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ABSTRACT: In this study, we evaluated the physicochemical properties of the chitosan/nanocellulose composites. Wide-angle X-ray

scattering was applied to define the supermolecular structure of the materials, the laser diffracting technique was used to characterize

the particle sizes, and scanning electron microscopy was used to evaluate the morphologies of the samples. The tensile properties of

the composite films were also determined. Cellulose pulp was mercerized with 16% sodium hydroxide to give only cellulose II. Cellu-

lose I and cellulose II were subsequently hydrolyzed with 64% sulfuric acid. As a result, nanocellulose I (NCC I) from cellulose I and

nanocellulose II (NCC II) from cellulose II were produced. The mercerization of cellulose pulp contributed to a significant particle

size reduction; more than 50% of the particles of the NCC II sample and only 36% of the particles of the NCC I sample were smaller

than 100 nm. Chitosan composite films containing 5, 10, and 20% w/w of nanocelluloses were prepared by a solvent casting method.

This was the first study investigating the influence of the crystallographic forms of cellulose on the formation of nanocrystals. VC 2015

Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42864.
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INTRODUCTION

The vigorous growth of the biocomposites market has been

caused mainly by increasing ecological awareness. Limiting the

influence of industry on the environment and the very fast

growing market of plastics along with the significant shortage of

landfill space are the main reasons for the contribution of the

development of new types of biocomposites.1,2

Cellulose, a linear polymer of D-anhydroglucopyranose units

linked together by b-1,4-glucosidic bonds, occurs in wood, cot-

ton, hemp, flax, and other plant-based materials.3 Currently,

very much attention has been paid to it; one of the reasons for

that state of affairs is its high availability and low price. Cellu-

lose can be transformed into nanocellulose, a very promising

composite nanofiller that combines biodegradability and dis-

tinctive properties. There are three subcategories of nanocellu-

lose: microfibrilated cellulose, nanocrystalline cellulose (NCC),

and bacterial nanocellulose.4 NCC (known also as whiskers) is

formed by rigid rodlike particles whose length varies from

100 nm to several micrometers and whose width ranges from 5

to 70 nm. Such particles can be successfully applied as rein-

forcements in nanocomposites to improve their barrier and

mechanical properties. There are few challenges with NCC; the

most significant one is probably the efficient production of

NCC with an established size, aspect ratio, and controlled

surface.5

Chitosan, a polysaccharide of marine origin, is also enthusiasti-

cally used for the formation of composites. It is produced from

chitin by partial alkaline N-deacetylation, and it consists of N-

acetyl glucosamine and D-glucosamine units linked together

with 1,4-b linkages. The presence of reactive amino and

hydroxyl groups in the chitosan structure enables chemical

modifications, but is also responsible for its poor solubility in

organic solvents.5,6 Chitosan films have one major drawback:

they are brittle and thus need a plasticizer that increases their

flexibility and mechanical properties.7,8

Both nanometric cellulose and chitosan are polysaccharides that

due to their chemical compatibility, can be combined without

any extra modifications. Moreover, this combination is a green

process that can be conducted in aqueous media. The resulting

composite combines the physicochemical properties of chitosan

and the remarkable mechanical properties of nanocellulose. The

addition of nanocellulose particles to polymeric matrices has

shown that materials with a high transparency and exceptional

thermal, mechanical, and barrier properties can be obtained.9,10
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Khan et al.11 proved that only 5% NCC incorporated into the

chitin matrix decreased the water vapor permeability by 27%.

Other researchers12 showed that the water solubility of chitosan/

nanocellulose films relied on the concentrations of NCC and

glycerol. It was also possible to prepare chitosan/nanocellulose

films with transparency in the range from 85 to 92%. Azaredo

et al.8 produced a nanocomposite film with 15% cellulose nano-

fibers and plasticized with 18% glycerol that in terms of

strength and stiffness, turned out to be comparable to some

synthetic polymers. Chitosan/nanocellulose composites with the

addition of glycerol were also investigated as films for extending

the shelf life of ground meat.13 Vel�asquez-Cock et al.14 studied

the influence of the acid type in the production of chitosan

films reinforced with bacterial nanocellulose. The mechanical

properties of these films were more influenced by acetic acid

(CH3COOH) than by lactic acid. Samples prepared from

CH3COOH showed higher Young’s modulus (YM) and tensile

strength (TS) values compared to those prepared with lactic

acid (e.g., 12.3 and 3.3 MPa for CH3COOH and lactic acid,

respectively), even though the same concentrations of reinforce-

ment were maintained.

It is well known that nanoscaled filler, because of its high sur-

face area, can effectively improve the mechanical properties of

the polymer matrix. However, in terms of nanocellulose compo-

sites, the production of an efficient compounding of nanocellu-

lose with the polymer matrix is related to the surface

modification of nanocellulose, which limits the aggregation of

hydrophilic cellulose nanocrystals. Another interesting issue that

affects the compounding properties of nanocellulose-based com-

posites is the polymorphism of cellulose. The crystal structure

of native cellulose I can be converted to cellulose II with sodium

hydroxide (NaOH), a treatment known as mercerization.3 After

this process, the original parallel-chain crystal structure of cellu-

lose I is converted to antiparallel chains of cellulose II.15 In cel-

lulose II, hydrogen bonds connect all of the neighboring

cellulose molecules, whereas in cellulose I, van der Waals forces

are responsible for its sheet structure.16–18 The dissimilarity of

cellulose II exerts a beneficial effect on the physicochemical

properties. According to the literature,19–21 mercerization of the

cellulose filler leads to changes in the nucleation abilities. The

high nucleation activity of only one polymorphic variety of cel-

lulose can be a consequence of the match between the crystallo-

graphic structures of cellulose and the polymer matrix, as

studied in detail by Quillin et al.22

To the best of our knowledge, the role of the polymorph struc-

tures of nanosized cellulose and their application in composites

has not yet been reported. As follows from the survey of litera-

ture in the field, most of the research work on cellulose has

been concerned only with the influence of polymorphic cellu-

lose on the final properties of composite materials. An analysis

of the literature indicated that the polymorphic structure of cel-

lulose may influence the formation of nanosized cellulose and

the determination of the particle size distribution, and there-

fore, taking this issue into account is justified. The aim of this

study was to evaluate the effect of the crystallographic form of

cellulose on nanocellulose formation and its influence on the

properties of composites, as this has not been studied so far.

The knowledge of this subject is essential for the design produc-

tion of celluloses that will be appropriate for the production of

a great number of particles with nanometric size. In this

research, chitosan/nanocellulose film composites were prepared,

and their physicochemical properties, including their mechani-

cal properties and supermolecular structure, were evaluated.

EXPERIMENTAL

Raw Materials

Cellulose pulp, with particles sizes in the range from 2 to 20

mm and average degrees of polymerization from 400 to 500, was

supplied by Macherey-Nagel. Chitosan, with molecular weights

from 100.000 to 300.000 and a water content below 10%, was

purchased from Acros Organics. Pure NaOH (Chempur) was

used for the preparation of a 16% solution and was subse-

quently used as a mercerizing agent. Sulfuric acid (H2SO4; 95%,

POCH S.A.) was diluted to obtain a 64% solution, which was

used as the hydrolytic agent during nanocellulose preparation.

CH3COOH (80%, POCH S.A.) was diluted to a 2% solution

and used for composite formation. Figure 1 shows a flowchart

of the composite preparation.

Cellulose Pulp Mercerization

An amount of 15 g of cellulose pulp was treated with 150 mL

of an aqueous solution of NaOH (16%) at room temperature.

After 5 min of continuous stirring, 150 mL of water was added

to stop the mercerization process. The suspension was centri-

fuged at 10,000 rpm for 10 min. Afterward, the pulp was

washed 10 times with distilled water to remove the excess

NaOH and then dried in air at gradually increasing tempera-

tures from 70 to 958C.

Nanocellulose I (NCC I) Preparation

NCC I was obtained through the controlled hydrolysis of cellu-

lose. An amount of 10 g of cellulose I was immersed in 100 mL

of 64% H2SO4 and continuously stirred. After a temperature of

458C was reached, the reaction was continued for the next 30

Figure 1. Flowchart of the composite preparation.
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min; then, the hydrolysis was stopped through the addition of

500 mL of water. The suspension was centrifuged at 10,000 rpm

for 10 min and subsequently washed with water until a pH of

about 7 was reached. The produced NCC I was dried at 908C

for 6 h.

Nanocellulose II (NCC II) Preparation

NCC II was obtained through the controlled hydrolysis of cellu-

lose. An amount of 7 g of cellulose II was immersed in 70 mL

of 64% H2SO4 and continuously stirred. Further steps were

conducted as described for NCC I.

Composite Preparation

Chitosan/nanocellulose composites were produced by a solvent

casting method. First, chitosan was dissolved in 2% CH3COOH.

Second, nanocelluloses at different concentrations were added

to chitosan so that mixtures containing 5, 10, and 20% w/w

NCC (in relation to the dry mass of chitosan) were obtained.

The mixtures were stirred for 5 min at 3000 rpm, applied on

Petri dishes, and left for 7 days at room temperature to evapo-

rate the solvents.

Wide-Angle X-ray Scattering (WAXS)

The structures of the celluloses, nanocelluloses, and chitosan

were analyzed by means of WAXS with Cu Ka radiation at 30

kV and a 25-mA anode excitation. The X-ray diffraction pat-

terns were recorded for the angle range of from 5 to 308 with a

step of 0.048/3 s.

Determination of the Particle Size

The particle size distributions of cellulose I, cellulose II, NCC I,

and NCC II were determined with a Zetasizer Nano ZS (Mal-

vern Instruments, Ltd.); this enabled the measurement of the

particle size in the range 0.6–6000 nm (noninvasive backscatter-

ing technique). The samples were dispersed in 2-propanol. The

measurement involved the passing of a red laser beam with a

wavelength of 663 nm through the material. During measure-

ment, the intensity of fluctuations of scattered light was identi-

fied; these represented the illuminated particles of the sample.

The particles within the fluid exhibited Brownian motion, and

this made the measurement possible.

Determination of the Morphological Properties

The dispersion of NCC in the chitosan matrix and the particle

sizes were observed with a scanning electron microscopy (SEM;

Carl Zeiss AG–EVO 40 series) operated with an acceleration

voltage of 18 kV. All the specimens were sputter-coated with

gold before examination.

Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectra of the celluloses and nanocelluloses were reg-

istered on an ATI Mattson InfinitySeries FTIR spectrometer

equipped with a deuterated triglycine sulfate detector in the

range from 500 to 4000 cm21.

Determination of the Tensile Properties

The tensile properties [YM, elongation at break (EB), and TS]

of the composites were defined with a Zwick and Roell

Allround-Line Z020 TEW testing machine. Samples 10 mm in

width and about 0.1 mm in thickness were tested with a speed

of 10 mm/min and an initial force of 0.2 N in accordance with

ISO 527-3.

RESULTS AND DISCUSSION

Analysis of the Polymorphic Forms of the Celluloses and

Nanocelluloses

The objective of the WAXS studies was to determine whether

the mercerization caused full transformation from cellulose I

into cellulose II. The supermolecular structures of the produced

composites were tested as well. We observed that cellulose

before mercerization exhibited three peaks at 2h 5 158, 168,

22.78 that are assigned to cellulose I (Figure 2). The cellulose

that underwent alkali treatment showed peaks at 2h values of

12, 20, and 228 that were characteristic for cellulose II. The

WAXS pattern for cellulose II did not include any peaks from

cellulose I; this proved that 100% of the starting cellulose was

transformed into cellulose II. It was reported15,23–25 that NaOH

concentrations higher that 10% enable the transformation of

the crystal structure of cellulose I into cellulose II. From a com-

parison of the WAXS patterns of the celluloses (Figure 2) and

nanocelluloses (Figure 3), we concluded that NCC I consisted

only of cellulose I and NCC II consisted entirely of cellulose II.

The hydrolysis of cellulose enhanced the intensity of the charac-

teristic peaks and also did not influence the crystallographic

structure of NCC II; this was in accordance with the

literature.26

FTIR spectra (Figure 4) were recorded to define and analyze the

chemical structures of the produced cellulosic materials. Accord-

ing to the literature,27 the spectra were characterized by the

bands specified in Table I. All of the samples exhibited similar

absorption bands; this confirmed that during chemical

Figure 2. WAXS patterns of the celluloses. [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.]

Figure 3. WAXS patterns of the nanocelluloses. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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treatment with 64% H2SO4 and 16% NaOH, no major harm

was done to the chemical structure of cellulose. The band at

about 1730 cm21 may have been due to the CAOAO vibrations

of the unconjugated carboxyl group of pectins, which were not

removed during cellulose preparation.28 However, the intensity

of this peak was lower for cellulose II and NCC II than for cel-

lulose I and NCC I; this indicated that the chemical treatment

was effective. At 895 cm21, a band from the motions of the C5

and C6 atoms was observed. This band corresponded to cellu-

lose II, and its intensity was used to measure the conversion

from cellulose I to cellulose II.15 This was also confirmed in our

study because the intensities of the bands for cellulose II and

NCC II were higher than those for cellulose I and NCC I.

Particle Size Distribution

The aim of the particle size distribution study was to confirm

that a cellulose of nanometric size was produced and to define

the influence of the crystallographic form of cellulose on its par-

ticle size. In Table II, the particle size distributions for the merc-

erized and nonmercerized cellulose are presented. The particle

sizes of cellulose I were in the range from 106 to 5560 nm. It

was also clear that the analyzed sample consisted of two main

fractions that significantly differed in size. The biggest intensity

had particles of a few micrometers. However, the particles with

a size of 122 nm were characterized by a quite high intensity,

22.4%.

For cellulose II, the intensity of the smaller particles was higher

than for cellulose I, and particles 122 and 142 nm in size had

the highest intensity. The second fraction consisted of particles

with sizes between 3.58 and 5.56 mm. Therefore, we assumed

that mercerization caused particle size reduction. However, the

produced materials did not contain particles smaller than

100 nm, and therefore, they were not nanofillers by their tradi-

tional definition. For the products of the acid hydrolysis of cel-

lulose I and cellulose II, the particle size distribution is shown

in Table III. For both hydrolyzed celluloses, particles smaller

than 100 nm were produced; this allowed us to call them nano-

celluloses. NCC I consisted of particles with sizes in the range

from 68.1 to 5560 nm, and even though the highest intensity

was obtained for 5560-nm particles, the second most intense

fraction had a size of 76.8 nm. NCC II particles had sizes

between 78.8 and 1900 nm, and particles smaller than 100 nm

were characterized by the highest intensities. Furthermore, the

particle size dispersion was significantly smaller for NCC II

compared to NCC I; this proved that in terms of particle sizes,

the sample of NCC II was more homogeneous. On the basis of

the presented data, we concluded that the acid hydrolysis that

we performed was sufficient for producing nanometric

Figure 4. FTIR spectra of the celluloses and nanocelluloses (C I 5 cellulose

I; C II 5 cellulose II). [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table I. Vibrational Frequency Wave Numbers Attributed to the Celluloses

and Nanocelluloses

Wave number (cm21) Vibrational assignment

�3344 OAH stretching

�2900 CAH bending

�1730 CAOAO

�1646 OAH stretching (moisture)

�1432 CAH and OACH stretching (in-plane)

�1373 CAH bending

�895 Motions of the C5 and C6 atoms

�670 CAOH bending (out-of-plane)

Table II. Particle Size Distributions for Cellulose I and Cellulose II

Cellulose I Cellulose II

Intensity (%) Diameter (nm) Intensity (%) Diameter (nm)

7.9 106 22.9 122

22.4 122 25.6 142

10.4 4150 1.1 164

26.6 4800 4.1 3580

32.7 5560 11.8 4150

17.5 4800

17 5560

Table III. Particle Size Distributions for NCC I and NCC II

NCC I NCC II

Intensity (%) Diameter (nm) Intensity (%) Diameter (nm)

5.7 68.1 33.3 78.8

20.7 76.8 19.2 91.3

9 91.3 10.6 1280

0.4 1480 21.3 1480

32.7 5560 14.9 1720

6.5 1720 0.7 1900

13.7 1990

17 2300

14.8 2670

8.8 3090

2.9 3580
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celluloses. Also, mercerization preceding the hydrolysis turned

out to be effective in terms of decreasing the particle sizes.

However, what is a reason for cellulose II to be more prone to

hydrolysis than cellulose I? First of all, the amorphous regions

absorbed chemicals early, whereas the crystalline regions were

less sensitive to chemical penetration.29 Second, the internal sur-

face area was reported to increase during the transformation

from cellulose I to cellulose II.30 Third, it is known that the

parallel-chain arrangement of the cellulose I groups changed

into a more stable antiparallel one in the cellulose II group.31,32

That different crystallographic structure of cellulose II enabled a

higher availability of cellulose structures; this was manifested in

the smaller sizes of the particles. In our research, cellulose II

turned out to be more susceptible to acid hydrolysis. The most

probable reason for such a state of affairs was the increase in

the internal surface and the change in the crystallographic struc-

ture; this included changes in the unit cell size and chain

arrangement. Moreover, because cellulose II had fewer crystal-

line regions and was also more sensitive to hydrolysis than cel-

lulose I, it seemed reasonable that we obtained more particles

of NCC II than NCC I.3,26 Even though small particles were

obtained, some agglomeration was observed. The reason for this

could have been hornification, the aggregation of cellulose tak-

ing place during its drying and caused by its high hydrophilic

nature. This can be eliminated by the widely reported adjust-

ment of the hydrophilic–hydrophobic balance and surface mod-

eling.33–41 It was also likely that during decantation after

centrifugation, some nanoparticles were lost.

Morphology of the Samples

A comparison of the SEM microphotographs of cellulose I [Fig-

ure 5(a)] and cellulose II [Figure 5(b)] clearly confirmed the

findings of particle size distribution. The particles of cellulose II

were significantly smaller and less aggregated than those of cel-

lulose I; this proved that mercerization influenced the morphol-

ogy of the cellulosic materials. For nanocelluloses, more

interesting than the particle size was the shape of the particles.

NCC I [Figure 5(c)] had a fibrillar shape similar to cellulose,

whereas NCC II [Figure 5(d)] tended to aggregate and form

spherical or irregular particle shapes. Thus, mercerization and

H2SO4 hydrolysis effectively diminished the size of the cellulose

crystals.

Analysis of Composites

According to the literature, the supermolecular structure of chi-

tosan is characterized by two peaks at 2h values of about 12

and 198;42,43 in our studies, chitosan turned out to be amor-

phous (Figure 6). Two faint peaks were observed, although it

was more likely to have been an effect of a temporary

Figure 5. SEM microphotographs of the cellulose materials: (a) cellulose I, (b) cellulose II, (c) NCC I, and (d) NCC II (scale bar 5 20 mm).
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arrangement than one of the existence of a crystalline form. It

was worth noticing, also on patterns recorded for the chitosan/

NCC composites, that even for the composite with 20% NCC,

no peaks indicating the crystalline structure were observed. Fer-

nandes et al.42 obtained similar results, where the peak at a 2h
of 22.78 was not registered until 60% nanofibrillated cellulose

was added. Okano et al.44 dissolved crystalline chitosan in aque-

ous acid, reprecipitated it in alkali, and freeze-dried it. The

product was amorphous, with much improved reactivity; this

was confirmed by the acetylation and enhanced adsorption

capability. This indicated that in our composites, chitosan and

NCC were chemically bonded, and the chitosan–nanocellulose

interactions were stronger than those of nanocellulose–

nanocellulose.

Table IV shows the effect of the nanofiller type and content on

the mechanical properties of the nanocomposites, including TS,

EB, and YM. It was worth noticing that in comparison with

unmodified chitosan (YM 5 236 MPa), all of the the nanocom-

posites showed enhancements in the YM parameter. YM

reached a maximum value of 838 and 667 MPa for chitosan

filled with 5% NCC I and 5% NCC II, respectively. With

increasing nanofiller content up to 10%, YM of the nanocom-

posite films decreased, reaching minimum values that were still

higher than that for neat chitosan. Similar findings were

reported for TS. However, here, the difference between the

nanocomposites containing 5% NCC I and 5% NCC II was

more noticeable. TS for chitosan/5 NCC I reached a value of

29.2 MPa, whereas for chitosan/5 NCC II only 16 MPa; this,

compared with that of chitosan (TS 5 24.7 MPa), was a sub-

stantial decrease. Further addition of nanofiller impaired the

tensile properties of the nanocomposites, although the discrep-

ancy between films containing NCC I and NCC II was not as

extensive. The increased YM suggested that formation of the

composites with a uniform dispersion of NCC in the chitosan

matrix was successful; this was also confirmed by the SEM

microphotographs (Figure 7). We also observed that in terms of

enhancing YM and TS, NCC I gave better results than NCC II

but only for 5% nanofiller. For all of the other concentrations,

values of both the YM and TS parameters were comparable;

this proved that the polymorph form of the filler did not have

significant influence on them.

In the case of larger contents of nanofiller, the influence of the

polymorph form of cellulose on YM was not observed. The

addition of 5% NCC was the most effective in terms of increas-

ing both YM and TS. The fact that 5% NCC was optimum

loading was also confirmed by Khan et al.11 They claimed that

the increase in TS of the NCC-loaded chitosan composites was

due to (1) the reinforcing effect at the nanocrystal–chitosan

interface caused by effective stress transfer and (2) nanocrystal–

polymer interactions. As already proven by Okano et al.,44 the

amorphous chitosan was highly reactive; thus, it was very likely

that the cationic amine groups of chitosan were bonded with

the anionic sulfate groups of NCC. This resulted in improved

tensile properties. As expected, in our research, the addition of

NCC had a great impact on the EB values. With the addition of

nanofiller, EB dropped from 41.9% for unmodified chitosan to

23.4 and 10.4% for chitosan/5 NCC I and chitosan/5 NCC II,

respectively. For 10 and 20% loading values of this parameter,

the EB values dropped and were in the range from 2.3 to 3%.

This sharp decrease in the EB value indicated that motion of

the chitosan matrix was restricted because of its interactions

with NCC; this was consistent with other publications.45 The

decrease of the EB parameter with increasing nanofiller content

is a well-known phenomenon. Hosseini et al.46 prepared biona-

nocomposite films consisting of a fish gelatin matrix and chito-

san nanoparticles. They reported that with an increase in the

nanofiller content, the EB parameter of the nanocomposites

decreased from 102.04% for the pure matrix to 32.73% for the

film loaded with 8% nanochitosan. Similar results were

observed by Dai et al.,47 who used taro starch nanoparticles as

Figure 6. WAXS patterns of chitosan and its composites. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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reinforcing agents in corn starch. They found that the EB of the

nanocomposites decreased as the nanoparticle content increased

(EB � 84 and 58% for 0 and 15% contents of nanofiller,

respectively). This brittleness of films caused by intermolecular

forces is a very common issue among biopolymers and can be

overcome by the addition of a plasticizer. Azaredo et al.8

attempted to plasticize chitosan/nanocellulose fibers films with

glycerol. The addition of 30% w/w glycerol increased EB up to

34.6%; this was still a poor value in comparison with those of

some synthetic polymers but a relatively high one in compari-

son with that of the control sample (EB 5 7.9%).

Mechanical testing suggested that the tensile properties of the

composites were closely related to the polymorphic variety of cel-

lulose. The results show that the composites containing the filler

based on cellulose II were characterized by reduced mechanical

parameters. Similar results were presented by Marcovich et al.,48

who found that the alkalization reaction of wood decreased the

mechanical properties of the composites. However, some authors,

such as Pimenta et al.,49 Ichazo et al.,50 and Borysiak,51 also con-

firmed the positive role of mercerization in the improvement of

the macroscopic properties of the composites.

The discussion of the results presented in this section prove

that the modification of cellulose by alkali had an important

influence on the mechanical properties. SEM microphotographs

provided an explanation for this interesting observation. As

already discussed, the surfaces of both types of NCC

[Figure 5(c,d)] differed significantly. The shape of the filler was

associated with an important parameter: the aspect ratio. This

is defined as the ratio of the length to the width of the filler,

and it determines both the anisotropic phase formation and the

reinforcing properties.52 A relatively large aspect ratio is respon-

sible for high reinforcing properties and, therefore, has been

studied extensively in the literature. In our research, a greater

reinforcing effect was obtained for composites of NCC I with

high aspect ratios.

The SEM microphotographs of the nanocomposites based on

NCC I and NCC II (Figure 7) showed that both types of nano-

composites were characterized by a good distribution of nano-

particles in the chitosan matrix. After the films were dried, a

change in the dimensions of the nanofillers was observed. The

size of the nanofiller in the films was significantly smaller than

that for the cellulose powders. This could have been a result of

solvent–nanofiller interactions during the production of films.

This coincided with the results obtained from the WAXS studies

and, therefore, proved that strong interactions between nanocel-

lulose and chitosan were obtained.

To the best of our knowledge, this is the first publication cover-

ing crystallographic forms of nanocellulose and its influence on

the properties of nanocellulose-based composites; this consti-

tutes its scientific novelty. Numerous methods were applied to

fully characterize the produced materials, and some of the

results confirmed data collected by other researches. At present,

Figure 7. SEM micrographs of the nanocellulose composites: (a) chitosan/20 NCC I and (b) chitosan/20 NCC II (scale bar 5 1 mm).

Table IV. Mechanical Properties of the Chitosan/NCC Composites (Average Value 6 Standard Deviation)

YM (MPa) TS (MPa) EB (%)

Chitosan 236 6 56 24.7 6 1.5 41.9 6 4.8

Chitosan/5 NCC I 838 6 55 29.2 6 1.0 23.4 6 2.5

Chitosan/10 NCC I 273 6 33 13.4 6 0.6 3.4 6 0.3

Chitosan/20 NCC I 359 659 11.5 6 1.2 2.3 6 1.4

Chitosan/5 NCC II 6676 58 16.0 6 1.1 10.4 6 1.4

Chitosan/10 NCC II 284 6 36 13.1 6 1.1 3.0 6 0.5

Chitosan/20 NCC II 342 6 35 15.7 6 1.0 3.0 6 0.1
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we are developing an innovative method for the production of

nanocellulose and are modifying the final mechanical properties

of the composites.

CONCLUSIONS

Cellulose and nanocellulose powders and chitosan/nanocellulose

composites were investigated in terms of their morphologies

and tensile properties. Mercerization preceding hydrolysis

turned out to be an effective method for producing nanometric

particles. NCC I had particle sizes ranging from 68.1 to

5560 nm, whereas NCC II particles had sizes between 78.8 and

1900 nm. The presence of nanometric cellulose particles was

not the only factor determining the improvement of the

mechanical properties of the chitosan/nanocellulose composites.

It was interesting that better mechanical properties were

obtained for the chitosan/5% NCC I nanocomposites, even

though the fraction of nanometric NCC II was higher compared

to that of NCC I. For the remaining concentrations, the

mechanical properties of the composites were comparable. This

allows us to state that the polymorph form of the filler did have

any major influence on the mechanical properties of the com-

posites. The addition of 5% NCC I to chitosan was the most

effective in terms of increasing TM and TS. These studies show

that the shape of the nanofiller determined by its aspect ratio

was an extremely important parameter, and it had to be taken

into consideration during the interpretation of the results.
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