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Abstract: Eucalyptus Globulus (EG) is a virtually untapped forest source that belongs to the hard-
wood family. The objective of this research is to understand the effect of two different isolation
techniques, i.e., kraft and organosolv procedures, followed by either acidified sodium chlorite or
alkaline hydrogen peroxide treatment on the properties of cellulose and microcrystalline cellulose
(MCC) derived from EG. The MCC samples were successfully prepared from cellulose via acid
hydrolysis. A comparative study was carried out on the extracted cellulose fibers and MCC samples
through deep characterizations of lignocellulosic content, functional groups, crystallinity, thermal
properties, and surface morphology. The detailed analyses exhibited that the prepared MCC samples
using various approaches are similar to those of commercial MCC. It is revealed that the organosolv
treatment followed by acidic bleaching provides the purest MCC with good thermal features, where
the obtained cellulose has a glucose content of more than 97% and a degradation temperature of
around 343 °C. The present work provides new insight into the effect of various extraction procedures
on EG-MCC; these procedures are expected to be used in different industrial applications such as in
biorefinery, dietary food, packaging, films, or reinforcement of polymer matrices.

Keywords: eucalyptus globulus; cellulose; microcrystalline cellulose; organosolv; kraft; characterization

1. Introduction

In recent decades, lignocellulosic biomass has become a massively attention-grabbing
matter for miscellaneous applications beyond paper production. The huge interest in
achieving greener societies and countries and the increasing support of ecosystems and
ecological safety has prompted scientists and industry to turn to renewable solid and carbon-
neutral natural-based materials including natural lignocellulosic fiber-based materials [1].
Cellulose is the most abundant polymer on Earth; this compound was identified in 1839
by the French chemist Anselme Payen, who found that plant cells are constituted of
fibrous substances built from uniform carbohydrates. This matter was later named by the
French Science Academy “cellulose” which means “sugar from cells” [2]. A panoply of
cellulose extraction techniques exists, developed over several years, especially in terms
of delignification and bleaching, and many pieces of research have been published about
this subject [3-8]. This subject has continued to attract more and more research worldwide
toward an understanding of the different aspects involved to produce effective, sustainable,
and high-value products.

Sustainability 2023, 15, 3384. https:/ /doi.org/10.3390/su15043384

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su15043384
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-3004-9855
https://orcid.org/0000-0003-1502-2803
https://orcid.org/0000-0001-8505-8401
https://doi.org/10.3390/su15043384
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su15043384?type=check_update&version=1

Sustainability 2023, 15, 3384

20f15

In fact, lignocellulosic biomass is inherently recalcitrant and hard to dissociate because
of the interconnection of cellulose in the hemicellulose-lignin matrix [9]. Thus, it is crucial
to explore diverse treatment techniques and assess the pros and cons of each in order
to identify a suitable method for the intended application. Furthermore, the amplified
awareness of the negative ecological impacts of the longstanding bleaching techniques have
led to the use of fewer pollutants and the implementation of new eco-friendly approaches,
including the fractionation of lignocellulosic biomass to separate beneficial fractions. In-
deed, it is essential to explore new sources of cellulose using more sustainable and effective
extraction techniques to ensure a commitment to the environment. According to this con-
cept, it would be interesting to harness extraction techniques such as kraft and organosolv,
which are known for their ability to fractionate biomass in order to separate beneficial
fractions in such a way that the recovered lignin and cellulose could be further used in
various applications, such as biofuel, biorefinery [10], and the paper industry [11], which
present an interesting factor for the development of sustainable materials.

Kleinert and Tayenthal developed the organosolv pretreatment, also called solvent
cooking, in 1931 for pulp delignification by extracting lignin using aqueous solutions or
organic solvents [10,12]. This treatment is an economically promising method due to the
ability to easily recover the involved solvents [13]. Indeed, it provides an effective fractiona-
tion of lignocellulosic feedstock through an organic solvent, producing a cellulose-rich pulp
with minor degradation, organosolv lignin fraction, hemicellulose, and oligosaccharides as
syrup, with no structure changes, ensuring the high significance of the byproducts [14-16].
The process breaks down the lignin and hemicellulose bonds; then, it hydrolyzes the
internal lignin bonds and ether and the 4-O-methylglucuronic acid ester bonds among
hemicellulose and lignin, in addition to the hemicellulose glycosidic linkages, leading to the
degradation of aromatic rings [17]. From a technical and operational point of view, organo-
solv treatment has revealed significant commercial practicability as a factual substitute for
traditional technologies [18], yet it is still not commonly adopted to date [19].

Kraft pulping, another treatment approach that enables obtaining separate fractions of
cellulose and lignin, was first introduced in 1870 and 1871. Its industrial application was
made possible in 1879 by Dahl [20]. Kraft pulping technology is nowadays predominant
in the world with a large knowledge base from the laboratory scale to industrial uses. It
is the largest alkaline process that uses a combination of sodium hydroxide and sodium
sulfide for lignin removal from lignocellulosic materials [7]. Kraft pulping produces high-
strength pulp and enables the recovery of chemicals and power which make it an efficient
and economical process [21]. During this process, the reagents cause the cleavage of
[-aryl-ether linkages in lignin [22], leading to instantaneous delignification of wood to
cellulose, hence avoiding carbohydrate damage.

Nevertheless, when these processes are utilized for cellulose isolation, further post-
treatments are required for bleaching and/or taking out chromophores present in the
fibers [23]. Indeed, it is reported that this treatment combination approach results in
a separation of cellulose, lignin, and hemicellulose [10,24] with high purity, which is a
sought-after target in many applications.

The most adopted ways to recover pure cellulosic fibers are the alkali and acid-chlorite
treatments, which ensure the effective removal of residual lignin and hemicellulose from
the biomass. Despite recent delignification methods that have been developed such as ionic
liquids and deep eutectic solvents, the acidified sodium chlorite method remains the most
commonly used process for bleaching the lignocellulosic biomass and hence destroying
the complex hierarchical microstructure and its recalcitrance to produce high value-added
cellulosic products [6]. The alkaline peroxide method is another prominent approach that
offers many advantages such as low cost, safety, and stable end-products [25]. It is reported
that this treatment can promote the exclusion of the greater part of amorphous compounds
such as lignin, ashes, pectin, and hemicellulose [26].

Eucalyptus is a fast-growing hardwood that is mainly exploited for pulp, paper, and
solid wood production. It is characterized by high cellulose content and low lignin and
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extractives amounts [27]. Among the various eucalyptus species, Eucalyptus Globulus
(EG) has many advantages such as high wood density and excellent fiber quality [28].
Therefore, to fully benefit from this natural resource, understanding the properties of the
derived products such as o-cellulose and microcrystalline cellulose (MCC), also known as
cellulose microcrystals, through different isolation processes is crucial to select the most
effective one for an intended application. It is worth mentioning that MCC, which displays
outstanding properties such as renewability, high mechanical features, lightness, stiffness,
water insolubility, fibrous nature, good thermal stability, and high crystallinity, is currently
employed in various industries ranging from pharmaceutics to biocomposites. Its market
size is expected to reach $1241.4 million in 2023 owing to the increasing demand in current
and emerging applications [29].

This paper aims to investigate and compare combinations of isolation procedures in or-
der to obtain highly pure cellulose from Eucalyptus Globulus. For that, two delignification
techniques, kraft and organosolv, were undertaken followed by a bleaching process using
either acidified sodium chlorite or alkaline peroxide treatments. The obtained samples were
further converted to cellulose using a sodium hydroxide solution. The isolated c«-cellulose
is then employed to produce MCC via acid hydrolysis. To the best of our knowledge, the
chosen procedures have never been compared before for cellulose and MCC extraction
from EG, and thus represent a benefit in the field of exploring sustainable and bio-sourced
materials. The obtained products were characterized using Fourier-transform infrared
spectroscopy (FTIR), 13C nuclear magnetic resonance spectroscopy (NMR), gel permeation
chromatography (GPC), scanning electron microscopy (SEM), cellulose purity determina-
tion, and thermal analysis by thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) to highlight the changes occurring on the obtained cellulose and MCC
samples and identify the process that produces the MCC with the best quality.

2. Experimental Section
2.1. Materials and Methods

All chemicals employed during biomass treatments and MCC preparation are of
analytical grade and were used without prior purification.

2.1.1. Preparation of the Biomass Samples

This paper aims to prepare x-cellulose and microcrystalline cellulose from Eucalyptus
and investigate the efficiency of the used processes. Dried wood chips of EG were ground
to less than 2 mm in diameter and oven dried at 40 °C for 24 h. To eliminate the organic
extractives from the natural fibers, a Soxhlet extraction was performed using a solvent
mixture of toluene/ethanol (2:1, v/v) for 48 h.

2.1.2. Cellulose Extraction

The obtained wood fibers were then subjected to delignification using either the kraft
or ethanol-organosolv treatment in a Parr pressure reactor (0.6 L) with a Parr 4842 tempera-
ture controller (Parr Instrument Company, Moline, IL, USA). After that, the recovered solid
samples were treated either by acidified sodium chlorite or alkaline peroxide delignifica-
tion. The resulting hollocellulose samples were converted to x-cellulose using a sodium
hydroxide solution. The procedure details are illustrated in Scheme 1.

2.1.3. MCC Preparation

The obtained bleached cellulose samples were transformed to MCC by hydrolysis
using hydrochloric acid 2.5 N for 30 min at 105 °C, washed with water and sodium
hydroxide solution, and finally dried to obtain the respective MCC samples. Depending on
the adopted method, the samples were named as presented in Table 1.
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2- Heating 170 °C at heating rate 2- Heating 170 °C at heating rate
of 5 °C/min held for 1 h. of 2 °C/min held for 2 h.
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2- Filtration and washing until neutralization with a ﬁxgd amount of acetic acid until
3- Drying the Klason lignin content becomes (<1%).
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Cellulose from GEK Cellulose from GEK
with alkaline peroxide || with acidified chlorite

Cellulose Cellulose from GEO

with alkaline peroxide
treatment (CGEQal)

Cellulose from GEO
with acidified chlorite

Scheme 1. Detailed extraction procedures of the x-cellulose by kraft and organosolv techniques,
followed by either acidified sodium chlorite or alkaline hydrogen peroxide treatment.
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Table 1. Cellulose and MCC sample designations according to the employed process.
Sample Name Employed Procedure
CGEOac Cellulose from EG by organosolv and acidified sodium chlorite solution
CGEQal Cellulose from EG by organosolv and alkaline peroxide solution
CGEKac Cellulose from EG by kraft and acidified sodium chlorite solution
CGEKal Cellulose from EG by kraft and alkaline peroxide solution
MCCGEOac MCC from EG by organosolv and acidified sodium chlorite solution
MCCGEOQal MCC from EG by organosolv and alkaline peroxide solution
MCCGEKac MCC from EG by kraft and acidified sodium chlorite solution
MCCGEKal MCC from EG by kraft and alkaline peroxide solution

2.2. Characterization
2.2.1. Fourier-Transform Infrared Spectroscopy Analysis

A Shimadzu 8400S spectrometer was used for FTIR analyses. The samples were
embedded in KBr pellets and analyzed in transmittance mode within a wavenumber range

from 4000 to 600 cm ™! at a resolution of 4 cm~!.

2.2.1.1. 13C Nuclear Magnetic Resonance Spectroscopy

A Burker Avance-300 spectrometer was employed to perform the solid-state NMR
experiments using a 4 mm cross-polarization magic angle spinning (CP/MAS) at a working
frequency of 76.46 MHz. Samples were pressed into cylindrical zirconia rotors and spun at
a magic angle at 7 kHz. The spectra were recorded as the sum of 4000 scans and calibrated
using the methane carbon atoms of adamantane as an external standard (5 = 29.47 ppm).
Data were processed by XWinNMR software with a line broadening of 10 Hz.

2.2.2. Scanning Electron Microscopy

A Hitachi 5-4800 scanning electron microscope was used to record sample morpholo-
gies. Carbon coating was ensured by the arc discharge method. A secondary electron mode
was used for the morphology scan.

2.2.3. Cellulose Purity by Sugar Analysis

The hydrolysis method was employed to determine the chemical composition of the
different samples. Anion exchange chromatography with a pulsed amperometric detector
(HPAEC-PAD), Dionex ICS-3000 system, was used to quantify monosaccharide contents.
The complete followed method is reported in our previous work [30].

2.2.4. Gel Permeation Chromatography

Cellulosic samples were derivatized to cellulose tricarbanilate (CTC) using phenyl
isocyanate. The tricarbanilation process was achieved following the procedure reported
elsewhere [30]. The derivatives were dissolved in tetrahydrofuran (THF), filtered through
a 0.45 pm Teflon membrane, and placed in a 2 mL auto-sampler vial preceding the GPC
analysis. In order to avoid random error, four analyses were implemented. The mea-
surement error is thus the standard deviation calculated from four measurements. The
number-average molecular weight (Mn) and weight-average molecular weight (Mw) were
determined using the Dionex Ultimate-3000 HPLC system with a UV detector with THF
as the eluent. Analyses were held at 30 °C at a flow rate of 1 mL/min. The calibration
curves were built using standard polystyrene samples and data collection and analysis
were ensured by Chromeleon software version 6.8 (Dionex Corp., Sunnyvale, CA, USA).
The cellulose derivatives were identified at a wavelength of 235 nm.
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2.2.5. Thermal Analysis

A Setaram Setsys 12 differential scanning calorimetry—thermogravimetric analyzer
(DSC-TGA) was employed for simultaneous thermal analysis. Samples of about 6 mg were
analyzed from 50 °C to 700 °C under a nitrogen atmosphere at 10 °C/min.

3. Results and Discussion
3.1. Chemical Composition of the Samples by HPAEC-PAD Analysis

The chemical composition of the prepared samples was analyzed by HPAEC-PAD and
summarized in Table 2. The aim was the determination of sample purity and quantification
of the composition changes occurring during treatments.

Table 2. Chemical composition of the prepared samples.

E. Globulus GEO GEK CGEOac CGEOal CGEKac CGEKal
(g/100 g) (g/100 g) (g/100 g) (g/100 g) (g/100 g) (g/100 g) (g/100 g)
Glucose 441405 84.44+04 859+ 0.3 973 +0.2 96.4 + 0.1 979+ 0.3 973+ 04
Xylose 164 +04 75+03 10.6 £05 097 +0.07 250£0.08 0.78+0.05 1.10 £ 0.1
Arabinose 0.41 £ 0.05 027 +0.04 0.08+0.02 0.04+0.01 Tr 0.06 + 0.01 Tr
Galacturonic acid 0.45 + 0.01 0.04 £0.01 0.02+0.01 0.44 +0.06 Tr 0.51+0.08 0.47 £0.08
Glucuronic acid 0.62 +0.03 0.03+0.01 0.03 +£0.01 Tr Tr Tr Tr
Galactose 1.70 £ 0.07 0.424+0.03 050+£006 041+0.05 0.46+0.06 Tr Tr
Klason lignin 28.6 £ 0.5 8.6 04 29+07 Tr Tr Tr Tr
Soluble lignin 1.75 £ 047 0.42+0.07 030£004 089+004 093+0.05 0.77£0.02 0.83+£0.07
Extractives 55+0.6 / / / / / /
Ashes 0.32 4 0.02 / / / / / /
Tr: traces.

Comparing the composition of native EG with EGO and EGK revealed the efficiency
of the delignification processes toward lignin and even hemicellulose elimination. Indeed,
Klason and soluble lignin amounts clearly decreased. Furthermore, the contents of xylose,
arabinose, galacturonic acid, and glucuronic acid, the principal constituents of hemicel-
lulose [31], were reduced after both treatments. With a minor difference, it seems that
the organosolv treatment is less proficient than the kraft treatment toward delignification,
especially in Klason lignin elimination. This dissimilarity may be attributed to the harsh
hydrolysis conditions and the high selectivity of the Kraft process [32].

From Table 2, it can be seen that the selected acidified chlorite and alkaline peroxide
delignification techniques ensured an effective elimination of residual hemicellulose and
lignin with an identical affinity in both biomasses. All the cellulosic samples are principally
composed of glucose > 96%, suggesting the high cellulose content after the delignification
and hemicellulose removal processes. In turn, it is clear that the Klason and soluble lignin
content is very low <1%, demonstrating that the employed approaches are selective toward
lignin and hemicellulose. The obtained results are in agreement with those obtained for
alpha-cellulose extracted from EG using sodium chlorite delignification followed by sodium
hydroxide [28].

3.2. Chemical Structure of the Samples with Infrared Spectroscopy

FTIR spectra of all studied samples are presented in Figure 1 with a hint of the main bonds.

The similarity is eminent for all samples with no appearance or disappearance of any
peaks. An increase in polysaccharide group intensity within the 1300-900 cm~! range and
hydroxide groups stretching vibration around 3400 cm ! is perceived when comparing
MCC samples with cellulose samples, which reflect the greatly exposed cellulose domains
as a result of acid hydrolysis [33].
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Figure 1. FTIR spectra of (A) all prepared a-cellulose and (B) MCC samples using kraft and organo-
solv procedures followed by either acidified sodium chlorite or alkaline hydrogen peroxide treatment.

All spectra represent the characteristic peaks of cellulose [34], proving that the cellu-
lose structure through all used treatments is maintained. The band at 2900 cm ! refers
to the aliphatic saturated -CH, stretching vibration, which means that no x-cellulose
degradation occurred [6]. The absorbed water peak observed at 1643 cm~! is related to
the strong moisture—cellulose interaction. The total removal of lignin is confirmed by the
nonappearance of its characteristic peaks at 1512 cm ™! and 1250 cm ™! assigned to C=C
aromatic vibration and C=0, respectively [35]. Similarly, the hemicellulose characteristic
peak around 1730 cm ™! is imperceptible, which confirms once again its elimination [36].

All MCC and acidified sodium chlorite cellulose samples show the presence of a CH,
symmetric stretching band at around 1430 cm~!. This band is known as the crystallinity
band, reflecting the high crystallinity degree of the samples, and thus the removal of
amorphous regions [37]. The C-H and C-O of the polysaccharide ring stretching vibrations
appeared at 1370 cm~!, while the CH, wagging vibrations are seen at around 1325 cm™!.
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The C-O-C stretching of the 3-1,4-glycosidic ring linkages between the cellulose D-glycose
units is observed at 1167 cm ™!, whereas that of the pyranose ring of the cellulose stretching
vibration is exhibited at 1110 cm~!. The cellulose -glucosides C-H rock vibration is noted
at around 900 cm 1.

From the above discussion, it can be concluded that the selected cellulose extraction
process guaranteed the protection of the cellulose structure with high effectiveness toward the

removal of non-cellulosic substances as established by the chemical composition examination.

3.3. NMR Spectroscopy

In order to provide more information about the samples’ structures, NMR analyses
were carried out and the obtained spectra are shown in Figure 2. All signals elucidate
the recognized cellulose characteristic carbon resonances [38], where each peak has been
assigned and displayed on the spectra. The resonance lines of carbons C1, C4, and C6
appeared, respectively, at around 105 ppm, 89 ppm, and 65 ppm. The cluster of overlapped
resonances appearing around 75 ppm is attributed to C2, C3, and C5 carbons. Those reso-
nances cannot be, in most cases, assigned individually in solid-state NMR [39]. According
to the obtained NMR results, the chosen treatments present good preservation of cellulose
with an elimination of the lignin and hemicellulose, as revealed by the complete absence of
their characteristic peaks at 20.8 ppm and 172 ppm for hemicellulose and around 154 ppm
and 56.5 ppm for lignin [40].

6 OH
4 \s o C2,C3,C5

—— CGEKac ce

—— CGEKal
—— CGEOac
—— CGEOQal

< (non-substituted)

e e
100 80 60 40 20

T
180 160

1&0 150
Chemical shift (ppm)

Figure 2. 13C NMR spectra of the extracted cellulose samples using kraft and organosolv procedures
followed by either acidified sodium chlorite or alkaline hydrogen peroxide treatment.

The sample’s Crystallinity Index (CrI) can be calculated from the relationship between
integration areas of ordered cellulose (As¢-92ppm) and amorphous cellulose (A79_geppm) at
C4 signals using the Larsson formula [41,42] as follows:

Agg—
Crl, % = 86— 92ppm % 100 1)
Ag6—92ppm + A79—86ppm

The CrI of samples were 59%, 55%, 50%, and 49% for CGEOac, CGEKac, CGEOal, and
CGEKal, respectively. It is noticed that samples modified with acidified sodium chlorite
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present enhanced crystallinity compared with alkaline-peroxide-treated samples. This
observation consolidates well with the FTIR results.

3.4. Molecular Weight Distribution of the Samples

Table 3 summarizes the molecular weight distributions of EG cellulosic samples. The
polydispersity index (PDj) was calculated as M,,/M,,, whereas the apparent number-average
degree of polymerization (DP;) and weight-average degree of polymerization (DP,) were
calculated by dividing respectively M,, and My, values by 519, which corresponds to the
monomer equivalent weight of CTC. To the best of our knowledge, there are no data in the
literature dealing with the molecular weight distribution of EG cellulose.

Table 3. Parameters obtained from GPC analysis for cellulose samples.

Sample M, M, PDy DP,, Dp,
CGEKac 381,218 26,976 14.13 735 52
CGEkal 400,856 81,436 492 772 156
CGEOQOac 470,845 32,370 14.54 907 62
CGEOQal 495,308 98,339 5.04 954 189

Clearly, organosolv gave higher values of M,, and My, than the kraft treatment, which
is due to the harsh hydrolysis conditions of the kraft process, as reported in the chemical
composition section. Nevertheless, the most important difference is observed between acidi-
fied chlorite and alkaline peroxide treatments. Those differences are probably related to the
treatment chemicals and conditions. Indeed, M, and M, are obviously lower for samples
treated with acidified chlorite. This decrease in molecular weight and polydispersity of cellu-
lose samples suggests that degradation occurred during the process [43]. This phenomenon is
caused by the depolymerization of cellulose by the cleavage of the glycosidic bond, which
means that the adopted process generates smaller fragments of cellulose [23].

It is reported that according to the extraction method, cellulose polymer possesses
an average degree of polymerization of 300-3000 and accordingly an average molecular
weight of 50.000-500.000 g/mol [44]. Apparently, the obtained results correspond well to
the literature, and the obtained results are similar to those reported for a-cellulose extracted
from oil palm fronds [23] and esperato grass [30].

3.5. Morphological Analysis

The morphological investigation was performed using SEM and all micrographs are
depicted in Figure 3. Long and individual fibers are observed with smooth and clean
surfaces. As demonstrated in previous characterizations, this is due to the removal of
most non-cellulosic plant components by the employed treatment procedures. It can also
be observed that cellulose samples subjected to acidified sodium chlorite treatment are
fragmented, in contrast to those modified by alkaline peroxide solution. This observation
corresponds well to the molecular weight distribution discussion, where the same samples
exhibited lower molecular weight which is explained by the fragmentation of cellulose [23].

The extracted MCC samples have a modified irregular rod-like shape and a slightly
rough surface, which is due to hydrochloric acid hydrolysis that caused cellulose fiber
degradation [6,23]. It is worth mentioning that acid hydrolysis leads to the fragmentation
of pyranose linkages, ensuring the deterioration of amorphous regions with a decrease in
fiber lengths.

The dimensions of the fibers were calculated using Image J software. For MCC samples,
diameters of about 11.7 + 1.8 um, 6.12 + 2.9 um, 7.39 + 1.3 um, and 6.38 + 2.6 um were
reported for MCCGEKac, MCCGEKal, MCCGEOac, and MCCGEOQal, respectively, whereas
lengths of 61.6 &+ 6.4 pm, 67.1 £ 7.2 um, 56.9 £ 8.4 um, and 60.3 £ 7.5 um were found
for MCCGEKac, MCCGEKal, MCCGEOac, and MCCGEOQal samples, correspondingly.
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These findings reflect the microscale of the obtained MCC, indicating the efficiency of the
employed hydrolysis methods. Moreover, the obtained results are similar and comparable
to those reported in the literature. Indeed, the reported lengths are similar to those of MCC
extracted from Eucalyptus sulfate pulp [45] and Posidonia oceanica [46].

A e

15.0kV 7.9mm x1.00k SE(M)

3.0kV 5.6mm x1.00k SE(U) 3.0kV 6.1mm x1.00k SE(U)

Figure 3. SEM images of extracted cellulose and MCC using kraft and organosolv procedures
followed by either acidified sodium chlorite or alkaline hydrogen peroxide treatment.

3.6. Thermal Stability

The thermal stability of cellulose and MCC samples was evaluated by DSC and TGA
analyses. The exploration of this property is crucial for assessing the material performance
for advanced applications. Materials with high thermal stability enable large and advanced
applications. Indeed, some preparation processes, such as composites preparation, occur at
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relatively high temperatures of around 200 °C [34], which make the identification of the

degradation profile of the lignocellulosic materials more than necessary.
Figure 4 shows the obtained TGA thermograms, the derivative thermograms (DTG)

are also exhibited in the same figure. Figure 5 displays the DSC curves of all samples. The
reported data are described in Table 4.
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Figure 4. TGA thermograms of (A) cellulose and (B) MCC samples along with the corresponding
DTG curves.

The TGA curves display two weight loss steps. The first occurring within the range
of 50 to 160 °C with a mass loss of about 6% corresponds to surface-absorbed moisture
evaporation. The second weight loss of about 80% is related to cellulose glycosyl unit
degradation processes, comprising dehydration, decarboxylation, depolymerization, and
decomposition, accompanied by char formation within the range of 250 to 420 °C.

Furthermore, in cellulose samples, it can be observed that alkaline-peroxide-treated
samples display lower thermal stability. Three decomposition steps are noticed for which
the degradation starts at lower temperatures. The first process is assigned to water evap-
oration, the two other steps are attributed to the cellulose with an earlier degradation
that might be assigned to the amorphous parts [47,48]. Indeed, the thermal stability of
cellulose depends strongly upon its crystallinity degree [49]. These observations are in

good accordance with the reported results derived from FTIR analysis.
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Figure 5. DSC curves of (A) extracted cellulose and (B) MCC samples using kraft and organosolv
procedures followed by either acidified sodium chlorite or alkaline hydrogen peroxide treatment.

Table 4. TGA /DSC data for cellulose and MCC studied samples.

Sample TGA Analysis DSC Analysis
Onset (°C) Peak (°C) P wt(%) ¢  T; Q9 Tm (°O) ¢ AH (/g) f

MCCGEOac 3189 348.8 82.8 307.5 345.1 383.1
MCCGEOQal 3223 351.6 80.4 314.3 350.8 360.6
MCCGEKac 307.3 3422 80.6 298.8 336.1 399.3
MCCGEKal 317.9 349.2 77.8 302.7 342.8 379.9

CGEOac 308.8 343.3 74.6 289.8 335.3 374.7

CGEQal 272.7 3111 57.2 282.2 317.1 297.1

CGEKac 296.4 3429 744 291.4 335.6 3779

CGEKal 268.6 329.2 63.6 300.2 335.9 270.1

2 Onset decomposition temperature. ® Peak temperature of DTGA. © Residual weight at 400 °C. 4 Onset decompo-
sition temperature using DSC results. ¢ Peak temperature using DSC results. f Heat of decomposition.

Better thermal stability is noticed for the extracted MCC samples, which is reflected by
the increase in the decomposition temperatures compared with the cellulose samples. The
samples display identical behavior independently from the cellulose extraction techniques.
Indeed, thermal decomposition occurs at around 350 °C, which presents similar thermal
stability as the commercial MCC [34], MCC extracted from Kenaf bast [50], MCC from
oil palm empty fruit bunch [51], and MCC from date seeds (Phoenix dactylifera L.) [29].
Furthermore, a better thermal behavior is obtained for our MCC samples compared with
MCC isolated from waste Leucaena leucocephala seeds [52] and sacred Bali bamboo [53].
These observations reflect the efficiency of the employed techniques and the high thermal
stability of the MCC extracted from Eucalyptus Globulus.

DSC curves present one endothermic peak at around 320-350 °C, referring to cel-
lulose 1,4 glycosidic bond cleavage resulting in cellulose volatilization to levoglucosan
and char [30]. MCC samples show higher degradation temperatures compared with their
native cellulose samples, reflecting the high crystallinity. The decomposition peaks are
well resolved and narrower, in contrast to those of cellulose, confirming once again the
elimination of hemicellulose and high purity [33]. Indeed, the high molecular ordering
leads to high decomposition properties, thus to enhanced thermal stability [54].

4. Conclusions

As a summary of the paper findings, «-cellulose was successfully isolated from Euca-
lyptus Globulus through kraft or organosolv delignification followed by bleaching using



Sustainability 2023, 15, 3384 13 of 15

either acidified sodium chlorite or alkaline peroxide treatments. MCC samples were sub-
sequently produced by acid hydrolysis. The exploited treatments demonstrated their
efficiency in the elimination of the non-cellulosic matters, for which the purest MCC is
achieved with the organosolv treatment followed by the acidic bleaching. A deep char-
acterization was performed by FTIR, NMR, TGA /DSC, SEM, and GPC to determine the
a-cellulose and MCC compositions, structures, morphologies, and thermal stabilities. The
obtained results indicated that the physicochemical features of the prepared MCC from
EG are very satisfying and comparable to commercial MCC. Furthermore, this work re-
vealed that EG-MCC produced from organosolv combined with acidic treatments provided
relatively better characteristics with micro-sized structure, high purity, and good thermal
features, rendering it a prominent candidate for a wide range of uses such as reinforced-
polymer composites with enhanced thermal properties, dietary food, packaging, films, as
well as smart and energetic materials.
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