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Miscanthus x giganteus stalks were used to make organosolvent pulp and nanocellulose. The organosolvent miscanthus pulp
(OMP) was obtained through thermal treatment in the mixture of glacial acetic acid and hydrogen peroxide at the first stage
and the alkaline treatment at the second stage. Hydrolysis of the never-dried OМP was carried out by a solution of sulfuric acid
with concentrations of 43% and 50% and followed by ultrasound treatment. Structural changes and the 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. We show that nanocellulose has a density of up
to 1.6 g/cm3, transparency up to 82%, and a crystallinity index of 76.5%. The AFM method showed that the particles of
nanocellulose have a diameter in the range from 10 to 20 nm. A thermogravimetric analysis confirmed that nanocellulose films
have a denser structure and lower mass loss in the temperature range of 320–440°C compared to OMP. The obtained
nanocellulose films have high tensile strength up to 195MPa. The nanocellulose obtained from OMP exhibits the improved
properties for the preparation of new nanocomposite materials.

1. Introduction

Industrial developments, as well as changing consumption
patterns associated with growing economies and prosper-
ity, contribute to increasing demand for both renewable
biological resources and nonrenewable stocks of minerals,
metals, and fossil fuels. The limited reserves of mineral
resources (oil, gas, and coal) determine the relevance of
research in technologies for producing biodegradable
materials from the renewable sources of raw materials
[1]. Such renewable resources include raw plant materials,
the products from the treatment of which have found wide
use in various industries: chemical, pharmaceutical, paper,
textile, electronic, and others [2, 3]. The main component
of plant materials is cellulose, the most common biopoly-
mer in nature. Cellulose is used for the production of
nanocellulose and composite materials.

Nanocellulose is a new class of nanomaterials, which has
unique properties, such as nanoscalability and biocompati-

bility and being a renewable and biodegradable material, that
enable its use in many fields [4, 5]. Nanocellulose is used in
optoelectronics, in the production of chemical current of
sources and sorbents, for reinforcing and improving the ther-
mal stability of polymeric and paper composites [6–8].
Nanocellulose has been incorporated into polymer matrices
to produce reinforced composites of tenfold to hundredfold
mechanical strength [9], as well as enhanced optical trans-
parency [10]. These specific characteristics of nanocellulose
reinforce mechanical properties of the polymer and improve
the film’s mechanical and/or barrier properties [11, 12].

Nanocellulose is obtained by acid hydrolysis and
mechanical, oxidative, and enzymatic treatments of cellulose
fibers [13–15]. The chemical method of hydrolysis of cellu-
lose by acid solutions is the most common technique [16].
Usually, nanocellulose is obtained by acid hydrolysis of cellu-
losic materials from wood and nonwood plants. The main
raw material used to produce cellulose on a worldwide scale
is wood. The search for alternative sources of plant materials
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continues to be a priority in countries where wood is scarce
as a natural resource. Nonwood plants are a good candidate
for an alternative source of such raw materials in the produc-
tion of pulp.

In our previous works, we described the technology for
obtaining nanocellulose from wheat straw [17], flax [18],
and kenaf [19] and its properties. In the current work, we
describe the conditions for obtaining nanocellulose from
Miscanthus x giganteus, which is widely cultivated in
Europe and the United States. Miscanthus giganteus (Mis-
canthus x giganteus) is a fast-growing perennial herb that
grows in the European climatic zone, quite unpretentious
and inexpensive to grow, with a high content of cellulose
up to 49.7% [20]. Miscanthus is quite resistant to diseases,
has frost resistance, and has rapid growth. The yield of mis-
canthus can reach 10-35 dry tons per hectare, and after a
single planting, culture can be collected annually for 15-
20 years [21]. Compared to wood, which requires about
10-12 years to fully mature, miscanthus requires a maxi-
mum of 3 years after planting to reach its peak dry biomass
production which further showcases its potential as a viable
source of raw materials. It is also one of the few plant spe-
cies being dedicated to biomass cropping and is currently
farmed in Europe and the United States 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 mate-
rials and biobased products [22]. We characterize the orga-
nosolvent pulp obtained from the miscanthus using an
environmentally safer method and the nanocellulose that
can be obtained from it, and we also report on the proper-
ties of this nanocellulose.

2. Materials and Methods

2.1. Raw Material and Chemicals. We used the second-
year miscanthus biomass as feedstock. The plant was
grown in 2016-2017 in the grey-forest soil at the research
field in Kyiv’s vicinity. Miscanthus stalks were cleaned of
leaves and nodes, crushed into particles of 5-7mm in size
and placed in a desiccator to maintain constant moisture
and chemical composition. The chemical composition of
miscanthus was determined according to TAPPI standards
[23], namely, T 222 for lignin, T 257 for substances
extracted with hot water, T 212 for substances extracted
with 1% solution of NaOH, T 204 for substances extracted
with alcohol-benzene solution, and T 211 to determine ash
content and cellulose by the Kurschner-Hoffer method. All
chemicals, including ice acetic acid, 35% hydrogen perox-
ide, NaOH, and sulfuric acid, were produced in Ukraine
and used without further purification.

2.2. Obtaining Pulp. Cooking of miscanthus pulp was carried
out in two stages. At the first stage, treatment ofMiscanthus x
giganteus in a mixture of glacial acetic acid and 35% hydro-
gen peroxide in a volume ratio of 70 : 30% at the liquid to
solid ratio 10 : 1, at a temperature of 95 ± 2°C for 30–
240min, was carried out. The cooking regime was deter-
mined in previous studies [17–19].

At the second stage, the alkaline treatment of obtained
organosolvent miscanthus pulp (OMP) by solution of NaOH
concentration of 7% for 15–240min, at the liquid to solid
ratio 12 : 1 at a temperature of 95 ± 2°C, was carried out.
The OMP after alkaline treatment was washed with hot dis-
tilled water to a neutral pH and was stored in sealed bags in
a refrigerator for further research. The quality parameters
of the obtained OMP samples we determined according to
standard methods [23].

2.3. Obtaining Nanocellulose. Hydrolysis of the never-dried
OМP was carried out by solution of sulfuric acid with
concentrations of 43 and 50%, at the liquid to solid ratio
10 : 1, at temperatures of 40 and 60°C for 30–90min, to
obtain nanocellulose. The calculated amount of sulfate acid
with the corresponding concentration was slowly added
into the flask with the OMP suspension. Upon expiration
of the reaction time, the hydrolysis was stopped by tenfold
dilution with distilled water and cooling of the suspension
to room temperature. The hydrolyzed nanocellulose was
rinsed with distilled water three times by means of centri-
fugation at 4000 rev/min and subsequent dialysis until
reaching neutral pH. Ultrasound treatment of nanocellu-
lose with a concentration of 0.6% was performed using
an ultrasound disintegrator UZDN-A (SELMI, Ukraine)
with 22 kHz from 30 to 60min. The nanocellulose suspen-
sion was placed in an ice bath to prevent overheating dur-
ing treatment.

2.4. Methods of Analyses. The following instrumental
methods of analysis of plant raw material, organosolvent
miscanthus pulp, and nanocellulose have been used. The
decrease of the cellulose particle size and the increase of its
dispersity were assessed by measuring the changes in the
dimensions of the miscanthus pulp. Scanning electron
microscope (SEM) analysis was performed with a PEM–
106I (SELMI, Ukraine) microscope to observe the morphol-
ogy of OMP and nanocellulose films.

Topographical characterization of nanocellulose samples
was assessed by atomic force microscopy (AFM). The mea-
surements were done with a Si cantilever, operating in the
tapping mode on the device Solver Pro M (NT-MDT, Rus-
sia). Details of the measurements are described in article [17].

X-ray diffraction patterns of the different cellulose sam-
ples were obtained by an Ultima IV diffractometer (Rigaku,
Japan). Crystallinity index (CI) was used to calculate relative
amount of crystalline material in the cellulose by the Segal
method [24]: CI = ðI200 − IamÞ/I200 × 100%, where I200 is the
intensity of (200) reflex about 23° and Iam is the intensity of
amorphous scattering at 18.5°.

Electron absorption spectra of the nanocellulose films in
UV, visible, and near-infrared regions were registered on a
two-beam spectrophotometer 4802 (UNICO, USA) with a
resolution of 1 nm.

The thermal degradation behavior of OMP, OMP after
alkaline treatment, and nanocellulose samples was studied
on a Q-1500D thermal analyzer (F. Paulik, J. Paulik, L.
Erdey system, Hungary) from 25 to 600°C with a heating
rate of 5°Cmin-1. The weight of samples was within 0:25
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± 0:01 grams, reference substance—α-corundum, crucible
material—alund. Deviations of weight were registered and
processed according to a program involving the use of
computer technology.

Functional groups ofOMP,OMP after alkaline treatment,
and nanocellulose samples were analyzed using Fourier
transform infrared spectrophotometer (FTIR Spectrometer
“Tensor 37”) in the range of 4000–500 cm-1 with a resolu-
tion of 2 cm-1.

The density of the nanocellulose films was determined in
accordance with ISO 534:1988. Tensile strength of the nano-
cellulose films was measured at a controlled temperature of
23 ± 1°C and humidity of 50 ± 2% according to ISO 527-1
as described in [17].

3. Results and Discussion

3.1. Results of Cooking and Alkali Treatment. Miscanthus
stalks had the following chemical composition: 49.7% of cel-
lulose; 27.7% of lignin; 1.8% of resins, fats, and waxes; 61.9%
of pentosans; and 1.1% of mineral substances relative to
absolutely dry raw material (a.d.r.m.). As can be seen from
the chemical composition data, the miscanthus stalks accord-
ing to the content of the main components—cellulose and
lignin—correspond to softwood but contain more mineral
substances than softwood and hardwood. The analysis of
the content of the main components of miscanthus a priori
allows us to conclude that this rawmaterial can be considered
to produce both pulp suitable for paper and cardboard and
pulp for chemical processing, in particular, for the produc-
tion of nanocellulose.

An increase in the cooking time from 30 to 240 minutes
naturally leads to a decrease in the yield of pulp from 54.3%
to 45.7% to a.d.r.m. Figure 1 shows the dependence of the
content of lignin (1) and mineral substances (2) on the pro-
cessing time.

As shown in Figure 1(a), the mineral content in the orga-
nosolvent miscanthus pulp after 90 minutes of cooking does
not significantly decrease and remains in the range of 0.84-
0.95% to a.d.r.m. Therefore, after 90 minutes of cooking, cel-

lulose was used for its subsequent alkaline treatment in order
to reduce the content of minerals and lignin in it. Figure 1(b)
shows the dependence of contents of lignin (1) and mineral
substances (2) in the pulp after the alkaline treatment. As a
result of experiments, it was found that increasing the dura-
tion of the alkaline treatment from 30 to 240 minutes reduces
the pulp yield from 72.3% to 51.0% to a.d.r.m. 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 organo-
solvent pulp, we used 90-minute cooking and alkaline treat-
ment for 60 minutes with a lignin content of 0.08% and
mineral substances of 0.037% to a.d.r.m. Thus, carrying out
peroxide cooking and alkaline treatment at low temperature
(96 ± 1°C) allows obtaining of cellulose with a high degree
of whiteness (up to 85%) and low emissions of harmful sub-
stances into the environment.

3.2. SEM Analysis. The morphology structure of the samples
of the miscanthus and organosolvent miscanthus pulp before
and after alkaline treatment is shown in Figure 2.

The main components are xylem cells and phloem, which
perform the conductive, mechanical, and storage functions in
the stalks of plants. These include cells of tracheids, vessels,
libriform, and parenchymal cells (Figure 2(a)). 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 cook-
ing, the miscanthus is exposed to thermochemical effects and
the stalks are folded into separate short and wide fragments
(Figure 2(b)). According to the SEM, the bulk of the pulp
frommiscanthus is made up of thin, ribbon fibers of different
widths and lengths and can be single and joined to several
pieces. The photographs confirm that in the process of ther-
mochemical processing of plant materials, the size of the
fibers decreases, primarily their width due to the removal of
noncellulose plant components from them. Moreover, as
can be seen from Figure 2(c), the fiber after intensive alkaline
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Figure 1: Properties of organosolvent miscanthus pulp after cooking (a) and alkaline treatment (b), % to a.d.r.m. 1: residual lignin; 2: ash
content.
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treatment has a smooth surface, which indicates the relative
chemical purity of the cellulose fibers.

3.3. FTIR Analysis. The extraction of noncellulosic compo-
nents from organosolvent miscanthus pulp in the process
of its thermochemical treatment was confirmed by infra-
red spectroscopy. Figure 3 shows the Fourier IR spectra
of the miscanthus stalks, organosolvent miscanthus pulp
before and after alkaline treatment, and the nanocellulose
after hydrolysis.

All spectra are characterized by a wide bandwidth in the
region of 3000–3800 cm-1, which corresponds to stretching
vibrations of hydroxyl groups included in intramolecular
and intermolecular hydrogen bonds [24]. Spectra of mis-
canthus stalks and organosolvent miscanthus pulp before
and after alkaline treatment have characteristic high-

frequency bands, indicating the formation of intermolecular
bonds. The band of nanocellulose in this region is character-
ized by low intensity, which indicates the formation of
strong intermolecular bonds between the hydroxyl groups
of the macromolecules of nanocellulose. The bands in the
area of 3000–2800 cm-1 correspond 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-1. Vibration bands in the
1740 cm-1 region indicate the presence of a carbonyl group
characteristic of hemicelluloses. As can be seen from
Figure 3, C, organosolvent cooking and subsequent alkaline
treatment removes hemicelluloses from the cellulose compo-
sition. A decrease in the intensity of vibrations in the region
of 1600 cm-1, which is characteristic of aromatic com-
pounds—residual lignin, indicates an almost complete

(a) (b) (c)

Figure 2: Scanning electron microscopy images of samples of the miscanthus stalks (a) and organosolvent miscanthus pulp before (b) and
after alkaline treatment (c).
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Figure 3: FTIR spectra of different samples: of miscanthus stalks (A), organosolvent miscanthus pulp before (B) and after alkaline treatment
(C), and nanocellulose film (D).
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removal of lignin from plant materials and cellulose during
their thermochemical treatments. The bands in the region
of 1370 and 1430 cm-1 are due to the deformation vibrations
of the CH2 groups, the band at 1160 cm-1 is due to the asym-
metric vibrations of the C–O bonds, while the band at
1060 cm-1 corresponds to the vibrations of the C–O–C
bridge of the glucopyranose ring of cellulose [25]. The
increase of the intensity of the bands in the region of 1050,
1400, and 3400 cm-1 demonstrates the efficiency of the
removal of lignin and noncellulose components from the
plant feedstock in the investigated sequence of thermochem-
ical treatments.

3.4. XRD Analysis. The change in the ratio of amorphous
and crystalline parts of OMP during its thermochemical
and physical treatment was investigated by the XRD
method. The analysis of X-ray diffraction patterns of mis-
canthus stalks (Figure 4, A), organosolvent miscanthus pulp
(Figure 4, B), OMP after alkaline treatment (Figure 4, C),
and nanocellulose after hydrolysis and sonication
(Figure 4, D) was carried out.

The crystallinity index of miscanthus stalks was 65.8%;
organosolvent pulp, 72.3%; OMP after alkaline treatment,
71.9%; and nanocellulose after hydrolysis and sonication,
76.7%. Thus, the results of X-ray diffraction analysis indicate
an increase in the sample crystallinity in the process of their
thermochemical and physical processing. This dependence is
observed for cellulose from other representatives of nonwood
and woody plant raw materials [17–19, 26, 27].

3.5. Results of Hydrolysis. We show the dependencies of the
density, tensile strength, and transparency of nanocellulose
films on the main technological parameters of the process
for obtaining nanocellulose from organosolvent miscanthus
pulp (Table 1). As can be seen from the data in Table 1, the
hydrolysis of cellulose by solutions of sulfuric acid of differ-
ent concentrations yields nanocellulose films of different
quality. An increase in the quality of nanocellulose films

improves with increasing sulfuric acid concentration, tem-
perature, and duration of hydrolysis. An increase in the dura-
tion of ultrasonic treatment of suspension of nanocellulose
obtained within one time of hydrolysis from 30 to 60minutes
increases the strength and transparency of nanocellulosic
films. The highest values of quality indicators are the samples
obtained at the maximum values of the studied technological
parameters. The values of transparency of the films prepared
in this study are higher than the transparency of the cellulose
nanofiber films obtained from bleached kraft eucalyptus, aca-
cia, and pine pulps reported previously (40–65%) [28].

The properties of obtained nanocellulose from OMP
exhibit great potential in its application for the preparation
of new nanocomposite materials, for example, for production
in optoelectronic devices, as a reinforcing additive in the pro-
duction of paper, cardboard, cement, etc.

Nanocellulose after hydrolysis and ultrasound treatment
of OMP had homogeneous and stable nanocellulose suspen-
sion. The nature of stabilization of the colloidal suspension is
explained by the presence of charged groups on the surface of
the nanocellulose, which are formed by the interaction of cel-
lulose with sulfuric acid due to the esterification reaction. The
stability of nanocellulose suspensions is supported by images
immediately after the preparation and after a prolonged stor-
age time. There was no sedimentation of nanocellulose parti-
cles when stored at room temperature for an extended period
of time (after 5 months of storage). Such stabilization of the
nanocellulose 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 [29] and charac-
teristic of nanocellulose from other plant raw materials [27].

3.6. AFM Analyses. Topographical characterization of orga-
nosolvent miscanthus nanocellulose by AFM and its 3D pro-
jection with definition of sample height is shown in Figure 5.

Figure 5(a) shows the lateral section of the miscanthus
nanocellulose nanofibers, which form aggregates. The
diameter of separate nanofibers is within the range from
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Figure 4: X-ray diffraction patterns of different cellulose samples: (A) miscanthus stalks, (B) organosolvent pulp, (C) OMP after alkaline
treatment, and (D) nanocellulose after hydrolysis and sonication.
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10 to 20nm and possibly much less, since the image is
obtained from fibers of nanocellulose located not in one
layer. Therefore, we propose that the nanocellulose forms
a film on the surface of the silicon substrate due to bonds
between the molecules.

3.7. TGA and DTA Analyses.We also investigated the change
in the thermal stability of samples of OMP, OMP after alka-
line treatment, and nanocellulose films by the thermogravi-
metric analysis. Figure 6 shows the change of the thermal
stability of OMP samples after cooking in peracetic acid
(curve 1), of OMP after the alkaline treatment (curve 2),
and of nanocellulose films after hydrolysis with 50% sulfuric
acid and ultrasound treatment (curve 3).

As is shown in Figure 6, thermogravimetric curves of
the studied samples have their own characteristics. So, 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 nanocellulose 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 a 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 temperature 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 sulfu-
ric 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
[30]. Our data also support previous findings that the sul-
fate groups, introduced during hydrolysis, can work as a
flame retardant in such a way that they cause an increase
in the char fraction [31].

4. Conclusions

Based on our work, Miscanthus x giganteus is a promising
plant raw material for the production of organosolvent pulp,
suitable for chemical processing, in particular, for the pro-
duction of nanocellulose. Carrying out peroxide cooking
and alkaline treatment at low temperature 96 ± 1°C allows
obtaining organosolvent miscanthus pulp (OMP) with a high
degree of whiteness up to 85% and low emissions of harmful
substances into the environment. As a result of hydrolysis of
never-dried cellulose with a solution of sulfuric acid with
concentrations of 43 and 50% followed by ultrasonic treat-
ment, nanocellulose was obtained. The structural changes
and crystallinity degree of OMP and nanocellulose were
studied by SEM and FTIR techniques. XRD analysis con-
firmed the increase of the degree of crystallinity of the

Table 1: Dependencies of the parameters of nanocellulose films on the main technological parameters of the process of obtaining
nanocellulose from organosolvent miscanthus pulp.

Concentration H2SO4 (%)
Duration of

hydrolysis (min)
Duration of ultrasonic

treatment (min)
Quality of received films

Density (g/cm3) Tensile strength (MPa) Transparency (%)

Temperature 40°С

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°С

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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OMP and nanocellulose as a result of thermochemical treat-
ment. We report that nanocellulose has a density up to
1.6 g/cm3, transparency up to 82%, and crystallinity up to
76.5%. We observed using AFM microscopy that nanocellu-
lose has a particle diameter in the range of 10 to 20 nm. Ther-
mogravimetric analysis confirmed that nanocellulose films
have a more dense structure and smaller mass loss in the
temperature range of 320–440°C compared with OMP. Sam-
ples have a final degradation temperature of about 440°C for
OMP and 500°C for OMP after alkaline treatment, but for
nanocellulose films, the final decomposition is observed at a
temperature of 540°C. The obtained nanocellulose films had
high tensile strength up to 195MPa. The properties of
obtained nanocellulose from OMP exhibit great potential in

its application for the preparation of new nanocomposite
materials and can serve reinforcing additive in paper, card-
board, cement, etc.
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The XRD, FTIR, and TGA data used to confirm the results of
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