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Abstract: In this work, we investigate the efficiency of
different pretreatment methods and their impact on the
characteristics of cellulose nanocrystals (CNC) extracted
from the Diss plant, a widely available plant in the North
African region. Two extraction methodologies were
employed, focusing on the effects of bleaching treatments
using hydrogen peroxide and sodium chlorite. Fourier
transform infrared spectroscopy confirmed the effective
removal of non-cellulosic materials, yielding CNCs with a
cellulose I crystalline structure. The Zeta potential analysis
revealed an increased presence of hydroxyl groups on the
CNC surface. Scanning electron microscopy showed that
CNCs tend to form agglomerates upon drying. Thermogra-
vimetric analysis demonstrated that the CNCs exhibit
considerable thermal stability, with degradation tempera-
tures ranging from 100 °C to 350 °C.

Keywords: Cellulose nanocrystals; Whiskers; Bleaching
treatment; Cellulose fiber; Biopolymer

1 Introduction

Cellulose, the most abundant natural polymer on Earth, is
widely present in various biomasses™* and highly sought
after in several industrial applications from construction
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material, biomedical, paper, and textiles to modern cello-
phane films, dietary fibers, and advanced chemicals. Recent
decades have seen a shift in cellulosic research towards the
nano scale, exploring the potential of cellulose microfibrils
at the nanometer level.®

The study of cellulose since its discovery in 1864 has
shown that cellulose microfibrils have disordered regions
and highly ordered regions. In the crystalline regions, cel-
lulose chains are closely packed together by strong and
highly intricate intra- and intermolecular hydrogen-bonds,
while the amorphous domains are regularly distributed
along the microfibrils.” This semi-crystalline structure con-
fers on cellulose the ability to provide nanocellulose on
different types including cellulose nanofibers CNF, cellulose
nanocrystals CNC, and bacterial nanocellulose BNC.*®

CNCs sparked significant scientific interest for their
exceptional characteristics such as a high modulus of elas-
ticity as well as a specific surface of several hundred m*g™.
In addition, hydroxyl groups on the CNC’s surface offer the
opportunity to obtain chemically modified nanocellulose.
These characteristics have encouraged their use in new ap-
plications such as electronics, construction, packaging, food,
energy, health care, automotive, and aerospace.>®’

Researchers explored various lignocellulosic sources
such as wood, pulps, bagasse, cotton, and recycled paper for
CNC production. Additionally, new raw materials, extraction
methods, surface modifications, and the environmental
impact of CNCs have become areas of active research.”® The
type of raw material used for CNC production not only in-
fluences CNC’s dimensions but also dictates the selection of
appropriate pretreatment methods. Studies have shown that
both the yield and properties of CNCs are heavily dependent
on the source of cellulose and the specific treatment condi-
tions employed, including treatment time and temperature,
as well as the initial acid concentration.’ Thus, regardless of
the raw materials used, there are CNCs extraction several
general steps to follow, involving cutting the raw materials
into small pieces, removing the non-cellulose components
(such as hemicellulose and lignin) by bleaching, alkali
treatment and washing processes. The same pretreatment
can be repeated multiple times to completely remove the


https://doi.org/10.1515/ijmr-2024-0251
mailto:lilia.benchikh@crtaa.dz
https://orcid.org/0000-0003-4205-8289
mailto:aitferhatyazid@gmail.com
mailto:guessoum_melia@yahoo.fr
mailto:hafid_merzouki@yahoo.fr
mailto:yves.grohens@univ-ubs.fr
mailto:yves.grohens@univ-ubs.fr

530 —— L. Benchikh et al.: bleaching treatment effect on CNC’s extraction

non-cellulose compositions. Extra steps are usually needed
to clean up the chemical residues after pretreatments.'%**

Several chemical, mechanical, biological, or combined
processes are available for extracting cellulose from biomass,
facilitating its transformation into nanofibers.*® Alkaline
treatments dissolve structural linkages between lignin and
carbohydrates through the saponification of intermolecular
ester bonds, leading to the disruption of the lignin and deace-
tylation of hemicellulose. This reduces molecular weight and
increases solubility. Moreover, alkaline conditions cause the
cellulose matrix to swell and the ionization of hydroxyl groups
introduces negative charges.* After alkaline treatment,
bleaching processes lead to the delignification of alkaline fibers
by breaking down phenolic compounds with chromophoric
groups." The compounds used for fiber pretreatment include
alkaline agents (NaOH, KOH, NH,OH, and hydrazine), oxidizing
agents (H,0, C,H,0; ozone, oxygen, TEMPO, NaClO, and
NaClO,), organic solvents (acetone, methanol, ethanol, and
ethylene glycol), and ionic liquids.® The most common
bleaching process involves NaClO,, where chlorine dioxide
(C10,) released from NaClO, reacts with lignin to form lignin
chloride in the presence of an acidic buffer. This lignin chloride
loses its ability to bind with o-cellulose molecules and pre-
cipitates."® However, this method has a significant impact on
human health and the environment” Consequently,
numerous chlorine-free treatments have been developed to
mitigate its environmental effects.”” Studies in the literature
have replaced conventional chlorine-based methods with al-
ternatives involving hydrogen peroxide and various organic
and inorganic acids."” Hydrogen peroxide is an environmen-
tally friendly and effective bleaching agent for removing lignin
from ligno-cellulosic fibers.'®

A study investigated various pretreatment techniques
and their effects on the properties of cellulose nano-fibers
(CNFs). They found that alkaline treatment with tetraacety-
lethylenediamine (TAED) followed by hydrogen peroxide
bleaching achieved a crystallinity index exceeding 80 % and
produced CNFs with a diameter of 20 nm."* Additionally, an
alkaline pretreatment prior to hydrolysis has proven to be
effective and essential in eliminating secondary reactions
that may cause unwanted discoloration of nanocrystals."”
Alkali and bleaching processes are adapted based on the
specific proportions of cellulose, hemicellulose and lignin
present in each type of fiber.'®

After elimination of non-cellulosic materials, nano-
cellulose extraction will be done. In this context, acid hy-
drolysis, alkaline and oxidative degradation processes were
found to be the most effective routes to extract highly crys-
talline cellulosic microfibrils."**"

Acid hydrolysis is the leading method for extracting
cellulose nanocrystals (CNCs). This process uses a strong
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acid to break down the amorphous (non-crystalline)
regions of cellulose, exposing the highly crystalline cellu-
lose fibrils. These individual crystallites form stable sus-
pensions. Many studies have aimed at optimizing the
production conditions to enhance the performance of the
resulting CNCs.%!

Therefore, one of the most important sources of cellu-
lose remains wood, however the use of annual plants can be
used as an alternative to wood for cellulose-based materials.
These plants are interesting because of their abundance, low
cost and their rapid growth which makes them available in
many regions of the world."®

The Ampelodesmos mauritanicus or Mauritanian grass
plant, commonly known as Diss in Arabic, is a grass plant of the
family Gramineae largely present in the Mediterranean area
and, in particular, North Africa and is abundantly available
throughout the year. It grows in wet and dry areas which make
them available for cultivation in rainfed systems and marginal
lands. The average height of the A. mauritanicus plant can
exceed one m, and their fibres are extremely sturdy and rough.
The main constituents of A. mauritanicus are 44-46% a-
cellulose, 26-27 % hemicelluloses, 17-25 % lignin and 1.3 % fats
and waxes, with a variable mineral content (SiO,, Al,O5, Fe,0s,
Ca0, Na,0 and K;0) (8-10 %), depending on the plant devel-
opment conditions, composition of the soil, and growth climatic
conditions.”

Its antiparasitic property represents a traditional use of
this plant, while additional possibilities are in the manu-
facture of artisanal baskets and as traditional building ma-
terial for roofs of old houses thanks to their mechanical and
hydrous qualities. Very limited information is available in
the literature on the mechanical and thermal properties of
Diss fibers and the exploitation of these wild plant fibers as a
reinforcement to cementitious composites and polymer
composites is rarely studied.?’ A. mauritanicus fibers were
incorporated in polyester matrix up to 30% and a clear
improvement in the mechanical proprieties of composite
was achieved.” Recently, Bourahli?* have carried out an in-
depth study of Diss fibers in which their chemical composi-
tions and the tensile strength were determined. Further-
more, Bourahli?? found that the incorporation of Diss fibers
into a polyester matrix led to an improvement of the matrix
mechanical properties. Lately, another study, investigated
the effect of various treatments and the fibers loading rate
on the physical, mechanical and ther-mal properties of the
composite Diss fibers/cement.” Also, Sarasini et al.** studied
the reinforcement of PP and PLA matrix by Diss fibers.

In another study, the authors extracted the flavonoids
from the aerial parts of A. mauritanicus and examined
antibacterial activity in vitro using the disc diffusion method,
they observed an inhibition of the growth of Escherichia coli
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and Staphylococcus saprophyticus but was moderately
active against Pseudomonas aeruginosa and Staphylococcus
epidermidis.”

This study investigates two different extraction methods
for cellulose nanocrystals (CNCs) from a local raw fiber
A. mauritanicus (Diss) using hydrogen peroxide (H,0,) and
sodium chlorite (NaClO,). The methods will be referred to as
CNCpy and CNCpy, respectively. The research focuses on
how the chosen parameters within each extraction method
affect the final CNCs. The dimensional, microstructural, and
thermal properties of the both CNCpy and CNCpy will be
compared and reported.

2 Experiments and materials
2.1 Materials

CNCs were extracted from Diss plant collected from Setif
(Algeria). The used reagents were acetone (CH;COCHs), so-
dium hydroxide (NaOH), acetic acid (CH3CO,H), sodium
chlorite (NaClO,), and sulfuric acid (H,SO,) purchased from
Sigma-Aldrich (St. Louis, Missouri, United States). Ethanol
(CH3CH,0H) and Hydrogen peroxide (H,0,). All were pur-
chased from Biochem Chemopharma (Montreal, Quebec,
Canada).

2.2 CNC'’s extraction

The Diss plant was washed, dried and powdered, then
treated with two extraction protocol as follow. This process
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is outlined in Figure 1. The mass ratio of fiber to solution
was 1:20.

A wash with distilled water was carried out after
each treatment and the temperature of the reactions was
maintained in a water bath, conducted under magnetic
stirring.

2.2.1 Method I

— Alkaline treatment: The Diss powder was treated with
a solution of NaOH (5 %) at 70 °C for 1h; this step was
repeated 3 times.

— Bleaching: The treated Diss powder was then bleached
with a solution of H,0, (20 %) at 45 °C for 45 min.

— Acid hydrolysis: The bleached Diss powder was then
hydrolyzed with a solution of H,SO,4 (40 %) at 45 °C for
45 min, then a solution of NaOH (1 %) was added to the
obtained solution with the hydrolysed powder.

— Centrifugation: To remove the container acid, the hy-
drolyzed Diss powder was then centrifuged at 4,000 rpm
for 10 min.

2.2.2 Method II

— Alkaline treatment: The Diss powder was subjected to a
mixture of CH;COCH; and CH;CH,0H (38/62; V/V) for 24 h
atroom temperature, then with a solution of NaOH (3 %)
at 80 °C for 2 h, carried out 5 times.

— Bleaching: The treated Diss powder was then bleached
with a solution (50/50;V/V) consisting of 17 g of sodium
chlorite NaClO, diluted in 1L H,0 + 27 g NaOH diluted in
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Figure 1: CNCpy and CNCpy extraction methods.
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1L H,0 and 75 ml of glacial acetic acid, at 120 °C for 2 h,
then repeated 4 times.

— Acid hydrolysis: The bleached Diss powder was then
hydrolyzed with a solution of H,SO, (65 %) at 50 °C for
1h.

— Centrifugation: The hydrolyzed Diss powder was then
centrifuged at 5,000 rpm for 30 min.

2.3 Ultrasound treatments

To achieve a stable solution and improved dispersion of
CNCs, CNCpy and CNCpy solutions (0.4 % mass concentra-
tion) were subjected to ultrasound treatment using a 20 kHz
frequency ultrasonic generator for 120 min in a water bath
with a Vibra-Cell™ VC 75185 Ultrasonic Processor (130 W)
Thermo Fisher Scientific Inc., Waltham, MA, US.

2.4 Characterization techniques
2.4.1 Fourier transform infrared spectroscopy

The effectiveness of CNC extraction and the removal of non-
cellulosic components from Diss fibers were assessed using
Fourier transform infrared spectroscopy (FTIR). The sam-
ples were analyzed using a Vertex 70v FTIR apparatus
(Bruker Corporation, Billerica, MA, USA). FTIR spectra are
recorded in absorbance mode, between 4,000cm™ and
400 cm ™ with a resolution of 4 cm™.

2.4.2 Zeta-sizer analysis
CNC’s surface charges were evaluated using zeta potential.

The analysis was realized using DLS (Zeta-sizer nano ZS
instrument).

2.4.3 Scanning electronic microscopy
Morphological characterization of CNCpy and CNCpy was

performed with a scanning electronic microscope (SEM)
using a JSM-6460 apparatus (JEOL Inc., MA, USA).

OH OH

OH OH

HC)S OH

Sulfurlc Acid

Figure 2: Cellulose acid hydrolysis reaction via sulfuric acid.
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2.4.4 Thermogravimetric analysis

CNC’s thermal behavior was studied using a Mettler Toledo
thermogravimetric analysis (TGA)/differential scanning calo-
rimetry (DSC) apparatus (Columbus, Ohio, USA) with a tem-
perature interval [20-700 °C], a heating rate of 10 K min' and
nitrogen environment (purge rate details: balance chamber
flow rate % 30cm’min” and furnace flow rate %
150 cm® min™).

3 Results and discussion
3.1 Structural analysis

The formation mechanism of CNCs through acid-catalyzed
hydrolysis involves hydrogen ions from acids primarily
attacking the glycosidic bonds between monosaccharide
units. The crystalline regions remain intact, whereas the
amorphous regions are broken down during hydrolysis.”

The hydrolysis reaction of cellulose fibers by sulfuric
acid is depicted in Figure 2. Additionally, the chemical
modifications of cellulose fibers after exposure to sulfuric
acid and hydrolysis conditions are confirmed by FTIR anal-
ysis, as shown in Figure 3.
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Figure 3: CNCpy and CNCpy FTIR spectra.
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The FTIR spectra reported of CNCpy and CNCpy are
symmetric and similar to those of previous studies.”® The
absorption bands characteristic of CNCs at 1,110 and
1,060 cm Y, corresponding to skeletal vibrations of C-O
stretching and the peak at 1,161cm™, according to asym-
metric stretching of C-O-C of glucose ring, confirm their
cellulosic structure.”*~*° Additionally, the presence of sig-
nals at 1,432, 1,171, 1,107, and 896 cm ™ indicates that the CNCs
mainly exhibit a cellulose I microstructure.** The absorption
band at 711 cmis assigned to Ip cellulose, while the band at
750 cm™, attributed to Ia is non-existent.*! Under the con-
ditions of acid hydrolysis, cellulose microfibrils remain un-
affected, and the nanoscale nature of cellulose nanocrystals
is confirmed by a band around 800 and 896 cm™, attributed
to C—0—C asymmetric elongation of the glucose ring in the
cellulose structure. This band appears for both types of CNCs
but is very weak for CNCpy. Modification of cellulose with
sulfuric acid is confirmed by the appearance of two new
bands at around 1,200 cm™, attributed to sulphate half-ester
groups.® The CNCpy FTIR spectra show a wider band be-
tween 3,000 and 3,700 cm™, corresponding to OH group
elongation vibrations, compared to that observed for CNCpy.
This indicates a higher cellulose content and a large amount
OH groups formation due to the breakdown of B-1,4-
glucosidic bonds.** According to previous studies,*** the
shapes of absorption bands before and after hydrolysis
appearing around 4,000-2,995, 2,900, 1,430, 1,375 and
900 cm™ are often used to indicate molecular order,
where a wider band indicates a more disordered
morphology. It can be observed that the OH groups band is
clearer for CNCpy compared to CNCpy, suggesting that the
hydrolysis parameters for CNCpy affect the crystalline
regions in addition to eliminating amorphous parts,
leading to a more disordered material. The evaluation of
absorbance band ratios at the wavenumbers 1,432 and
888cm™! is a method for comparing the crystallinity
indices of CNCpy and CNCpj.%¢ The results estimate a value
of 1.125287 for CNCpy and 1.349583 for CNCpy, confirming
previous results for CNCpy. This allows us to deduce that
the alkaline treatments undergone by CNCpy allow a
better diffusion of sulfuric acid during hydrolysis, leading
to the complete elimination of the amorphous parts in
cellulosic fibers. Previous studies have indicated a func-
tionalization maximum of 1.5 on the C6, C2, and C3 carbons
on the surface of a cellobiose unit.*’

3.2 Zeta potential

Hydrolysis by sulfuric acid may eliminate the amorphous
parts, retaining only the crystalline parts of the fibers. This
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process induces sulfate groups on the surface and sub-
stitutes hydroxyl groups with sulfate esters (SO°) creating
electric charges that lead to an electrostatic repulsion. This
repulsion helps prevent particle aggregation and contrib-
utes to a stable CNC solution.®® The surface charges on CNCs
are quantified by zeta potential measurements. Zeta poten-
tial results indicate that CNCpy and CNCpy exhibit negative
surface charges of approximately —39.8 mV and -11.9 mV,
respectively. The higher zeta potential of CNCpy compared to
CNCpy suggests that CNCpy is less prone to aggregation.®
This is attributed to the higher number of hydroxyl groups
on the CNCpy surface, as indicated by previous FTIR results.
These hydroxyl groups are more susceptible to esterification
by sulfate ions. The low zeta potential value of CNCpy is
explained by the neutralization of negative charges after
adding 1% NaOH to the solution. Neto et al.*! note that the
zeta potential may depend on particle shape, size, and
structure, which are influenced by hydrolysis conditions.*’
In this context, Nath and Pachuau,*' obtain a zeta potential of
about -6.3 mV for CNCs attributing it to particle aggregation
after storage. It is also reported that severe acid hydrolysis
conditions can result in a higher esterification rate.”*** This
suggests that the hydrolysis conditions for CNCpy are not
sufficient to achieve a high esterification rate of hydroxyl
groups by sulfate ions.

3.3 Morphological analysis

For further estimation of aggregation morphology and par-
ticle sizes of CNCpy and CNCpy. SEM analysis was conducted,
and the results are reported in Figure 4.

SEM images for CNCpy and CNCpy indicate that CNCpy
surfaces are smoother and have fewer cavities, suggesting
effective hydrolysis in removing extra cellulose sub-
stances and achieving nanoscale CNCs. Pandi et al.*®
report obtaining spherical nanoparticles between 20 and
100 nm with 50 % acid concentration, whereas an acid
concentration of 30% was insufficient to remove the
complete amorphous phase from cotton, leading to higher
cluster formation and CNC sizes ranging from 500 to
800 nm. The controlled diffusion nature of hydrolysis is
specific to each fiber type and extraction protocol. These
same results have already been reported by many au-
thors.**** Additionally, it is noted that after drying CNCs,
hydrogen bond interactions between the particles in-
crease. During drying, the forces from water elimination
and high temperatures lead to molecular contact between
CNCs, causing agglomeration due to hydrogen bond for-
mation.” These interactions depend on the CNC source
and the extraction methodology.'®*
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3.4 Thermal stability

Athermogravimetric analysis was conducted to compare the
thermal degradation of CNCpy and CNCpy obtained by
different pretreatments. The analysis was based on weight
loss (TG) thermograms and the derivatives of weight loss as a
function of time (DTG), as shown in Figure 5.

1o l®@ —— CNCpn
—— CNCpx
0.8
a
K
<
%
£ os-
-
3
é 0.4 - \
\
|
.
0.2 —
0.0 T T T T T T T
100 200 200 400 500 800 700

Temperature (°C)

DTG (mg™)

——— CNCpx
—— CNCpx

T T T T T T
100 200 300 400 500 600 700
Temperature (°C)

Figure 5: CNCpy and CNCpy: (a) TG, (b) DTG curves.
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Figure 4: SEM micrographs: (a) CNCpy and
(b) CNCpy.

The CNC thermograms show three main decomposi-
tion stages. The first weight loss for both CNCpy and CNCpy
occurs between 50 °C and 100 °C, attributed to evaporation
of absorbed water.*®*” The water fraction is larger for
CNCpy, indicating a higher concentration of —OH groups,
consistent with FTIR and Zeta potential results.?® CNCpy’s
primary pyrolysis begins around 195 °C, primarily due to
the decomposition of sulfated amorphous regions. This
temperature is significantly lower than the decomposition
temperature of Diss cellulose (320 °C).?” The substitution
of hydroxyl groups by sulfate groups significantly de-
creases the activation energy for the degradation process,
reducing the thermal stability of cellulose.***? CNCs with a
larger surface area are more exposed to heat and a free
volume increase around the highly sulfated regions zones,
resulting in a higher thermal conductivity.®** In contrast,
CNCpy does not display primary pyrolysis, which can be
explained by the lack of esterification on its surface, as
indicated by zeta potential results. The second pyrolysis stage
for CNCpy and CNCpy begins around 450°C and 350 °C,
respectively, corresponding to the decomposition of non-
sulfated crystals.”® CNCpy and CNCpy exhibit thermal stability
between 100 and 220 °C and 100-350 °C, respectively. These
findings for CNCpy align with the results reported by Varma
et al.” The thermal decomposition of CNCpy is close to that of
Diss cellulose, indicating that paracellulosic materials are
not completely eliminated. This suggests that the pre-
treatment and hydrolysis conditions for CNCpy result in
nanocrystals with nanometric distribution and a surface
rich in hydroxyl groups compared to CNCpyg.

Table 1 reports a comparison of the thermal properties
and zeta potential of the CNCs obtained in this study with
those reported in previous studies.
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Table 1: Zeta potential and thermal stability for CNCpy and CNCpy
comparison with previous studies.

Source Zeta potential (mV) ATG (°C) Reference
CNCDN -39.8 220 -
CNCDH -11.9 350 -
Empty fruit bunch -10 403.09 52
Filter paper -40.5 290 53
Wood pulp -39.8 301 53
Cotton - 240 54

4 Conclusions

In the present study, CNCs were extracted from abundant
local plants “Diss” by two extraction protocols to obtain
CNCpy and CNCpy, respectively. Our findings confirm that
the hydrolysis process selectively breaks down amorphous
regions of cellulose fibers, preserving the crystalline regions
and introducing sulfate ester groups on the CNC surface. This
modification results in negatively charged CNCs, with zeta
potential measurements indicating that CNCpy has a higher
charge than CNCpy, making it less prone to aggregation and
enhancing its dispersion stability. The results of the FTIR
analysis show the total elimination of paracellulosic sub-
stances and the partial esterification of CNCpy relatively to
CNCpy, demonstrating a higher nanometric scale distribu-
tion and surface esterification. The crystallinity index, as
determined by absorbance band ratios, indicates that CNCpy
retains more crystalline regions compared to CNCpy,
exhibiting a more disordered morphology due to the
removal of amorphous components. SEM images of CNCpy
and CNCpy particles show high aggregation rate and sizes.
The presence of the sulfate groups on the surface of the CNCs
generated a lower thermal stability compared to the corre-
sponding native fibers as was deduced from the TGA
analysis.

These results highlight the significant impact of strong
alkali treatment with NaClO, compared to H,0, on the
structural and chemical properties of CNCs. Thus, the pro-
cessing parameters for extra cellulosic materials elimination
and method of obtaining of the CNCs significantly influence
the final properties of CNCs.
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