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Abstract

Renewable plant materials are of interest for the development of new biodegradable materials. The study describes the
preparation process of nanocellulose from organosolv reed pulp (ORP). ORP was obtained from reed stalks in two stages:
by extraction of the raw material with NaOH solution and cooking using a mixture of acetic acid and hydrogen peroxide.
Nanocellulose was extracted from ORP using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) in a TEMPO/NaBr/NaClO
system followed by ultrasonic treatment to obtain a stable nanocellulose gel. It was found that an increase in the TEMPO
consumption and oxidation time increases the density and tensile strength, the content of carboxyl groups, and the trans-
parency of the nanocellulose films, but decreases the yield and crystallinity of the nanocellulose. Structural and chemical
changes and the crystallinity index of reed stalks, ORP, and nanocellulose were studied using SEM, FTIR, and XRD meth-
ods. Nanocellulose films had a density of up to 1.51 g/cm?, a transparency of up to 82.4%, a carboxyl group content of up to
1.18 mmol/g, and a tensile strength of up to 69.7 MPa. The crystallinity index of nanocellulose decreases from 78.8 to 64.9%
with an increase in the oxidation time. TEM and AFM methods have shown that the width of nanocellulose particles is from
3 to 20 nm. TGA confirmed a decrease in the crystallinity index of nanocellulose as a result of its prolonged oxidation. The
properties of the obtained nanocellulose from ORP demonstrate the great potential of its application for the preparation of
new nanocomposite materials.
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Introduction

Recently, there has been a growing interest in the develop-
ment of new biodegradable materials from environmentally
friendly renewable plants. They are able to replace materi-
als made from exhaustible natural resources—oil, gas, and
coal. Polymers from these fossil fuels take hundreds of years
to decompose, causing irreparable damage to the environ-
ment. Plastic accounts for 85% of all waste in the world’s
oceans, half of which are disposable plastic products (Jam-
beck et al. 2015; Schmidt et al. 2017). The use of natural
polymers from plant materials is being seen as an alterna-
tive to plastics and could be a viable approach to reducing
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deforestation, increasing the use of agricultural surplus, and
developing biodegradable materials.

The main component of plant raw materials is cellu-
lose—the most widespread biopolymer on the Earth, which
is widely used in the production of paper and cardboard,
cellulose ethers and esters, microcrystalline cellulose, and
oxycellulose (Dassanayake et al. 2018; Shaghaleh et al.
2018). Cellulose has also attracted considerable interest as
a source of raw materials for the production of nanocellu-
lose (NC). Nanocellulose is a new class of nanomaterials,
which has unique properties, such as high elastic modulus,
high specific surface area, optical transparency, low ther-
mal expansion, nanoscalability, and biocompatibility and
being a renewable and biodegradable material, that enable
its use in many fields. Nanocellulose is used in optoelec-
tronic (Thomas et al. 2018) and medicine (Alavi 2019), in
the production of chemical current of sources and sorbents
(Jasmani et al. 2018; Nazl et al. 2019), for reinforcing and
improving the mechanical strength and/or barrier properties
of polymeric (Trache et al. 2020), and cement and paper
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composites (Abdul-Khalil et al. 2014; Baghban et al. 2020;
Charani et al. 2019).

The preliminary step for nanocellulose extraction is
the pretreatment of lignocellulosic biomass to remove the
lignin, hemicelluloses, and extractives. In the world pulp and
paper industry, the dominant technologies of pulp produc-
tion are the sulfate and sulfite methods, which lead to the
environmental pollution of harmful toxic sulfur compounds
(sulfur dioxide, hydrogen sulfide, and mercaptans). Envi-
ronmental requirements for the quality of wastewater and
gas emissions discharged by industrial enterprises stimulate
the development of new technologies for processing plant
materials using organic solvents (Phanthong et al. 2018;
Sharma et al. 2019). Organic solvents perform the functions
of both a chemical reagent and an environment in which the
process of delignification of plant materials occurs. As a
chemical reagent, organic solvents interact with structural
units of lignin, which leads to its destruction or blocking of
reactive groups (primarily benzyl alcohol) to prevent lignin
condensation reactions. Organic solvents can belong to one
or several classes of organic compounds—monohydric and
polyhydric alcohols, phenols and carboxylic acids, ethers
and esters, ketones and amines, peroxides. Their effect on
plant raw materials is distinguished by the chemistry and
technological parameters of the pulping process. Among
organic solvents, acetic acid due to relatively low cost can be
regarded as a potential agent to achieve extensive delignifi-
cation. The application of hydrogen peroxide during pulping
promotes delignification of raw materials; increased bright-
ness can also be achieved by delignification with peroxy
compounds. At the same time, less-pronounced impact on
cellulose is observed during pulping with such compounds
(Kumar et al. 2013). A solution of acetic or formic acid and
hydrogen peroxide forms peracetic or performic acid, which,
as a strong oxidizing agent, is characterized by excellent
delignification and bleaching properties (Jahan et al. 2014).
This acid is an environmentally friendly alternative to del-
ignification and bleaching, because it is a totally chlorine-
free process resulting in less damage to the fiber (Paschoal
et al. 2015). Peracetic acid selectively dissolves lignin and
minimally damages the carbohydrate components of raw
materials (Choi et al. 2019; Esmaeil et al. 2019). This cook-
ing process is carried out at low temperature that helps to
consume low energy (Deykun et al. 2018).

The extraction of nanocellulose can be achieved using the
following methods: mechanical treatment, acid and enzy-
matic hydrolysis, oxidation of cellulose, or their combina-
tion. The essence of the mechanical methods is an appli-
cation of different forces to reduce the size of the natural
cellulose fibers to nanoscale. For this, various mechanical
processing is used: homogenization, grinding, microfluidi-
zation, ultrasonic treatments, ball milling, and cryocrush-
ing (Rol et al. 2019). The use of mechanical methods for
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obtaining nanocellulose is characterized by significant
energy consumption. To reduce energy consumption and
fiber damage during mechanical processes, various pretreat-
ments of cellulose are used: enzymatic treatment, alkaline
treatment, and chemical oxidation. As a result of the rupture
of strong interfibrillar hydrogen bonding, the power required
for the production of NC is significantly reduced, for exam-
ple, from 20-30 to 0.5 kW/kg of sulfite pulp (Klemm et al.
2005).

Chemical methods are based on the cleavage of 1-4 gly-
cosidic bonds of cellulose chains and isolation of cellulose
nanocrystals with the removal of a part of the amorphous
cellulose under the action of acids. For these purposes, the
different acids are used: sulfuric, hydrochloric, phosphoric,
maleic, hydrobromic, nitric, formic, and p-toluenesulfonic
(Biana et al. 2018; Mahmud et al. 2019). Sulfuric acid is
most widely used to produce NC. It reacts with the surface
hydroxyl groups of cellulose to form negatively charged sul-
fonic groups and a stable NC gel. Otherwise, upon hydroly-
sis with hydrochloric acid, uncharged nanocellulose particles
tend to flocculate in aqueous dispersions (Kargarzadeh et al.
2017). The major drawback of this process is the acid-con-
taining waste water which has to be treated before releasing
to the environment. Deep eutectic solvents and ionic liquids
can be potentially useful chemicals for the NC extraction.
Their advantages are associated with a simple and efficient
process of cellulose hydrolysis in a homogeneous environ-
ment (De Santi et al. 2012; Seta et al. 2020).

Enzymatic methods are based on the biosynthesis from
monosaccharides or decreasing the size of the cellulose fib-
ers by the fermentation. The enzymatic methods are time-
consuming and require reagents that are more expensive
compared to acid hydrolysis process. However, preliminary
treatment of cellulose by enzymes before the mechanical
grinding can decrease the energy consumption required
for preparation of NC (Amezcua-Allieri et al. 2017; Long
et al. 2017). For these reasons, a pretreatment of the fibrous
material is usually performed to decrease the size of the
cellulose fibers and to ease the fibrillation and the process
of nanocellulose preparation. The method of NC production
by combining mechanical, chemical, or biological pretreat-
ment with homogenization treatment can not only reduce
energy consumption, but also obtain NC with controllable
size (Yang et al. 2019; Zhanga et al. 2020).

Oxidizing agents such as 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO) and phthalimide-N-oxyl (PINO) are also
used to prepare NC (Coseri et al. 2009; Madivoli et al.
2020). They improve the environmental friendliness and
shorten the duration of the nanocellulose production pro-
cess compared to hydrolysis, but have a higher cost than
the above acids (Isogai 2018). TEMPO is a water-soluble
and stable nitroxyl radical, and commercially available for
laboratory and industrial use. A number of articles have
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appeared on the use of TEMPO for the production of nano-
cellulose, mainly from wood cellulose (Asad et al. 2018;
Banerjee et al. 2020; Levanic et al. 2020). Extracted NC
is characterized by high dispersion in water due to a larger
number of carboxylate groups, smaller nanoparticles, and
a higher transmittance as compared to NC obtained using
the conventional hydrolysis method (Hirota et al. 2010). For
the practical application of such a technology for producing
nanocellulose from various plant raw materials, it is neces-
sary to continue the process of accumulating fundamental,
experimental, and analytical data to increase its reliability
at the industrial level.

The main raw material for cellulose production in the
pulp and paper industry is wood. In recent decades, there has
been a decrease in timber reserves, which leads to a violation
of the ecological balance on the planet. For countries with
limited wood resources, it is important to expand the fiber
base using non-wood plant raw materials. Common reed
(Phragmites australis) also belongs to such raw materials.
Common reed is a cheap and common plant that grows on
the banks of rivers and lakes as a result of the efficient use
of solar energy utilization by means photosynthesis process.
It is one of the most widespread wild-growing species of
flowering plants in Europe, Asia, North Africa, and North
and South America, is a tall up to 4 m perennial cereal (Sal-
tonstall 2002). Common reed has the ability to form mono-
specific stands occupying large areas (Asaeda et al. 2006).
Only in Ukraine, common reed harvesting averages 3200
tons per year and tends to grow. Reed stems can be used
for the production of pulp, paper, and cardboard, but there
are no data on the production of nanocellulose by TEMPO-
mediated oxidation. Taking into account the fact that the
market size for nanocellulose was close to USD 146.7 mil-
lion in 2019 and will grow at a compound annual growth rate
of 21.4% from 2020 to 2026, many lignocellulosic materials,
including common reed, can be considered as feedstock for
its production.

The aim of the study was to prepare pulp from reed stalks
using an environmentally friendly organosolv method fol-
lowed by its TEMPO-mediated oxidation to obtain nano-
cellulose and to study its properties to assess its potential
application.

Experimental details
Materials and chemicals

We used the biomass of common reed from the Cherkassy
region of Ukraine after the harvest in 2019. Before
research, the raw material was crushed to 2—5 mm and
stored in a desiccator to maintain a constant moisture con-
tent and chemical composition. The chemical composition

of reed stalks was determined according to TAPPI stand-
ards to determine cellulose by Kurshner—Hoffener method
with using of alcoholic nitric acid (T 249), lignin (T 222),
hot water solubility (T 207), 1% NaOH solubility (T 212),
alcohol-benzene solubility (T 204), and ash (T 211). The
analyses for the chemical characterization were done in
triplicate and the mean and standard deviation were cal-
culated. Sodium hydroxide, glacial acetic acid, hydrogen
peroxide, ethanol, 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO), sodium bromide, and sodium hypochlorite were
chemical grade.

Cooking process

The pulp was obtained from reed stalks in two stages.
At the first stage, an alkali solution was used as a pre-
liminary treatment of plant raw materials to remove the
main part of hemicelluloses and minerals and partially
remove lignin. Carrying out alkaline pretreatment before
organosolv cooking allows, taking into account the pecu-
liarities of the chemical composition of raw materials, to
reduce the amount of substances subject to destruction in
the spent cooking solution and to increase the efficiency
of its recycling (Vurasko et al. 2018). For this, the reed
stalks were extracted with a NaOH solution with a con-
centration of 50 g/l at a temperature of 97 +2 °C for 120
and 180 min, the ratio of liquid-to-solid is 10:1. At the
second stage, to remove residual lignin and extractives,
organosolv cooking was carried out using a solution of
glacial acetic acid and 35% hydrogen peroxide in a volume
ratio of 7:3 with a liquid-to-solid ratio of 10:1 at a tem-
perature of 97 +2 °C for 120 or 180 min. These values of
technological parameters were previously determined for
the extraction of wheat straw (Barbash et al. 2017a), flax
(Barbash et al. 2017b), kenaf (Barbash et al. 2018), and
miscanthus (Barbash et al. 2019). The obtained organosolv
reed pulp (ORP) had traces of non-cellulosic components
and was stored wet in an airtight bag to produce nanocel-
lulose. Removal of residual lignin from organosolv pulp
is necessary, because it prevents the oxidation of hydroxyl
groups at C6, reduces the crystallinity of nanocellulose,
and negatively affects the thermal stability and transpar-
ency of nanocellulose films (Chen et al. 2018). Residual
lignin will also interfere with the nanocellulose production
process when the pulp is exposed to acid solutions, which
will lead to condensation of lignin. Never dried pulp is bet-
ter for obtaining nanocellulose, as dried samples irrevers-
ibly 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 (Barbash et al. 2020).
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Preparation of TEMPO-oxidized nanocellulose

The nanocellulose has been prepared by TEMPO-mediated
oxidation using the TEMPO/NaBr/NaOCl system followed
by ultrasonic treatment. This treatment leads to the selective
removal of the amorphous regions of cellulose while main-
taining the crystalline regions of cellulose macromolecules
(Sun et al. 2015; Yang et al. 2019). To obtain nanocellulose,
1 g of ORP was transferred into a beaker, 100 ml of distilled
water was added, and the resulting aqueous suspension of
cellulose was mixed with 0.16 g of sodium bromide and
the required amount of TEMPO at the rate of 0.8-2.0% by
weight of ORP. To uniformly impregnate cellulose suspen-
sion with these reagents, we used sonication in the ultra-
sound disintegrator UZDN-A (SELMI) at 22 kHz for 5 min.
A solution containing NaClO at 10 mmol/g ORP is added
to the slurry at room temperature and pH 10 to start the
TEMPO-mediated oxidation, with continuous addition of
0.5 M NaOH to maintain the mixture at pH 10. The NaClO
consumption of 10 mmol/g was used based on our prelimi-
nary studies and the results obtained by Lu et al. (2018) and
Patifio-Maso et al. (2019), which show that the carboxyl
content in the prepared TEMPO-oxidized nanocellulose
increased with increasing NaClO consumption from 4 to
25 mmol/g. The duration of the TEMPO oxidation was from
2 to 24 h. To stop the TEMPO-oxidation process, we added
100 ml ethanol. Then, the suspension was centrifuged from
TEMPO, salts, and other compounds present in the oxidiz-
ing mixture three times with the addition of distilled water
at 4000 rpm for 10 min each. Ultrasonic treatment of a sus-
pension of nanocellulose oxidized by TEMPO was carried
out for 10-30 min until a transparent nanocellulose gel was
formed. The resulting nanocellulose suspension was poured
into Petri dishes and dried in air at room temperature to
obtain NC films.

Methods of analyses

Scanning electron microscopy (SEM) studies were car-
ried out on PEM-106I (SELMI, Ukraine) microscope to
observe the morphology of reed pulps and nanocellulose
films. The samples were sputter-coated with a layer of gold
using the sputtering technique. Fourier-transform infrared
spectroscopy (FTIR) spectra of the reed stalks, pulps, and
nanocellulose films were recorded on Tensor 37 Fourier-
transform infrared spectrometer with a 2 cm™! resolution
in the 400-4000 cm™" frequency range. X-ray diffraction
analysis (XRD) was carried out using an Ultima IV diffrac-
tometer (Rigaku, Japan) to determine the relative amount
of the crystalline phase in samples of plant material, reed
pulps, and nanocellulose films. Crystallinity index (CI) was
calculated using Segal method (Segal et al. 1959):
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CL % = [(I200 = Lum) /Ta00] - 100, (D

where I, is an intensity of (200) reflex for the crystalline
phase at 20 between 22° and 24°, and [, is an intensity in
the valley between the peaks of the amorphous region at 26
between 18° and 19°.

Average crystallite size D or, more accurate, size of
coherent-scattering regions in the direction of the normal
to the reflecting planes, of the NC films was determined
from the X-ray line broadening method using the Scherer’s
formula (Torlopov et al. 2017):

D= (k-2)/(B-cosb), @

where k is the Scherer constant (k=0.94); f=(B-b) or
p=(B*-b*)"3, when B is the observed full width at half
maximum (FWHM), and b is the broadening in the peak
due to the instrument in radians, and 6 denotes the Bragg’s
angle of the X-ray diffraction peaks (110) and (200).

Transmission electron microscopy (TEM) was used to
study the morphology of nanocellulose suspension. For
these observations, TEM SELMI EMV-125 was used,
for which an NC sample was prepared by dispersing 2 pl
of an appropriate nanocellulose suspension in distilled
water with a volume of 1-18 pl. Then, this dispersion was
dropped onto copper grid coated by 5—10 nm-thick carbon
film and dried in air for 15 min. TEM and electron dif-
fraction analyses were fulfilled at room temperature using
accelerating voltage of 75 kV. The diameters and lengths
of the NC cellulose nanoparticles were determined using
an image analysis program ImageJ 1.37v®, a minimum
of 500 measurements performed for each determination.

Atomic force microscopy (AFM) was used to determine
the topographic characteristics of nanocellulose samples.

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 deter-
mined 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.

The content of carboxyl groups in nanocellulose was
determined by the calcium acetate method according to
the method described by Milanovich et al. 2012. A cel-
lulose sample (0.5 g) was treated with 0.01 M HCI for
1 h, followed by washing with distilled water. Then, 50 ml
of distilled water and 30 ml of 0.25 M calcium acetate
solution were added to the fiber suspension. After stand-
ing for 2 h with frequent shaking, 30 ml portions of the
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suspension were titrated with 0.01 M sodium hydroxide
using a phenolphthalein indicator. The carboxyl contents
are calculated as:

COOH, mmol/g = 80/30 - 0.01 M - Vy,op/m - k. 3)

where 0.01 M is concentration of NaOH, V,oy is volume
(ml) of NaOH solution used for titration, m is weight of
treated fibers (g), and k is content of absolutely dry matter
in cellulose.

Thermogravimetric analysis (TGA) using a Netzsch STA-
409 thermal analyzer was used to study the thermal destruc-
tion of reed pulps and nanocellulose samples. The samples
were heated at a rate of 5 °C/min, from 25 to 450 °C. The
weight of samples was within 0.25+0.01 g, reference
substance—a-corundum, crucible material—alund. Devia-
tions of weight were registered and processed according to
a program involving the use of computer technology. Based
on the changes in the gravimetric and differential curves of
thermal analysis, the initial temperature of the mass weight
loss of reed pulps and NC samples were determined.

The density of nanocellulose films was determined
according to ISO 534:1988. The tensile strength of the NC
films was measured at a controlled temperature (23 + 1 °C)
and humidity (50+2%) according to ISO 527-1. Tension
tests were performed at a crosshead speed of 0.5 mm/min on
the TIRAtest-2151 (Germany) instrument equipment with a
2-N load stress. For testing, test strips with 10 +£2 mm width
and 25+ 5 mm long were used. The tensile strength of the
NC films was calculated on five test pieces, expressing the
results as an average and standard deviation.

The yield of the NC was determined as described by Bes-
bes et al. (2011). A 0.1 wt % NC suspension was centrifu-
gated at 10,000 rpm for 10 min to achieve the separation of
the nanofibrillar material and non-nanofibrillated material.
The sediments (non-nanofibrillated fraction) were dried to
a constant weight at 100 °C. The yield is calculated from
the next equation:

Yield, % = [1—=(Ws /(Wxc - Cxe))] - 100, “)

where Wy weight of sediments; Wy weight of NC suspen-
sion; Cyc concentration of NC suspension.

Results and discussion
Alkali treatment and pulping

Chemical analysis of plant materials showed that
reed stalks had the following content of components:
49.3+1.2% of cellulose, 22.9 +0.7% of lignin; hot water
solubility—10.6 +0.3%; 1% NaOH solubility—19.4 +0.6%;
2.3+0.3% of resin, fats, and waxes; 3.5 +0.5% of mineral

substances (ash) relative to mass of dry raw material. Thus,
the studied non-woody plant material contains less lignin
than wood of coniferous and deciduous species, which a pri-
ori suggests a lower consumption of reagents and a shorter
duration of the process of its delignification in comparison
with obtaining pulp from wood. The change in the content
of the main components of plant materials after the first
and second stages with different thermochemical processing
times is shown in Table 1.

The data in Table 1 show a regular decrease in all indica-
tors of reed pulps with an increase in the duration of treat-
ment both at the first and at the second stages. After 120
and 180 min of alkaline treatment, the content of lignin in
the reed pulp decreased by only 36.7% and 46.7%, respec-
tively, and the content of mineral substances by 79.6% and
75.1%, respectively, compared to the initial plant raw mate-
rial. However, to obtain cellulose suitable for chemical pro-
cessing, in particular for the production of nanocellulose,
additional chemical treatment is required. As can be seen
from the data (Table 1), this is achieved by organosolv cook-
ing. Thus, carrying out alkaline treatment and cooking for
180 min allows to obtain the ORP with a lower content of
residual lignin and traces of minerals, which was used to
obtain nanocellulose. Such values of the ORP quality indica-
tors are close to the indicators of organosolv pulps obtained
as a result of these two stages of thermochemical treatment
of other representatives of non-wood plant raw materials,
such as wheat straw, flax, kenaf, and miscanthus (Barbash
et al. 2017a, b, 2018, 2019, 2020).

Morphology of reed pulp

The morphology of the initial plant raw material and the reed
pulps after stages I and II was studied using SEM (Fig. 1).
As seen from Fig. 1a, the initial reed stalk consists of sev-
eral layers of fibrils with a dense structure and a smooth
surface. In the course of alkaline treatment, the reed stalks
are partially separated into fibers with a residual content of
lignin and extractives (Fig. 1b). Changes in the structure of
reed fibers in the process of organosolv cooking are shown

Table 1 The indicators of the reed pulp after stages of its processing
(%)

Pulp indica- Pulp after alkali pre- Pulp after the peracetic
tors treatment for cooking for
120 min 180 min 120 min 180 min
Yield 66.5+1.7 58.0%1.5 70.7+2.1 63.8+1.9
46.6°+14 37.0°+1.2
Lignin 145+09 12.2+0.7 0.53+0.05 0.39+0.04
Ash 1.03+0.07 0.87+0.04 0.03+0.004 0.02+0.003

*Regarding to original raw material
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Fig. 1 SEM images. a Reed stalk; b pulp after alkali treatment; ¢ pulp after cooking; d cross section of ORP

in Fig. 1c. Acidification of fibers in a mixture of acetic acid
and hydrogen peroxide promotes the separation of stalks into
fibrils due to the destruction of internal bonds between lignin
and hemicellulose molecules, while hydrogen peroxide helps
to bleach the reed pulp (Fig. 1c). Cross-sectional electron
micrographs of ORP show its separation into smaller fibrils
as a result of the removal of the remaining non-cellulosic
components (Fig. 1d). The length of the original fibers of the
reed varies and reaches several millimeters, but after ther-
mochemical treatment, the length of the fibers of the ORP
decreases to 100-800 microns. Reed fibers are more than
20 um wide, and after alkaline treatment and peracetic cook-
ing, they decrease to 20 and 10 pum, respectively (Fig. 1d).

Chemical composition of ORP and NC

The change of chemical composition of ORP in the process
of its thermochemical treatment was confirmed by infrared
spectroscopy. Figure 2 shows the Fourier IR spectra of the
reed stalks, pulps after alkaline treatment and cooking, and
nanocellulose after TEMPO-mediated oxidation. All spec-
tra are characterized by a wide band width in the region
of 30003800 cm™!, which corresponds to stretching vibra-
tions of hydroxyl groups included in intramolecular and
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Fig.2 FTIR spectra of different samples a of reed stalk; b pulp after
alkaline treatment and ¢ pulp after cooking; d nanocellulose film

intermolecular hydrogen bonds. The bands in the area of
3000-2800 cm™! correspond to the asymmetric and sym-
metric stretching vibrations of the -CH,, —CH, and hydroxyl
groups. Their number naturally decreases in the course of
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thermochemical processing of raw material, as evidenced
by a decrease in intensity peaks in this area. In the Fou-
rier IR spectra of reed pulps after stages I and II (Fig. 2b,
¢), in comparison with the spectrum of the initial plant
raw material, there is a decrease in the intensity of bands
in the region of 1500-1800 cm™!, which characterize the
bands of stretching vibrations of double bonds. Vibration
bands in the 1740 cm™! region indicate the presence of a
carbonyl group characteristics of hemicelluloses. As can be
seen from Fig. 2b, alkaline treatment significantly removes
hemicelluloses from the cellulose composition, but subse-
quent organosolv cooking increases the amount of carbonyl
groups due to oxidation by hydrogen peroxide. A decrease
in the intensity of vibrations in the region of 1600 cm™!,
which is characteristics of aromatic compounds—residual
lignin, indicates a removal of lignin from plant material and
pulp during their thermochemical treatments (Fig. 2a—c).
An increase in the intensity of the band from the maxima
of 1600 cm™! for nanocellulose (Fig. 2d) indicates a sig-
nificant increase in the number of carboxyl and carbonyl
groups due to the oxidation of hydroxyl groups in C6 under
the action of the TEMPO-mediated oxidation. In the region
1200-1450 cm™!, absorption bands are located due to bend-
ing vibrations of the angles and bonds of the CH,OH group
at C6 of cellulose. The band in the region of 1430 cm™' is
due to the deformation vibrations of the CH, groups, and
the bands at 1360 and 1340 cm™' are due to deformation
vibrations of hydroxyl groups. The band at 1160 cm™! is
due to the asymmetric vibrations of the C—O bonds, while
the band at 1060 cm™' corresponds to the vibrations of the
C-0O-C bridge of the glucopyranose ring of cellulose (Ilyas

Fig.3 Dependence of nanocel- 15 4
lulose properties on TEMPO
consumption during 4 h (b, c)
and 20 (a, d) hours of oxidation.
Density (a, b); tensile strength
(c,d

Densety, g/cm3

08

et al. 2017). The increase of the intensity of the bands in
the region of 1050, 1400, and 3400 cm~! demonstrates the
efficiency of removal of lignin and noncellulose components
from the plant feedstock in the investigated sequence of ther-
mochemical treatments.

TEMPO-oxidation process

TEMPO-oxidized nanocellulose (TONC) suspension was
extracted from ORP using TEMPO/NaBr/NaClO oxida-
tion system followed ultrasonic treatment. The effect of the
TEMPO oxidizer consumption on the quality indicators of
the obtained nanocellulose films during the oxidation pro-
cess for 4 and 20 h is shown in Fig. 3. As shown in Fig. 3
data, an increase in the consumption of the oxidizing agent
and the duration of the oxidation process contributes to an
increase in the density and tensile strength of nanocellulose
films. The change in the density of TONC films is associated
by a decrease in the size of cellulose fibers in the process of
TEMPO-mediated oxidation with their transformation into
nanoparticles, which form denser structures with stronger
bonds between them. The dependence of the TONC prop-
erties on the oxidation time at the TEMPO consumption of
1.6% of the ORP mass is presented in Table 2. The data in
Table 2 show that an increase in the duration of the oxidation
process contributes to the production of TONC films with a
higher density and a high content of carboxyl groups, as well
as an increase in their transparency and mechanical strength.
It was found that an increase in the oxidation time reduces
the yield of nanocellulose due to the destruction of cellulose
macromolecules by prolonged action of the oxidizing agent.

Tensile strength, MPa

1.2 16 20
Consumpsion of TEMPO, %
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Table 2 Dependences of

8 Time of Yield, (%) Density, (g/cm3) Tensile strength, MPa  Content Transparency, (%)
nanocellulose properties on oxidation, of COOH,
oxidation time hours (mmol/g)
0 100 0.53+0.01 1.73+0.1 0.12+0.02 -
2 754427 0.75+0.02 5.05+0.2 0.23+0.03 28.5+0.8
4 58.7+£22 0.90+0.02 12.5+0.5 0.39+0.07 35.7+1.2
8 42.8+2.1 1.12+0.03 21.5+0.8 0.43+0.10 522+2.6
15 41.2+20 1.28+0.03 42.8+1.1 0.74+0.15 68.4+3.3
18 404+19 1.37+0.04 532+1.8 0.90+0.18 72.8+3.7
20 38.7+1.8 1.48+0.04 58.5+2.5 1.01+0.22 783+3.9
24 36.5+1.8 1.51+0.05 69.7+3.2 1.18+£0.23 82.4+4.2

Fig.4 Comparison of transpar-
ent strips made from: a initial
ORP, b TONC film after the
oxidation 2 h, ¢ TONC film
after the oxidation 4 h, d TONC
film after the oxidation 8 h, and
e TONC film after the oxidation
24 h

In this case, there is a sharp decrease in the yield of nanocel-
lulose in the first 4 h of ORP oxidation (up to 58.5%) and a
slight decrease in its yield with a subsequent increase in the
oxidation time.

This occurs due to the dissolution and removal during the
washing process of low molecular weight, primarily amor-
phous parts of nanocellulose. This leads to a decrease in the
size of cellulose fibers in the process of TEMPO-mediated
oxidation with their transformation into nanoparticles, which
form denser structures with stronger bonds between them.
In this case, the density of TONC increases by three times,
and the tensile strength by 40 times compared with these
indicators for ORP. Changes in the look of ORP and TONC
films according to the duration of TEMPO-mediated oxida-
tion are presented in Fig. 4.

Comparison of the strips shows that the films obtained
with long exposure in the TEMPO/NaB1/NaClO system on
an ORP have higher transparency. These results show that
prolonged treatment of ORP with TEMPO-mediated oxida-
tion leads to the formation of homogeneous TONC films
with high density up to 1.51 g/cm® and high transparency up
to 82.4% at a wavelength of 600 nm (Table 2).

The prepared TONC looked like a homogeneous and
stable suspension (Fig. 5). The nature of stabilization of
the colloidal suspension is explained by the presence of
charged groups on the surface of nanocellulose, which
are formed by the interaction of cellulose with TEMPO/
NaBr/NaClO system due to the esterification reaction.

bjsliase cllol & :
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Fig.5 Photographs of vials with nanocellulose suspensions prepared
after 24 h of TEMPO-mediated oxidation of ORP: a without ultra-
sonic treatment; b after ultrasonic treatment, and ¢ after 4 months of
storage

Confirmation of the stability of the nanocellulose suspen-
sion is the absence of sedimentation of nanocellulose par-
ticles after preparation and after long-term storage at room
temperature. The obtained transparency values are in good
agreement with the known data (Zhu et al. 2013; Patifio-
Maso et al. 2019), which show an increase in the transmis-
sion of the nanocellulose suspension with an increased
TEMPO consumption.
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As can be seen from the data in Table 2, with an increase
in the oxidation time from 2 to 24 h, the content of carboxyl
groups increases from 0.12 mmol/g in ORP to 1.18 mmol/g
in TONC. That is, the content of carboxy groups increases
by about 10 times as compared to the initial ORP. This
indicates that the oxidation process occurs in the C6—-OH
groups both on the surface of crystalline cellulose microfi-
brils and in the C6-OH groups inside cellulose microfibrils.
The obtained values of the content of carboxyl groups are
in the range of known values. For example, after TEMPO
oxidation of bleached bagasse pulp with a consumption of
NaClO 4, 6 and 8 mmol/g, nanocellulose was obtained with
a content of carboxyl groups of 0.73, 1.08, and 1.29 mmol/g,
respectively (Lu et al. 2018). Patiflo-Maso et al. (2019) pre-
pared TEMPO-oxidized nanocellulose from in baby diapers
with a consumption of NaClO 5, 10, 15, and 25 mmol/g,
and obtained carboxy content values were 0.78, 1.17,
1.31, and 1.35 mmol/g, respectively. TEMPO oxidation of
bleached softwood kraft pulp with NaClO consumption up
to 20 mmol/g increases the content of carboxyl groups in
nanocellulose to 1.7 mmol/g (Isogai 2018). An increase in
the content of carboxyl groups is associated with an increase
in the access of reagents to internal microfibrils of cellulose
during TEMPO oxidation and is confirmed by changes in
the crystal structure of cellulose I obtained by X-ray dif-
fraction analysis.

Crystallinity of ORP and TONC

The X-ray diffractograms of initial reed stalks, pulp after
treatment with alkali at 95 °C and at 160 °C, and ORP and
TONC after different time of TEMPO oxidation are depicted
in Fig. 6. Based on the analysis of diffraction patterns and
changes in the ratio of the amorphous and crystalline parts

Intencity

of the samples under study, their crystallinity index (CI)
was calculated.

X-ray diffraction patterns show that all studied samples
consist of both crystalline and amorphous domains, which
tend to influence the observed pattern and values of the
crystallinity index (CI). The diffraction pattern of cellulose
isolated from reed stems (Fig. 6A, a) consisted of crystalline
cellulose domains with peaks at 26 angles of 16°, 22°, and
34°, which were assigned to the diffraction planes (101),
(200), and (040), respectively (Saberikhan et al. 2011). As
can be seen from the data in Fig. 6A, the values of the cel-
lulose crystallinity index gradually decrease as the thermo-
chemical treatment proceeds. This pattern of decreasing CI
is associated with an increase in the destruction of the car-
bohydrate complex of plant raw materials with an increase in
the influence of temperature and chemicals. An illustration
of this is the lower value of the crystallinity index of pulp
after alkaline treatment under the influence of a higher tem-
perature on the raw material: CI=73.4 at 160 °C compared
to CI=75.9 at 95 °C (Fig. 6A, c and b). The subsequent
decrease in the value of the CI of pulp after cooking is asso-
ciated with the oxidative effect of hydrogen peroxide, which
is part of the cooking solution, on cellulose fibers (Fig. 6A,
d). It has been established that the crystallinity index of reed
pulp decreases in the following order: initial raw material—
pulp after alkaline treatment at 95 °C—pulp after alkaline
treatment at 160 °C—ORP. The obtained crystallinity index
of the ORP is 72.8%, which is higher than for organosolv
straw pulp (CI=64.1%) produced by Sanchez et al. 2016
and is the same (CI1=72.5%) as that obtained for organosolv
straw pulp (Barbash et al. 2017a).

After a short duration of the TEMPO oxidation of the
ORP (2 h), the CI of the nanocellulose increases from 72.8
to 78.4% due to the destruction of the amorphous part of
the cellulose. However, with a subsequent increase in the

B

CI=64.9
" N/"’\*\ﬂfﬂA»m/\\z@/

Intencity
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Fig.6 X-ray diffractograms. a—a reed stalks; b reed pulp after treatment with alkali at 95 °C; c reed pulp after treatment with alkali at 160 °C; d

ORP; b TONC after different time of oxidation
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duration of TEMPO-mediated oxidation, a decrease in the
amplitude of the intensity peaks of the crystalline part of
cellulose is observed in the TONC diffractograms. Thus,
with an increase in the oxidation time, there is a tendency
to a decrease in the crystallinity index of TONC (Fig. 6b).
A decrease in the value of the crystallinity index of TONC
is also associated with the action of ultrasonic treatment on
it due to the partial destruction of the crystalline regions of
cellulose macromolecules under the influence of high ultra-
sound energy. Shak et al. noted decomposition of nanocel-
lulose under the influence of TEMPO-mediated oxidation
(Shak et al. 2018).

Values of the average crystallite size D of TONC esti-
mated using Eq. (2) from (110) and (200) reflexes of XRD
pattern in Fig. 6b are 2 and 3 nm, respectively. They all
are similar to D values obtained for different nanocellulose
samples by Plermjai et al. 2010 and Torlopov et al. 2017.
To refine and analyze the particle size after oxidation, we
studied the morphology of TONC samples using TEM and
AFM.

Dimensions of TONC

The TEM analysis data of the TONC suspension show its
multilayer structure with a fine network of nanocellulose
particles as a result of interaction between them (Fig. 7). The
morphology of the nanocellulose suspension differed in its
dense and subtle regions, depending on the degree of dilu-
tion of the initial suspension with water. This phenomenon
is explained by the inhomogeneous distribution of the amor-
phous and crystalline phases of nanocellulose in an aqueous
medium (Sosiati et al. 2017). As seen in Fig. 7a, when using
a concentrated suspension, TEM image of the dense region
of TONC demonstrates nanoparticles with elongated rod-
like shape, specifically, nanoparticles with average width
from 4 to 10 nm. Such shape of cellulose nanoparticles is
typical for that obtained from plant biomass by TEMPO oxi-
dation (Madivoli et al. 2020) and by the hydrolysis of cellu-
lose using sulfuric acid (Shak et al. 2018; Feng et al. 2017).
Isogai showed that TEMPO-mediated oxidation converts

Fig.7 TEM images of TONC
suspension a in dense region; b
in subtle region. Inset a shows
an electron diffraction pattern
of TONC. Left insets in a and
b show the nanoparticle size
distributions in the correspond-
ing TONC suspensions

/
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wood cellulose fibers into nanofibers about 3 nm wide (Iso-
gai 2018). As it is supported by the electron diffraction pat-
tern in the inset in Fig. 7a, these nanoparticles are mainly
composed of cellulose nanocrystals.

When the nanocellulose suspension was diluted with
water, no agglomeration of nanoparticles occurred, which is
explained by the presence of residues of anionically charged
carboxylate groups in nanocellulose obtained by TEMPO-
mediated oxidation (Sun et al. 2015). Instead, the diluted
suspension TONC created networks with average width in
the 5—40 nm range and length up to 0.8 pm (Fig. 7b). Simi-
lar networks of fine cellulose nanofibrils through TEMPO-
mediated oxidation of cellulose obtained Abitbol et al. 2016
and Gopakumar et al. 2019.

These dimensions of TONC correspond to data obtained
by AFM (Fig. 8). As shown in Fig. 8a, nanocellulose par-
ticles aggregated and interlaced. The transverse size of
nanocellulose particles is in the range of 5-20 nm, but indi-
vidual nanofibers are up to 28 nm wide and up to several
micrometers in length (Fig. 8a). Such values of the sizes
of TONC are confirmed by the data obtained for other rep-
resentatives of non-woody plant raw materials. For exam-
ple, the width of nanocellulose obtained by hydrolysis of
organosolv pulp from wheat straw was 10-45 nm (Barbash
et al. 2017a, b), from kenaf—10-28 nm (Barbash et al.
2019), from flax—15-65 nm (Barbash et al. 2018), from
miscanthus—10-20 nm (Barbash et al. 2019), and from
bleached sulfate softwood pulp—15-30 nm (Barbash et al.
2016).

Thermal stability

The effect of temperature on the stability of cellulose sam-
ples was investigated by thermogravimetric analysis (TGA).
It was established that the temperature dependences of the
weight loss of reed pulp after the alkali treatment and cook-
ing have a similar character (Fig. 9). Thus, when these
samples are heated from room temperature to a tempera-
ture of 250 °C, a gradual loss of their weight up to 15% is
observed due to the evaporation of water and partial pulp
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Fig.9 a Gravimetric and b differential curves of thermal analysis. a Reed pulp after the alkali treatment; b ORP; ¢ nanocellulose films

destruction (Fig. 9A, a, b). A further increase in temperature
to 300-350 °C leads to a sharp decomposition of pulp and
a weight loss of up to 60% for pulp after NaOH treatment
and up to 80% for ORP. At 450 °C, these samples lose about
90% of their initial weight.

Another character of the weight change due to heat-
ing is observed for the TONC samples. When heated to a
temperature of 200 °C, a gradual weight loss of up to 20%
is observed the initial weight, which indicates both the
removal of adsorbed moisture and the partial destruction
of nanocellulose. An increase in temperature to 300 °C
leads to a sharp weight loss of the nanocellulose sample
up to 60% of the initial one. A further increase in tempera-
ture to 500 °C reduces weight by only 10%. This character
of the dependence of the weight loss of a nanocellulose

sample on temperature indicates that it contains up to 20%
of adsorbed moisture and about 40% of amorphous (less
thermally stable) and 40% crystalline (more thermally
stable) regions of nanocellulose. Thus, TGA confirmed a
decrease in the crystallinity of nanocellulose as the result
of prolonged treatment of ORP by TEMPO-mediated
oxidation.

It should be noted that the presence of an amorphous
part in the resulting nanocellulose makes it more flexible
and expands the scope of its application (Dias et al. 2020).
The properties of the obtained nanocellulose from ORP
demonstrate the great potential of its application for the
production of new nanocomposite materials, for example,
in optoelectronic devices, packaging, and construction.
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Conclusion

The organosolv pulp from reed stalks was prepared by
the environmentally safer alkali treatment and organosolv
cooking in a solution of peracetic acid. The obtained orga-
nosolv reed pulp (ORP) had traces of non-cellulosic sub-
stances and was used for the preparation of nanocellulose.
It has been established that the crystallinity index of reed
pulp decreases in the following order: initial raw mate-
rial—pulp after alkaline treatment at 95 °C—pulp after
alkaline treatment at 160 °C—ORP. ORP is completely
converted to nanocellulose particles by 2,2,6,6-tetrameth-
ylpiperidine-1-oxyl (TEMPO)-mediated oxidation in the
TEMPO/NaB1/NaClO system followed by ultrasonic treat-
ment to obtain a stable nanocellulose gel. It was found
that an increase in the TEMPO consumption and oxidation
time increases the density and tensile strength, the content
of carboxyl groups, and the transparency of the nanocel-
lulose films, but decreases the yield and crystallinity of the
nanocellulose. Structural and chemical changes and the
crystallinity index of reed stalks, ORP, and nanocellulose
were studied using SEM, FTIR, and XRD methods. Nano-
cellulose films had a density of up to 1.51 g/cm?, a trans-
parency of up to 82.4%, a carboxyl group content of up to
1.18 mmol/g, and a tensile strength of up to 69.7 MPa. The
crystallinity index of nanocellulose decreases from 78.8
to 64.9% with an increase in the oxidation time. TEM and
AFM methods have shown that the width of nanocellulose
particles is from 3 to 20 nm. TGA confirmed a decrease
in the crystallinity of nanocellulose as the result of pro-
longed TEMPO oxidation. The properties of the obtained
nanocellulose from ORP demonstrate the great potential of
its application for the preparation of new nanocomposite
materials, for example, in optoelectronic devices, packag-
ing, and construction.
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