavior [27,31].
Thermogravimetric degradation curves have similar behavior since NFC and CNC have a similar composition. However, there are components that change the maximum degradation temperature, such as the sulphate groups, which accelerate the cellulose nanocrystals degradation reactions [31]. Furthermore [26,43] the hemicellulose present in the NFC structure changes in the initial degradation temperature by decreasing its value.
The initial degradation temperature of the cellulose nanocrystals (288 °C) was greater than the NFC (245 °C) probably due to the crystalline structure of the CNC. Furthermore, the presence of hemicellulose in the NFC organic composition lower the degradation temperatures [43] (Table 5).

Table 5. Marked temperature peaks during the sample’s thermal degradation

	Nanocelluloses
	Thermal degradation intervals (ºC)

	
	Onset
	Max
	Endset

	CNC
	288
	332
	375

	NFC
	245
	288
	353



Almost all cellulose is completely pyrolyzed until 400 ºC [26]. It was observed a significant weight loss (56.37%) during the interval from 300 to 400 ºC in the cellulose nanocrystal’s degradation. The NFC maximum degradation (58.95%) was between 200 to 300 °C. Although the CNC sulfation occurred due to the acid hydrolysis process, the presence of these groups did not result in large destabilization for the CNC thermal degradation temperature. However, the presence of hemicellulose and amorphous structure in the NFC influenced the thermal degradation initiating at the lower temperature. The peak of weight loss for the cellulose is after the hemicellulose thermal degradation [20], because of the greater amount of energy required for the cellulose chain depolymerization and for breaking of their monomers. These results are consistently in accordance with the x-ray diffraction found for CNC and NFC.

Table 6. Temperature ranges for the NFC and CNC mass loss

	Samples
	Weight loss (%)

	
	100-200 °C
	200-300 °C
	300-400 °C
	400-500 °C
	500-600 °C

	CNC
CNF
	0.91
1.14
	10.95
58.95
	56.37
17.07
	16.53
12.64
	3.84
4.70




3.5 Zeta potential
The average values ​​of the observed zeta potential for the CNC and NFC nanocelluloses were respectively -56.96 mV and -26.86 mV. While calculating the zeta potential of nanostructures such as nanocelluloses we should consider the direct influence of superficial charges that will affect severely their degree of dispersion or agglomeration. High zeta potential values ​​show higher dispersibility in water and lower zeta potential values ​​ indicate low dispersion stability [22].
CNC has a higher zeta potential value because of the hydrolysis with sulfuric acid. The cellulose hydrolysis with sulfuric acid induces the insertion of sulfate groups randomly distributed over the nanocrystal surface and leads to the creation of small nanoparticles with a surface presenting charge [22,30].
The different sizes of nanocrystals and cellulose nanofibrils (greater length of one than other) which can facilitate the intertwining within nanocelluloses is a factor that influences the difference in the zeta potential value. Furthermore, the presence of residual hemicelluloses can also cause changes while reading this parameter due to its bonding ability [41].
The results are quite consistent on the S content (%) found in this characterization, CNC showed higher sulfur content (Table 4) which increases the superficial charges [22].
3.6 FTIR
The figure 7 shows the CNF and CNC infrared spectra. The spectra are very similar because they are derived from the same base polymer, however there are some areas that can be differentiated due to the different obtaining processes.



Figure 7. NFC and CNC FTIR spectra.
The broad band in 3343 cm-1 corresponds to the vibration of the OH groups bindings. In 2902 cm-1 there is the of CH groups bindings vibration. These bands are characteristic of cellulosic materials and their values ​​are consistent [21,22,32].
Cellulose nanocrystals show remaining sulfated regions of their obtaining process through acid hydrolysis [22,30], unlike the nanofibrillated cellulose. These regions are in a range of 1205 cm-1 due to the vibration of the S=O bond, which occurs due to esterification [22,27]. Sulfur-containing compounds in the form of sulfates (R-O-SO2-OR’) may have asymmetric (1415-1370 cm-1) and symmetric (1200-1185 cm-1) vibrations [3] that fit to those found in this study for the CNC.
The band at 1608 cm-1 for the NFC indicates carboxylic acid groups resented by C=O and C-O linkages. It can be noted that this band is very evident in the NFC spectra, while to the CNC it is barely prominent, what can be attributed to some residual hemicelluloses. The fact that band is wider for NFC may indicate the use of some oxidative treatment during the nanofibrillated celluloses production process such as TEMPO [34]. Thus, this result is consistent with the highest sodium concentrations in the inorganic composition of the NFC material. A carboxylic acid salt (RCOO-) may have symmetrical absorption bands 1650-1550 cm-1 but also asymmetric absorption bands of 1440-1335 cm-1 [3], these tracks confirm the suspicion of a COONa grouping.
Peaks at 1061 and 894 cm-1 are associated with the vibrations of the bonds present in the cellulose polymer, C-O and C-H, which are present in the polymer chain [3] that has appeared in both spectra. These peaks growth for the CNC spectrum showed an increased percentage of the cellulosic material [27], probably due to the extraction of impurities during the hydrolysis, remaining only the crystalline regions of the initial cellulose polymer.
3.7 Mycelial growth rate of Pleurotus sp. fungus in different culture media containing NFC and CNC
The interest in replacing synthetic polymers by biodegradable polymers has been growing exponentially and they are now used as material in the production of sustainable packaging. Faced by the need of improving the environmental quality combined to worldwide research to increase and develop biodegradable packaging originated from renewable sources, nanocelluloses is an important and attractive biopolymer for these applications as showing hazard-free nature as nanoparticle material [44]. The most studied biological macromolecules for this purpose are proteins and polysaccharides, which are polymers capable of forming continuous matrices and that can be transformed into biodegradable films and coatings through different production techniques [24].

It is well known that polymers such as cellulose have in their chemical constitution elements such as C, H, N and O mostly. Some polymers show some traces or higher concentrations of S usually because of some chemical treatment. By the same was that the cellulose is considered a biodegradable polymer, the nanocelluloses NFC and CNC extracted from its structure are also biopolymers. The chemical constitution results of these nanomaterials are consistent with this statement.

The nanocelluloses characterized in this study have a great application potential in the manufacturing and mechanical strengthening of packaging. The figure 8 shows the biodegradability potential of NFC and CNC before the biological activity of a fungus belonging to the genus Pleurotus sp. on PDA for nine days of mycelial growth in Petri dishes. It can be observed that degradation showed a tendency (Figure 8) as the days have passed and that the cellulose nanocrystals are structures more resistant to the fungus growth when compared to the control and PDA+NFC. This trend was already expected due to their highly organized and crystalline structure, that difficult the mycelium access. The opposite is observed for the NFC that has an amorphous and more accessible structure proven due to the presence of hemicellulose and lower crystallinity index.




Figure 8. Measurement of the mycelial growth of Pleurotus sp. in a culture media containing PDA, PDA+CNC or PDA+NFC in its composition.

The biodegradation process consists of the physical or chemical modification caused by the action of microorganisms under stated conditions of heat, humidity, light, oxygen and the organic and mineral nutrients [1]. The polymeric materials biodegradation and biodeterioration are caused by microorganisms that colonize the surface of the material, forming biofilms and mycelial growth (Figure 9), which consist of microorganisms embedded in a biopolymer matrix and enzymes secreted by them that when in contact with the polymers cause structural and morphological changes [13].

Thus, the evaluation of this parameter shows that the NFC and CNC are easily degraded and do not exhibit toxicity to the growth of Pleurotus sp. (Table 7). Only a trend that was confirmed in the fourth and in the seventh day that the mycelial growth in CNC was lower than on the plates containing CNF. However, the growth monitoring shows homogeneity in mycelial growth rate.

Table 7. Mean values of the mycelial growth of Pleurotus sp. in culture media containing PDA, PDA+CNC and PDA+NFC in its composition

	Samples
	Growth days (cm)

	
	1
	2
	4
	5
	6
	7
	8
	9
	11

	A
	1.00 a
	1.17 a
	2.15 a
	3.10 a
	4.56 a
	5.93 a
	7.17 a
	8.00 a
	8.00 a

	B
	1.00a
	1.15a
	1.77b
	2.67a
	3.74a
	5.10b
	6.20a
	7.27a
	8.00a

	C
	1.00a
	1.13a
	2.08a
	3.30a
	4.73a
	6.40a
	7.65a
	8.00a
	8.00a


Different letters indicate that the Scott-Knott test at 5% significance showed a significant difference between the means. Four replicates per treatment. Treatments: A) (PDA), B) (PDA+CNC) and C) (PDA+NFC).



A
B
C
D
E
F


Figure 9. Mycelial growth monitoring in different culture media: a) and b) pda; c) and d) pda+cnc; e) and f) pda+nfc; beginning (left) and the end (right) of the colonization process.


4. Conclusion

NFC and CNC are materials with unique and differentiated morphology and properties. They are also material in the nanometer scale that have high rigidity and high sugar content in their composition due to their derivation from cellulose. They show modified superficial charges compared to the original polymer due to the extraction methods used in their production that allows their suspensions stability. Both nano structures can be applied to the confection of composites / nanocomposites, packaging and a range of thermoplastic materials since their degradation temperatures are above 200 °C. Finally, NFC and CNC have large numbers of active sites for intermolecular interactions, thus, allied to all these physico-chemical features they must be classified as biodegradable polymers.
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