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Abstract

Cellulose is the most abundant and renewable polymer in nature. It is characterized by its biodegradability which helps
create a friendly environment. This study seeks to describe the nanocellulose obtained from waste date palm, within the
dried palms (DP) and the fresh palms (FP) through implementing chemical methods (hydrolysis with H,SO,). Physical
properties, morphology, the elemental composition and the thermal stability were determined by Fourier transform
infrared spectroscopy (FTIR), X-ray diftfraction (XRD), zeta sizer, scanning electron microscopy (SEM), whereas ener-
gy dispersive X-ray (EDX) and thermogravimetric analysis (TGA), respectively. FTIR, SEM and EDX results revealed
the effective removal of impurities, hemicellulose and lignin. After treatment, the dried palm (DR) samples contained
35.99% of cellulose and 33.12% of cellulose nanocrystals (CNC), while fresh palm (FP) samples 36.17% of cellulose and
34.35% of CNC. The CNCs have higher crystallinity than the raw fibers and Zeta sizer was between 25 and 1150 nm.
TGA analysis showed that DP demonstrated noticeable thermal resistance.
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1. Introduction

The depletion of fossil resources and the search for
alternative solutions with an aim to secure the environ-
ment have stimulated interest towards the development of
renewable and eco-friendly sustainable materials.!~

Natural fiber composites, also known as natural fib-
er reinforced polymer composites have recently become
highly valued materials. Aside from the expanding ecolog-
ical, social, and economic awareness.’ Natural fibers from
residues and agricultural waste (e.g. flax, kenaf, hemp, si-
sal, jute) incorporated into these products either as fillers

or reinforcement components within polymer matrices,
opening avenues for diverse applications,>® for example
the paper industry, composites, biomedicine, textiles, con-
struction, aerospace, automotive, to sensors, etc.?
Cellulosic fiber related to the main chemical con-
stituent, cellulose, or lignocellulosic fibers, are amorphous
matrices mostly composed of semi-crystalline cellulose
microfibrils supported by hemicellulose, lignin, waxes,
extractables and trace elements.”® The materials based on
cellulose, hemicelluloses and lignin, have several advan-
tages for being renewable, biodegradable, and they do not
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harm our environment. They are used to substitute petro-
leum materials.!0-12

The cellulose is one of the most important natural
resources. It is derived from plant cell walls and can be
found in different sources like bacteria, algae, fungi, and
some animals like tunicates.!>-!7 Cellulose is found in the
form of microfibril bundles oriented in various helical
structures. Nanocrystalline celluloses (NCCs), or cellulose
nanocrystals (CNCs) have generated a significant interest
in the domain of materials science due to their intrinsic
attractive properties, which include nanodimension, high
surface area, high aspect ratio of 100, high crystallinity,
low density, high mechanical strength, high dispensabili-
ty in aqueous solutions, and unique morphology. Conse-
quently, CNCs can be employed in various applications,
such as reinforcement and support materials for nanocat-
alysts.»18-233,5.7.9, 11, 13, and 15 m Ty addition to films, hydro-
gels, and aerogels.

Date palm (Phoenix dactylifera) belongs to the fam-
ily Plamae (Arecaceae) and it is a tropical tree. The Pal-
mae family comprises around 220 genera and about 2600
species.?* It is the most significant agricultural crop, found
abundantly in Northern. The date palm is an essential part
of the flora of all Middle East and North Africa (MENA)
countries. It plays a crucial role in the social, economic and
cultural life of the region,?> and it proves highly effective in
the ongoing battle against desertification by providing a
microclimate which prevents the long-term deterioration
of ecologically fragile environments.?®?” Furthermore,
every tree lives for over than 100 years, yielding fruit and
waste products, and large quantities of residues that are
undoubtedly accumulated in agricultural lands, every
year after date palm harvesting.?-? Each date palm tree
generates about 30 kg of biomass with dry leaves contrib-
uting roughly 20 kg per year.>” Waste is often disposed of
by burning or in landfills, leading to significant environ-
mental issues. Therefore, using specific natural fibers will
not only minimize waste disposal challenges, but also en-
vironmental pollution.>® The waste of date palm is inter-
esting because of its abundance and relatively low cost in
the manufacturing and industrial sector, in comparison to
other vegetal fibers, which are currently used in the indus-
trial fields.®

With the aim of the industrial exploitation this study
investigates nanocellulose extracted from the leaves of the
date palm tree (Phoenix dactylifera L). The leaves of the
date palm were used as a source of cellulose in this work.
We employed two types of waste materials, dried palm
(DP) and fresh palm (FP), to examine the influence of
maturation status on the properties of the extracted cel-
lulose. Cellulose nanocrystals (CNCs) are derived from
native cellulose by acid hydrolysis, which removes the
amorphous parts. The resulting CNCs were characterized
for their physicochemical, structural, morphological, and
thermal properties to assess their potential as reinforcing
materials in biocomposites.

2. Materials and Methods
2. 1. Plant Material

The samples of leaves (dry palm (DP) and fresh
palm (FP)) of the date palm (Phoenix dactylifera L) were
collected during the harvest period in their natural habit
from Ouargla in the South-East of Algeria (31°54' to 32°1'
North, 5°15' to 5°27" East).

2. 2. Chemical Reagents

Various chemical reagents were employed in the
extraction and characterization process. These reagents
included toluene, ethanol, sodium chlorite, acetic acid, so-
dium hydroxide, and sulfuric acid. All the chemicals were
procured from Sigma-Aldrich.

2. 3. Chemical Compositions

The a-cellulose content, the acid-insoluble lignin
and the ash content of specimens were determined accord-
ing to the ASTMD 1103 - 55 T, ASTMD 1106-56 standard
and ASTMD 1102-56 standard, respectively.!

2. 4. Isolation of Cellulose Fibers

The cellulose fibers were isolated as described by
Mehany et al.’> The palm residues were cleaned careful-
ly three-four times under hot water to eliminate any dirt
and other water-soluble compounds, and then dried in
the open-air environment (between 25 and 30 °C). The
residues were crushed then sieved a 60-mesh screen
(250 pum) to cellulose fibers (Retch Control, model AS
200).

The extraction of cellulose was carried out following
the methods outlined by Lu & Hsieh® Mellissa et al.>*and
Lu et al.* with some modifications (Figure 1):

10 g of palm powder were immersed in 150 ml of
mixture of toluene and ethanol (2:1 v/v) for 20 hours.
This step aimed to eliminate wax, pigments, and oils
present in the palm powder. The resulting material from
extraction was dried in an oven at 55 °C for 24 hours to
remove any residual solvents and moisture. The dried
palm powder was mixed with 10% NaOH solution (1
g/10 mL) at 75 °C for 1 hour. This treatment produced
alkali-treated fibers by breaking down non-cellulosic
components. The alkali-treated fibers, which constituted
the insoluble pulps rich in cellulose, were subjected to a
bleaching process. A 150 mL solution of 1% v/v sodium
hypochlorite / deionized water, buffered to pH 5 using
an acetate buffer, was used for bleaching. The mixture
was stirred at 70 °C for 1 hour. The bleached fibers were
washed at least three times with distilled water, or until
the pH of the wash became neutral. Finally, the cellulose
fibers were air-dried and weighed to obtain the final yield
of extracted cellulose fibers.
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2. 5. Isolation of Palm Nanocrystalline
Cellulose

Isolation of palm nanocrystalline cellulose was per-
formed using the method of Madureira et al. *° with slight
modification; the isolated cellulose was hydrolyzed with
64% wt sulfuric acid at an acid/cellulose ratio of 10 mL/g
and at a temperature of 45 °C for 45 minutes. The acid hy-
drolysis was stopped by diluting with cold water (between
0 and 2 °C) for 10 times. The resulting cellulose nano-
crystal gel was washed twice, centrifuged (Hettich Rotina,
model 380R) at 5000 rpm for 30 min at 10 °C, and then di-
alyzed with regenerated cellulose dialysis membranes with
a molecular weight cutoff of 12-14 KDa, against ultrapure
water for 4 days and until neutral pH was achieved. The
suspension was sonicated (53Church Hill Newtown, mod-
el VC505) in an ice bath for 30 min, then frozen at -30 °C,
and freeze-dried. The dried product was stored for sub-
sequent characterizations. The values were determined in
triplicate.

[ Biomass of the date palm ]

Extraction with a mixture of toluene and
ethanol (2/1)

¢

[ Alkaline treatment with 10% (w/v) NaOH }

L 2
Bleaching with 1% NaClO, acidified to pH 4
h 2
[ Drying and weighing to determine cellulose content 1
¥
[ Hydrolysis with H2S041 64% (W/V) at 45°C for 45 minutes J
¥
1
Dialysis, freeze-dryving and weighing to determine the nanocellulose content

d

Figurel. The extraction process of nanocellulose from palm fibers

2. 6. Characterization of Nanocellulose

Fourier Transform Infrared (FTIR)

Infrared spectroscopy was performed using an FTIR
spectrometer (Cary 660 FTIR). The measurements were
conducted in the range of 4000-400 cm™! with a resolu-
tion of 8 cm™!

X-ray diffraction (XRD)

XRD measurements were carried out using a Proto
Benchtop XRD instrument under room conditions. The
analysis was performed at 26 ranging from 5° to 40° with
a step of 0.02° and a scan rate of 2 s/step. XRD analysis
provides information about the crystalline structure of the
nanocellulose.

Crystalline Index (CrI) values were calculated using
two equations (Eq 1 and Eq 2).3738

Crl = [(Imax_ Iam)/ Imax] X100 (1)
Crl = (Acry / Aora) X 100% (2)

where I, is the peak intensity at the crystalline plane (20
=22.6°), and [, ,, is the minimum intensity located between
the two most distinct peaks (20 = 18.7°). A¢,y is the sum of
crystalline band areas, and Agy, is the total area under the
diffractograms. The calculated crystallinity index provides
a measure of the degree of crystallinity in the nanocellu-
lose sample.

The crystal size (D) of the nanocellulose was estimat-
ed using the following equation (Eq 3).

D = (KA\)/ Pcosd (3)

where K is the Scherrer constant, A is the wavelength
of X-ray radiation, P is the full width at half maximum
(FWHM) of the peak, and 0 is the diffraction angle.

Thermogravimetric analysis (TGA)

The thermal stability of the cellulose nanocrystals
(CNCs) was analyzed using a TGA instrument (differen-
tial thermogravimetry) —-51H. The specimens were heated
from room temperature to 700 °C at a heating rate of 10
°C/min under a N, gas flow rate of 60 mL/min.

Scanning electron microscopy (SEM)

The microstructural analysis of the raw fibers and
CNC:s of palm fibers was carried using the scanning elec-
tron microscope (EVO15, smart EDX Zeiss). The dried
sample powder was placed on carbon strips and coated
with a thin gold layer under an argon atmosphere. Micro-
graphs were taken at an accelerating voltage of 15 kV.

Zeta sizer

The suspensions of CNCs (0.05% w/v) were exam-
ined using a Zetasizer HORIBA Scientific SZ-100 for zeta
size analysis.

3. Results and Discussion

3. 1. Isolation and Purification of Cellulose

The chemical compositions of the fibers obtained be-
fore the purification is shown in table 1. These results are
consistent with findings from other researchers.

The obtained results showed that the cellulose is the
most chemical constituent of date palm fibers. The cellu-
lose was isolated from palm fibers with an interesting rate
of 35.99% =+ 2.64 for DP and 36.17% + 0.66 for FP. Accord-
ing to Astruc et al.® the cellulose yield of the fibers, the
level of polymerization of the cellulose and the angle of the
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spirals in each wall vary for each plant and have a direct
influence on their physical and chemical properties.

The standard deviations associated with the cellulose
yield percentages indicate possible measurement errors.
However, these values obtained through the purification
process demonstrate its effectiveness in isolating cellulose
from palm fibers. Additionally, the chemical compositions
of the fibers before the purification processes were con-
sistent with previous research, confirming the reliability of
the obtained results. Further analysis and characterization
of the isolated cellulose will provide more insights into its
properties, allowing for a comprehensive understanding of
its potential applications in various fields.

Table 1. Chemical compositions of different palm fibers

and 64% (wt) H,SO, concentration. These conditions were
determined based on research by several authors,33364344
who emphasized the critical role of acid concentration,
hydrolysis temperature, and time as crucial parameters in
CNCs isolation.

According to Lu et al.?® the yield of CNCs by sulfuric
hydrolysis ranged from 10% to 80%. The yield of CNCs in
this work is in this range with 33.12% + 2.51 for DP and
34.35% + 0.18 for FP.

The yield is attributed to the additional hydrolysis
of the amorphous regions of the cellulose, according to
Nang et al*®> Acid hydrolysis is a widely utilized meth-
od for manufacturing nanocrystalline cellulose (NC). It

Component Present work Sbiai et al. Gouamid Jonoobi et al.
DP FP (2010)4 (2015)4 (2019)28

Cellulose (%) 35.99 36.17 54.75 38.10 40.21
Lignin (%) 18.07 16.45 15.30 11.95 32.2
Extractible (%) 20.16 24.10 8.2 19.46 4.24
Ashes (%) 8.21 8.78 1.75 7.75 10.54
Moisture (%) 4.89 4.21 / / /
Hemicellulose(%) / / / 22.7 12.8

Alkaline dilute treatment was used to mainly dissolve
lignin, pectin, hemicelluloses and proteins. Furthermore, a
bleaching step was carried out to eliminate any remaining
lignin residues.*?

The isolation and purification of cellulose from palm
fibers followed a three-step procedure consisting of de-
waxing, delignification, and hemicellulose elimination.
Each step contributed to transforming palm fiber into a
clean white color. The physical appearance of palm fibers
before and after purification is illustrated in Figure 2(d).
The palm fibers appear as white cottony fibers, after alkali
and bleaching process. The change in color indicates the
effective removal of a significant amount of non-cellulosic
components during the purification process.

a) b) ] d)

Figure 2. Raw fibers of DP (a), raw fibers of FP (b), delignified fibers
(c) and bleached fibers (d)

3. 2. Preparation of the Cellulose

Nanocrystals
The purified cellulose was further treated by sulfuric
acid hydrolysis in the following conditions: 45°C, 45 min

proves to be effective due to its ability to selectively de-
grade the amorphous regions of cellulose microfibrils,
while preserving the crystalline domains. Consequently,
these preserved crystalline domains can be isolated and
obtained as monocrystals. In general, there are numer-
ous factors that influence the yield, not just the reaction
conditions like the acid type and concentration, the time
of hydrolysis and temperature, also the mechanic treat-
ments, the centrifugation throughout the procedure and
fibers characteristics.®

3. 3. Fourier Transform Infrared (FTIR)

The Fourier transform infrared (FTIR) analysis pro-
vided valuable information about the chemical changes
that occurred during the purification and isolation of cel-
lulose nanocrystals (CNCs). Figure 3 shows the compar-
ison of the FTIR spectra of various stages of the process,
including raw fibers, dewaxed fibers, delignified cellulose,
and CNC.

The presence of a peak at 2849 cm™! in the FTIR
spectrum of raw fibers, attributed to waxes, indicates the
presence of extractable materials in the initial fibers. How-
ever, after the dewaxing step, this peak is absent, confirm-
ing the effective removal of waxes and other extractables
from the fibers.

Regarding lignin, characteristic peaks were ob-
served in the FTIR spectra of raw fibers, including peaks
at 1516 cm™! (aromatic backbone vibration), 1508 cm™!
(C=C vibrations of aromatic rings), and 1243 cm™! (C-O
bonds of carboxylic and ether groups). These peaks are
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indicative of the presence of lignin. However, after the
delignification stage, these peaks diminish or disap-
pear completely, indicating the successful elimination
of lignin from the cellulose structure. The presence of
specific peaks at 1230 cm™!, 1461 cm™, and 1517 cm™!
in the FTIR spectra confirms the complete sequential
removal of lignin during the purification process. These
results align with previous studies by Astruc et al.®> and
demonstrate the effectiveness of the purification steps
in eliminating lignin from the cellulose fibers. Generally
speaking, the FTIR analysis provides strong evidence of
the successful purification of cellulose and the removal
of waxes and lignin, validating the purity of the obtained
cellulose and its suitability for further processing into
cellulose nanocrystals.

The presence of characteristic peaks at 1729 cm™
and 1700 cm™! in the FTIR spectrum indicates the pres-
ence of carbonyl stretching vibrations, which are attrib-
uted to hemicelluloses.3**¢ Additionally, the peak at 1700
cm™! is associated with acetyl and ester groups in hemi-
cellulose, or carboxylic acid groups.* The disappearance
of these peaks in the FTIR spectra of delignified cellulose
and CNCs indicates the successful removal of hemicellu-
lose from the palm fibers. The purification process effec-
tively eliminates hemicellulose, resulting in the isolation
of cellulose-rich materials. The removal of hemicellulose
is crucial for obtaining purified cellulose materials since
hemicellulose contributes to the amorphous regions of the
fibers and can affect the properties of the final product.
By eliminating hemicellulose, the delignified cellulose and
CNCs obtained have a higher cellulose content and en-
hanced crystallinity, making them suitable for reinforce-
ment application.

The band observed in the range of 3400-3000 cm™!
corresponds to the stretching vibrations of hydroxyl groups
(-OH) present in cellulose, as noted by Astruc et al.*3 The
FTIR spectra of cellulose typically exhibit several distinct
bands that can be attributed to specific functional groups
within the cellulose structure. These include the stretching
of OH bonds at 3362 cm™!, the asymmetric angular defor-
mation of C-H bonds at 1429 cm™!. The symmetric angu-
lar deformation of C-H bonds at 1371 cm™!.The stretching
of C-OH and C-C-OH bonds in secondary and primary
alcohols at 1110 cm™ and 1059 cm™!, respectively, and the
angular deformation of C-H bonds at 897 cm™!, as report-
ed by Vasconcelos et al.%6 Additionally, Madureira et al.*
identified peaks at 3310 cm™' and 1640 cm™!, respectively,
associated with cellulose, as well as a peak at 2900 cm™!
attributed to C-H stretching vibrations, which are present
in all samples.

The presence of peaks at 3400-3000 cm™, 2900 cm™},
1110.9 cm™, 1059 cm™!, and 897 cm™! in the FTIR spec-
trum (as shown in figure 3) confirms the presence of cellu-
lose throughout the purification and extraction processes
of CNCs. These results indicate that cellulose is retained
and not eliminated during the purification and extraction

1

steps; supporting the successful isolation of CNCs while
maintaining the cellulose structure.
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Figure 3. FTIR spectroscopy of DP (a) and FP (b) at different stage
of treatment

3. 4. X-ray Diffraction (XRD)

The crystallinity of nanocellulose is a main factor in
determining its thermal stability and mechanical proper-
ties.*” The crystallinity study allows to determine the effect
of extraction methods on the crystal structure of the cel-
lulose. X-ray diffraction (XRD) technique was utilized to
identify the CrI of raw fibers and nanocrystals (Figure 4).

Studies by Culsum et al.?3 and Lu et al.?® report that
the characteristic diffraction peaks of cellulose appear at
20 = 15.71, 16.48 and 22.50, representing different crystal-
lographic planes. Similarly, the XRD patterns of bacterial
cellulose from Vasconcelos et al.*® align with these charac-
teristic peaks.

As shown in figure 4, the XRD patterns of the sam-
ples also reveal these characteristic diffraction peaks of
cellulose at 20 values of approximately 15, 17, and 22°. Ad-
ditionally, a distinct peak at 20 = 22 indicates the presence
of a crystalline region.

Table 2 provides the measured values for the crystal-
linity index (%), and crystallite size obtained from X-ray
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diffraction curves. The CNCs fibers exhibited the highest
crystallinity index value, while the lowest value was ob-
served for the raw fibers. These results are well correlated
with values of Rajinipriya et al.> Dahlem et al.*® and Gond
etal®

Dahlem et al.*® reported that the raw fibers had a
crystallinity index of 40.62%, while the CNC exhibited a
higher value of 66.19%. Similarly, Gond et al.* found that
the raw fibers had a crystallinity index of 32.4%, whereas
the CNC showed a higher value of 53.02%. Both studies
concluded that the crystallinity of the nanocellulose (NC)
was higher compared to that of the initial material. This
increase in crystallinity can be attributed to the application
of a chemical treatment, which effectively eliminated the
non-cellulosic components of the fibers.

According to Vasconcelos et al.*® the increasing crys-
tallinity following the acid hydrolysis reaction is a result of
a decrease in amorphous content, because this region is
more available to acid attack.

The obtained crystallite size values are in close agree-
ment with those reported by Gondetal.’ who found a size
of 3.74 nm for raw fibers and 3.4 nm for CNC.

A number of parameters such as the source of cel-
lulose, isolation process conditions and various pretreat-
ments determine the final crystallinity of nanocellulose in
either crystal or fiber form.°

Biomass of lignocellulosic components consists of
amorphous and crystalline regions. The amorphous re-
gion is mainly due to lignin and hemicellulose, while the
crystalline region is attributed cellulose. Therefore, the
treatment that is done chemically leads to the depolym-
erization of hemicellulose and the delignification of fibers,
which tends to increase the crystallinity of cellulose ob-
tained.”!

a) b)
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Figure 4.DRX of DP (a) and FP (b)

Table 2. The results of crystallinity index and crystal size of studied
raw fibers and CNC

Crystallinity index (%) Crystal size (nm)

Raw fibers DP 35.09 5.85
CNCs DP 53.34 3.03
Raw fibers FP 28.0 5.53
CNCs FP 57.7 3.48

3. 5. Zeta Sizer

Particle size measurement using a Zetasizer or Nano-
sizer is commonly used to determine the size distribution
and assess the dispersion and stability of CNCs in aqueous
solutions.?>?* The analysis provides information on the
size range and distribution of the particles. In the Figure
5, it is evident that the size of CNC particles obtained from
DP ranges from 25 to 1000 nm with an average of 512.5
nm. In contrast, for CNC particles obtained from FP, the
size range is 76 to 1150 nm, with an average of 613 nm.
These findings are consistent with previous studies that
have reported CNC sizes ranging from 5.6 to 1106 nm; 30
nm to 1 pm.*3

The broad distribution observed can be attributed
to the anisotropic properties of the CNC suspension in
solution.** It is important to note that the size distribution
obtained from light diffusion techniques like the Zeta siz-
er may not provide precise and accurate measurements
of particle size, as it measures the length and diameter of
particles. However, the results can still provide valuable in-
formation about the general size range and distribution of
the CNC particles. For more detailed and accurate infor-
mation about the particle size and morphology of CNCs,
microscopy techniques are recommended. The size distri-
bution obtained from the Zeta sizer analysis often aligns
well with the results obtained by microscopy, further con-
firming the overall size range and distribution of CNC
particles.

20

o

Frequency(%)
s
Frequency(%)

@

o

Diamater( pm)

Figure 5. Zeta sizer of CNCs-DP (a) and CNCs-FP (b)

3. 6. Scanning Electron Microscopy (SEM)
Analysis

SEM images (figure 6) provide valuable insights into
the surface morphologies of palm fibers before and after
chemical treatments. The untreated palm fibers (Figure 6
al and bl) appear as large bundles with rough surfaces.
The presence of wax, oil, and surface impurities is clear-
ly visible, indicating the presence of cellulose fibers em-
bedded in hemicelluloses and lignin. These substances are
effectively removed during the delignification process, as
shown in Figure 6 (a2 and b2), resulting in a more defined
and shorter cellulose fiber size with an approximate diam-
eter of 4.98 pm.
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Figure 6. SEM micrographs of raw fibers of DP (al), CNCs-DP (a2), raw fibers of FP (b1) and CNCs-FP (b2)

According to Ali et al.>? alkaline and acid treatments
of cellulosic fibers generally result in a more transparent,
clearer, and harder surface with dispersed fibers compared
to the raw form. in this study, the sulfuric acid treatment
(64%) effectively disintegrates the palm fibers, reducing
their size to nanocrystalline cellulose.

The presence of wax, oil, and impurities on the sur-
face of untreated fibers is clearly observed. The treated fib-
er clusters, shown in Figure 6, exhibit a smoother surface,
indicating the removal of hemicelluloses, lignin, wax, oils,
and other impurities. This improvement in surface mor-
phology is consistent with the results reported by Zarina
and Ahmed.>

Overall, SEM analysis reveals the morphological
changes that occur after the chemical treatments, confirm-
ing the removal of impurities and the transformation of
palm fibers into nanocrystalline cellulose with improved
surface characteristics.

3. 7. Energy Dispersive X-ray Spectroscopy
(EDX)

The EDX spectrum shows the spectra peaks that
correspond to the binding energies of carbon, oxygen and

other elements as the major components. The EDX spec-
trum reveals the presence of trace elements and impurities
in the treated cellulose material. This is not unusual and
can be influenced by various factors, including the source
of the cellulose, the purification process, and the specific
treatment methods employed. The detection of calcium
(Ca), chlorine (Cl), and silicon (Si) as impurities indicates
the presence of these elements in the treated cellulose.
These impurities could arise from the raw material itself,
such as minerals present in the plant fibers used for cellu-
lose extraction. They can also originate from the process-
ing methods used, including the chemicals and equipment
employed during the treatment process. The presence of
these trace elements does not necessarily indicate a neg-
ative aspect, but their quantities should be evaluated to
ensure they are within acceptable limits for the intend-
ed applications of the cellulose material. The presence of
residual sulfur (S) in small amounts can be attributed to
the H,SO, acid hydrolysis process used for the extraction
of cellulose nanocrystal (CNC). The sulfuric acid used
in the hydrolysis process can leave residual traces in the
final CNC product. While efforts are made to minimize
residual impurities during purification and extraction pro-
cesses, the detection of sulfur suggests that some residual
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Figure 7. EDX of raw fibers of DP (al), CNCs-DP (a2), raw fibers of FP (b1) and CNCs-FP (b2)

impurities from the acid treatment remain. These resid-
ual impurities should be considered when evaluating the
purity and suitability of the CNC for specific applications.
It's worth noting that the EDX spectrum provides qualita-
tive elemental analysis, indicating the presence of different
elements in the sample. For more accurate quantification
of these elements, additional analytical techniques such
as atomic absorption spectroscopy or inductively coupled
plasma mass spectrometry may be employed. It's worth
mentioning that in the raw fibers, elements such as calci-
um (Ca), silicon (Si), chlorine (Cl), magnesium (Mg), and
potassium (K) are also present. These elements may be
naturally present in the palm fibers or could be introduced
during the growth or processing stages. The EDX analysis
provides valuable information about the elemental com-
position and impurities present in the cellulose samples,
confirming the effectiveness of the treatment in removing
certain impurities while also indicating the residual pres-
ence of some elements originating from the extraction
process.

Considering both the natural presence of certain ele-
ments in the raw fibers and the residual elements from the
extraction process, it is important to determine the accept-
able limits for these impurities based on the specific appli-

cations of the cellulose material. Quality control measures
and appropriate purification techniques can help ensure
that the final cellulose product meets the required stand-
ards for its intended use. These results and observations
are in accordance with the results carried out by Ali et al.>?

3. 7. Thermogravimetric Analysis (TGA)

The thermogravimetric analysis allows for measure-
ment of the degradation of a sample according to the tem-
perature end /or time.>* Concerning the thermogravimet-
ric analysis of the date palm fibers, results are illustrated
in figure 8.

The initial weight decrease observed in the TGA
measurement of CNCs in the range of 25-220 °C is likely
due to the evaporation of water absorbed on the surface of
CNCs. The subsequent weight loss observed between 220
°C to 360 °C can be attributed to the breaking or rearrang-
ing the glycosidic bonds of the CNCs, leading to cellulose
degradation processes such as depolymerization, dehydra-
tion, and decomposition of glycosyl unit.?*

Our results (Table 3) reveal that date fibers show two
distinct degradation peaks with confirm the results report-
ed by Bourmaudetal.3® who reported that the date palm
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Figure 8. TGA of DP (a) and FP (b)

fibers have better thermal stability compared to other nat-
ural fibers.

According to Ali et al>? the thermal degradation
of cellulose generally occurs in three phases. The initial
weight losses for the samples were due to the evaporation
of absorbed or surface-bound moisture (H,O), which was
evaporated below 100 °C. The degradation of CNC began
at 259 °C, with the onset and offset temperatures for cellu-
lose degradation occurring between 277 °C and 387 °C as
measured by TGA.

The thermal degradation behavior of the samples can
be further explored by referring to Table 3, which presents
the specific onset and offset temperatures associated with
weight loss and the degradation of the cellulose material.

Figure 8 and Table 3 clearly demonstrate that the
CNC-DP exhibits significantly higher thermal stability
compared to CNC-FP, with a weight loss of 14.74% for DP
and 30.67% for FP. The disparity in thermal stability can be
attributed to differences in the size, structure, and surface
properties of the CNCs.

In terms of the thermal stability of the chemical com-
ponents present in lignocellulosic materials, Raju et al.® in-
dicate that hemicellulose, lignin, and cellulose exhibit dif-
ferent levels of thermal stability. Generally, hemicellulose
is less thermally stable compared to lignin and cellulose. In
the case of treated fibers, the removal of impurities, such

Table 3. The thermal degradation of studied raw fibers and CNCs
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as lignin and hemicellulose, during the chemical treatment
process can lead to an improvement in thermal stability
compared to untreated fibers. These findings highlight the
influence of chemical treatments on the thermal stability
of cellulose and lignocellulosic materials, with the poten-
tial to improve their thermal properties and expand their
application possibilities

4. Conclusion

This study explored the potential of the date palm
(Phoenix dactylifera L) waste leaves as a source of nano-
cellulose (CNC) with tailorable properties. Agricultural
wastes represent an immense source of natural fibers, and
utilizing them for CNC production offers a sustainable and
cost-effective approach. In order to study the influence of
the degree of maturity on the properties of the extracted
nanocellulose, two types of waste material were used, that
is dried palm (DP) and fresh palm (FP).

Alkaline and bleaching treatments effectively re-
moved lignin, hemicellulose and impurities, as confirmed
by FTIR and SEM micrographs. While EDX revealed trac-
es of chemical impurities on the treated nanocellulose.
XRD analysis revealed a higher degree of crystallinity for
the CNCs compared to the raw fibers. Zeta sizer results

Samples 1% thermal degradation 27 thermal degradation Char yield
T Onset (°C) T Offset (°C) WL (%) T Onset (°C) T Offset (°C) WL (%) (%)
Raw fibers DP 266.91 372.13 25.32 423.87 493.00 10.13 15.19
CNC DP 263.17 349.91 28.01 421.72 495.01 13.27 14.74
Raw fibers FP 265.22 375.99 43.26 451.28 511.93 14.35 28.91
CNCFP 226.61 353.50 51.24 414.65 464.82 20.57 30.67

Kadri et al.: Extraction and Characterization of Nanocellulose



Acta Chim. Slov. 2024, 71, 186-196

showed that the size ranging was between 25 and 1150
nm. The TGA showed a high thermal stability for DP com-
pared with FP.

Based on the findings, comparatively, more mature
date palm leaves (DP) demonstrate slightly superior char-
acteristics especially in terms of crystallinity and thermal
stability when compared to fresher palm leaves (FP). This
suggests that the degree of maturity can influence the final
properties on the CNCs. The study emphasizes the sig-
nificance of particle characteristics, including crystallini-
ty, size, as well as the thermal stability of CNC particles,
coupled with the low cost and abundant availability of the
source material, date palm CNC emerges as an appealing
option for reinforcing polymer materials.
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Celuloza je najbolj razdirjen in obnovljiv polimer v naravi. Odlikuje ga biorazgradljivost, ki pomaga ustvarjati prijazno
okolje. Ta $tudija Zeli opisati nanocelulozo, pridobljeno iz odpadkov datljeve palme, tako posusenih (DP) kot svezih palm
(FP) z uporabo kemijskih metod (hidroliza s H,SO,). Fizikalne lastnosti, morfologijo, elementarno sestavo in termi¢no
stabilnost smo dolo¢ili s Fourierjevo transformacijsko infrardeco spektroskopijo (FTIR), rentgensko difrakcijo (XRD),
zeta sizerjem, vrsti¢no elektronsko mikroskopijo (SEM) in energetsko disipativno rentgensko analizo (EDX) in termo-
gravimetri¢no analizo (TGA). Rezultati FTIR, SEM in EDX so razkrili u¢inkovito odstranjevanje necistot, hemiceluloze
in lignina. Po obdelavi so vzorci posusene palme (DR) vsebovali 35,99% celuloze in 33,12% celuloznih nanokristalov
(CNCQ), vzorci sveze palme (FP) pa 36,17% celuloze in 34,35% CNC. CNC ima ve¢jo kristalini¢nost kot surova vlakna in
Zeta potencial je bil med 25 in 1150 nm. Analiza TGA je pokazala dobro toplotno odpornost DP.
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