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Abstract An environment-friendly method for

obtaining cellulose nanocrystals (CNC) using deep

eutectic solvents (DES) was developed. Formation of

highly crystalline CNC with average particle dimen-

sions 20 9 100 9 700 nm was confirmed with SEM

and AFM. Molecular dynamics simulations demon-

strated that the hydrogen bond interactions of the

cellulose hydroxyl groups with the urea C=O group

and with the chloride ions were the key factors of the

destruction of MCC particles in the process of

solvation. The type of cellulose crystal structure (Ib)

and the high degree of crystallinity (about 80%

according to Segal method) were preserved during

treatment with DES. The ability of the prepared CNC

to act as a reinforcing filler was tested by introduction

of them into the chitosan-based films plasticized with

DES. It was found that addition of 2 wt% of CNC led

to an increase in the strength of the films from 11.4 up

to 20.4 MPa with a simultaneous increase in the

elongation at break.
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Introduction

Due to unique combination of properties, such as large

specific surface area, high tensile strength and stiff-

ness, the cellulose nanomaterials can be used as

reinforcing fillers for polymer films (Deng et al. 2017;

Cao et al. 2018; Surov et al. 2018a; Ying et al. 2018),

templates for preparation of functional (Wang et al.

2018) and stimuli-responsive materials (Feng et al.

2014; Tang et al. 2016), sensors (Wu et al. 2015; Li

et al. 2018) or electrochemically active materials

(Armelin et al. 2016; Smirnov et al. 2018). Addition-

ally, cellulose is the most abundant renewable poly-

mer, and its application meets the requirements of

sustainable and green technology.

High crystallinity and a strong network of hydrogen

bonds between the chains complicate processing of

cellulose. Hydrolysis of amorphous regions with

concentrated inorganic acids (Mondal 2017) has long

been the most common process for preparation of

cellulose nanocrystals (CNC) and nanofibers.

Recently other methods, such as enzymatic hydrolysis

(Rovera et al. 2018), TEMPO-mediated (Hirota et al.

2010; Zhou et al. 2018) or ammonium persulfate

(Leung et al. 2011) oxidation, plasma treatment

(Surov et al. 2018b) and processing with ionic liquids

(ILs) (Miao et al. 2016) were also proposed. Some of

those methods are complicated while the hazardous

chemicals are needed for others. For example, the

mineral acids and some types of ILs are not safe for the

environment. Enzymatic hydrolysis needs enzymes

used under special conditions, and as plasma treatment

needs special equipment. Cellulose nanomaterials can

be prepared via a non-oxidative and non-hydrolytic

dissolution with subsequent regeneration (Man et al.

2011; Li et al. 2012) utilizing the IL’s ability to broke

intrermolecular hydrogen bonds. However, the high

cost and the toxicity of the majority of traditional ILs

(Amde et al. 2015; Troter et al. 2016) restrict their

wide practical application.

Deep eutectic solvents (DES) present a new and

prospective alternative for ILs. DES demonstrate the

same beneficial physico-chemical properties while

being cheaper than ILs and preparable from more

simple natural green components (Zhang et al. 2012).

Abilities of DES to act as media for processing various

biomasses, including cellulose, have recently been

under intensive investigation (Ren et al. 2016;

Suopajärvi et al. 2017; Zainal-Abidin et al. 2017;

Zhu et al. 2017). DES are capable of preferential

dissolving lignin from loblolly pine that increases the

glucose yield during subsequent enzymatic hydrolysis
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(Lynam et al. 2017); they can effectively extract

bioactive molecules—for example, isoflavones—from

soy product (Bajkacz and Adamek 2017). Typically,

DES consist of a hydrogen bond donor and an acceptor

which interact strongly with each other. As a result, an

eutectic mixture with a melting point below that of

both initial components is formed (Smith et al. 2014).

The ability to form a strong network of hydrogen

bonds allows DES to interact with various molecules

and polymers via hydrogen bonding, that makes DES

useful either as selective sorbents for liquid–liquid

extraction (Samarov et al. 2018a, b) or as a new type of

plasticiser for the polysaccharide based films (Galvis-

Sánchez et al. 2016; Decaen et al. 2017; Sokolova

et al. 2018). This ability also allows for effective

solubilization and dissolution of some natural polysac-

charides (Mukesh et al. 2014; Liu et al. 2017).

However, DES were mainly used only for the

pretreatment of cellulose prior to the preparation of

nanoparticles by other methods (Sirviö et al. 2016;

Suopajärvi et al. 2017). No information is available on

the possibility of direct DES application for the

preparation of cellulose nanomaterials. It was reported

recently that treatment of pine pulp with choline

chloride—urea (ChCl/Ur) deep eutectic mixture dur-

ing 16 hours at 100 �C did not influence the pulp fiber

morphology (Tenhunen et al. 2018). At the same time,

changing of morphology of cotton fibers at treatment

with choline chloride—oxalic acid DES simplifies the

subsequent CNC preparation using ultrasound (Ling

et al. 2019). Possibly, DES is not active enough to

solubilize the non-treated plant cellulose because of

the cooperative effect of multiple intermolecular

hydrogen bonds. If that is a significant reason, then

one can expect a higher probability of successful

splitting into nanomaterial for the cellulose of smaller

molecular mass. Thus, the aim of this work was to

investigate the possibility of CNC preparation using

DES from the commercially available microcrys-

talline cellulose (MCC). Its high crystallinity index

allows obtaining CNC without a pretreatment stage of

amorphous regions removal in cellulose. Recent

studies showed that CNC could be obtained by

chemical treatment of MCC by hydrolysis in H2SO4

solution (Bai et al. 2009; dos Santos et al. 2017) or by

TEMPO oxidation (Zhou et al. 2018). High-energy

bead milling (Amin et al. 2015) can also be used for

transforming MCC into CNC. At the same time, the

ability of DES to destruct MCC particles and to form a

cellulose nanomaterial was not tested yet. The mixture

of ChCl and Ur was chosen as one of the most

capacitive ones towards dissolution of cellulose

according to the literature data (Ren et al. 2016).

The CNC prepared here were tested as reinforcing

fillers for chitosan (CS) films plasticized with DES.

Experimental part

Materials

The following starting materials were used in the

experiments: ChCl (Acros Organics, China); Ur

purchased from LKB BROMMA (Bromma, Sweden);

malonic acid (Vecton, Russia); MCC (Sigma-Aldrich,

USA); CS with the Mw = 900 000 and the degree of

deacetylation of DA = 68% (‘‘Bioprogress CJSC’’,

Russia).

Preparation of CNC from MCC

The DES (5 g) was prepared by mixing ChCl (2.71 g)

and Ur (2.32 g) at 60 �C in a flask immersed in the oil

bath equipped with a magnetic stirrer and a calcium

chloride tube. After the formation of a viscous liquid,

the MCC (1 or 2 wt%) was added and the temperature

was raised up to 110 �C and kept for 2 or 4 days. The

resulting suspension was cooled down, mixed with

10 ml of deionized water and centrifuged at 4000 rpm

for 10 min. The precipitate was further redispersed by

manual mechanical stirring in 10 ml of deionized

water. The centrifugation and redispersion steps were

repeated three times. The scheme of preparation of

CNC dispersion in water is shown in Fig. 1a. The CNC

prepared with different concentrations of MCC (1 and

2 wt%) and different duration of treatment [2 hours

(2h), 2 days (2d) or 4 days (4d)] were named 1%-2h,

1%-2d, 1%-4d, 2%-2d and 2%-4d, respectively. The

sample with 1% of MCC treated for 2 hours was

prepared to visualize the process of MCC destruction

(see Electronic Supplementary Information (ESI),

Fig. S1). The yield of CNC was calculated from the

concentration (x(CNC)) of the dispersion of final

product as Yield = x(CNC) 9 M/m, where M is the

overall mass of the dispersion obtained and m is the

mass of the initial MCC. The value of x(CNC) was

found by drying of 1 g of dispersion at 110 �C until the

constant weight was reached. A comparison of the
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yield and characteristics of our process with other

methods for preparation of CNC from MCC are given

in ESI, Table S1. Zeta potential of CNC in the

dispersion was measured using Zetasizer Nano ZS

with He–Ne laser (k = 633 nm; Malvern Instruments,

Worcester, UK) at 25 �C. The molecular mass (Mg) of

cellulose in MCC and CNC was determined form the

characteristic viscosity of a cellulose solution in

iron(III) sodium tartrate complex using the equation

[g] = 5.31 9 10-4 Mg
0.73 (Kabanov 1977).

a

b c

d

g h i

j k l

f

m

e

Fig. 1 Scheme of

preparation of CNC

dispersion (a); SEM images

of CNC prepared in DES

during 2 (b) and 4 (c) days;
AFM surface topography of

2%-4d (d) and profile curves
of CNC in perpendicular (e),
and longitudinal

(f) directions; the fitting of

FTIR spectra in the region

3600–3000 cm-1 with three

Gaussian peaks for initial

MCC (g), 1%-2h (h), 1%-2d

(i), 2%-2d (j), 1%-4d (k),
2%-4d (l) and positions of

peak maxima (m)
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Preparation of plasticized CS reinforced with CNC

The CS films plasticized with a mixture of malonic

acid (MA) and ChCl (Sokolova et al. 2018) were

prepared by solution casting method with various

CNC contents. Typically, 0.66 g CS, 0.767 g ChCl

and 0.573 g MA dry powders were added in a flask

containing 100 ml of distilled water. Four solutions

with the same CS, ChCl and MA content were stirred

for 6 days at room temperature (20–25 �C) until CS
was completely dissolved. The solutions were filtered

to remove undissolved residual and degassed under

vacuum. Afterwards, various amounts of the homo-

geneous water dispersion with 1 wt% of CNC (sample

1%-2d) were added in flasks containing the CS-DES

solutions. The masses of the added CNC dispersions

were 4, 8 and 12 g, respectively. Solutions were stirred

for 5 h for better distribution of the CNC. The films

with the thickness of 20 lmwere prepared by solution

casting method on a glass surface with subsequent

drying at 25 �C for 6 days. The CNC concentrations

were 2, 4 and 6 wt%, respectively.

Characterization methods

Microscopy investigations

The morphologies of the MCC, CNC and the

reinforced films were studied with a scanning electron

microscope Zeiss AURIGA Laser (Carl Zeiss, Ger-

many). The atomic force microscopy (AFM) was

performed with an INTEGRA-AURA microscope

(NT-MDT, Russia).

Fourier-transform infrared spectroscopy

The chemical structure of the prepared samples was

characterized with transmission Fourier-transform

infrared spectroscopy (FTIR) with a Nicolet 8700

spectrometer (Thermo Scientific, USA) in the range of

4000–500 cm-1. The spectra were measured for the as

synthesized samples in the transmittance mode using

KBr pellets with the resolution of 2 cm-1.

Wide-angle X-ray diffraction

Wide-angle X-ray diffraction (WAXD) study was

performed with a D8 Discover diffractometer (Bruker,

Germany) equipped with a CuKa radiation source

(k = 1.54 Å).

The degree of crystallinity was estimated by the

Segal peak height method (Segal et al. 1959).

The following equation was used:

vS ¼
I200 � Imin

I200
; ð1Þ

where I200 and Imin are the intensity of the Ib cellulose

(200) diffraction peak located at 2h = 22.5� and the

background intensity in the region of 2h = 18�–19�,
respectively.

The average size of crystallites was estimated using

the Scherrer equation:

Lhkl ¼
Kk

bhklCosh
; ð2Þ

where Lhkl is the crystallite size in the direction

perpendicular to the lattice plane hkl, K = 0.94 is the

Scherrer constant, k is the wavelength of X-rays

(1.54 Å), bhkl is the full width at the half-maximum of

the corresponding hkl peak in radians, and h is the

Bragg angle.

According to (French and Santiago Cintrón 2013),

the Segal method underestimates of the crystallinity

index because the scattering in the region of 2h = 18�–
19� also contains some signal from the ‘‘tails’’ of the

crystalline peaks, especially when the crystallite size is

small. A full profile refinement by Rietveld method or

WPPM (Whole Powder Pattern Modelling), was also

performed in thiswork. This approach does not presume

a certain XRD peak shape (strictly Gaussian, Lorent-

zian, etc.). The peak shape may vary according to the

crystallite size, the distribution width and the presence

of microstrain. More precisely, what is measured is not

the mean crystallite size, but the mean elementary

column length. Every single particle of a certain shape is

built of elementary columns of different length, thus

producing a length distribution that is ‘‘convoluted’’

with the particle size distribution. When the final

distribution is sufficiently wide, the diffraction peaks

have long ‘‘tails’’ (slow decay of diffracted intensity

from the maximum to the background). The overlap-

ping tails of the wide (due to small coherent length)

neighboring peaks make the minimum intensity in the

‘‘valleys’’ between them always higher than the real

background intensity. This effect may produce an

impression that an amorphous phase is present.
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Modelling of the XRD patterns of CNC with the

TOPAS 5.0 (Bruker) software results in good fits

(Fig. S2 in ESI is an example) without considering an

amorphous material as a separate phase in our

samples. Instead, what is typically regarded as an

amorphous phase is included in the single-phase

model as a part that consists of the smallest crystal-

lites, which can even be smaller than a unit cell. In a

continuous size distribution function, there is no sharp

border between the materials with different mean

crystallite sizes.

With this approach, it is the whole distribution

function that must be analyzed, not just the mean size

or length, which can be the same for different

distribution functions. A detailed analysis of the

distribution functions was outside the scope of this

work. Here we limited ourselves to the well-known

method for crystallinity analysis.

Molecular dynamics simulation of the cellulose-DES

interactions

Two systems were considered for the simulation: (1)

pure deep eutectic solvent (DES) for the validation of

the simulation parameters, and (2) DES on the (100)

surface of a cellulose crystal, which is the most

pronounced surface plane of a cellulose fiber. The

cellulose surface was infinite by periodic boundary

condition in two directions and formed by 64 chains

consisting of 16 glucose residues. A snapshot of the

equilibrated simulation box is shown in Fig. S3. Each

system included 1310 urea molecules, 655 choline

molecules and chloride ions. The constant temperature

was maintained by the Nosé–Hoover thermostat (Nosé

1984; Hoover 1985) and the pressure coupling was

done isotropically using the Parrinello–Rahman baro-

stat (Parrinello and Rahman 1981) with the coupling

times of sT = 1 ps and sp = 5 ps, respectively. Long-

distance Coulomb interactions were taken into

account by using the PME method (Essmann et al.

1995). The time step was 0.001 ps.

For all of the compounds the models based on

OPLS-AA force field were used. For the ChCl

molecule the model developed by Sambasivarao and

Acevedo (2009) was used. Ur was modelled according

to Weerasinghe and Smith (2003). This model showed

a good agreement with experiment (Sun et al. 2013) in

the simulation of ChCl/Ur mixtures. OPLS-AA force

field for carbohydrates was used for cellulose (Kony

et al. 2002). The simulations were performed with the

program package Gromacs 5.1.4 (Abraham et al.

2015).

The compounds were added to the simulation box

as a molecular gas. The preliminary simulation was

performed in several steps. First, the initial systems

with the molecular gas were compressed during 2 ns

by a pressure of 5 bar. In order to obtain an equilib-

rium structure, the simulations were performed at

T = 600 K, P = 1 bar. The final configurations were

then sequentially cooled to 383 K as described in

Table S2. The simulation results were validated by

comparing the simulated and experimental values of

DES density and of diffusion coefficients of its

components. Additional details of the simulation cell

preparation and the results of validation are given in

ESI (‘‘Validation of molecular dynamics simulation’’

section, Fig. S3–S6).

Mechanical measurements of the films reinforced

with CNC

The mechanical properties (tensile strength, Young’s

modulus and elongation at break) of the reinforced

films were measured in tensile mode with a UMIV-3

mechanical testing machine (Ivanovo, Russia). The

ASTM D882 standard was used to determine the

mechanical properties based on at least 10 measure-

ments for each sample using stripes with size 20 9 2

mm and speed 5 mm min-1.

Results and discussion

Preparation of CNC

Scanning electron microscopy (SEM) images demon-

strate a destruction of MCC: from initial particles

(Fig. S1a) through partially destroyed particles after

2 hours of treatment (Fig. S1b) to the CNC after 2 and

4 days (Fig. 1b and c, respectively). The initial MCC

had short rod-like particles with a diameter of about 20

lm and a length of about 60–100 lm (Fig. S1a). After

2 days the CNC with 80–120 nm thickness and the

length of up to several microns were formed (Fig. 1b).

Increasing treatment time up to 4 days led to a

noticeable decrease in the CNC length (Fig. 1c). No

effect of theMCCconcentration on themorphologywas

observed.AccuratemeasurementswithAFM(Fig. 1d, e
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and f, respectively) demonstrate the average sizes of

CNC of 20x100x700 nm in the samples prepared in

4 days (in our case that was the maximum degree of the

MCC splitting). Obtained CNC dispersions in water

were stable for at least 1 month.

According to the viscometry measurements the

degree of polymerization of initial MCC (DP = 330)

does not change during the treatment with DES for all

type of CNC. In agreement with literature data (Sirviö

et al. 2015) there was no hydrolytic destruction of

cellulose chains under applied conditions.

The thermal stability of the prepared CNC was

studied using thermogravimetric analysis (TGA). The

experimental details are given in ESI ‘‘Results and

discussion’’ section and the results are shown in

Fig. S7a and b. The thermal properties of CNC were

independent of the preparation conditions. The

decomposition temperatures of MCC and CNC were

290 �C and 251 �C, respectively. Differential scan-
ning calorimetry (Fig. S7c) demonstrated a single

endothermic peak at about 60 �C, associated with

water desorption from the cellulose. A low surface

potential of- 7 to - 13 mV proves a small degree of

surface modification. This is in conflict with the

colloidal stability of the prepared CNC. Probably, a

large number of -OH groups appear on the surface of

CNC due to strong interaction with DES. Those –OH

groups form hydrogen bonds with water during

washing and make the CNC surface hydrophilic. The

shell of tightly bonded water molecules prevents CNC

from fast agglomeration.

FTIR study

The FTIR spectra of the initial MCC and CNC samples

are shown in Fig. S8. The peaks in the range of

700–1500 cm-1 are typical of cellulose; they do not

change upon treatment with DES indicating stability of

the cellulose chemical structure. The most apparent

changes are seen in the region of 1700–1600 cm-1. A

decreased adsorption near 1620 cm-1 can be attributed

to the removal of the bounded water during prolonged

(& 2 days) treatment at 110 �C. Appearance and

further increase in the peak intensity at 1710 cm-1

gives evidence for a possible oxidation of the C6

cellulose atomwith the formation of carboxylic groups.

This suggestion is supported by the CNC zeta potential

of- 7 to- 13 mV. A significant change is observed in

the shape of the absorption peak at 3000–3600 cm-1

which corresponds to the –OH group vibrations. This

band was fitted with three peaks centred near

3500–3450, 3320 and 3210 cm-1 (Fig. 1g–m) which

were attributed to the weakly hydrogen-bonded OH

groups, strongly hydrogen-bonded OH groups, and O2–

H groups bonded with O6, respectively (Maréchal and

Chanzy 2000; Lee et al. 2015). The band near

3500–3450 cm-1 demonstrates a red shift, and its

intensity decreases (Fig. 1m). Less pronounced red

shift is also noticeable for the band near 3320 cm-1,

while the band near 3210 cm-1 remains in the same

position (Fig. 1m). The red shift can be attributed to the

increase in the amount of OH groups incorporated into

hydrogen-bonding. The decreasing intensity of the band

associated with the free OH groups also suggests an

increasing amount of the hydrogen-bonded OH groups.

Thus, the cellulose molecules which are less incorpo-

rated into the hydrogen-bond network are preferably

dissolved during treatment with DES.

WAXD study

The WAXD results show that both CNC and the

original MCC have the same typical crystal structure

of cellulose Ib (French 2014) with the characteristic

diffraction peaks 1–10, 110, 102 and 200 at

2h = 14.9�, 16.5�, 20.7� and 22.5�, respectively

(Fig. 2). The degree of crystallinity determined by

the Seagal method does not change significantly

Fig. 2 X-ray diffraction patterns for MCC and CNC produced

under different conditions. vS is the degree of crystallinity

calculated according to the Segal method. L200 is the size of

crystallites in the [100] direction

123

Cellulose (2020) 27:4305–4317 4311



during treatment with DES, and the average size of

crystallites (L200) remains approximately the same

(Fig. 2). A full profile refinement qualitatively leads to

the same result: the degree of crystallinity is very high

(close to 100%), and it does not change upon treatment

with DES. This suggests that the crystalline regions

were not highly affected during the MCC treatment

with DES.

Molecular dynamics simulation results

DES is a multicomponent solvent, and both ChCl and

Ur can form hydrogen bonds with the hydroxyl groups

of a cellulose molecule. Moreover, both of the

components can interact with cellulose via a chloride

ion which can be adsorbed on the cellulose molecule

due to ion–dipole interaction. It is not clear, which

interactions are responsible for the cellulose dissolu-

tion. To get insight into this problem, molecular

dynamics (MD) simulation of the cellulose surface in

DES was performed. A snapshot illustrating the

interactions and the radial distribution functions

(RDF) between the atoms of cellulose, hydroxyl

groups and the atoms of DES components are shown

in Fig. 3a. The RDF were computed for two cases: (1)

interactions with the secondary –OH groups of

cellulose in which cellulose acts as a hydrogen bond

acceptor or donor (Fig. 3b, c, respectively); (2)

interactions with the primary –OH groups of cellulose

in which cellulose acts as an acceptor or donor

(Fig. 3d, e, respectively). Well pronounced peaks are

observed in RDF functions in Fig. 3c, e for the H

atoms of cellulose with the O atoms of Ur and with the

Cl- ions. This result is in agreement with the

simulation of a cellulose fibril in 1-butyl-3-methylim-

idazolium chloride (Mostofian et al. 2014), which also

shows an importance of chloride ions in the process of

the cellulose dissolution. An ion–dipole interaction is

stronger than an interaction between two dipoles. At

the same time, the ion–dipole interactions between the

cellulose hydroxyl and the choline trimethylamine

groups are not favourable (Fig. 3b, d) because of the

large size of the trimethylamine group, that hampers

the interaction sterically.

It is important to mention that the RDF peak is

higher for secondary hydroxyl groups than for the

primary groups. This contradicts the simulation results

published for the cellulose crystals in water environ-

ment (Lukasheva and Tolmachev 2016; Kostritskii

et al. 2017). In water, the primary hydroxyl groups

interact stronger with the external environment

because the secondary hydroxyl groups are located

deeper in the cellulose surface layer, and they form

intramolecular H-bonds. Due to a low dielectric

constant of DES (in contrast to water), ion–dipole

interaction becomes energetically more favorable than

the H-bonding. Moreover, location of the secondary

hydroxyl groups close to each other makes it possible

to adsorb a Cl- ion by two groups simultaneously.

This produce a difference between the intensities of

RDF maxima for the primary and secondary hydroxyl

groups (see Fig. 3). The destruction of the H-bonds is a

a

b c

d e

Fig. 3 Snapshot representing the interaction between cellulose,

chloride ions and Ur molecules (a); radial distribution functions
between O2,3 (b), H2,3 (c), O6 (d) and H6 (e) atoms of cellulose

and choline (Ch), urea (Ur) and chloride ions (Cl-) fromDES. A

single cellulose molecule and a few DES molecules which are

interacting with cellulose are shown. Red balls represent oxygen

atoms, blue balls—nitrogen atoms, white balls—hydrogen

atoms, grey balls—carbon atoms and green balls—chloride ions
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direct evidence of the DES ability to solubilize

cellulose macromolecules.

Reinforcement of the plasticized CS films

with CNC

The possibility of application of the prepared CNC as

reinforcing fillers was tested with CS films plasticized

with DES. The initial films based on CS, ChCl andMA

were prepared and investigated in our previous work

(Sokolova et al. 2018). In this work these films were

reinforced with 2, 4 and 6 wt% of CNC (sample 1%-

2d); the corresponding samples are denoted as CS/

CNC-2, CS/CNC-4 and CS/CNC-6, respectively. The

reference film prepared without addition of CNC is

named CS/CNC-0.

SEM images of the cross-sections of CS/CNC-0

and of the film containing 2 wt% CNC are shown in

Fig. 4a, b, respectively. It is seen that the cross-section

of CS/CNC-0 is smooth, while that of the CS/CNC-2

film is rougher, illustrating the influence of CNC on

the fracture process. No agglomeration of CNC inside

the films was observed (Fig. 4b). The effect of the

CNC content on the mechanical properties of the

composite films (Young’s modulus, strength and

elongation at break) was tested in the uniaxial tension

mode. The results (Fig. 4c) show that incorporation of

2 wt% of CNC leads to an increase in the average

strength from 11.4 MPa (for CS/CNC-0) up to

20.4 MPa. The elongation at break and the Young’s

modulus also increase from 63 up to 79% and from 26

up to 37 MPa, respectively. Thus, the incorporation of

CNC leads to an increase in strength by 79% and in

elongation at break by 25%.

Recently, a 40% increase in strength was demon-

strated for the CS films reinforced with CNC and

prepared via an acid hydrolysis procedure (Chi and

Catchmark 2018). This result was obtained for a CS

film without a plasticizer, thus the elongation at break

was only 1.7% and 2.4% for the pristine and reinforced

CS, respectively. In another example of CS reinforce-

ment with CNC prepared via acetic acid hydrolysis the

tensile strength and the elongation at break increased

by 13.2% and 56.4%, respectively (Mao et al. 2019). A

44.2% increase in strength without a change in the

elongation at break was also reported recently (Marı́n-

Silva et al. 2019) for the CS reinforced with CNC.

Thus, the increase in elasticity observed in our work is

moderate, while the growth in strength is approxi-

mately two times higher compared with the reported

analogues.

The WAXD patterns (Fig. 5a) demonstrate an

increase in the intensity of the crystalline peaks with

an addition of CNC. Thus, the increasing crystallinity

can be a factor, which leads to an increasing of

Young’s modulus and strength of the reinforced films.

The electrostatic interactions between the negatively

charged CNC surface (see results for zeta potential in

‘‘Preparation of CNC’’ section) and the positively

charged -NH3
? groups of CS can be expected. The

positive charge on CS is due to its interaction with

MA, which is a component of plasticizer. Addition-

ally, the FTIR spectra (Fig. 5f) demonstrate a slight

shift of the cellulose bands near 1055 and 1031 cm-1,

which suggest interactions between the -OH groups of

CNC and the components of the matrix CS/DES film.

These factors can lead to the formation of a network of

CS-CNC interactions resulting in an increased elon-

gation at break. The same mechanism of CNC

reinforcing effect on the CS based film was reported

recently (Mao et al. 2019).

Further increase in the CNC content from 2 wt% up

to 6 wt% in the CS/CNC-6 sample leads to the

increased elongation at break up to 91% accompanied

with a slight decrease in the Young’s modulus and

a b

c

Fig. 4 SEM images of the cross-section of unmodified film

(CS/CNC-0) (a) and of the film containing 2 wt% of CNC (b);
dependences of the Young’s modulus (circles), elongation at

break (squares) and strength (triangles) of the plasticized

chitosan films on the CNC content (c): the arrows show the

direction toward Y axis containing values for given curves
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strength. The decrease can be attributed to the less

homogenous of CNC distribution in the films, which

can be proposed from the increasing of roughness (Rq)

measured with AFM of film’s surface (Fig. 5b-e). The

values of Rq for CS/CNC-0 film was 25 nm, while for

composite films the Rq values were 53, 67 and 75 nm

for CS/CNC-2, CS/CNC-4 and CS/CNC-6,

respectively.

Conclusions

A green method for transforming microcrystalline

cellulose (MCC) into nanocrystalline cellulose based

on the treatment by a deep eutectic solvent (DES) was

described. Unlike the classical methods (based on the

acid treatment) the developed method allows to obtain

cellulose nanocrystals (CNC) without a significant

chemical surfacemodification. This potentiallywidens

the CNC application field and simplifies further

treatment of CNC. The molecular mechanism of

cellulose solvation in DES was revealed. Molecular

dynamics simulations demonstrated that the hydrogen

bond interactions of the cellulose hydroxyl groupswith

the urea C = O group and the chloride ions are the key

factors for the destruction of MCC particles in the

process of solvation. The crystal structure of cellulose

(Ib) and its high degree of crystallinity remained

unchanged during treatment with DES. CNC prepared

in this work show a significant reinforcing effect for

the chitosan-based films plasticized with DES.

Introduction of 2 wt% of CNC leads to an increase in

the strength of the films from 11.4 up to 20.4 MPa with

a simultaneous increase in the elongation at break.
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