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Abstract

We present the study of the preparation of pulp and nanocellulose from Miscanthus x giganteus to improve the quality
of the paper for bags. The organosolv miscanthus pulp (OMP) was prepared by the environmentally friendly organosolv
method—cooking in a solution of peracetic acid at the first stage and the alkaline treatment at the second stage. Nano-
cellulose was obtained by hydrolysis of never-dried OMP and subsequent ultrasonic treatment. Structural changes and
crystallinity index of OMP and nanocellulose were studied by SEM and FTIR methods. X-ray diffraction analysis confirmed
an increase in the crystallinity of OMP and nanocellulose as a result of thermochemical treatment. The nanocellulose had a
density of up to 1.6 g/cm?3, transparency up to 82%, a crystallinity index of 76.5%, and tensile strength up to 195 MPa.The
AFM showed that the particles of nanocellulose have a diameter in the range from 10 to 20 nm. ATGA analysis confirmed
that nanocellulose films have a denser structure and lower mass loss in the temperature range 320-440 °C compared to
OMP. We established the positive effect of nanocellulose application on the physical and mechanical properties of paper
for bags. The application of nanocellulose allows replacing synthetic reinforcing materials and more expensive sulfate

unbleached pulp with waste paper in the production of paper and cardboard.
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1 Introduction

In recent years, there has been growing interest in the
development of biodegradable plant-derived materials.
They are able to replace materials made from exhaustible
natural resources—oil, gas, coal. The processing prod-
ucts of such renewable plant materials are widely used
in the chemical, pharmaceutical, paper, textile and elec-
tronic industries [37, 40]. Biodegradable materials based
on annually renewable plant raw materials can become
the basis for the production of environmentally friendly
products and can compete with products made from
petroleum materials. The development of technologies of
processing renewable plant sources contribute to the sus-
tainable development of society, solving environmental

and economic problems in the production of consumer
goods [1, 22].

The main component of all plants is cellulose, which is
the most abundant renewable biopolymer on the Earth.
Cellulose is a structural component of the cell walls of all
plants. Its industrial use is mainly for the manufacture of
paper and cardboard, but recently it has also attracted
considerable interest as a source of nanocellulose. Nano-
cellulose has of nanosized particles and unique properties:
high elasticity and a specific surface, high transparency
and chemical resistance, biodegradability and biocompat-
ibility, a low production cost in comparison with synthetic
polymers and has lightweight [31].

Nanocellulose is added to polymer matrices to pro-
duce reinforced composites from tenfold to hundredfold
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mechanical strength and to improve barrier properties
[26]. Nano-sized cellulose fibers are considered as prom-
ising candidates for the production of nanocomposites,
such as filter materials, rheology modifiers for food and
cosmetics and additives to enhance the mechanical prop-
erties of paper and cardboard by applying nano-coatings
[13]. In recent years, worldwide demand for packaging
materials from paper and cardboard has grown as an alter-
native to plastic materials that have a long biodegradation
period [29]. In the production of packaging materials, in
particular paper for bags, synthetic reinforcing additives
are used that adversely affect the environment. All this
contributes to extensive research on the replacement of
synthetic reinforcing materials with natural substances,
particularly the use of nanocellulose [23, 28].

Nanocellulose is obtained by chemical, mechanical, oxi-
dative and enzymatic treatments of cellulose fibers [15,
38]. The most common technique for obtaining of nano-
cellulose is hydrolysis of cellulosic materials. The main raw
material used to produce cellulose on a worldwide scale is
wood. As world wood reserves are steadily declining, the
urgent problem is the production of pulp from non-wood
plants. Non-wood materials include various types of cereal
and industrial plants. Miscanthus stalks are a good alterna-
tive source of fibers for the production of pulp.

Miscanthus x giganteus is widely cultivated in Europe
and the USA, is a fast-growing and quite resistant to dis-
eases perennial grass, quite unpretentious and inexpen-
sive to grow [33]. The yield of miscanthus can reach 10-35
dry tons per hectare, and after a single planting culture
can be collected annually for 15-20 years [10]. Compared
to wood, which requires about 10-12 years to fully mature,
miscanthus requires a maximum of 3 years after planting
to reach its peak dry biomass production which further
showcases its potential as a viable source of raw materi-
als. It is also one of the few plant species being dedicated
to biomass cropping and is currently farmed primarily for
use in electricity and heat generation (by combustion) as
well as feedstock for biofuels. More recently, miscanthus
has been expanded into other markets such as advanced
materials and biobased products [16].

In the world practice of pulp and paper industry, the
dominant technologies of pulp production are the sul-
fate and sulfite methods, which lead to the environmen-
tal pollution. Environmental requirements for the quality
of wastewater and gas emissions discharged by industrial
enterprises stimulate the development of new technolo-
gies for processing plant materials using organic solvents
[14]. For example, peracetic acid is a strong oxidizing agent
with excellent bleaching properties. This acid is an envi-
ronmentally friendly alternative to bleaching because it is
a totally chlorine-free process resulting in less damage to
the fiber [32]. Organosolv methods for the production of
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cellulose from Miscanthus are discussed in the works [11,
27,42, 43].We also studied the obtaining of cellulose from
non-wood plant materials in both peracetic and performic
acids [2, 7, 8] and in cooking solutions of ethanol, metha-
nol, and isobutanol alcohols [3-5]. As the research results
show, in order to obtain cellulose suitable for chemical
treatment from non-wood plant materials, in particular,
to produce nanocellulose, thermochemical treatment of
raw materials in two stages is necessary to remove residual
lignin, hemicellulose and minerals, which impair the qual-
ity of nanocellulose [7, 91.

The goal of the study was to obtain organosolv pulp
from Miscanthus x giganteus by cooking in solution of per-
acetic acid and alkaline treatment and nanocellulose by
acid hydrolysis, as well as to investigate the application
of nanocellulose to improve the properties of one of the
mass production types of the paper industry—paper for
bags.

2 Experimental section
2.1 Materials

Stalks of Miscanthus X giganteus of a harvest of 2017
from the Kyiv region were used for pulp production. Mis-
canthus stalks were cleaned of leaves and nodes, crushed
into particles of 5-7 mm in size and placed in a desiccator
to maintain constant moisture and chemical composition.
As shown in the article [17], nodes of miscanthus contain
less cellulose (28.4%) and more ash (1.6%) than de-pithed
internodes and pith. Pith, which is 5-6% of the mass of the
stalks and slightly inferior to the de-pithed internodes in
terms of the content of the main components, was not
separated from the stalks to study the chemical composi-
tion and obtain cellulose from miscanthus. The chemical
composition of miscanthus was determined according
to TAPPI standards [39] namely: T 222 for lignin; T 204 for
substances extracted with alcohol-benzene solution for
determinate content of resins, fats, waxes; T 211 to deter-
mine ash content and cellulose by the Kurschner-Hoffer
method. All chemicals, including ice acetic acid, 35%
hydrogen peroxide, NaOH and sulfuric acid were used
without further purification.

2.2 Cooking process

Cooking of miscanthus pulp was carried out in the two
stages. At the first stage, treatment of Miscanthus x gigan-
teus in the mixture of glacial acetic acid and 35% hydrogen
peroxide in a volume ratio of 70:30% at the liquid to solid
ratio 10:1, at temperature 95+ 2 °C during 30-240 min was
carried out. Such conditions for the cooking process were
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determined as optimal on the basis of previous studies
[2,7, 9], when the effect of all the main technological fac-
tors, including the concentration of peracetic acid before
and after preparation, on the quality of organosolv pulp
was studied. At the second stage, the alkaline treatment
of obtained organosolv miscanthus pulp (OMP) by solu-
tion of NaOH concentration of 7% during 30-240 min, at
the liquid to solid ratio 12:1 at temperature 95+ 2 °C was
carried out. The OMP after alkaline treatment was washed
with hot distilled water to a neutral pH and was stored
in sealed bags in a refrigerator for further research. The
second stage of alkaline treatment is necessary to remove
the residual content of lignin and minerals in organosolv
pulp and to obtain high-quality nanocellulose from it.
The quality parameters of the obtained OMP samples we
determined according to standard methods [39].

2.3 Preparation of nanocellulose

We used never-dried organosolv pulp obtained from
Miscanthus x giganteus to make nanocellulose. Never-
dried pulp is better than once dried samples, because
it is known that the latter irreversibly lose access to the
surface during the drying process. Using never-dried pulp
does not require consumption of energy for drying and
grinding since dried cellulose fibers lose the ability to swell
and percolate due to irreversible cornification. Also, the
application of wet pulp enables better percolation of acid
into cellulose fibers in the process of hydrolysis. Hydrolysis
of never-dried organosolv pulp was carried out by solu-
tion of sulfuric acid with concentration of 43% and 50%,
at the liquid-to-solid ratio of 10:1, at temperature of 40
and 60 °C during 30-90 min for obtaining of nanocellu-
lose. The calculated amount of sulfate acid with the cor-
responding concentration was slowly added into the flask
with the OMP suspension. Upon expiration of the reac-
tion time, the hydrolysis was stopped by tenfold dilution
with distilled water and cooling of the suspension to the
room temperature. Hydrolyzed cellulose was washed three
times with distilled water by centrifugation at 4000 rpm,
followed by dialysis to achieve a neutral pH. Dialysis was
performed to further purify the colloidal nanocellulose
solution from sulfuric acid molecules, which causes the
destruction of the nanocellulose. For this purpose, a solu-
tion of nanocellulose with a sulfuric acid residue was
transferred to a semi-permeable membrane, which was
immersed in a vessel with distilled water for 2 days with
periodic water replacement. Hydrolyzed cellulose was sub-
jected to ultrasonic treatment on an ultrasonic disintegra-
tor UZDN-A (SELMI, Ukraine) with an operating frequency
of 22 kHz and an ultrasonic power of 300 W during 30,
45 or 60 min. The nanocellulose dispersion was placed
in an ice bath to prevent overheating during treatment.

Eventually, the suspension took the form of a homogenous
gel-like dispersion and was stored in sealed containers for
further research to determine the physical and mechanical
characteristics of nanocellulose. The prepared suspensions
were poured into Petri dishes and dried in the air at a room
temperature to obtain nanocellulose films.

2.4 Preparation of handsheets

Standard laboratory handsheets samples of paper for
bags were prepared using a Rapid-Kothen machine
according to TAPPI T 205 sp-02. The handsheets of paper
for bags of 78 +3 g/m? were produced from unbleached
sulphate pulp and waste paper of used paper for bags.
The unbleached sulphate pulp and waste paper were
beaten separately in a Valley beater to 35+ 3 °SR. Cationic
starch and alkyl ketene dimer were added to the pulp in
an amount of 3% relative to mass of absolutely dry raw
material (a.d.r.m.). The handsheets were dried in the airto a
dry-air condition. The mixture of nanocellulose suspension
with consumption ranging from 1 to 3 g/m? was applied
to each side of the samples of paper for bags using a spe-
cial mechanical device for coating of nanocellulose sus-
pension. The handsheets were dried in the air to a dry-air
condition and then on a drying drum. These sheets were
conditioned in a chamber at 23 °C and 50% humidity for
24 h prior to determining their physical and mechanical
parameters.

2.5 Determination of pulp, nanocellulose and paper
properties

The scanning electron microscope (SEM) analysis was
made by the PEM-1061 (SELMI, Ukraine) microscope to
observe the morphology of organosolv pulp, paper for
bags with and without nanocellulose. The topographi-
cal characterization of nanocellulose samples was inves-
tigated with the use of atomic force microscopy (AFM).
Measurements were accomplished with Si cantilever,
operating in a tapping mode on the device Solver Pro M
(NT-MDT, Russia). The scanning speed and area were 0.6
line/s and 2 x 2 pm?, respectively. The transparency of
the nanocellulose films was determined by the electron
absorption spectra, which were registered in the range
of 200-1100 nm. The electron absorption spectra of the
nanocellulose films in UV and in visible and near infrared
regions were registered on two-beam spectrophotometer
4802 (UNICO, USA) with a resolution of 1 nm.

X-ray diffraction patterns of the different cellulose sam-
ples were measured by Ultima IV diffractometer (Rigaku,
Japan). Crystallinity index (Cl) was used to calculate rela-
tive amount of crystalline material in cellulose by Segal
method [34]: Cl=[(l590 = l,m)/1500] X 100%, where |, is
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an intensity of (200) reflex about 23° and |,,, intensity of
amorphous scattering at 18.5°.

Functional groups of OMP, OMP after alkaline treatment
and nanocellulose samples were analyzed using Fourier
transform infrared spectrophotometer (FT-IR- Spectrom-
eter“Tensor-37") in the range of 4000-500 cm™" with reso-
lution of 2cm™".

The thermal degradation behavior of organosolv pulps
and nanocellulose samples was explored by heating with
the use of a Netzsch STA-409 thermoanalyzer. The sam-
ples were heated at a rate of 5 °C/min, from 25 to 450 °C.
Based on the changes in the gravimetric and differential
curves of thermal analysis, the initial temperature of the
mass weight loss of organosolv pulps and nanocellulose
samples from various plant materials were determined.

The density of the nanocellulose films was determined
in accordance with I1SO 534:1988. Tensile strength of the
nanocellulose films were measured at controlled tempera-
ture 23+ 1 °Cand humidity 50 + 2% according to ISO 527-1.
The physical and mechanical properties of paper for bags
were determined in accordance with ISO or TAPPI stand-
ards: tensile strength and elongation and breaking force
were determined according to ISO 6892-1; water absorp-
tion—according to EN 1ISO535: 2017.

3 Results and discussion
3.1 Chemical composition

Chemical analysis of Miscanthus x giganteus showed that
it has the following content of components: 49.7% of cel-
lulose; 27.7% of lignin; 1.8% of resins, fats, waxes; 1.1% of
mineral substances to of a.d.r.m. Thus, miscanthus stalks
contain more cellulose and minerals, with the same lignin
content as coniferous wood. The analysis of the content of
the main components of miscanthus a priori allows us to
conclude that this raw material can be considered both to
produce pulp suitable for paper and cardboard, and pulp
for chemical processing, in particular for the production

of nanocellulose. The properties of the organosolv mis-
canthus pulp after cooking and alkaline treatment are
shown inTable 1.

As shown data Table 1, an increase in the cooking
time from 30 to 240 min naturally leads to a decrease in
the yield, the content of residual lignin and mineral sub-
stances. The mineral content in the OMP after 90 min of
cooking does not significantly decrease and remains in the
range of 0.84-0.94% to a.d.r.m.. Therefore, after 90 min of
cooking, cellulose was used for its subsequent alkaline
treatment in order to reduce the content of minerals and
lignin in it. Table 1 shows that increasing the duration of
the alkaline treatment from 30 to 240 min reduces the
pulp yield and the content of residual lignin. Subsequent
alkaline treatment does not contribute to the extraction of
minerals, but rather, the polysaccharides dissolve, the yield
of pulp decreases, and, therefore, the percentage of ash
increases. Therefore, to prepare nanocellulose from OMP,
we used 90-min cooking and alkaline treatment for 60 min
with a lignin content of 0.08% and mineral substances of
0.037% to a.d.r.m. Previous studies have shown that the
hydrolysis of cellulose with a residual lignin content of
more than 1% and mineral substances of more than 0.5%
leads to the formation of turbid solutions of nanocellulose,
from which opaque breaking films with low physical and
mechanical properties are obtained. Thus, carrying out
peroxide cooking and alkaline treatment at low tempera-
ture 96+ 1 °C allows to obtain cellulose with a high degree
of whiteness up to 85% and low emissions of harmful sub-
stances into the environment. The obtained OMP have a
minimum content of non-cellulosic components and are
suitable for chemical processing and for the production
of nanocellulose.

3.2 Morphology

The morphology structure of the samples of the mis-
canthus, organosolv miscanthus pulp before and after
alkaline treatment is shown in Fig. 1. The main compo-
nents of the miscanthus stalks are xylem cells and phloem,

Table 1 The properties of the

A Cook- Pulp after the | stage of processing Pulp after the Il stage of processing

organosolv m|§canthus p.ulp ing time . ' — - ' —

after stages of its processing (min) Yield (%) Residual lignin (%) Ash (%) Yield* (%) Residual lignin (%) Ash (%)
30 543+1.1 0.5%0.02 1.08+0.04 39.25+1.1 0.13+0.05 0.12+0.02
60 53.0£1.0 0.36%+0.05 1.0+0.06 357+1.1 0.08+0.01 0.037+0.04
90 522+0.9 0.27+0.03 0.94+0.01 329%+1.3 0.065+0.05 0.041+0.01
120 50.7+1.2 0.22+0.02 0.89+0.01 28.1+1.2 0.042+0.01 0.057+0.01
180 452+15 0.15+£0.04 0.83+0.02 24.7+1.0 0.034+0.02 0.054+0.02
240 43714 0.1£0.01 0.84+0.01 223%x1.1 0.012%+0.03 0.054+0.03

*Regarding to the starting raw material
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Fig. 1 Scanning electron microscopy images of samples of the miscanthus stalks (a), organosolv miscanthus pulp before (b) and after alka-

line treatment (c)

which perform the conductive, mechanical and storage
functions. These include cells of tracheids, vessels, libri-
form, and parenchymal cells (Fig. 1a). The presence of such
cells is typical for different representatives of non-wood
plant materials. The walls of miscanthus stalks consist of
a network of longitudinal oval capillaries that provide
access to the cooking solution to the cells. As a result of
cooking, the miscanthus is exposed to thermochemical
effects and the stalks are folded into separate short and
wide fragments (Fig. 1b). According to the SEM, the bulk
of pulp from miscanthus is made up of thin, ribbon fib-
ers of different widths and lengths, and can be single and
joined to several pieces. The photographs confirm that
in the process of thermochemical processing of plant
materials, the size of the fibers decreases, primarily their
width due to the removal of non-cellulose plant compo-
nents from them. Moreover, as can be seen from Fig. 1¢,
the fiber after intensive alkaline treatment has a smooth

surface, which indicates the relative chemical purity of the
cellulose fibers.

The extraction of non-cellulosic components from
OMP in the process of its thermochemical treatment
was confirmed by infrared spectroscopy. Figure 2
shows the Fourier IR spectra of the miscanthus stalks,
organosolv miscanthus pulp before and after alkaline
treatment, nanocellulose after hydrolysis. All spectra
are characterized by a wide bandwidth in the region
of 3000-3800 cm™', which corresponds to stretching
vibrations of hydroxyl groups included in intramolec-
ular and intermolecular hydrogen bonds. Spectra of
miscanthus stalks, organosolv miscanthus pulp before
and after alkaline treatment has characteristic high-
frequency bands, indicating the formation of intermo-
lecular bonds. The band of nanocellulose in this region
is characterized by low intensity, which indicates the
formation of strong intermolecular bonds between the

Fig.2 FTIR spectra of different pell
samples: of miscanthus stalks
(a), organosolv miscanthus ~
pulp before (b) and after e
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hydroxyl groups of the macromolecules of nanocel-
lulose. The bands in the area of 3000-2800 cm™' cor-
respond to the asymmetric and symmetric stretching
vibrations of the methylene groups of the cellulose.
Bands of stretching vibrations of double bonds lie in
the region of 1500-1800 cm™". Vibration bands in the
1740 cm™' region indicate the presence of a carbonyl
group characteristic of hemicelluloses. As can be seen
from Fig. 2¢, organosolv cooking and subsequent alka-
line treatment removes hemicelluloses from the cellu-
lose composition. A decrease in the intensity of vibra-
tions in the region of 1600 cm™, which is characteristic
of aromatic compounds—residual lignin, indicates an
almost complete removal of lignin from plant materials
and cellulose during their thermochemical treatments.
The bands in the region of 1370 and 1430 cm™' are due
to the deformation vibrations of the CH, groups, the
band at 1160 cm™ is due to the asymmetric vibrations
of the C-0 bonds, while the band at 1060 cm™' cor-
responds to the vibrations of the C-O-C bridge of the
glucopyranose ring of cellulose [20]. The increase of
the intensity of the bands in the region of 1050, 1400,
3400 cm™' demonstrates the efficiency of removal of
lignin and noncellulose components from the plant
feedstock in the investigated sequence of thermochem-
ical treatments.

3.3 Hydrolysis

We show the dependencies of the density, tensile strength
and transparency of nanocellulose films on the main tech-
nological parameters of the process for obtaining nanocel-
lulose from organosolv miscanthus pulp (Table 2).

As can be seen from the data in Table 2, the hydrolysis
of OMP with sulfuric acid solutions of various concentra-
tions leads to the formation of nanocellulose films of dif-
ferent quality. The quality of nanocellulose films improves
with increasing sulfuric acid concentration, temperature
and duration of hydrolysis. An increase in the duration
of ultrasonic treatment of a suspension of nanocellulose
obtained during one hydrolysis time from 30 to 60 min
increases the strength and transparency of nanocellulose
films. The highest values of quality indicators are the sam-
ples obtained at the maximum values of the studied tech-
nological parameters. The values of transparency of the
films prepared in this study is higher than the transparency
of the cellulose nanofiber films (40-65%) obtained from
bleached kraft eucalyptus, acacia, and pine pulps reported
previously [18].

Nanocellulose after hydrolysis and ultrasound treat-
ment of OMP had homogeneous and stable nanocellu-
lose suspension. The nature of stabilization of the colloi-
dal suspension is explained by the presence of charged

Table 2 Dependences of the parameters of nanocelulose films on the main technological parameters of the process of obtaining nanocel-

lulose from organosolv miscanthus pulp

Concent-ration Duration of Duration of ultrasonic

Quality of received films

H,SO, (%) hydrolysis (min) treatment (min) - 3 -
Density (g/cm?) Tensile strength (MPa) Transparency (%)
Temperature 40 °C
43/50 30 30 0.87/1.00 56.0/44.2 25.8/57.0
45 1.04/1.08 58.3/54.1 40.6/64.2
60 1.05/1.12 80.0/66.7 41.8/67.0
60 30 1.04/1.12 54.5/50.0 30.3/51.1
45 1.08/1.15 59.3/66.1 43.3/67.0
60 1.16/1.22 77.7/83.3 52.769.7
90 30 1.09/1.15 70.7/77.5 42.7/59.9
45 1.11/1.18 83.3/105.0 54.5/64.3
60 1.18/1.23 124.0/127.0 55.6/69.3
Temperature 60 °C
43/50 30 30 1.12/1.1 43.3/66.7 44.3/65.7
45 1.22/1.23 57.5/70.7 52.0/75.6
60 1.26/1.28 60.4/75.0 70.7/76.3
60 30 1.15/1.33 55.5/78.0 68.6/68.7
45 1.23/1.37 60.0/80.6 65.3/70.9
60 1.32/1.42 62.0/88.0 74.4/80.8
90 30 1.04/1.45 44.4/115.0 38.5/75.7
45 1.18/1.55 40.0/123.0 68.2/78.0
60 1.25/1.60 41.0/195.0 72.3/82.6
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groups on the surface of nanocellulose, which are formed
by the interaction of cellulose with sulfuric acid due to the
esterification reaction. The stability of nanocellulose sus-
pensions is supported by images immediately after the
preparation and after a prolonged storage time. There was
no sedimentation of nanocellulose particles when stored
at room temperature for extended period of time (after
5 months of storage). Such stabilization of the nanocel-
lulose suspension leads to the formation of films with
a transparency of more than 80% in the visible spectral
range, which is confirmed by the data of the article [35]
and characteristic of nanocellulose from other plant raw
materials [6-9].

The results of hydrolysis process showed that the treat-
ment of OMP with sulfuric acid at concentration of 43%, at
60 °C for 90 min allow to obtain nanocellulose with high
physical and mechanical properties. The yield of nanocel-
lulose is higher than when using sulfate acid 50% or 63%.
Such conditions are in good agreement with the data
obtained by loelovich [21] and are more economically
favorable than traditional conditions for the hydrolysis of
cellulose with 60-65% sulfuric acid at 40-50 °C for 1-2 h
[25].

The change in the ratio of amorphous and crystalline
parts of OMP during its thermo-chemical and physical
treatment was investigated by XRD method. The analysis
of X-ray diffraction patterns of miscanthus stalks (Fig. 3a),
OMP before (Fig. 3b) and after alkaline treatment (Fig. 3¢),
and nanocellulose after hydrolysis and sonication (Fig. 3d)
were carried out. The crystallinity index of miscanthus
stalks was 65.8%, organosolv pulp—72.3%, OMP after alka-
line treatment—71.9% and nanocellulose after hydrolysis

Intencity

10 20 30 40
2 teta

Fig.3 X-ray diffraction patterns of different cellulose samples: a
miscanthus stalks, b organosolv pulp, ¢ OMP after alkaline treat-
ment and d nanocellulose after hydrolysis and sonication

and sonication—76.7%. The crystallinity of nanocelluloses
is higher than that of the initial organosolv pulps, which
is explained by an increase in the crystalline part of cel-
lulose due to a decrease in the amorphous part during
its hydrolysis. The dissolution of the amorphous part of
the organosolv pulps leads to the formation of nanocel-
lulose films with higher values of density, transparency
and tensile strength. Thus, the results of X-ray diffraction
analysis indicate an increase in the sample crystallinity in
the process of their thermochemical and physical process-
ing. This dependence is observed for cellulose from other
representatives of non-wood and woody plant raw materi-
als [6-9, 32].

The higher density of nanocellulose films in compari-
son with the density of OMP explains their higher thermal
stability, which is confirmed by the thermogravimetric
analysis (Fig. 4). As is shown in Fig. 4, in the temperature
range from 50 to 90 °C, the maximum weight loss (up to
12%) is observed for OMP, which is due to the evaporation
of residual moisture from its fibers. When heating nanocel-
lulose films to 240 °C, and samples of OMP and OMP after
alkaline treatment to 260 °C, a slight (up to 3%) loss in mass
is observed. In the process of further heating of the OMP
and OMP samples after alkaline treatment to 340 °C, up to
70% of their bulk is lost. Samples have final degradation
temperature of about 440 °C for OMP and 500 °C for OMP
after alkaline treatment. For nanocellulose films, a smooth
mass loss is observed in the temperature range 240-500°
C, and the final decomposition is observed at a tempera-
ture of 540 °C. It can be explained by the fact that during
the chemical treatment and ultrasonic homogenization a
dense structure between pulp molecules is formed. The
degradation behavior of the cellulose that underwent sul-
furic acid hydrolysis was different from that of the initial
cellulose and showed higher degradation temperature.
The higher degradation temperature of the nanocellulose
was due to the formation of a dense crystalline structure
of the cellulose. These end chains started to decompose
at the lower temperatures, as have been previously shown
[19]. Our data also support previous findings that the sul-
fate groups, introduced during hydrolysis, can work as a
flame retardant in such a way they cause an increase in the
char fraction [36].

Topographical characterization of organosolv mis-
canthus nanocellulose by AFM and its 3D projection with
definition of sample height is shown in Fig. 5. Figure 5a
shows lateral section of the miscanthus nanocellulose
nanofibers, which form aggregates. The diameter of sepa-
rate nanofibers is within the range from 10 to 20 nm and
possibly much less, since the image is obtained from fibers
of nanocellulose located not in one layer. Therefore, we
propose, that nanocellulose forms a film on the surface of
the silicon substrate due to bonds between the molecules.

SN Applied Sciences

A SPRINGER NATURE journal



Research Article

SN Applied Sciences (2020) 2:727 | https://doi.org/10.1007/s42452-020-2529-2

a 04 b
1 2
20 -
2 5 ’
5 40- g
3 2
- ®
£ 604 >
) 3 5
g [a)
80 2
1
100 T T T T T T T T T
M 1 v I M 1 M I M 1 M 1
100 200 300 400 500 0 100 200 300 400 500 600

Temperature, °C

Temperature, °C

Fig.4 Gravimetric (a) and differential (b) curves of thermal analysis: (1) OMP; (2) OMP after alkaline treatment and (3) nanocellulose film

nm
‘a
n

L]

100 0 5 40 =0 s T
lateral size, nm
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The obtained nanocelluloses have high physical, optical
and mechanical properties and can therefore be used for
making various consumer goods, particularly as a reinforc-
ing additive in the production of paper and cardboard. In
this article, we explore the use of nanocellulose extracted
from Miscanthus x giganteus to improve the qualitative
indicators of such mass types of products as paper for
bags.

3.4 Paper for bags

The properties of paper for bags with different nanocel-
lulose consumption on its surface are shown in Fig. 6.
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We present in Fig. 6 how the application of nanocellu-
lose from OMP on the surface paper coating improves
its quality parameters. As can be seen from the data
in Fig. 6, the main factor influencing the physical and
mechanical properties of the paper for bags is the
kind of pulp. Primary and secondary fibers differ sig-
nificantly in their paper-forming properties. Samples of
paper made from primary fiber—unbleached pulp, have
significantly better quality indicators, and paper sam-
ples made from waste paper do not meet the require-
ments of the standard for any indicator. Paper made
from unbleached pulp without the surface application
of nanocellulose has high values that are close to the
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requirements of the standard. However, even a small
amount of nanocellulose (1 g/mz) makes it possible to
achieve values of paper for bags that meet the stand-
ards. The application of nanocellulose to the surface of
the paper with a consumption of 3 g/m? increases the
tear resistance by 57% and 60% for papers made from
unbleached pulp and waste paper, respectively. At the
same time, the elongation for paper from unbleached
pulp and waste paper is increased by 78% and 140%
and breaking strength—36% and 10%, respectively. The
application of nanocellulose to the surface reduces the
water absorption of paper made from unbleached pulp
and waste paper by approximately the same values—by
88% and 80%, respectively.

The use of nanocellulose makes paper stronger because
the nanocellulose particles fill the empty space between
fibers, thereby increasing the number of fiber-fiber bonds
and, as a result, boost the hydrogen bonds during consoli-
dation and drying of the fiber network [12, 30]. These con-
clusions are confirmed by SEM images of the surface and
cross-section of paper samples made from unbleached
pulp and from waste paper with and without the applica-
tion of nanocellulose on its surface (Fig. 7).

The data in Fig. 7a shows that the surface of the paper
without applying of nanocellulose has a porous structure,
the fibers are long and clearly expressed. The surface coat-
ing by nanocellulose suspension (Fig. 7c) contributes to
a reduction of porosity of paper. In this case, the surface
becomes more uniform and smooth. There is a decrease
in the number of pores between layers and an increase in
the density of paper. As seen in the cross-sectional view
of paper (Fig. 7b), spun fibers are placed in paper layers
with a loose structure and cavities between them. When a
nanocellulose suspension is applied to the surface (Fig. 7c,
d), the density of the surface layer of paper increases. This
a priori indicates an improvement in the physical-mechan-
ical and barrier properties of this nanocomposite material.
Thus, the use of nanocellulose with a consumption of 3 g/
m? allows to obtain samples of paper with indicators that
meet the requirements of the standard (Fig. 6). A similar
pattern is observed when nanocellulose is applied to the
surface of waste paper castings (Fig. 7e, f). Figure 7 shows
that the sulfate cellulose fibers have a smoother surface
and a more uniform length unlike waste paper. On the sur-
face of the waste paper castings with nanocellulose appli-
cation and without other inclusions (fillers, minerals) can

SN Applied Sciences

A SPRINGERNATURE journal



Research Article SN Applied Sciences (2020) 2:727 | https://doi.org/10.1007/s42452-020-2529-2

Fig.7 CEM images of

the surface (left side) and
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be observed. They prevent the formation of more dense
packing of fibers. Waste castings are also characterized by
impregnation of nanocellulose into the mass and bonding
of fibers.

Nanocellulose particles are located in the space
between the fibers in the surface layer of paper for bags,
act as a binding agent, thereby increasing the number of
fiber-fiber bonds through a complex network, increasing
the strength of the hydrogen bonds and making the paper
more durable. Authors of a number of articles [24, 41] also
note an improvement in the strength and barrier proper-
ties of paper using nanocellulose due to the formation of
additional hydrogen bonds.

We can argue that the use of nanocellulose allows the
use of waste paper as a raw material for the manufacture
of paper for bags. Thus, nanocellulose improves quality
indicators of paper and exhibits properties not only as a
reinforcing additive, but also as a hydrophobic substance.
This will replace the more expensive sulphate unbleached
pulp and reduce the cost of production.

4 Conclusion

The organosolv pulp from Miscanthus x giganteus was pre-
pared by the environmentally safer organosolv method—
cooking in a solution of peracetic acid and alkaline
treatment at low temperature 96+ 1 °C. The organosolv
miscanthus pulp (OMP) had a high degree of whiteness up
to 85%, traces of non-cellulosic substances and was used
to prepare nanocellulose. The results of hydrolysis of never
dried cellulose with a solution of sulfuric acid with a con-
centration of 43 and 50% followed by ultrasonic treatment
of nanocellulose, are presented. The structural changes
and crystallinity of OMP and nanocellulose were studied
by SEM and FTIR techniques. XRD analysis confirmed the
increase of crystallinity of the OMP and nanocellulose as a
result of thermochemical treatment. We report that nano-
cellulose has a density up to 1.6 g/cm?, transparency up to
82%, crystallinity up to 76.5% and tensile strength up to
195 MPa. Using AFM microscopy, it was found that nano-
cellulose has a particle diameter in the range from 10 to
20 nm. Thermogravimetric analysis confirmed that nano-
cellulose films have a more dense structure and smaller
mass loss in the temperature range 320-440 °C compared
with OMP. Samples have final degradation temperature
of about 440 °C for OMP and 500 °C for OMP after alkaline
treatment, but for nanocellulose films the final decompo-
sition is observed at a temperature of 540 °C. We estab-
lished the positive effect of nanocellulose application on
the physical and mechanical properties of paper for bags.
The application of nanocellulose from Miscanthus x gigan-
teus allows replacing synthetic reinforcing materials and

more expensive sulfate unbleached pulp with waste paper
in the production of paper and cardboard.
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