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Abstract In this paper three newly synthesized

imidazolium ionic liquids with different structures of

cations were used for hydrolysis of cellulose. It was

found that type of the cation has a great influence on

particle size and dispersity of produced cellulosic

materials. The use of an ionic liquid with a cation with

an aliphatic substituent resulted in filler characterized

with wide dispersity range and some particles larger

than 2 lm. Introduction of methyl group into imida-

zolium ring was responsible for production of particles

below 350 nm. Such particles were obtained also

during hydrolysis of cellulose with ionic liquid

containing a benzyl substituent with that difference

that in this case particles had definitely narrower

dispersity range. Moreover, type of the ionic liquid

used affected crystallinity degree of the produced

celluloses. Produced cellulosic materials were used as

fillers for chitosan matrix. A relationship between

mechanical properties of polymer composites and the

particle size as well as dispersity of cellulose,

controlled by chemical modifications of cellulose with

innovative ionic liquids was evaluated. Incorporation

of filler with established dispersive properties made it

possible to form composites characterized by the

assumed properties, for example with high values of

Young’s modulus, tensile strength or elongation at

break. Understanding the dependence between the

structure of ionic liquids and dispersive properties of

cellulose is an important step toward the design of

composite materials with optimal mechanical

properties.
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Introduction

Nanometric cellulose is currently a subject of very

intensive scientific research. This is mainly due to the

high availability and renewability of the cellulose.

However, it is also caused by its attractive chemical

and mechanical properties, which make it applicable

in various fields. Nanometric cellulose combines the

most important features of both cellulose materials

and nanometric fillers (Trache et al. 2017). It is worth

emphasizing that the type of the nanometric filler

obtained from cellulose is particularly influenced by

the origin of cellulose and methods of its chemical or

mechanical treatment.

Nowadays, ionic liquids are used mainly to dissolve

or modify biomass and cellulose (Brandt et al. 2013;

Ghasemi et al. 2017; Borysiak et al. 2018), but there is

also a growing interest in the use of ionic liquids for

the direct production of nanometric cellulose. Swat-

loski et al. (2002) proved that cellulose can be

dissolved, without any previous activation of pre-

treatment, in e.g. 1-butyl-3-methylimidazolium chlo-

ride and subsequently regenerated. Initially, it was

claimed that the chloride anion, as a small acceptor of

hydrogen bonds, in combination with 1-butyl-3-

methylimidazolium cation is the most effective in

terms of dissolution of cellulose (Remsing et al. 2006).

Liu et al. (2010) proved that interactions between

acetate anions and hydroxyl groups of glucose are

three times stronger than analogous interactions

between water and hydroxyl groups. Thus, it was

confirmed that ionic liquids can effectively break H–

O…H–O bonds. Over time, it turned out that ionic

liquids containing halide anion are characterized by

high viscosity, significantly limiting their applicabil-

ity. In order to overcome this drawback, ionic liquids

with formate, acetate and phosphate anions were used

(Isik et al. 2014). Interestingly, the detailed mecha-

nism of cellulose dissolution is still debatable. Nuclear

magnetic resonance (NMR) and electron scattering

studies have shown that the dissolution of cellulose in

an ionic liquid is related to the presence of hydrogen

bonds between cellulose hydroxyl protons and chlo-

ride ions of ionic liquid, while the role of cations was

considered negligible (Remsing et al. 2006; Youngs

2011). Molecular dynamics studies on behavior of

small bunch of cellulose in various ionic liquids

showed that anions are intensely bound to hydroxyl

groups on the cellulose surface, creating a negative

electric charge that weakens the hydrogen bonds

between the cellulose chains. Then, as a result of

electrostatic attraction, the cations intercalate between

the chains and cause them to separate (Li et al. 2015).

Apart from the chemical structure of ionic liquid, one

of the two main factors affecting the solubility of

cellulose in ionic liquids is the crystallinity of

cellulose. Crystalline regions are characterized by

lower energy than amorphous regions, they are more

energetically stable and, therefore the dissolution of

the crystalline regions is more difficult (Lindman et al.

2010). In the initial stages the ionic liquid treatment of

cellulose results in the elimination of amorphous

regions from its structure, thus increasing the degree of

crystallinity, similarly as in the case of acid hydrolysis

(Jonoobi et al. 2015). The second factor responsible
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for dissolving cellulose is its hydrogen bonding system

(Lindman et al. 2010) since breaking them is neces-

sary to dissolve the polymer.

In accordance to the current state of knowledge, it

seems that dissolving cellulose and production of

nanometric cellulose requires the synergistic interac-

tion of both, cations and anions of ionic liquids. There

are many papers that prove that ionic liquids with

different structures of cations have an ability to

dissolve cellulose (Isik et al. 2014). Imidazole ionic

liquids with HSO4
- or Cl- anion were reported to be

the most suitable for that purpose. It was also found

that ionic liquids with these anions can be used in

controlled hydrolysis of cellulose leading to formation

of nanometric cellulose (Suzuki et al. 2014; Mao et al.

2015). However, just like in case of total dissolution of

cellulose, there are no data regarding influence of the

cation type of ionic liquid on production of nanometric

cellulose. Therefore, finding an answer for this issue

requires synthesis of new ionic liquids with planned

size of cation.

Nanometric cellulose and chitosan are polysaccha-

rides, which show a significant similarity in chemical

structure. Introduction of nanometric cellulose into

chitosan matrix results in obtaining biodegradable

composites that combine unique features of both

components. There are many papers regarding chi-

tosan/nanometric cellulose composites (HPS et al.

2016) which are mainly used on a laboratory scale, but

can also find application in the packaging (films for

food products, paper coatings), chemical (catalysts,

adsorbents) or in medicine (carriers of active sub-

stances) industry (Li et al. 2004; Fernandes et al. 2011;

Dehnad et al. 2014; Rad-Moghadam and Dehghan

2014). It is known that the higher the L/D ratio of the

filler, the better are its reinforcing properties (Pradhan

et al. 2013). Comparison of mechanical properties

obtained for chitosan filled with 10% of different types

of nanometric cellulose (Fernandes et al. 2009; Khan

et al. 2012; Rubentheren et al. 2016; Nandi and Guha

2018) showed that size of such filler is of great

importance.

Up to now there is no literature data regarding

influence of size of the cation of imidazole ionic liquid on

mechanism of nanometric cellulose formation. It is of

great importance to consider how the structure of ionic

liquid can affect size and dispersity of produced cellulosic

materials. It can be assumed that the design and synthesis

of new ionic liquids, intended solely for production of

nanometric cellulose, and not its complete dissolution,

will constitute a significant scientific novelty. Determin-

ing the optimal cation structure of the ionic liquid and the

determination of the process parameters using such a

hydrolyzing agent would allow to control the quality of

the obtained nanometric cellulose (size and dispersion of

particles, degree of polydispersity, crystal structure).

Finding this relationship is crucial in terms of production

of chitosan composites with cellulose. Thus, the aim of

this study was to define the influence of cellulose particle

size obtained using newly synthesized imidazole ionic

liquids on mechanical properties of chitosan composites.

Experimental

Materials

Cellulose Avicel PH-101 with average particle size of

50 lm and high molecular weight chitosan from crab

shells (degree of deacetylation 75–85%) was pur-

chased from Sigma-Aldrich. Acetic acid 80% pur-

chased from POCH S.A. was diluted to 2% (v/v)

solution and used for composites formation.

All the reagents used for syntheses of new ionic

liquids, i.e. 1-methylimidazole, 1-2-dimethylimidazole,

chlormethyl-ethylether, formaldehyde, hydrochloric

acid, sulfuric(VI) acid, benzyl alcohol, acetonitrile,

heptane were purchased from Sigma-Aldrich in ‘‘for

synthesis’’ quality or higher and were used without

further purification or drying. Chlormethyl-benzylether

was obtained by passing gaseous hydrochloric acid

through a mixture of formaldehyde and benzyl alcohol,

followed by two distillations under reduced pressure.

Synthesis of ionic liquids

Imidazolium ionic liquids were synthesized in a three

stage process, according to methods which are

described below.

The synthesis of acidic imidazolium ionic liquids

consisted in three steps:

In the first step imidazolium chlorides were obtained

in the reaction of 1-methylimidazole or 1,2-dimethylim-

idazole with chloromethylethyl ether (Scheme 1) or in

the reaction of 1-methylimidazole with chloromethyl-

benzyl ether (Scheme 2).Chloromethylbenzyl ether was

obtained by passing HCl-gas through a mixture of

formaldehyde and benzyl alcohol, according to the

123

Cellulose (2019) 26:4827–4840 4829



procedure described earlier (Urbanik et al. 1999). The

final chloromethylbenzyl ether was twice distilled under

reduced pressure. The yield was 68%.

Preparation of 3-ethoxymethy-1-methyl- and 3-

ethoxymethyl-1,2-dimethylimidazolium chloride an

anhydrous solution of 0.1 mol of 1-methylimidazole

or 1,2-dimethylimidazole in acetonitrile was added to

an anhydrous solution of 0.11 mol of chloromethy-

lethyl ether, in acetonitrile. The reactions were carried

out for 1 h at 320 K and then the solvent was

evaporated in vacuum. Quaternization reaction prod-

ucts were purified by extraction with heptane at 343 K.

The yield of hygroscopic products: 3-ethoxymethyl-1-

methylimidazolium chloride and 3-ethoxymethyl-1,2-

dimethylimidazolium chloride was 94 and 91%.

Preparation of 3-benzyloxymethy-1-methylimida-

zolium chloride an anhydrous solution of 0.1 mol of

1-methylimidazole in acetonitrile was added to an

anhydrous solution of 0.11 mol of chloromethylbenzyl

ether, in acetonitrile. The reaction was carried out for

2 h at 320 K and then the solvent was evaporated in

vacuum. Quaternization reaction product was purified

by extraction with heptane at 343 K. The yield of

hygroscopic product: 3-benzyloxymethy-1-methylimi-

dazolium chloride was 85%.Chloromethylethyl ether

and chloromethylbenzyl ether readily hydrolyzed in a

presence of small amount of water to form HCl, which

in turn gives the 1-methylimidazolium hydrochloride.

The separation of the quaternization product and

1-methylimidazolium hydrochloride is practically

impossible. For this reason, quaternization reactions

with chloromethylethyl ether and chloromethylbenzyl

ether were conducted under strictly anhydrous condi-

tions. In the second step, the chloride anions in obtained

imidazolium chlorides were exchanged to hydroxide

anions, on the ion exchange resin (Dowex Monosphere

550 A UPW OH form resin) (Schemes 1, 2).

Preparation of imidazolium hydroxide 0.1 mol of

imidazolium chloride was dissolved in water and

passed through the column filled with Dowex Mono-

sphere 550 A UPW OH form resin. In the third step so

obtained imidazolium hydroxides were immediately

reacted with sulfuric acid and appropriate imida-

zolium hydrogen sulfate was achieved (Schemes 1, 2).

Water was evaporated in vacuum.

N

N
CH3 R

+ C2H5OCH2Cl

N
+

N
CH3

CH2OC2H5

R
OH

- H2SO4+
N

+

N
CH3

CH2OC2H5

R HSO4
-

H2O+

N+

N
CH3

CH2OC2H5

R
Cl

-

Dowex

Dowex

R = H, CH3

Scheme 1 Synthesis of 3-ethoxymethyl-1-methylimidazolium hydrogen sulfate (emm) and 3-ethoxymethyl-1,2-dimethylimida-

zolium hydrogen sulfate (emd)

N

N

CH3

ClCH2O+ N+NCH3 O
DowexCl-

OH-

H2SO4+
HSO4

-

H2O+N+NCH3 O N
+NCH3 O

Dowex

Scheme 2 Synthesis of 3-benzyloxymethyl-1-methylimidazolium hydrogen sulfate (bom)
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Three imidazolium hydrogen sulfates were synthe-

sized: 3-ethoxymethyl-1-methylimidazolium hydrogen

sulfate (emm),3-ethoxymethyl-1,2-dimethylimida-

zolium hydrogen sulfate (emd), and 3-benzy-

loxymethyl-1-methylimidazolium hydrogen sulfate

(bom). The total yield was 98.9%, 99%, and 99.3%.

In Table 1 chemical structures, names, and abbre-

viations of newly synthesized ionic liquids are given.

Hydrolysis of cellulose with ionic liquids

Micrometric cellulose I was mixed with tenfold excess

of ionic liquid, the mixture was kept in 50 �C for 2 h.

Subsequently distilled water was added so that ionic

liquid to water ratio was 80:20 (w/w). The mixture was

heated up to 90 �C and the reaction was continued for

next 6 h under constant stirring at 600 rpm. After that

time hydrolysis was stopped by adding water. The

obtained suspension was neutralized with significant

amounts of water until pH & 7 was reached, then

sedimented, centrifuged, and filtered. Produced CNC

was dried at 70 �C until constant weight (Binder FD

series 23). After hydrolysis process ionic liquid was

recovered using vacuum evaporator (Rotavapor RII,

Büchi Labortechnik AG, at 70 �C, 82 mbar, 24 h).

Water content in ionic liquid after recovery was 8%

(w/w). The abovementioned procedure was applied

for hydrolysis of cellulose I with each of ionic liquids.

The yield of CNC production was in range from 65 to

80%. Loss of the material was caused by the multi-step

process of preparation of filler.

Preparation of composites

Chitosan/nanocrystalline cellulose composites were

produced by solvent casting method described also by

other authors (Dehnad et al. 2014; Falamarzpour et al.

2017). Firstly, chitosan was dissolved in 2% (v/v)

CH3COOH. Secondly, suspension of CNC (containing

1%, 3%, and 5% (w/w) of CNC, in relation to dry mass

of chitosan) in acetic acid was slowly added to

chitosan solution, stirred for 5 min at 3000 rpm, and

then homogenized using ultrasonic bath (30 min at

40 kHz, 100% power without heating). Mixtures were

applied on Petri dishes and dried for 12 h at 35 �C.

Obtained films were homogenous, no holes or big

agglomerates were present.

Samples were named for ease of experiments and film

characterization such as CHT/5 CNC-bom where stands

for chitosan composite with 5% loading of nanocrys-

talline cellulose I produced using 3-(benzyloxymethyl)-

1-methylimidazolium hydrogen sulfate(VI).

NMR spectroscopy

Chemical structure and purity of ionic liquids was

confirmed using NMR spectroscopy. 13C NMR and 1H

NMR spectra were recorded using Brucker Avance

spectrometer at 600 MHz and 150 MHz frequency,

respectively for 1H NMR and 13C NMR. Tetramethyl-

silane was used as an internal standard.

The results of NMR measurements are as follows:

Table 1 Structures and names of used ionic liquids

Chemical formula Name Abbreviation

3-etoxymethyl-1-methylimidazolium hydrogen sulfate(VI) emm

3-etoxymethyl-1,2-dimethylimidazolium hydrogen sulfate(VI) emd

3-benzyloxymethyl-1-methylimidazolium hydrogen sulfate(VI) bom
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3-(etoxymethyl)-1-methylimidazolium hydrogen

sulfate(VI) (emm): 1H NMR (600 MHz, temp.

298 K, DMSO-d6, TMS): d (ppm) = 1.11–1.13(t,

J = 7,1 MHz, 3H); 3.55–3.58(q, J = 7.1 MHz, 2H);

3.91(s, 3H); 5.59(s, 2H); 7.80(s 1H); 7.88(s, 1H);

9.36(s, 1H). 13C NMR (150 MHz, temp. 298 K,

DMSO-d6, TMS): d (ppm) = 14.64; 35.96; 64.84;

77.95; 121.93; 124.08; 137.31.

3-(etoxymethyl)-1,2-dimethylimidazolium hydro-

gen sulfate(VI) (emd): 1H NMR (600 MHz, temp.

298 K, DMSO-d6, TMS): d (ppm) = 1.10–1.12(t,

J = 7 MHz, 3H); 2.64(s, 3H); 3.52–3.53(d, 2H);

3.80(s, 3H); 5.56(s, 2H); 7.69(s 1H); 7.79(s, 1H). 13C

NMR (150 MHz, temp. 298 K, DMSO-d6, TMS): d
(ppm) = 9.39; 14.67; 34.74; 64.40; 76.86; 121.19;

122.41; 145.49.

3-(benzyloxymethyl)-1-methylimidazolium hydro-

gen sulfate(VI) (bom): 1H NMR (600 MHz, temp.

298 K, DMSO-d6, TMS): d (ppm) = 3.90(s, 3H);

4.63(s, 2H); 5.70(s, 2H); 7.32–7.37(m, 5H);

7.78(s, 1H); 7.90(s, 1H); 9.38(s, 1H). 13C NMR

(150 MHz, temp, 298 K, DMSO-d6, TMS): d (ppm) =

35.90; 71.01; 77.88; 121.91; 124.04; 127.81; 127.94;

128.34; 136.60; 137.43.

X-ray diffraction

Supermolecular structures were analyzed by means of

powder X-ray diffraction (pXRD) using CuKa radi-

ation at 30 kV and 25 mA anode excitation. The X-ray

diffraction patterns were recorded for the angle range

of from 5� to 30� in the step of 0.04�/3 s. Deconvo-

lution of peaks was performed by the method proposed

by Hindeleh and Johnson (1971), improved and

programmed by Rabiej (1991). The deconvolution of

a sample cellulose diffraction pattern for crystallinity

measurement is shown is Supplementary Material

(Fig. S1). After separation of X-ray diffraction lines,

the crystallinity index (Xc) of cellulosic materials was

calculated by comparison of areas under crystalline

peaks and amorphous curve.

FTIR analysis

FTIR analysis was performed to determine changes in

chemical structure of cellulose after ionic liquid

treatment. FTIR spectra were recorded on an ATI

Mattson Infinity Series FTIR spectrometer equipped

with a deuterated triglycine sulfate detector, in range

from 500 to 4000 cm-1.

FTIR-ATR analysis

Chitosan and composite samples were analyzed using

a Fourier transform attenuated total reflectance (ATR)

spectrometer Alpha (Bruker Optics GmbH). Spectra

were recorded in range from 500 to 4000 cm-1. The

spectral resolution of the spectrophotometer was

4 cm-1, each spectrum was computed as an average

of 32 successive measurements in order to minimize

the measurement error. Each sample was tested five

times.

Elementary analysis

The analysis of carbon, hydrogen, nitrogen, and sulfur

concentration in cellulosic materials was determined

by the Thermo Scientific Flash 2000 CHNS/O Ana-

lyzer (Thermo Fisher Scientific, USA). Instrument

was calibrated with the 2,5-bis-(5-tert-butyl-benzox-

azol-2-yl)thiophene (Thermo Fisher Scientific, USA)

and Birch Leaf (Elemental Microanalysis Ltd, UK)

standards.

Particle size determination

Zetasizer Nano ZS (Malvern Instruments Ltd.)

employing the laser diffraction technique in the range

of 0.6–6000 nm, respectively was applied to deter-

mine particle size and the dispersive properties of

cellulosic materials. Before each test 0.01 g of tested

material was dispersed in 25 cm3 of propanol and

homogenized by ultrasonication for 20 min.

Mechanical testing of composites

Tensile properties of composites were defined using

Zwick and Roell Allround-Line Z020 TEW testing

machine. Samples of 10 mm width and thickness ca.

0.1 mm were tested with speed 5 mm/min and initial

force 0.2 N in accordance to standard ISO 527-3. The

arithmetic mean of at least seven replicate determina-

tions was taken into consideration in each case.
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Results and discussion

Chemical structure and elementary composition

of cellulose treated with ionic liquids

Figure 1 shows FTIR spectra of starting cellulose and

cellulose hydrolyzed with ionic liquids. In accordance

to the literature (Satyamurthy and Vigneshwaran

2013) all the characteristic bands of cellulosic mate-

rials were identified. All spectra contained bands

coming from following bonds: O–H (* 3400 cm-1

and * 1650 cm-1), C–O–O (* 1730 cm-1), C–H

and O–CH stretching (* 1450 cm-1), C–H bending

(* 1370 cm-1), C–O–C stretching (* 1030 cm-1),

and C–OH bending (* 670 cm-1). Samples treated

with ionic liquid did not show any bands coming from

imidazole ring of ionic liquids proving that produced

celluloses were sufficiently washed.

The results of elementary analysis given in Table 2

prove that produced materials did not contain any

significant ionic liquids residues. In micrometric

cellulose I neither nitrogen nor sulfur was detected.

Hydrolyzed samples were characterized with small

content of nitrogen and sulfur, what is a result of

hydrolysis process, remains of ionic liquid. Yang et al.

(2006) performed studies in which the nitrogen

content in Avicel PH-101 cellulose was found to be

even higher (0.40 ± 0.02%) than in ionic liquid

treated samples produced in this research.

Supermolecular structure of celluloses

Cellulosic materials were analyzed in terms of super-

molecular structure. In Fig. 2 X-ray diffraction pat-

terns of cellulose and ionic liquid treated celluloses are

shown. Figure S2 shows the diffraction patterns of the

various composites.

Regardless of the ionic liquid used, the super-

molecular structure of each sample was characteristic

for cellulose I. There were no peaks coming from

crystallographic structures of cellulose II proving that

no polymorphic conversion occurred. In comparison

with starting cellulose I, intensity of peaks recorded

for samples CNC–emd and CNC–bom, treated with

new ionic liquids was significantly increased. It is

noticeable especially for peak at 2h & 22.5�, coming

from lattice plane (200). Changes in shape of diffrac-

tograms can be assigned to higher degree of order of

hydrolyzed cellulose. Starting cellulose I consisted of

63% of crystalline phase, whereas degree of crys-

tallinity of ionic liquid treated samples was in range

from 68 to 77%. The overall increase in crystallinity

degree is in line with literature (Man et al. 2011; Kos

et al. 2014). That proves that ionic liquid hydrolysis

was effective, caused degradation of amorphous

regions, and thus increased the content of crystalline

phase.

Determination of particles size for ionic liquid

treated celluloses

One of the most important aspects of this study was to

find the relationship between the chemical structure of

ionic liquid cation and size of the particles produced

using this particular hydrolyzing agent. Figure 3

presents the findings of laser diffraction technique

which enabled determination of particle size of

celluloses treated with different ionic liquids.

It is clearly visible that the cation type used for

treatment has a great influence on particle size of

produced materials. Hydrolysis of cellulose I with

ionic liquid named ‘emm’, with an oxygen atom in

side chain of imidazole ring, was responsible for

obtaining particles with wide distribution of diame-

ters. Sample CNC–emm contained 56% of particles

with diameters B 220 nm. Most probably these par-

ticles were prone to agglomeration and in result high

amount of particles of size B 2670 nm was observed.

Similar results were observed by other authors
Fig. 1 FTIR spectra of cellulose I and celluloses hydrolyzed

with ionic liquids
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(Dufresne 2013) who explain this behavior with

presence of strong O–H intermolecular bonds occur-

ring in cellulose. Diameters of cellulose particles

treated with 3-(etoxymethyl)-1,2-dimethylimida-

zolium hydrogen sulfate(VI) were definitely narrower.

CNC–emd sample contained particles only in range

from 91 to 342 nm. Interestingly, the only difference

in chemical structure of ‘emm’ and ‘emd’ ionic liquids

was the presence of extra methyl group in the

imidazole ring of ‘emd’. It turns out that blockage of

proton in C2 position of imidazole ring is responsible

for significant reduction of dispersity of obtained

particles. Cellulose hydrolyzed with ‘bom’ ionic

liquid, containing in its structure a benzyl ring, was

characterized with narrow and well-defined particle

size distributions. This CNC–bom sample had diam-

eters in range 164–342 nm. What is important, in case

of both CNC–emd and CNC–bom sample no micro-

metric particles were observed. However, it assumed

that regardless of the hydrolyzing agent used particles

of size B 122 nm showed a tendency to agglomerate.

Similar behavior was also observed in our previous

studies regarding acid (Borysiak and Grząbka-Zasad-

zińska 2016) and 1-butyl-3-methylimidazolium

hydrogen sulfate (Grząbka-Zasadzińska et al. 2017)

hydrolysis of celluloses.

Chemical structure of chitosan/nanometric

cellulose composites

The FTIR-ATR spectra of chitosan and its composites

shown in Fig. 4 were recorded in order to determine

Table 2 Content of

nitrogen, carbon, hydrogen,

and sulfur in untreated

cellulose and in samples

after ionic liquid treatment

nd not detected

N C H S

Content (%)

Cellulose I nd 42.830 ± 0.002 6.364 ± 0.050 nd

CNC–emm 0.176 ± 0.001 41.848 ± 0.006 6.311 ± 0.048 0.246 ± 0.025

CNC–emd 0.159 ± 0.003 41.446 ± 0.012 6.214 ± 0.056 0.176 ± 0.005

CNC–bom 0.128 ± 0.004 42.344 ± 0.009 6.238 ± 0.158 0.114 ± 0.001

Fig. 2 Diffractograms of cellulose I and celluloses hydrolyzed

with ionic liquids

Fig. 3 Particle size

distribution of cellulosic

materials
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the infrared bands and shifts related to formation of

CHT/CNC composites.

The position of the peaks of chitosan film in

spectrum is similar to those described previously by

numerous authors (Wang et al. 2005; Cao et al. 2007;

Zhang et al. 2011). The absorption peaks of the

chitosan films at 3500–3250 cm-1 can be assigned to

the stretching of intra- and intermolecular O–H and

CH2OH, overlapping with stretching NH2

(3500–3400 cm-1), and N–H secondary amides vibra-

tions (3300–3280 cm-1). Peak at 2920–2870 cm-1

corresponds to symmetric and asymmetric C–H

vibrations. Bands coming from amide I, amide II,

and amide III at 1640 cm-1, 1549 cm-1, and

1261 cm-1, respectively have also been observed.

When compared to unfilled chitosan, spectra

recorded for composites did not show major varia-

tions. That was due to the fact that both cellulose and

chitosan are polysaccharides and their chemical

structure, except for presence of the amide groups in

chitosan, is very similar. Positions of bands charac-

teristic for produced nanocelluloses were already

given in ‘‘Chemical structure and elementary compo-

sition of cellulose treated with ionic liquids’’ section of

this paper.

In spectra of composites (Fig. 4) all representative

bands of chitosan and cellulose were present. How-

ever, it can be seen that incorporation of 5% of CNC in

chitosan matrix resulted in some differences. Peak

at * 3340 cm-1 observed only for composite sam-

ples suggests occurrence of hydrogen bonding

between CNC and polymer matrix (Khan et al.

2010, 2012). For composites absorption bands

of * 1200 cm-1 and * 1549 cm-1 were slightly

shifted to lower wavenumbers indicating that bonds

for CH, NH, and OH groups are weaker and C, N, and

H atoms are stronger attracted to other ambient atoms

(Xu et al. 2018). Other changes resulting from addition

of CNC were rather minor because of the low amount

of CNC used to form composites.

Fig. 4 FTIR-ATR spectra of chitosan and its composites
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Mechanical testing of chitosan/nanometric

cellulose composites

Produced nanometric celluloses were incorporated in

chitosan polymer matrix. Tensile parameters obtained

during mechanical test of composites are given in

Table 3.

In terms of Young’s modulus incorporation of each

type of the filler was responsible for increase of this

parameter when compared to unfilled chitosan. Def-

initely the highest value of Young’s modulus,

2453 MPa, was calculated for chitosan filled with

1% of CNC–bom filler. YM for composite with 3% of

CNC–emm reached 1630 MPa, but if standard devi-

ations are taken into consideration it turns out that

values recorded for chitosan with 1% and 3% of CNC–

emm were rather comparable. YM for composites

filled with 1% and 5% of CNC–emd was slightly

lower, reaching 1557 MPa and 1313 MPa,

respectively.

Introduction into polymer matrix of 1% and 3% of

cellulose hydrolyzed with 3-(etoxymethyl)-1-

methylimidazolium hydrogen sulfate(VI) resulted in

over 30% increase of tensile strength when compared

to pristine chitosan. For composite with 5% of this

filler value of TS dropped to 21.2 MPa. In case of

chitosan with CNC–emd the best results were obtained

for composites with 1% of the filler, the TS reached the

value of 60.1 MPa. Composites with 5% of this filler

were characterized with lower, but still relatively high

value of TS—35.3 MPa. Addition of 3% of the CNC–

emd filler to polymer matrix led to decrease of tensile

strength to the lowest noted value, 16.9 MPa. The

most significant increase in tensile strength, up to

64.9 MPa, was noted for chitosan with 1% of cellulose

hydrolyzed with 3-(benzyloxymethyl)-1-methylimi-

dazolium hydrogen sulfate(VI). As the amount of the

CNC–bom filler in composite increased to 3% and 5%,

the TS parameter reached value of 26 MPa and

29.4 MPa, respectively.

In terms of both, Young’s modulus and tensile

strength, the highest values were observed for com-

posites with 1% loading of a filler. Also our previous

research shows that 1% content of a nanocellulosic

filler in chitosan matrix is optimal (Grząbka-Zasad-

zińska et al. 2018). This is consistent with other

literature reports in which it was shown that compos-

ites with the smallest amount of filler are characterized

by the highest values of strength parameters, resulting

from better dispersion of fillers in the polymer matrix

(Haafiz et al. 2013; Ambrosio-Martı́n et al. 2015). A

similar phenomenon was observed by Boufi et al.

(Boufi et al. 2014), who noted that the decrease in the

TS value along with the increase in the content of

nanometric cellulose in the polymer matrix results

from the limitation of polymer chain movements.

Surprisingly, in our study values registered for com-

posites with 3% of each filler were the lowest.

However, further increase of filler content up to 5%

resulted in improvement of TS and YM parameters.

Decrease of YM and TS observed for materials with

3% of a filler can be assigned to aggregation of a filler.

Tendency of filler to aggregate results from its high

surface energy and high specific area of nanometric

particles (Mendes et al. 2015; Reid et al. 2016).

Moreover, during preparation of chitosan/CNC solu-

tions, apart from aggregation, a competitive, rever-

sible process of agglomeration takes place. If

mechanical or ultrasonic homogenization is applied

these agglomerates can be splitted into smaller

particles (Seipenbusch et al. 2010).

Elasticity of composite films with 1% and 3% of

CNC–emm filler was similar, ca. 30%. Only the use of

the maximum content of this filler resulted in a

significant reduction in elasticity, to EB = 5.8%.

Chitosan with 1% CNC–emd was characterized with

the highest value of EB = 40.1%, which is comparable

to reference sample of chitosan (EB = 41.9%). This is

rather exceptional, because in among all other com-

posites, a considerable decrease of elongation at break,

Table 3 Young’s modulus (YM), tensile strength (TS), and

elongation at break (EB) parameters obtained for tested

specimens

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

CHT 236 ± 56 24.7 ± 1.5 41.9 ± 4.8

CHT/1 CNC–emm 1360 ± 44 32.5 ± 3.9 30.4 ± 1.3

CHT/3 CNC–emm 1630 ± 261 35.2 ± 3.5 33.9 ± 3.2

CHT/5 CNC–emm 759 ± 128 21.2 ± 1.4 5.8 ± 0.9

CHT/1 CNC–emd 1557 ± 114 60.1 ± 4.8 40.1 ± 1.4

CHT/3 CNC–emd 542 ± 104 16.9 ± 1.2 28.5 ± 3.8

CHT/5 CNC–emd 1313 ± 29 35.3 ± 1.3 9.8 ± 2.3

CHT/1 CNC–bom 2453 ± 146 64.9 ± 7.1 19.8 ± 2.0

CHT/3 CNC–bom 810 ± 87 26.0 ± 3.3 15.4 ± 1.7

CHT/5 CNC–bom 1263 ± 132 29.4 ± 2.8 6.2 ± 1.6
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typical for nanocomposites, was observed. Increase of

the CNC–emd filler content only to 3% led to lowering

the elasticity to 28.5%, whereas for chitosan/5 CNC–

emd the EB was found to be only 9.8%. Similar

behavior was noted also for films with the last type of

filler, CNC–bom. The EB parameter for chitosan with

maximum loading of this filler was 6.2%.

In view of the above, it turns out that not only

particle size of filler, but also it homogeneity had an

important influence on mechanical properties of

composites.

The highest values of elongation at break were

registered for films with 1% and 3% of CNC–emm and

CNC–emd fillers which contained parti-

cles B 122 nm. Filler produced using 3-(benzy-

loxymethyl)-1-methylimidazolium hydrogen

sulfate(VI) was characterized with narrow particle

size distribution, but at the same time did not have

particles with diameter B 122 nm. In result, compos-

ites with this CNC–bom filler were definitely less

elastic that other films. To sum up, elongation at break

parameter was influenced by the presence of micro-

metric particles and particles with nanometric size

(B 122 nm).Both types of composites that did not

contain micrometric particles (with CNC–emd and

CNC–bom) are characterized with different elasticity

which results from presence of particles with

size B 122 nm.

Homogeneity of filler particle size was found to be

crucial in terms of values of Young’s modulus.

Definitely the highest YM was noted for chitosan

with 1% of CNC–bom filler, whose all particles were

in range between 164 and 342 nm. Lower values of

YM were obtained for composites with 1% of CNC–

emd (contained particles smaller than 164 nm and no

micrometric agglomerates). The lowest YM was

observed for films with CNC–emm filler that had

two main fractions of particles—with diame-

ters B 122 nm and micrometric agglomerates over

2670 nm.

Particle size distribution was found to influence not

only Young’s modulus but also tensile strength of

studied composites. Similarly, the highest value of TS

(64.9 MPa for 1% of filler) was calculated for films

with CNC–bom filler which was characterized with

the narrowest range of particle diameters (Fig. 5).

Composites with CNC–emd filler, that in comparison

with CNC–bom contained particles B 122 nm,

resulted in obtaining lower, but still high values of

TS (60.1 MPa for 1% loading). Introduction into

chitosan matrix CNC–emm filler, with high amount of

both, micrometric and nanometric particles, resulted

in the lowest values of tensile strength.

Analysis of mechanical tests results of composites

in relation to the distribution of particles size of fillers

allowed to determine that the key factor determining

the mechanical properties was application of a filler

with a specific distribution of particle size. When

comparing composites with 1% of filler it can be seen

that the highest values of Young’s modulus were

obtained using filler with the lowest dispersion of

particle size, while maximum tensile strength was

recorded for composites with filler that did not contain

micrometric particles. Composite materials with high

elasticity were produced by incorporating into chi-

tosan filler that had particles with diame-

ters B 122 nm. Surprisingly, particles size of the

filler is not the only aspect determining mechanical

properties of the composites. The key factor was found

to be dispersity of produced cellulose particles. High

amount of nanoparticles did not necessarily resulted in

obtaining optimal mechanical properties. Composites

with high values of tensile strength and elasticity were

produced if filler with low dispersity of particle size

was used, even if particles larger than 100 nm were

present. Based on conducted research, it was shown

that designing a cation of ionic liquid with an

appropriate size could enable the control of the size

of cellulose nanoparticles and, as in consequence, the

mechanical properties of the composites.

Conclusions

In this paper the influence of the cation type of newly

synthesized imidazolium ionic liquids on distribution

of particle size was determined. The cation with the

aliphatic substituent was responsible for the formation

of particles with a size of B 122 nm. The use of an

ionic liquid with a cation containing a benzyl

substituent was responsible for obtaining filler with

narrow dispersity range of particle size. It was found

that type of the ionic liquid used has also an influence

on crystallinity degree of the produced materials.

Incorporation into chitosan matrix filler hydrolyzed

with cation containing benzyl substituent (character-

ized with narrow dispersity of particle size) resulted in

obtaining materials with high values of Young’s
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modulus. Composites with high values of tensile

strength were produced if used filler did not contain

particles larger than 2 lm. Such fillers, with particle

diameters B 342 nm, were produced using ionic liq-

uids with 3-(etoxymethyl)-1-methylimidazolium and

3-(benzyloxymethyl)-1-methylimidazolium cations.

Therefore, the narrower was the particle size distribu-

tion, the higher the values of tensile strength of

composites were recorded. Introduction of filler with

diameters B 122 nm and no micrometric particles—

cellulose hydrolyzed with 3-(etoxymethyl)-1,2-

dimethylimidazolium hydrogen sulfate(VI)—resulted

in preparation of films with high elongations at break.

The obtained results should be important in terms of

designing properties of composite materials. Finding a

yet unrecorded relationship between dispersive char-

acteristics of nanometric celluloses and mechanical

properties of chitosan/nanometric cellulose compos-

ites enables formation of composites with assumed

macroscopic features.
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