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Abstract: The aim of this study was to compare parameters of nanocellulose obtained by two different procedures:
hydrolysis with ionic liquids (1-allyl-3-methylimidazolium chloride and 1-ethyl-3-methylimidazolium acetate) and
hydrolysis with ionic liquids in combination with hydrolysis using a cellulolytic enzyme from Trichoderma reesei.
Avicel cellulose was treated with two ionic liquids: 1-allyl-3-methylimidazolium chloride (AmimCl) and 1-ethyl-
3-methylimidazolium acetate (EmimOAC). In the two-step hydrolysis cellulose after treatment with ionic liquids
was additionally hydrolyzed with a solution of enzymes. In order to characterize the obtained material, the
following analyses were used: infrared spectroscopy, X-ray diffraction and dynamic light scattering. The results
indicated that cellulose obtained by two-step nanocellulose production methods (first hydrolysis with ionic liquids
and then with enzymes) showed similar parameters (particle size, XRD patterns and degree of crystallinity) as the
material after the one-step process, i.e. hydrolysis with ionic liquids.
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INTRODUCTION

Nanocellulose is a very popular material, as evidenced by numerous patents and
scientific articles related to this topic [Charreau et al. 2020; Ribeiro et al. 2019]. This material
is widely used in many areas: food technology, medicine, pharmacy, cosmetics, electronics,
furniture and environmental protection or in the search for new composite materials [Moohan
et al. 2020; Trache et al. 2020; Zinge and Kandasubramanian 2020]. A wide range of potential
applications for nanosized cellulose results from its unique properties, such as light weight, large
surface area, low density, outstanding strength properties, biodegradability and biocompatibility
[Heise et al. 2021; Phanthong et al. 2018].

Cellulose of nanometric dimensions can be obtained by various methods, e.g.
mechanical techniques, such as grinding, grating or using high-power lasers, and chemical
methods, where acids and bases are used [George et al. 2015; Kalia et al. 2011; Lee et al. 2014].
In the production of nanocellulose acid hydrolysis or hydrolysis in combination with other
methods, most often mechanical, is commonly used. In this process, acids such as hydrochloric,
hydrobromic or sulfuric acid are typically used. In the case of obtaining nanocellulose as a result
of acid hydrolysis, significant amounts of the acids are needed, which makes this method
harmful to the environment [De Aguiar et al. 2020; Man et al. 2011; Trache et al. 2020]. Another
disadvantage of this method is connected with the low efficiency of this process and the
resulting product showing reduced thermal stability of obtained nanocellulose [Clought et al.
2014; Du and Qian 2011]. Alternative, environmentally safe methods of nanocellulose
production are hydrolysis processes with the use of ionic liquids or enzymes. lonic liquids (IL)
are compounds that are attractive thanks to such properties as melting point below 100°C,
chemical and thermal stability, recyclability, low vapor pressure, non-volatility and non-
flammability [Prudéncio et al. 2020; Tan et al. 2015]. Imidazolium ionic liquids such as 1-butyl-
3-methylimidazolium  bisulfate, 1-ethyl-3-methylimidazole chloride or 1-butyl-3-



methylimidazolium chloride are most often used to obtain nanocellulose [Grzabka-Zasadzifska
et al. 2019; Mao et al. 2017; Tan et al. 2015]. The method of producing nanocellulose using
ionic liquids has both advantages (using small amounts of solvents, working with an odorless
and relatively safe solvent at atmospheric pressure), but unfortunately also disadvantages
(unsatisfactory efficiency) [Brodeur et al. 2011; Karimian et al. 2019; Noor et al. 2020]. To
obtain nanocellulose, enzymes (cellulases) are also used. These enzymes are produced, among
others, by some species of fungi, bacteria and insects (Trichoderma, Aspergillus, Clostridium
or Zophobas) [Michelin et al. 2020; Szentner et al. 2019; Zielinska et al. 2021]. The type of
cellulolytic enzymes determines the efficiency of nanocellulose production [Zielinska et al.
2021]. In order to find the most optimal manner to obtain nanocellulose various methods are
combined, e.g. a combination of hydrolysis using ionic liquids with enzymatic hydrolysis
[Babicka et al. 2021; Siqueira et al. 2019; Tibolla et al. 2019; Yassin et al. 2019].

The aim of this study was to compare parameters of nanocellulose obtained by two
different procedures: hydrolysis with ionic liquids (1-allyl-3-methylimidazolium chloride and
1-ethyl-3-methylimidazolium acetate) and hydrolysis with ionic liquids in combination with
hydrolysis using a cellulolytic enzyme from Trichoderma reesei.

MATERIALS AND METHODS
Hydrolysis with ionic liquids

The Avicel PH-101cellulose material (Sigma Aldrich Chemie, Darmstadt, Germany)
was mixed with ionic liquids (1-allyl-3-methylimidazolium chloride (AmimCl) (>97.0%) and
1-ethyl-3-methylimidazolium acetate (EmimOAc) (>95.0%)) at a weight ratio of 1:5. Both
ionic liquids were purchased from Sigma Aldrich Chemie, Darmstadt, Germany. The
reactions were run for ~ 15 min (until the mixture becomes homogeneous) at the temperature
of 80°C using a heating mantle with intense magnetic stirring (ChemLand, Stargard, Poland).
The hydrolysis reactions were stopped by adding 15 ml of a mixture of water and acetone
(1:1) to the reaction solutions. The obtained products were washed with a mixture of water
and acetone, next filtered and dried initially at room temperature and finally over P,Os (Sigma
Aldrich Chemie, Darmstadt, Germany).

Hydrolysis with the enzyme

The next step of the study was to run enzymatic hydrolysis of the cellulosic material
after treatment with ionic liquids. The Avicel cellulose after hydrolysis with EmimOAc and
AmimCl was added to citrate buffer (50 mM, pH =4.8) ataratio of 50 : 1 (mg/ml) and incubated
for 30 min at 50°C with a shaking speed of 150 rpm using an incubated shaker (Lab Companion,
JeioTech, Korea). Then the cellulolytic enzyme (from the microscopic fungus Trichoderma
reesei ATCC 26921 with an activity of 700 units/g, Sigma Aldrich Chemie, Darmstadt,
Germany) diluted in citrate buffer (1:50 by volume) was added to the cellulose at a ratio of 1:
2 by volume. The mixture was incubated at S0°C for 30 min. After this time the reaction was
stopped by boiling the sample for 5 min. The samples were centrifuged (Universal 320, Andreas
Hettich GmbH and Co. KG, Tuttlingen, Germany), washed with deionized water and dried in
a laboratory dryer (Pol-Eko-Aparatura, Wodzistaw Slaski, Poland).
As a result of the experiment using the raw cellulose material (Avicel) four different samples
were obtained, the denotations of which are presented in Table 1.



Table 1. Description of symbols of obtained samples

Hydrolysis steps
Samples T E— -
Treatment with ionic liquids Treatment with enzymes
A AmimClI -
E EmimOAc -
AT AmimCI Trichoderma reesei
ET EmimOAc Trichoderma reesei

FTIR spectroscopy. Cellulose samples were mixed with KBr (Sigma Aldrich Chemie,
Darmstadt, Germany) and analyzed using a Nicolet iS5 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). XRD analysis. The supermolecular structures of cellulose
samples were analyzed using the X-ray diffraction (XRD) analysis (TUR M-62 X-ray
diffractometer, Carl Zeiss AG, Jena, Germany). DLS analysis. The particle sizes expressed as
the hydrodynamic diameter of cellulose samples were determined using the DLS method
(Zetasizer Nano ZS-90 instrument, Malvern, UK).

RESULTS AND DISCUSSION
The FTIR spectra of Avicel cellulose, cellulose after hydrolysis with ionic liquids and
the material after hydrolysis with IL and enzymes are presented in Figs. 1 and 2.
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Figure 1. FTIR spectra of Avicel, (A) Avicel cellulose treated with AmimCl,
(AT) Avicel cellulose treated with AmimCl and the enzyme.
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Figure 2. FTIR spectra of Avicel, (E) Avicel cellulose treated with EmimOAc, (ET) Avicel
cellulose treated with EmimOAc and the enzyme.

In the spectra of all cellulose samples a wide band in the range of 3350-3480 cm—1
corresponding to the O-H bond and a band at 2900 cm-1 corresponding to the C-H stretching
limitation are observed [Tan 2015]. For both methods of nanocellulose preparation (hydrolysis
with ionic liquids and two-step hydrolysis with ionic liquids and enzymes), a material with a
similar chemical structure was obtained, which confirms the presence of bands at the same
wavenumber values. Moreover, the addition of enzymatic hydrolysis after the hydrolysis with
ionic liquid did not affect the cellulose structure, which confirms the presence of the same bands
in the spectra of the material for both methods of nanocellulose preparation. The diffraction
profiles of Avicel cellulose after hydrolysis with ionic liquids and cellulose after hydrolysis
with ionic liquids and enzymes are shown in Fig. 3.

Cellulose diffractograms after treatment with the AmimCIl and EmimOAc ionic liquids
showed peaks at 20 = 15°, 17° and 22.7° corresponding to the planes (1-10), (110) and (200),
respectively [French 2014], which is characteristic to cellulose I, although the intensity is much
less than that of raw Avicel. Moreover, peak was observed at the diffraction angles of 20°,
corresponding to planes (110). This indicates that cellulose I is partially converted to cellulose
Il by the action of ionic liquids. It is worth emphasizing that the polymorphic transformation of
cellulose occurred to a greater extent in the case of hydrolysis with the use of EmimOAc ionic
liquid. The same effect (conversion from cellulose | to cellulose 11) was observed in our earlier
work, where cellulose in the form of Avicel and Whatman after enzyme pretreatment was
hydrolyzed with AmimCIl and EmimOACc [Babicka et al. 2021]. These results are also in line
with the work described by Cheng et al. (2011), where hydrolysis of various lignocellulosic
materials (Avicel, switchgrass, pine and eucalyptus) with EmimOAc resulted in the formation
of cellulose II.
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Figure 3. XRD patterns of Avicel, (A) Avicel cellulose treated with AmimClI, (E) Avicel
cellulose treated with EmimOAc, (AT) Avicel cellulose treated with AmimCl and the
enzyme, (ET) Avicel cellulose treated with EmimOAc and the enzyme.



Table 2. The degree of crystallinity of cellulose samples

Samples Crystallinity index (%)
Avicel 61
A 14
AT 16
E 28
ET 30

The values of the crystallinity index indicated that hydrolysis with ionic liquids
influenced crystallinity of the raw cellulose samples. The crystallinity index for Avicel cellulose
was 61%, for the material treated with AmimCl it was 14% and for that treated with EmimOAc
it was 28%. These observations are consistent with our previous work [Babicka et al. 2021],
where it was also observed that the AmimCl ionic liquid is responsible for the reduction of the
degree of crystallinity in cellulose samples. Analysis of these results shows that the enzymatic
treatment of the samples after hydrolysis with ionic liquids did not significantly affect the value
of crystallinity. When comparing the obtained results with our previous work, it can be seen
that the degree of crystallinity of cellulose obtained in the case of pretreatment with ionic liquids
is lower than that of the material with enzymatic hydrolysis used as a pretreatment [Babicka et
al. 2021].

The particle size of the obtained cellulose material was measured using the dynamic light
scattering method, the results obtained are shown in Fig. 4.
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Figure 4. DLS patterns of (A) Avicel cellulose treated with AmimCl, (E) Avicel cellulose
treated with EmimOAc, (AT) Avicel cellulose treated with AmimCl and the enzyme, (ET)
Avicel cellulose treated with EmimOAc and the enzyme.
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The DLS results show that each cellulose material has two fractions with different
particle size. The particle size of approx. 1000 nm was recorded for all the cellulose materials
(only ET had the particle size below 1000 nm). The raw Avicel cellulose particle size was in
the range of 1300-4800 nm, which indicates that hydrolysis did not take place in all of the
cellulose volume. A smaller particle fraction was also recorded for each cellulose sample. For
cellulose treated with AmimCl and for cellulose treated with AmimCI and the enzyme the peak
of approx. 200 nm was observed. For the sample treated with EmimOAc the particle size was
about 130 nm for both treatment variants (with and without enzymatic hydrolysis). Slight
differences in particle size can be seen when using different ionic liquids; however, the
enzymatic hydrolysis process as the second step in nanocellulose production has no significant
effect on the size of cellulose particles. A smaller particle size and lower polydispersity of
cellulose were reported in our previous work [Babicka et al. 2021], where the order of the
nanocellulose preparation process was reversed: enzymatic pre-treatment was applied, followed
by hydrolysis with ionic liquids. After enzymatic pretreatment Avicel cellulose had a particle
size of approx. 200 nm and after additional hydrolysis with ionic liquids the particle size was
below 100 nm [Babicka et al. 2021]. This indicates that the use of enzymatic hydrolysis first as
a pretreatment of cellulose material followed by hydrolysis with ionic liquids results in a smaller
particle size and a lower polydispersity of the cellulosic material compared to the two-step
process, where hydrolysis with IL was applied as the first step.

CONCLUSIONS

In this study two methods of obtaining nanocellulose were compared. The first method
was a one-step hydrolysis with ionic liquids, in which two different ionic liquids, AmimCI and
EmimOAc, were used. The second method was the two-step hydrolysis of cellulose, where first
hydrolysis of cellulose took place with ionic liquids as a pretreatment method followed by the
use of enzymes. The results showed that cellulose obtained in the two-step nanocellulose
production methods (first hydrolysis with IL and then with enzymes) shows similar parameters
(particle size, XRD patterns and degree of crystallinity) to those of the material after the single
step process (hydrolysis with IL).
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Streszczenie: Otrzymywanie nanocelulozy poprzez hydrolize cieczami jonowymi oraz hydrolize
dwuetapowq cieczami jonowymi i enzymami. Celem pracy bylo poréwnanie parametrow
nanocelulozy otrzymanej dwoma réznymi metodami: na drodze hydrolizy cieczami jonowymi
(chlorek 1-allilo-3-metyloimidazoliowy i octan 1-etylo-3-metyloimidazoliowy) z hydroliza
cieczami jonowymi Ww polaczeniu z hydroliza enzymatyczng, przy uzyciu enzymow
celulolitycznych z Trichoderma reesei. Celuloza Avicel zostala potraktowana dwoma cieczami
jonowymi: chlorkiem 1-allilo-3-metyloimidazoliowym (AmimCl) i octanem 1-etylo-3-
metyloimidazoliowym (EmimOAc). W hydrolizie dwuetapowej, celuloza po obrdbce cieczami
jonowymi byta dodatkowo poddana hydrolizie roztworem enzyméw. W celu scharakteryzowania
otrzymanego materiatu zastosowano nastepujace analizy: spektroskopi¢ w podczerwieni, dyfrakcje
rentgenowska oraz dynamiczne rozpraszanie $wiatla. Wyniki wykazaly, ze celuloza otrzymana w
wyniku dwuetapowego procesu produkcji nanocelulozy (w pierwszej kolejnosci hydroliza cieczami
jonowymi, a nastepnie enzymami) wykazuje podobne parametry (wielko$¢ czastek, strukture
nadczasteczkowa i stopien krystalicznosci) jak materiat po jednoetapowym procesie - hydrolizie
cieczami jonowymi.

Stowa kluczowe: nanoceluloza, ciecze jonowe, enzymy
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