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Abstract
The study describes the extraction of cellulose and nanocellulose (NC) from corn crop residues (CCR), the world’s largest 
cereal crop. The effect of mechanical sieving and washing of CCR in cold and hot water on the content of chemical elements 
in their ash was investigated. It is recommended to sift crushed CCR from sand and dust before thermochemical treatment. 
Corn organosolv cellulose (OCC) was obtained by an environmentally friendly method using a solution of peracetic acid. 
SEM data confirmed the destruction and decrease in the size of CCR fibers during their thermochemical treatments. FTIR 
and XRD data showed that the influence of chemicals and temperature leads to a decrease in the content of residual lignin, 
the lateral order index, the apparent size of crystallites, and an increase in the crystallinity index in corn cellulosic materials 
in the following order: CCR—corn pulp after alkaline extraction—OCC—NC. DLS, AFM, and TEM data confirmed that 
NC particles had a transverse size in the range of 5–65 nm and a length of up to several micrometers. The positive effect of 
the use of corn NC on the improvement of cardboard indicators and the reduction of the consumption of harmful chemical 
auxiliary substances is shown. Corn NC with a density of up to 1.2 g/cm3, a tensile strength of up to 43 MPa, and a crystal-
line index of 74.9% can  of composite materials and as a basis for obtaining smart electronic devices.
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Introduction

The implementation of the doctrine of reducing the use of 
exhaustible sources of energy is aimed at improving the state 
of the environment and achieving the goal set by the Paris 
Agreements aimed at “zero” carbon emissions by 2050 (Ilari 
et al. 2022). Therefore, in recent years, new sources of raw 
materials and the development of new materials to replace 
polymers from fossil sources—oil, gas, and coal—have been 
intensively researched. These types of raw materials include 
cellulosic sources, in particular wood and agricultural waste. 
Cellulose is the most abundant natural renewable biodegrad-
able material on earth (Tu et al. 2020). Cellulose macro-
molecules have the characteristics of high hydrophilicity 
and density of hydroxyl groups, which contributes to the 

modification of functional groups with the formation of new 
products with unique properties (Liu et al. 2022; Nagarajan 
et al. 2021). Cellulosic sources are environmentally safer and 
affordable raw materials for the extraction of nanocellulose. 
Nanocellulose (NC) is one of the most promising substances 
from cellulose-containing raw materials due to its unique 
properties—excellent mechanical properties relative to its 
weight and very high elastic modulus, a large specific sur-
face area, and high length-to-diameter ratio (Sun et al. 2016), 
high transparency and chemical resistance, low coefficient of 
thermal expansion (Lee et al. 2014) and non-toxic character. 
Exceptional properties of NC depend on the characteristics 
of the raw materials and methods of obtaining nanocellulose 
(Deepa et al. 2015). NC is traditionally classified into cel-
lulose nanofibers (CNF), cellulose nanocrystals (CNC), and 
bacterial nanocellulose (Azeredo et al. 2017; Sihag et al. 
2022). NC is widely used in industry to increase the mechan-
ical strength and improve the barrier properties of paper and 
cardboard (Reshmy et al. 2020), polymer and cement com-
posites (Isogai 2020), electric batteries (Kang et al. 2020) 
and in the field of water treatment (Gopakumar et al. 2018), 
medical (Alavi 2019) and biomedical applications (Du et al. 
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2019), food packaging and green nanocomposite materials 
(Abdul Khalil et al. 2014). NC can be extracted from many 
renewable natural sources of cellulose and is therefore con-
sidered a cost-effective substitute for synthetic fibers such 
as carbon and glass (Randhawa et al. 2022).

Different methods are used for the extraction of NC from 
cellulose-containing raw materials. These include mechani-
cal treatments such as high-pressure homogenization (Ren 
et al. 2014), high-intensity ultrasonication (Hu et al. 2017), 
cryocrushing (Kaur et al. 2017), microfluidization (Nehra 
and Chauhan 2021), grinding (Jiang et al. 2019) with or 
without enzymatic and chemical pretreatment. Mechani-
cal treatments are characterized by significant energy con-
sumption (Kumar et al. 2020) and lead, as a rule, to obtain 
CNF. Energy consumption can be reduced by carrying out 
preliminary enzymatic treatment, which is characterized 
by high cost and labor intensity, or chemical processing of 
cellulosic sources (Sharma et al. 2019). Chemical methods 
of nanocellulose extraction use mineral and organic acids 
(Benchikh and Merzouki 2019; Biana et al. 2018), oxidants: 
2,2,6,6-tetramethylpiperidine-1-oxyl (Madivoli et al. 2020) 
and phthalimide-N -oxyl (Coseri 2009), deep eutectic sol-
vents (Su et al. 2021). Acid hydrolysis of cellulose is consid-
ered to be the most effective method of removing amorphous 
and disordered areas of cellulose, which provides a high 
degree of crystallinity of NC. The use of chemical methods 
leads to the formation of CNC, which usually has a smaller 
transverse size than CNF (Isogai 2020).

To extraction NC, bleached wood pulp with a small 
residual content of lignin and extractive substances is often 
used as a starting material. For the production of bleached 
wood pulp in the global pulp industry, the dominant pro-
duction technologies are sulfate and sulfite methods, which 
pollute the air and water bodies with harmful toxic sulfur 
compounds (Smook 2003). Organic compounds make it pos-
sible to replace sulfur-containing solutions for the prepa-
ration of cooking solutions and reduce harmful emissions 
into the atmosphere. For example, acetic acid and peracetic 
acid, due to their relatively low cost, are considered poten-
tial agents to achieve significant delignification of cellulosic 
sources (Hu et al. 2022). Peracetic acid is formed from a 
mixture of acetic acid and hydrogen peroxide and is char-
acterized by excellent delignification and bleaching prop-
erties with minimal pulp damage (Karbalaei et al. 2019). 
The peracetic acid pulping process is applied to both woody 
and non-woody plant materials and is carried out at a low 
temperature, which contributes to low energy consumption 
(Deykun et al. 2018).

An alternative source of cellulose to wood is non-wood 
plant materials, the use of which will contribute to the pres-
ervation of wood stocks and the improvement of the envi-
ronment. The first place in the world among grain crops in 
terms of annual volume of fibrous mass (750 million tons) 

is occupied by corn stalks (Fahmy et al. 2017). It is used 
as a valuable raw material for the production of bioethanol 
and solid biofuel, animal feed, and raw material for the pro-
duction of pulp and cardboard-paper products (Smith et al. 
2004). After harvesting corn for grain, a large amount of 
corn crop residues (CCR) remains, which is considered a 
source of fibers for the production of cellulose and nanocel-
lulose. There are no data on the production of cellulose from 
CCR by environmentally safe methods and the extraction of 
nanocellulose from it. Therefore, the purpose of this work 
is to obtain cellulose from corn crop residues by an ecologi-
cally friendly method and to extract nanocellulose from it by 
acid hydrolysis with the determination of its characteristics 
and to investigate the possibility of using corn NC in the 
production of one of the mass types of the paper industry—
cardboard for flat layers of corrugated cardboard.

Experimental section

Materials and chemicals

The corn crop residues (CCR) were collected from the Sumy 
region of Ukraine after the 2021 harvest. The collected sam-
ples of CCR were crushed on a disintegrator and sieved on 
sieves with holes of 0.25 mm and 0.5 mm to separate the 
fibrous part of the CCR from leaves, dust and small parts 
of raw materials. The raw materials of these three fractions 
were stored in desiccators to maintain constant humidity. 
The fraction of CCR remaining on the sieve with holes of 
0.5 mm was used to obtain cellulose. For comparison, the 
sieved raw materials were pre-washed with cold or hot water 
before cooking the pulp.

Chemicals: sodium hydroxide, glacial acetic acid, hydro-
gen peroxide, sulfuric acid and ethanol were analytical grade 
or chemically pure. They were used to obtain corn cellulose 
and nanocellulose and determine the content of the main 
chemical components according to TAPPI standards (TAPPI 
2004). Chemical analyses were carried out for the differ-
ent components, namely: T-257 for hot-water soluble sub-
stances, T-212 for soluble in 1% NaOH solution, T-204 for 
ethanol–benzene extractables, T-222 for lignin, T-211 for 
ash and cellulose by the Kűrschner-Hoffer method.

Obtaining of the organosolv corn cellulose

The general scheme for obtaining organosolv corn cellu-
lose (OCC) and nanocellulose from CCR is shown in Fig. 1. 
Briefly, the preparation of OCC involved three stages of 
CRC processing. In the first stage, the CCR was treated 
with a 5% NaOH solution at a liquid-to-solid ratio of 10:1 
at a temperature of 98 ± 2 °C for 180 min. As a result of 
filtering the spent solution and washing the fibrous mass 
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with distilled water and squeezing it, corn pulp after alka-
line extraction (CPA) was obtained. In the second stage, to 
remove residual lignin and extractives, organosolv cook-
ing 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 temperature of 97 ± 2 °C for 
30–180 min. In the third stage, to reduce the residual content 
of lignin and mineral substances in the pulp, additional alka-
line treatment was carried out with sodium hydroxide solu-
tion with a concentration of 5% for 30 min at a temperature 
of 98 ± 2 °C. After filtering and washing several times with 
distilled water and squeezing, OCC was obtained. The OCC 
was stored in a wet state in a sealed bag for the extraction 
of nanocellulose from it. Never dried cellulose is better, as 
dried samples irreversibly lose access to the surface during 
the drying process. Using never-dried OCC does not require 
the 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. 2022).

Extraction of the corn nanocellulose

The preparation procedure of corn nanocellulose was brief 
as follows. 1 g of the OCC was placed in a heat-resistant 
glass, into which 10 ml of a 43% solution of sulfuric acid 
was poured drop by drop, and then it was placed in a ther-
mostat with a temperature of 60 °C for 60 min and periodi-
cally stirred with a glass rod. The hydrolysis was stopped 
by tenfold dilution with distilled water and subsequent cool-
ing of the suspension to room temperature. The hydrolyzed 
nanocellulose was washed several times with distilled water 

to remove all non-reacted reagents and free ions by cen-
trifugation at 4000×rpm until neutral pH was reached. To 
improve the texture of NC, its suspension was treated with 
ultrasound for one hour using an ultrasonic disintegrator 
UZDN-A (SELMI, Ukraine) with a frequency of 22 kHz. 
The resulting transparent gel-like corn NC suspension with 
a concentration of about 1% was poured into Petri dishes and 
dried at room temperature to obtain films that were analyzed 
or stored at room temperature in airtight containers for use 
in cardboard compositions.

Preparation of handsheets

Standard laboratory handsheet samples of cardboard for 
flat layers of corrugated cardboard were prepared using a 
Rapid-Kothen machine according to TAPPI T205 sp-02. 
The handsheets of 175 ± 10 g/m2 were produced from waste 
paper. The waste paper was beaten in a Valley beater to 
45°SR (Shopper-Rigler). The consumption of alkyl ketene 
dimer (AKD) was 1.5% or 3.0 kg/t and the consumption 
of corn NC was 1.5, 3.0, 5.0, and 10.0 kg/t of cardboard. 
These sheets were conditioned in a chamber at 23 °C and 
50% humidity for 24 h before determining their physical and 
mechanical parameters and compared with the requirements 
of the standard.

Research methods

The morphological structure of the CCR, CPA, OCC, 
and NC films was analyzed by scanning electron micros-
copy (SEM). The research was carried out on a PEM-106I 

Fig. 1  The scheme of extraction of OCC and corn NC from CCR 
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microscope (SELMI, Ukraine) at an accelerating voltage 
of 20 kV. Before conducting the study, a layer of gold coat-
ing was applied to the sample using an “ion sputter”. X-ray 
fluorescence analysis of mineral residues of the CCR was 
carried out on the express chemical composition analyzer 
“EXPERT 3L” (Ukraine). The particle size distribution 
of nanocellulose in aqueous suspensions was determined 
by the method of dynamic light scattering (DLS) using a 
particle size analyzer “Zetasizer Nano” (Malvern Instru-
ments Ltd, UK), operating in the range of 0.3 nm–10 μm. 3 
parallel experiments were conducted in disposable plastic 
cuvettes with a volume of 3 ml of tenfold diluted corn 
nanocellulose dispersions at a temperature 25 °C.

Fourier transform infrared spectroscopy (FTIR) spectra 
of the CCR, CPA, OCC and corn NC films were recorded 
on Tensor 37 Fourier-transform infrared spectrometer 
(BRUKER, Germany) with wave ranges between 300 
and 4100  cm−1. Samples for research were mixed with 
KBr and pressed into tablets. X-ray diffraction (XRD) was 
measured for CCR, CPA, OCC, and NC samples using an 
Ultima IV diffractometer (Rigaku, Japan) with a Cu Kα 
radiation source (λ = 0.15418 nm) operating at 50 kV and 
30 mA. The XRD patterns were obtained over the angular 
range 2θ = 5°–70° with a phase of 0.04 and a scan time of 
5 min. The crystallinity index (CrI) of the corn cellulosic 
materials was calculated from the heights of the peak of 
the crystalline phase 200 (I200) and the minimum intensity 
between the peaks 200 and 110, which corresponds to the 
amorphous phase (Iam,) using Segal’s method (Segal et al. 
1959):

where I200 is the intensity of the (200) reflection for the crys-
talline phase at 2θ = 21.5° ± 0.7° and  Iam is the intensity of 
the amorphous phase at 2θ = 17.8° ± 1.5°.

The apparent crystallite size (CrS) of cellulose I struc-
ture in respect of (200) plane was calculated using the 
Scherrer equation (Torlopov et al. 2017):

where K is a constant of value 0.94, λ is the X-ray wave-
length, β = (B–b) or β =  (B2–b2)0.5, when B is the observed 
Full Width at Half Maximum (FWHM), and b is the broad-
ening in the peak due to the instrument in radians, θ denotes 
the Bragg’s angle of the X-ray diffraction peak (200).

The morphological and topographic structure of the 
surface of the extracted corn NC was determined by 
atomic force microscopy (AFM) using the Solver Pro M 
(NT-MDT) device. The measurement speed using a sili-
con cantilever in a tapping mode was 0.6 lines/s, and the 
scanning area was 2 × 2  μm2. The morphology of NC 

(1)CrI (%) =
[(

I200 − Iam

)

/

I200

]

× 100,

(2)CrS (nm) = K × �∕(� × cos �),

was also examined by transmission electron microscopy 
(TEM) using a TEM Selmy EMV-125. For this, diluted 
NC suspensions were applied to a copper grid with a car-
bon coating 5–10 nm thick and dried in air for 15 min. 
TEM analysis was performed at room temperature using 
an accelerating voltage of 75 kV. The transparency of corn 
NC films was determined at a wavelength of 600 nm on 
a double-beam spectrophotometer 4802 (UNICO, USA) 
with a resolution of 1 nm.

The thermostability of cellulose-containing corn materi-
als was investigated by thermogravimetric (TG) and deriva-
tive thermogravimetric (DTG) analyzes using a Q50 thermal 
analyzer (TA Instrument, USA). Samples of 10 mg were 
heated from 25 to 600 °C at a heating rate of 10 °C/min in 
a nitrogen atmosphere with a gas flow rate of 30 ml/min. 
Weight loss was recorded and processed by a program using 
computer technology.

The density and tensile strength of corn NC films were 
determined according to ISO 534:1988 and ISO 527-1, 
respectively. To determine the tensile strength, rectangular 
strips of NC films 10 × 25 mm were used. The tests were car-
ried out on TIRAtest-2151 instrument equipment (Germany) 
with a 2 N load at a crosshead speed of 0.5 mm/min. At least 
five samples of NC films were examined and statistically 
processed. Stress and strain data were recorded and stored 
in a data file via a GPIB interface controlled by a homemade 
protocol programmed in LabView 7.0. Physico-mechanical 
properties of the cardboard were determined in accord-
ance with the following standards: absolute compressive 
resistance according to ISO 2758 (Tappi T 403); ring crush 
test (RCT) according to ISO 12192 and water absorption 
 (Cobb60) according to ISO 535. These properties were calcu-
lated on five test pieces of cardboard for each composition, 
expressing the results as an average and standard deviation.

Results and discussion

Chemical composition of plant raw materials

As a result of sieving the raw materials of the corn crop 
residues on sieves with holes with a diameter of 0.5 mm and 
0.25 mm, three fractions were obtained: I—a large fraction 
that remained on a sieve with holes of 0.5 mm (68.5% of 
the mass of the raw material); II—fraction with particles 
of 0.5–0.25 mm in size (13.2%), III—fraction of fine raw 
materials and dust that passed through the sieve with holes 
with a diameter of 0.25 mm (18.3%). It was determined that 
fraction I had a lower ash content (3.2%) compared to frac-
tions II and III, 5.4% and 38.0%, respectively.

The chemical composition of the main components 
of corn crop residues fraction I in comparison with CCR 
after washing with cold and hot water and representatives 
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of wheat straw, coniferous and deciduous wood is given in 
Table 1.

A comparative analysis of the main chemical components 
of plant raw materials (Table 1) shows that, in terms of its 
composition, CCR is close to wheat straw and differs from 
wood in a lower content of lignin and substances extracted 
with an alcohol-benzene mixture (resin, fats, and waxes), 
and significantly higher content of substances extracted with 
hot water and 1% NaOH solution, as well as a higher content 
of mineral substances (ash). The data in Table 1 show that 
sifting and washing corn residues with cold and hot water 
naturally reduces the content of water-soluble mineral sub-
stances in it, as well as substances extracted with hot water 
and alkali solution, due to which the lignin content slightly 
increases.

The chemical composition of the ash of the original CCR, 
CCR of the I fraction, and CCR after washing in cold and 
hot water is shown in Table 2.

As can be seen from the data in Table 2, washing corn 
residues with cold and hot water has approximately the same 

effect on the content of chemical elements in the ash and 
significantly reduces the content of such elements as K, Fe, 
P, Mg, but does not remove from the plant material Ca and 
Si elements, which are difficult to remove in the process of 
delignification of plant raw materials and provide cellulose 
with a high residual content of the mineral component. At 
the same time, sieving is an effective way to clean CCR from 
the remains of sand and dust (Si and Ca elements). There-
fore, from an economic point of view, it is recommended 
to sift it from dirt and small particles before the thermo-
chemical treatment of CCR. This chemical composition of 
CCR a priori indicates the need to take it into account in the 
processes of decalcification and delignification of this plant 
material to obtain cellulose suitable for chemical processing, 
in particular, for the extraction of corn NC.

Cooking corn cellulose

To reduce the content of extractive substances in the CCR, 
at the first stage, they were treated with a 5% alkali solution, 

Table 1  Chemical composition of the main components of plant raw materials

a RFW resin, fats, waxes

Plant raw material Extraction in RFWa (%) Cellulose, (%) Lignin, (%) Ash, (%)

H2O % NaOH %

Corn crop residuals (CCR) 14.9 ± 0.3 40.0 ± 0.7 1.7 ± 0.2 44.5 ± 3.1 19.3 ± 0.5 3.2 ± 0.1
CCR after washing with cold water 10.5 ± 0.3 39.2 ± 0.7 1,5 ± 0.2 43.0 ± 3.1 19.7 ± 0.5 2.0 ± 0.1
CCR after washing with hot water 7.8 ± 0.2 38.6 ± 0.6 1,3 ± 0.1 42.8 ± 3.1 19.8 ± 0.6 1.7 ± 0.1
Wheat straw 10.1 ± 0.4 38.4 ± 0.8 5.2 ± 0.3 44.3 ± 3.4 18.5 ± 0.6 6.6 ± 0.2
Spruce (Smook 2003) 7.3 18.3 2.9 46.1 28.5 0,2
Poplar (Smook 2003) 2.8 22.2 2.7 51.0 21.9 0.9

Table 2  Chemical composition 
of mineral substances from 
the fractions of the corn crop 
residues

Chemical ele-
ments

Initial CCR CCR after sieving CCR after washing 
with cold water

CCR after wash-
ing with hot water

12 Mg 8.042 ± 0.538 9.270 ± 0.520 6.893 ± 0.467 5.793 ± 0.437
14Si 8.038 ± 0.117 6.989 ± 0.108 13.208 ± 0.134 14.584 ± 0.141
15P 5.354 ± 0.147 5.454 ± 0.142 4.555 ± 0.145 4.126 ± 0.146
16S 3.776 ± 0.083 3.882 ± 0.084 3.614 ± 0.082 3.422 ± 0.081
19 K 13.571 ± 0.091 12.630 ± 0.084 4.758 ± 0.034 4.088 ± 0.031
20Ca 57.951 ± 0.363 57.863 ± 0.354 64.598 ± 0.357 64.485 ± 0.356
22Ti 0.302 ± 0.019 0.206 ± 0.014 0.266 ± 0.020 0.513 ± 0.024
25Mn 0.256 ± 0.008 0.207 ± 0.006 0.335 ± 0.010 0.300 ± 0.010
26Fe 2.232 ± 0.022 3.055 ± 0.025 1.491 ± 0.018 2.370 ± 0.023
29Cu 0.083 ± 0.002 0.203 ± 0.003 0.053 ± 0.002 0.042 ± 0.002
30Zn 0.277 ± 0.004 0.137 ± 0.002 0.184 ± 0.003 0.194 ± 0.003
37Rb 0.025 ± 0.001 0.020 ± 0.001 0.007 ± 0.001 0.007 ± 0.001
38Sr 0.043 ± 0.001 0.036 ± 0.001 0.030 ± 0.001 0.029 ± 0.001
39Y 0.002 ± 0.001 0.001 ± 0.001 0.003 ± 0.001 0.002 ± 0.001
40Zr 0.016 ± 0.001 0.007 ± 0.001 0.005 ± 0.001 0.010 ± 0.001
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as a result of which corn pulp was obtained with a yield of 
58.9% with a residual lignin content of 2.97% and mineral 
substances—2.6%, which required further delignification of 
corn pulp. The results of the cooking process in a peracetic 
acid solution for different durations are shown in Figs. 2 and 
3. As can be seen from the data in Figs. 2 and 3, cooking in 
a solution of peracetic acid leads to a significant removal of 
lignin and mineral substances and a slight decrease in the 
yield of corn cellulose. At the same time, the high residual 
content of mineral substances (about 1.3%) requires an 
additional stage of alkaline treatment, as a result of which 
organosolvent cellulose (OCC) with a residual lignin con-
tent of 0.08% and 0.34% ash was obtained. OCC with such 
parameters is suitable for further chemical processing, in 
particular for the extraction of NC. The obtained OCC has 
better indicators than, for example, bleached spruce cellulose 
with a residual lignin content of 0.66% (Kumar et al. 2022) 
and is close to the values of organosolv cellulose obtained 
earlier from other representatives of non-wood plant materi-
als—wheat straw, flax, kenaf, miscanthus, reed, hemp (Bar-
bash and Yashchenko 2021, Barbash et al. 2022).

Structure of corn cellulosic materials

SEM analysis shows the morphological changes in the struc-
ture of corn cellulosic materials during its thermochemical 
processing (Fig. 4). The raw material (CCR) has an irregular 
porous structure (Fig. 4a). In the process of thermochemical 
treatment, densely located fibers of CCR are divided into 
separate fibers, and first partial removal occurs under the 
action of alkali (Fig. 4b), and then under the action of a per-
acetic acid solution and complete removal of lignin, which 
bound the fibers in the raw material, and hemicellulose and 
mineral substances (Fig. 4c). Under the influence of chemi-
cals and temperature, the fibers are partially destroyed with 
a decrease in their transverse dimensions from 20–82 μm 
(for CCR, Fig. 4a) to 5–25 μm (for OCC, Fig. 4c). After acid 
hydrolysis, the extracted NC does not contain an amorphous 
part and has homogeneous nanoparticles with sizes less than 
tens of micrometers (Fig. 4d).

Chemical purity of corn materials

The chemical composition of the components of corn cellu-
lose-containing materials before and after thermochemical 
treatments was investigated by the FTIR method (Fig. 5). 
Stretched peaks in the region of 3383–3485  cm−1 correspond 
to valence vibrations of O–H groups of polysaccharides with 
intramolecular and intermolecular hydrogen bonds (Johar 
et al. 2012). The spectra of all corn samples have peaks that 
characterize valence asymmetric (2920   cm−1) and sym-
metric (2853   cm−1) vibrations of methyl and methylene 
groups of cellulose. The band at 1745  cm−1 corresponds 
to the C=O valence stretching vibrations of hemicellulose 
carbonyl groups and lignin acetyl groups, as well as cellu-
lose ester groups in NC (Silvério et al. 2013). The increase 
in the intensity of the peak at 1745  cm−1 for the spectrum 
of sample 3 (Fig. 5) is associated with the formation of car-
bonyl and carboxyl groups in the process of oxidation of 
the hydroxyl groups of cellulose under the action of per-
acetic acid on CPA. The absence of peaks at 1512  cm−1 and 
1244  cm−1 in the spectra of cellulose and nanocellulose 
indicates the removal of lignin from CCR in the process 
of chemical and thermal treatments (Kumar et al. 2014). 
The bands at 1512  cm−1 (associated with the aromatic ring 
present in lignin) and 1244  cm−1 (associated with the aryl 
group in lignin) decrease sharply in the spectrum of the CPA 
sample. Bands in the region of 1630–1650  cm−1 are associ-
ated with the presence of adsorbed water, to which cellulose 
molecules have a strong affinity (Rosli et al. 2021).

Spectral bands observed in the range of 1420–1300  cm–1 
in the spectra of all studied samples are associated with 
the scissoring motion of  CH2 in cellulose (peaks at 
1426  cm–1), with C–H bending (peaks at 1383  cm–1),  CH2 
vibrations at 1317  cm−1 (Kumar et al. 2014). Two peaks 

Fig. 2  Dependence of the content of lignin (a) and ash (b) in OCC on 
the duration of the cooking process

Fig. 3  Dependence of the yield of OCC on the duration of cooking: 
1—relative to the raw material; 2—relative to the peracetic cooking
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at 1076  cm−1 and 895  cm−1 indicate C–O–C stretching 
vibration of the pyranose ring and cellulose β-glycosidic 
bonds (Hospodarova et al. 2018).

The growth of the peaks at 1427  cm−1 and 897  cm−1 con-
firm the increase in the cellulose content in the OCC and NC 
samples. As is known (O’Connor et al. 1958), the region of 
850–1500  cm−1 is sensitive to the crystalline structure of 
cellulose material. In particular, the intensity of the spectral 
bands at 1420–1430  cm−1 and 893–897  cm−1 are used to 
determine the lateral order index (LOI) of cellulosic mate-
rial. The values of the calculated LOI for the studied cel-
lulosic corn materials are shown in Table 3. The obtained 
LOI values indicate a decrease in the size of the crystalline 
structure of corn cellulosic materials in the process of their 
thermochemical processing from the CCR to NC, which is 
confirmed by the data of other researchers (Poletto et al. 
2014; Kumar et al. 2014).

XRD analysis

X-ray diffraction patterns of CCR, CPA, OCC and corn 
NC are shown in Fig.  6. XRD peaks in the interval 2 
theta 20.7°–22.5° refer to the crystallographic plane 
(200) of cellulose I. Peaks in the range 13.2°–14.6° cor-
respond to the crystallographic plane (1–10), in the range 
15.4°–15.7°—crystallographic plane (110), and near 

Fig. 4  SEM images: a CCR, b CPA, c OCC, d corn NC

Fig. 5  FTIR spectra of samples: 1 CCR, 2 CPA, 3 OCC, 4 corn NC
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33.2°–35°—crystallographic plane (004) of cellulose I (Ford 
et al. 2010). In the range 2 theta 40°–70°, additional peaks 
are not observed on X-ray diffractograms. The crystallinity 
of cellulose samples is characterized by the ratio of crystal-
line and amorphous parts in them and is determined in par-
ticular by the crystallinity index (CrI). CrI values calculated 
by Segal's method according to Eq. (1) for the tested samples 
are given in Table 3.

As can be seen from the data in Table 3, the CrI val-
ues of corn cellulosic materials increase in the following 
order: CCR-CPA-OCC—NC. The increase in the crystal-
linity index occurs due to the removal of extractive sub-
stances (hemicellulose and lignin) from CCR in the process 
of chemical and temperature action on them, which leads to 
an increase in the proportion of crystalline areas of cellulose. 
An increase in the value of CrI in the above order is also 
characteristic of other representatives of plant raw materials 
(Nuruddin et al. 2014; Sosiati et al. 2017; Sihag et al. 2022).

The apparent crystallite size (CrS) or, more precisely, 
the size of the coherent scattering regions in the direction 
normal to the reflecting plane—perpendicular to the (200) 
crystallographic plane, of the cellulosic materials was deter-
mined from the X-ray lines using the Scherer’s formula (2). 
As shown in Table 3, the CrS values decrease from CCR to 
corn NC, which is explained by reducing the size of their 

crystallites in the process of sequential thermochemical pro-
cessing of investigated cellulosic materials. The calculated 
apparent crystallite size of corn nanocellulose is in the range 
of values obtained by other researchers for various plants, 
for which CrS values range from 1.9 to 4.0 (Poletto et al. 
2014; Kumar et al. 2014; Torlopov et al. 2017; Klochko 
et al. 2021).

Properties of corn nanocellulose

Corn NC after hydrolysis and ultrasonic treatment had the 
appearance of a transparent homogeneous and stable suspen-
sion (Fig. 1). The stability of the transparent gel-like suspen-
sion of NC is preserved during a long storage period at room 
temperature (up to a year). The nature of the stabilization of 
the NC colloidal suspension is explained by the presence of 
charged groups on its surface, which are formed during the 
interaction of cellulose with sulfuric acid as a result of the 
esterification reaction (Reising et al. 2012).

Prepared corn NC films had the following parameters: 
density 1.2 g/cm3, transparency 57% at the wavelength of 
600 nm, and tensile strength 43 MPa. The stress–strain curve 
for a corn nanocellulose film under uniaxial tension is shown 
in Fig. 7a. As can be seen from the data, at the initial stage of 
loading of the NC sample, a low strain (< 0.2%) is observed, 
which corresponds to the elastic zone of Young's modulus. 
In the strain interval of 0.2–0.4%, a “knee-like” dependence 
is observed for the values of tensile strength in the range 
of 20–32 MPa, which corresponds to the imaginary yield 
point, after which the region of linear high-deformation 
plasticity is observed. The resulting corn NC has higher 
tensile strength (43 MPa) and Young’s Modulus (4.1 GPa) 
compared to paper (6 MPa and 2.7 GPa, respectively), but 
lower elongation values—1.07 versus 5.6% for paper (Lay 
et al. 2016). Numerical values of the mechanical properties 
of NC films can vary in a wide range depending on the raw 
materials, sizes, morphology, and degree of crystallinity of 
the fibers.

According to the data of the dynamic light scattering 
(DLS) method (Fig. 7b), a polydisperse distribution of par-
ticles is observed for the corn NC suspension. As shown in 
Fig. 7b, the intensity distribution of corn NC particles has 
two groups of particles: i—with peaks in the size range of 

Table 3  Crystallinity 
characteristics of cellulosic corn 
materials

Corn materials Lateral order 
index (LOI), 
1426/897  cm−1

Crystallinity 
index (CrI), %

Crystal size (CrS), nm

Corn crop residues (CCR) 3.000 ± 0.021 60.7 ± 0.10 3.447 ± 0.024
Corn pulp after alkaline extraction (CPA) 2.816 ± 0.019 68.3 ± 0.12 3.201 ± 0.022
Organosolv corn cellulose (OCC) 2.625 ± 0.017 72.4 ± 0.14 2.987 ± 0.018
Corn nanocellulose (NC) 1.594 ± 0.015 74.9 ± 0.16 2.636 ± 0.016

Fig. 6  X-ray diffraction patterns of: 1 CCR, 2 CPA, 3 OCC, 4 corn 
NC
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20–80 nm and ii—with peaks of particle sizes from 800 nm 
to 2 μm, which were interpreted as their width and length, 
respectively. These results indicate a high dispersion of corn 
NC suspension particles in size and are in good agreement 
with data obtained by other authors (Benini et al. 2018; 
Ribeiro et al. 2020; Tarres et al. 2022). The sizes of corn 
NC particles indicate the extraction of nanofibrillated cel-
lulose from CCR.

The morphological and topographical structure of the 
obtained corn NC was analyzed using AFM (Fig. 8) and 
TEM (Fig. 9). In Fig. 8a shows a 3D image of the corn NC 
surface, which has a dust-like profile with protrusions of 
nanoparticles up to 24 nm. AFM image in Fig. 8b shows 
that the nanoparticles of corn NC have a transverse size in 
the range of 3–18 nm and a length of tens of micrometers. 
As can be seen from TEM data (Fig. 9), the obtained corn 
NC is nanofibrillated cellulose with a multilayer structure. 
Nanofibers form a fine mesh as a result of the interaction 

Fig. 7  The stress–strain curve for corn NC films (a) and particle size distribution of corn NC determined by DLS (b)

Fig. 8  AFM images of corn NC films: a 3D and b surface position

Fig. 9  TEM image of corn NC
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between nanocellulose particles and have a high aspect ratio. 
It was experimentally established that the transverse size of 
individual NC nanoparticles varies from 5 to 65 nm, and 
their length reaches several micrometers. Similar results are 
observed for NC obtained by acid hydrolysis of cellulose 
from various representatives of non-wood plant materials 
(Abdul Khalil et al. 2014; Moran et al. 2008; Isogai 2020; 
Madivoli et al. 2020; Barbash and Yashchenko 2020, 2021, 
Barbash et al. 2022).

Thermal stability of CCR, CPA, OCC, and corn NC has 
been studied by thermogravimetric (TG) and derivative 
thermogravimetric (DTG) analyzes as shown in Fig. 10. 
Thermogravimetric curves show changes in the mass of 
samples during heating, and DTGs show temperature peaks 
at which significant weight loss occurs. As can be seen from 
the data in Fig. 10, the processes of thermal destruction of 
the studied samples can be conditionally divided into four 
sections: I—loss of absorbed water up to 200 °C; II—loss 
of bound water and degradation of cellulose and its compo-
nents at temperatures from 200 to 360 °C; III—slow process 
of carbonization of solid residue at temperatures from 360 
to 450 °C and IV—carbonization of residual products above 

450 °C. For sections II and III, in which the mass reduction 
processes of cellulosic materials occur most dynamically, 
Table 4 shows such parameters of thermal degradation as the 
temperature of the onset of degradation  (T0), the maximum 
temperature of degradation  (Tmax) and the corresponding 
residual weight of the sample at  Tmax (RW), which were 
calculated from the data of the TG and DTG curves.

TG curves show that the initial temperature of mass loss 
for all tested samples is about 100 °C (Fig. 10a), which is 
associated with the evaporation of free moisture. For raw 
materials (CCR), thermal destruction begins at a tem-
perature of 207.4 °C and the main part of it is destroyed 
in the temperature range of 270–330 °C, after which only 
about 30% of the mass of CCR remains. In this temperature 
interval, the decomposition of its least stable components 
occurs with the release of simple compounds—water, sul-
fur dioxide, carbon monoxide, and acetic acid. The second 
peak of CCR destruction is observed at a temperature of 
410–440 °C, after which only 10% of the mass remains. At 
these temperatures, exothermic reactions of thermal destruc-
tion of polymers of CCR occur with the formation of gase-
ous and liquid products—CO2, methanol, and acetic acid. 

Fig. 10  TG (a) and DTG (b) curves: 1 CCR, 2 CPA, 3 OCC, 4 corn NC

Table 4  Thermal degradation 
parameters of the studied 
samples

Sample T0, °C Section II Section III Residue (%) at tem-
perature

Tmax, °C RW, % Tmax, °C RW, % T, °C Residue, %

CCR 207.4 298.9 60.2 430.9 22.5 590.5 6.97
CPA 249.5 352.9 48.5 439.8 20.4 541.2 2.34
OCC 244.2 337.5 42.3 467.8 15.2 588.0 1.35
Corn 204.2 222.4 84.2
NC 351.8 55.3 533.1 16.3 590.9 6.42
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At higher temperatures (up to 600 C), charcoal remains in 
the residue.

The mass loss of samples (2) and (3) occurs under 
approximately the same conditions. In particular, the tem-
perature at the beginning of the inflection on the TG curves 
for CPA and OCC are 301.7 °C and 307.2 °C, respectively. 
But at the end of section II, the OCC sample loses almost 
20% more mass than the CPA. This is due to the fact that 
CPA, unlike OCC, contains some residual content of lignin 
and mineral substances, which are more resistant to tempera-
ture effects compared to pure cellulose.

The temperature stability of corn NC has a slightly dif-
ferent character (curve 4). Nanocellulose films are char-
acterized by gradual mass loss (up to 30%) in the tem-
perature range of 250–500 °C, which is confirmed by a 
smooth small peak on the differential curve (Fig. 10b). 
At a temperature of 500 °C, up to 30% of the mass of 
corn NC is preserved, while for samples CCR, CPA and 
OCC at this temperature only 7%, 3% and 5% of the mass 
remains, respectively. That is, the data of thermographic 
analysis indicate the formation of a dense homogeneous 
structure between nanocellulose particles as a result of 
thermochemical treatment and the action of ultrasound. 
The onset of the destruction of corn NC films at a lower 
temperature than that of plant raw materials and OCC is 
explained by the presence of ester sulfate groups and a 
larger number of free ends of NC chains (Kumar et al. 
2014). Ester sulfate groups reduce the thermal stability of 
corn nanoparticles because they require less energy than 
for the destruction of the glucopyranose ring of OCC. The 
onset of decomposition of corn NC at lower temperatures 
may also indicate faster heat exchange in its samples. It 
was also established that the number of coal residues in 
the samples from corn NC is noticeably higher than in the 
samples of CPA and OCC (Table 4), which is confirmed by 
the data of other authors (Ren et al. 2022). Corn NC, like 
cellulose, is not a thermoplastic material, but in combina-
tion with other substances (in particular cellulose ethers 
and esters), it can be considered as one of the components 

of a composite thermoplastic material (Immonen et al. 
2021). The possibilities of using NC as a component of 
thermoplastic material require detailed research.

Use of corn nanocellulose

The extracted corn NC is characterized by the above-men-
tioned properties, which are close to the parameters of nano-
cellulose obtained by us for various representatives of non-
wood plant materials (Barbash and Yashchenko 2020, 2021, 
Barbash et al. 2022) and can be used as a reinforcing addi-
tive in the production of composite materials and as a basis 
for obtaining devices of smart flexible electronics (Sharma 
et al. 2019; Klochko et al. 2020, 2021; Liu et al. 2022).

In this paper, we used corn NC in the production of one 
of the mass types of the paper industry—cardboard for flat 
layers of corrugated cardboard. At the same time, the pos-
sibility of partial replacement of the chemical auxiliary 
substance—alkyl ketene dimer (AKD), which is produced 
from exhaustive energy sources and is traditionally used as 
a reinforcing additive in the production of cardboard with a 
consumption of 6 kg/t, was investigated. Table 5 shows the 
indicators of cardboard without and with the addition of NC 
and AKD at different consumptions.

As can be seen from the above data, the addition of corn 
NC to the fibrous composition naturally improves all card-
board indicators. The improvement of the characteristics of 
the cardboard, when nanocellulose is added into its compo-
sition, occurs due to the filling of voids and the formation 
of additional hydrogen bonds between the hydroxyl groups 
of the cellulose macromolecules of waste paper and nano-
particles of corn NC. It was established that the use of NC 
with a consumption of 5 kg/t (option 6) leads to obtaining 
cardboard with a value of absolute compressive strength that 
meets the requirements of the standard. At the same time, 
the value of the ring crush test was exceeded by 16.5%, the 
water absorption was reduced by 20%, and the consumption 
of environmentally harmful AKD was reduced by 50%.

Table 5  Properties of cardboard 
for flat layers of corrugated 
cardboard with and without 
adding of corn NC

No. of option Consumption, 
kg/t

Absolute compressive 
resistance, KPa

Ring crush test 
(RCT), N

Water absorp-
tion  Cobb60, 
g/m2

AKD NC

1 – – 274 ± 14 191 ± 10 253 ± 7.6
2 3.0 0 291 ± 15 200 ± 11 34 ± 2.4
3 1.5 0 284 ± 14 197 ± 11 42 ± 2.7
4 1.5 1.5 312 ± 16 209 ± 12 32 ± 2.3
5 1.5 3.0 338 ± 17 218 ± 13 27 ± 1.8
6 1.5 5.0 366 ± 18 233 ± 14 24 ± 1.5
7 1.5 10.0 382 ± 19 248 ± 15 21 ± 1.3
Requirements of standard  > 360  > 200  < 30
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Conclusion

Corn crop residues (CCR) were used as cellulosic sources 
for the extraction of nanocellulose. The effect of mechani-
cal sieving and washing of CCR in cold and hot water on 
the content of chemical elements in mineral substances was 
investigated. It has been established that pre-washing CCR 
with hot or cold water reduces the content of such chemical 
elements as K, Fe, P, Mg, but does not remove Ca and Si. 
Before thermochemical treatment of crushed CCR, it is rec-
ommended to sift them from sand and dust. Organosolv corn 
cellulose (OCC) is obtained after three stages of CCR pro-
cessing: alkaline extraction, cooking in an environmentally 
friendly solution of peracetic acid and additional alkaline 
treatment to minimize the residual content of lignin and min-
erals. As a result of the action of a 43% solution of sulfuric 
acid on OCC, corn nanocellulose(NC) was obtained, which 
had a density of up to 1.2 g/cm3, a tensile strength of up to 
43 MPa, a transparency of up to 57%, and a crystallinity 
index of 74.9%, which is close to these values of nanocellu-
lose, obtained from other representatives of non-wood plant 
materials. SEM data confirmed the destruction and decrease 
in the size of CCR fibers during their thermochemical treat-
ment. FTIR and XRD data showed that the influence of 
chemicals and temperature leads to a decrease in the content 
of residual lignin, the lateral order index, the apparent size of 
crystallites and an increase in the crystallinity index in corn 
cellulosic materials in the following order: CCR—corn pulp 
after alkaline extraction, OCC—NC. DLS, AFM, and TEM 
data confirmed the production of corn NC, the particles of 
which had a transverse size of 5–65 nm and a length of up 
to several micrometers. On the curves of TG and DTG, the 
processes of thermal destruction of the studied samples are 
conditionally divided into four sections, for which the val-
ues of the corresponding parameters are determined. Ther-
mographic analysis data confirm the formation of a dense 
homogeneous structure between the particles of corn NC 
as a result of thermochemical treatment and the action of 
ultrasound. The positive effect of the use of corn NC on the 
improvement of cardboard indicators and the reduction of 
the consumption of harmful chemical auxiliary substances 
is shown. Corn nanocellulose with such characteristics can 
be used as a reinforcing additive in the production of com-
posite materials and as a basis for obtaining smart electronic 
devices, as shown in (Barbash et al. 2020, 2022; Klochko 
et al. 2020, 2021).
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