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Abstract

Esparto grass, known as alfa, is a renewable biomass widely distributed in southern and western Mediterranean basin. The
present work focused on the isolation of pure cellulose from alfa stems, via different approaches, i.e., acidified sodium chlorite
(NaClO,), totally chlorine free (TCF) or their combination, followed by the preparation of microcrystalline cellulose (MCC)
using acid hydrolysis method. The obtained samples were characterized using infrared spectroscopy (FTIR), X-ray diffraction
(XRD), scanning electron microscopy (SEM), thermogravimetry (TGA) and differential scanning calorimeter (DSC). The
FTIR spectroscopy exhibited the removal of lignin and hemicellulose after the delignification and alkaline treatments. The
XRD data showed that all of the MCCs have higher crystallinity indexes (Alfa-MCC 73-82%) and belong to cellulose I type.
From SEM images, it is clear that the different MCC particles presented rough surface and micro-sized particles. The DSC/
TGA analyses revealed that MCC samples present better thermal stability than their respective cellulose ones, with higher
temperature of decomposition (more than 350 °C). Moreover, the use of a combined process yields to MCC with higher
crystallinity and better thermal stability. Consequently, based on these findings, the delignification with combined method
can be considered as a promising approach to extract MCC from alfa fibers with outstanding features.
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Introduction

Microcrystalline cellulose (MCC) is discovered for the
first time in 1955 by Battista and smith from unsuccess-
ful experiments [1, 2]. MCC is a fine crystalline powder,
odorless, tasteless, which is normally derived from different
lignocellulosic sources by the purified and partially depo-
lymerized cellulose. MCC has particle size in the range
between micrometers to hundreds micrometers. It has sev-
eral interesting properties such as strength, high crystallin-
ity, fibrous nature, lightness, stiffness, water insolubility,
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and renewability. These outstanding features make it more
important to be used in several industrial applications such
as pharmaceutical area including binders and adsorbents,
cosmetic such as substitute and thickeners, food and bev-
erage as anti-caking agents and stabilizers, biocomposites
as reinforcement, among others [1-6]. Furthermore, more
than ten (10) suppliers produce commercial microcrystal-
line cellulose worldwide [7]. Generally, commercial MCC
is produced via hydrolysis of cotton and wood cellulose
using dilute mineral acids. Wood is considered by far as
the first principal source of cellulose, and consequently
the most essential feedstock employed for the production
MCC. Nonetheless, competition among several sectors like
pulp, papermaking, furniture, building product and energy
production, renders its exploitation a challenge to provide
all area with required amount of wood at acceptable costs.
Therefore, the exploration of non-wood cellulosic sources
such as agricultural wastes, grass has attracted immense
research interest of the scientific community [1, 8]. MCC
can be isolated from different lignocellulosic sources. It can
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be produced from oil palm biomass [9], folder grass [10],
waste paper [11], soybean hull [12], alfa grass [13], among
others.

Alfa grass (Stipa tenacissima L), also called esparto
grass or halfa in arab countries, is a perennial herb of the
Gramineae family that is widely distributed in arid and semi-
arid ecosystems of the southern and the western Mediter-
ranean basin, mainly in the Maghreb [14—16]. This plant
is abundant and considered as one of the most important
natural sources in the Mediterranean basin, mainly in Alge-
ria. In fact, Algeria is the major producer of alfa grass in the
world with an estimated covered area of about 4.5 million
hectares [13, 17]. Alfa fibers, as raw materials, are widely
used in numerous fields such as animal feed, pulp and paper-
making. Recently, it has been employed as reinforcement in
the biodegradable composites fabrication. Owing to their
availability and high content of cellulose (~44%) offer high
prospective as an outstanding green feedstock for MCC iso-
lation [18, 19].

MCC properties, which can be adapted to selective uses,
are not only dependent on the nature of lignocellulosic
sources or the procedure of hydrolysis, but also related to
the different pretreatments used to extract the native cel-
lulose from raw sources. Broadly, lignocellulosic sources
require the removing of non-cellulosic components via the
elimination of extractive components (fat, tannins, rosin,
free sugars, flavonoids, terpenoids, terpene, fatty acid, and
waxes), the delignification and bleaching processes. Such
pre-treatments can be performed through different chemi-
cal, physical, biological, and combined methods [20]. These
pretreatments permit the separation of pure and crystalline
cellulose, ensure the break of the linkages existing between
cellulose and non-cellulosic compounds (lignin and hemi-
cellulose), decrease the degree of polymerization, promote
the accessibility toward cellulose-rich fraction and increase
the porosity, the inner surface and reactivity [21]. However,
numerous pretreatments may negatively influence the pro-
cess through the generation of toxic and hazardous wastes,
imperfect separation, degradation, and loss of cellulose as
well as of the high overall process expenses [22]. For these
reasons, several studied are still in progress worldwide to
understand the phenomena that can occur during the pre-
treatments, and optimize the efficiency and the easiness of
the processes. MCC with different features can be obtained
depending on the natural source, its origin and maturity,
pretreatment and processing methodologies and reaction
parameters [23].

The delignification process of fibers is commonly used to
eliminate lignin, hemicellulose and other impurities from raw
biomass [24-26]. The acidified sodium chloride delignifica-
tion method is the conventional process commonly employed
to remove the lignin [27]. Besides, recent approaches are
based on the utilization of the green delignification with total

chlorine free methods such as deep eutectic solvents, ionic
liquids and hydrogen peroxide solutions [28]. Nevertheless,
depending on the natural lignocellulosic source, hemicellulose,
lignin and cellulose are organized in a complex hierarchical
microstructure, establishing recalcitrant nature against chemi-
cals and microbial treatments. Therefore, in order to prepare
value-added cellulosic products, better separation approach
of these components through the utilization of the aforemen-
tioned individual methods or the combined process of them is
required [29, 30]. Moreover, the morphology, size, and other
characteristics of the isolated cellulose depend closely on iso-
lation approach and processing conditions as well as the possi-
ble pre- or post-treatments [23]. The opportunity of producing
MCC with various features is considered fairly an exciting
topic, which can promote the exploration of unexplored bio-
mass. The benefits of the 3-D hierarchical structure of MCC
and its physicochemical characteristics open new prospects in
several applications [31-33].

Thus, the aim of this work is to obtain an efficient
approach to isolate pure cellulose from Algerian alfa grass
via different processes, i.e., acidified sodium chlorite
(NaClO,), totally chlorine free (TCF) or their combination,
and then to prepare MCC using acid hydrolysis. The series
of analyses encompassing FTIR, XRD, SEM, DSC, and
TGA/DTG are performed to investigate the impact of the
different delignification processes used on the physicochemi-
cal properties and the thermal stability of isolated MCCs.
The characteristics of obtained products are also compared
to those of the MCC reported in literature.

Materials and Methods
Materials

The esparto grass stems fibers exploited in this work was
gathered from Oum El Bouaghi area in the east of Algeria
at the end of the spring of 2019, near the maturity time of
the product. For the removal of soil and other impurities,
the raw material was rinsed with distilled water and then
dried in the air. The obtained fibers were powdered, sieved
into particle size of 250 pm and stored in a vacuum desic-
cator. Ethanol (96%), toluene (99.5%), hydrogen peroxide
(H,0,, 30%), acetic acid glacial (CH;COOH, 96%), nitric
acid (HNO;, 67%) and hydrochloric acid (HCl, 37%) were
purchased from VWR Prolabo. Sodium hydroxide (NaOH)
pellet and sodium chlorite (NaClO,) were supplied by Sigma
Aldrich. All reagents are used without previous purification.
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Methods
Preparation of Alfa Grass Cellulose

To extract alfa grass cellulose, many processes were applied
to the raw fibers. The elimination of organic and hot water
extractives, the delignification with different methods and
the alkaline treatment to prepare three pure cellulose sam-
ples have been carried out. Firstly, the removal of toluene/
ethanol and hot water extractives was performed through the
soxhlet extraction, using 10 g of dried fibers and 220 ml of
toluene/ethanol (1:2, v/v) mixture at fixed temperature over
6 h [34], followed by the treatment of obtained powder with
hot water for 5 h. Then, the filtered residue is dried in the
oven at 100 °C [35].

After that, the delignification stage was performed with
three different methods (acidified sodium chlorite, totally
chlorine free and there combination) to eliminate the lignin.

The first process is based on the acidified sodium chlorite
NaClO, delignification, which is employed following to the
procedure of Ilyas et al. [24]. Briefly, 10 g of the treated alfa
fibers are mixed with 325 mL of distilled water in a 500 ml
round bottom flask. Then, 2 ml of acetic acid (to control the
pH in the range of 3—4) and 4 g of sodium chlorite are added
to the mixture for each an hour repeatedly for the duration
of 7h at 70 °C. After the filtration and rinsing with distilled
water at several times, the recovered holocellulose named
holocellulose-alfa-NaClQ, is dried in oven at 105 °C.

The second process deals with the use of the totally chlo-
rine free (TCF) delignification, which was done by hydrogen
peroxide under acidic and alkaline conditions. The hydrogen
peroxide treatment under acidic condition was performed
according the procedure reported by Kuznetsov et al. with
some modification [36]. Succinctly, 10 g of the extractive-
free alfa fibers are soaked in 150 mL of hydrogen peroxide
(6%)/acetic acid (25%) mixture at 100 °C for 5 h. The resi-
due obtained after filtration is rinsed by distilled water. In
the second stage, this residue is placed in a 250 mL round
bottom containing 150 mL of nitric acid (20%) /acetic acid
(25%) mixture at 120 °C for 20 min. The derived product
is then filtered and washed with distilled water [37]. In the
final stage, the residue is treated with 200 mL of hydrogen
peroxide (5%) /sodium hydroxide (4%) mixture at 50 °C
for 90 min. The obtained holocellulose, named holocel-
lulose-Alfa-TCEF, is filtered, rinsed at the same time with
distilled water then dried in oven at 105 °C overnight [38].

The last process concerns the use of the combined del-
ignification, which was realized by the addition of acidi-
fied sodium chlorite before the treatment of fibers with the
above TCF process. Concisely, 10 g of alfa fibers obtained
after the hot water treatment and 6 g of sodium chlorite are
placed in 350 mL of distilled water in 500 mL round bottom
at 70 °C during 5 h. Simultaneously, 4 ml of acetic acid are
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added to the mixture to maintain the pH to 4.5. The white
prepared holocellulose, named holocellulose-alfa-combined,
is washed by distilled water during the filtration then dried
at 100 °C overnight [39].

Furthermore, the three-holocellulose samples are treated
with alkaline solution of sodium hydroxide to eliminate the
non-cellulosic materials to produce three samples of pure
cellulose. This treatment was accomplished via the method
of Jiang et al. [25]. Briefly, the samples are placed in NaOH
(5%) solution with a fraction of (1/20 w/v) for 24 h under
magnetic stirring at room temperature. After that, it is
heated up at 90 °C for 2 h. The formed cellulose samples
are neutralized by an important amount of distilled water
and diluted acetic acid, followed by a drying at 105 ° C in
the oven overnight.

Preparation of Alfa Grass Microcrystalline Cellulose

The alfa cellulose samples are treated with acid hydrolysis
according to the procedure of Trache et al. with some modi-
fications [13]. The acid hydrolysis of cellulose samples was
realized using 2.5 m of hydrochloric HCI acid with the ratio
of (1/20 w/v) at temperature of 100 °C for 30 min.

Afterwards, the resulted samples of microcrystalline cel-
lulose were rinsed with distilled water and NaOH (0.5 m)
solution to achieve a neutral pH of 7. The obtained product
dried at 65 °C for 48 h was snowy-white in appearance. The
overall steps of the extraction process of MCC and digital
images of each product are displayed in Fig. 1.

Characterization
Chemical Composition

The chemical composition of alfa grass fibers was deter-
mined according to the Technical Association of the Pulp
and Paper Industry (TAPPI) standard methods and previ-
ous investigations [40, 41]. The ash content is calculated
using the standard T 211 om-07, the toluene/ethanol sol-
vent extractives content is measured using T 204 cm-07,
the hot water extractives are quantified with the standard
T-257, the lignin content is quantified using the standard
T-222 om-06, then the a-cellulose content is evaluated with
the standard T 203 cm-99. The holocellulose content was
determined according the procedure reported by Wise et al.
[42], whereas, using the difference between holocellulose
and a-cellulose is considered as the hemicellulose content.
The quantification values were found by repeating each pro-
cedure three times.
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Alfa grass

Grinding to
pass
through 50
mesh sieve

Soxhlet Alfa without toluene/ Hot water . .
extraction ethanol extractives extraction Alfa without extractive:

Alfa-C-NaClO, Alfa-C-TCF Alfa-C-Combined

Acid hydrolysis

Alfa-MCC-NaCloO, Alfa-MCC-TCF Alfa-MCC-Combined

Fig. 1 Scheme of the extraction of MCC from alfa grass
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FTIR analysis

FTIR spectroscopy was used to study the changes of func-
tional groups and chemical structure transformation of the
different samples. The dried samples (0.1--2 mg) were pel-
letized with KBr (100 mg) and were analyzed using Par-
kin Elmer FTIR spectrometer. The spectra were recorded
in transmittance band mode, in the wave number range of
400-4000 cm™~! by averaging of 64 scans at resolution of
4 cm™!. Prior to each evaluation, background spectra were
determined at ambient temperature after that deducted auto-
matically from the sample spectrum.

X-Ray Diffraction Examination

X-Ray Diffraction analysis was carried out to investigate the
structure and to obtain all the diffractograms of the different
samples of cellulose and MCC. The results were collected
using a PANalytical X’Pert PRO Multipurpose diffractom-
eter by Cu Ko radiation at a generator voltage of 45 kV and
current of 40 mA conditions. An X’celerator detector was
performed to register the data over a 20 angular range of
5-50° with a step size of 0.017°/ 20 and a count time of
50.1650 s at each step. The crystalline indexes of raw fibers
and both cellulose and microcrystalline cellulose samples
were determined from different diffractograms, according
to Segal’s equation.

I 0 — Iamp

Cri(%) = = x 100 (1)

200

where Crl is the crystallinity index, Iy, is the maximum
intensity of the 200 peak at 20 =22° and I, is the intensity
at 20=18°.

From the different diffractograms obtained using 200 lat-
tice plane, the size of crystallite was calculated via Scherrer
equation.

kN
D = —
WD = G cos0 2)

where D ) is the crystallite size (nm), k is the Scherrer
constant (0.9), ) is the X-ray wavelength (1.5418 cm™1), Bl
is the full width at half maximum intensity (FWHM) of the
diffraction peak and 6 is the half of the Bragg angle [27].

Scanning Electron Microscopy (SEM)

Surface morphologies of both cellulose and microcrystalline
cellulose samples were obtained with FEI Quanta 250 scan-
ning electron microscope tool at a 10 mm working distance
and 10 kV accelerating voltage. Dry powders of different
cellulosic samples are placed on double-sided conductive
adhesive tape. Then, they were analyzed using the secondary
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electrons (SE) for morphology. The particle size of the sam-
ples was calculated with Image J software [24].

Thermal Analysis

The thermal features of both cellulose and MCC samples
were determined with thermogravimetric analysis (TGA)
and a differential scanning calorimetry (DSC). The TGA
experiments were carried out by means of a TGA Q500
V20.13 Build 39, while the DSC ones have been assessed
with a calibrated Perkin Elmer DSC 8000 analyzer. All of
the samples were weighted to 5 mg for used in the different
analyses, which are investigated in the temperature range
of 200 to 450 ° C with a heating rate of 10 ° C min~'. The
different analyses were carried out under the inert nitrogen
gas atmosphere conditions.

Results and Discussion
Chemical Composition

The composition of alfa fibers is summarized in Table 1.
They are composed of 44.36% cellulose followed by hemi-
cellulose with 22.89% and lignin with 18.87%. Furthermore,
the amounts of the toluene-ethanol extractives, the hot water
extractives and the ash are, respectively, 4.8%, 2.76% and
3.45%. The chemical composition of alfa grass employed
in present study had similar cellulose amount compared to
alfa grass exploited in other studies [13, 19, 43—46]. In addi-
tion, it can be seen that our alfa fibers has a similar chemical
composition than posidonia ocianica brown algae [2] and
sugar palm [24].

FTIR Spectroscopy

FTIR analysis was mainly performed to determine the func-
tional groups of all samples at each step of microcrystalline
cellulose production. Moreover, FTIR spectroscopy was
carried out to prove the elimination of lignin and hemicel-
lulose. The FTIR spectra of the prepared samples, i.e., Alfa,

Table 1 The chemical composition of raw alfa fibers

Alfa Component Mass fraction

Hot water extractives 02.76 £0.91%
Ethanol-toluene extractives 04.80+0.77%
Cellulose 4436+0.61%
Lignin 18.87+0.42%
Hemicellulose 22.89+0.46%
Ash 03.45+0.24%
Others 02.87+0.32%
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Alfa-after Soxhlet extraction, Alfa-after hot water extrac-
tion, holocellulose Alfa-NaClO,, holocellulose Alfa-TCF,
holocellulose Alfa-combined, Alfa-C-NaClO, (f), Alfa-C-
TCF, Alfa-C-combined, Alfa -MCC-NaClO,, Alfa -MCC-
TCF, Alfa -MCC-combined, are displayed in Fig. 2. From
the FTIR spectra, it can be clearly illustrated that relatively
all samples showed the identical functional groups, where
the delignification and alkaline treatments do not destroy the
cellulose structure. The absorbance band about 3405 cm™!
is attributed to stretching vibration of —OH groups [10, 47,
48]. The absorbance peak at 2922 cm™! is referred to ali-
phatic saturated —CH, stretching vibration, indicating the
absence of a-cellulose degradation in the raw alfa plant [49].
The band situated at 2851 cm™! is assigned to the asym-
metric and symmetric stretching vibration of the CH, group
of hemicellulose in alfa grass. The spectra of pure cellulose
and MCC samples proved the reduced of this band after the
delignification with sodium chlorite and the alkaline treat-
ment, while the FTIR spectra revealed the total absence of
this band after using the delignification with either totally
chlorine free or the combined process. The pretreatment
with sodium chlorite seems to be less efficient because of
the biomass recalcitrance. Although, the pretreatments via
the free chlorine or combined process are revealed to be
more effective. More explicitly, the acidified sodium chlorite
treatment dissolves and eliminates favorably lignin without
significantly impacting the elimination of hemicelluloses,
where the lignin dissolution increases via the primary oxi-
dizing of phenolic rings to produce quinonoid and muconic
acid derivatives or methyl/methylene groups in the allyric
position, generating carbonyl or carboxylic groups [50, 51].
Nevertheless, the free chlorine delignification with hydrogen
peroxide under alkaline conditions yields to a high degree of
lignin removal, where the hydroperoxide anions (HOO™) are
responsible for the lignin chromophore groups’ elimination
by a selective attack of ethylenic and carbonyl groups. How-
ever, other radical species such as (OH™) are responsible
for the hemicellulose solubilization to produce extremely
purified cellulose [52]. The peak about 1739 cm™! corre-
sponds to either acetyl or uronic ester groups of hemicellu-
lose or ester linkage of the carboxylic groups of the ferulic
and p-coumeric acids of lignin and/or hemicellulose in alfa
grass. This peak is disappeared, whatever the delignification
process used. The employed treatments can cause cellulose
swelling, which in turn breaks the intermolecular bonds of
hydrogen between cellulose and hemicellulose [53]. The
peaks at 1512 cm™! and 1250 cm™ ! are assigned to C=C
of aromatic vibration and C=O0 of lignin, respectively. The
total removal of lignin is confirmed by the disappearance
of these two latter peaks after the different delignification
processes, which are used in this study. The observed peak
at 1643 cm™ ! is linked to the absorbed water owing to inter-
actions between moisture and cellulose. The absorption at

around 898 cm™! is known as C-H rock vibration in cel-
lulose B-glucosides. The absorption peak at 1430 cm™! is
associated to crystalline band, which is referred to CH,
symmetric stretching [37, 54], the increased of this peak
in alfa cellulose and alfa-MCC indicates the removal of the
amorphous regions. Following to literature and the obtained
results, it can be deduced that the different cellulosic sam-
ples are effectively isolated, whatever the delignification pro-
cess used [13, 23, 55]. In addition, the produced MCCs from
alfa grass using hydrochloric acid hydrolysis have identical
chemical composition as that obtained in the literature [13].

Crystalline Structure Analysis

Cellulose includes the crystalline and amorphous regions
that are bonded with intra/intermolecular linkages (van der
Waals forces) [54, 56, 3]. The crystalline structure and the
crystallinity index of different cellulose and MCC samples
isolated from alfa fibers were obtained with X-ray diffrac-
tion analysis. The XRD diffractogrammes of Alfa, Alfa-
C-NaClO,, Alfa -C-TCF, Alfa -C-combined, Alfa-MCC-
NaClO,, Alfa -MCC-TCF and Alfa-MCC-combined are
displayed in Fig. 3. Moreover, from the different diffrac-
tograms of cellulose and MCCs samples, it can be checked
out the presence of cellulose type I, with the presence of
peaks at 14.9° (110), 16.3° (110), 22.6° (200) and 34.5°
(004). Without the existence of cellulose type II, owing
to the absence of peak (200) with doublet intensity. These
peaks become more defined upon chemical treatments, as
expected. Furthermore, the diffraction peak at about 22.6°
is appeared narrower in MCCs patterns, proving the increase
of the MCC samples crystallinity in comparison with the
crystallinity of pure cellulose samples. It is evident that the
three delignification processes applied had no influence on
the structure of different cellulose samples and MCCs. This
finding corroborates well the FTIR results as well. The crys-
tallinity indexes of all samples are calculated and summa-
rized in Table 2. Observably, the cellulose samples presented
higher crystallinity index compared to that of the raw fibers
of alfa grass (61.38%) due to the removal of amorphous non-
cellulosic components [57]. Hence, it is necessary to note
that raw alfa (61.38%) and alfa cellulose (65.20%) exhibited
slightly higher crystallinity indexes compared to that alfa
cellulose (59%) prepared by Trache et al. [13]. This find-
ing can be attributed to the alfa origin, maturity as well as
the cellulose isolation process used. In addition, from the
different obtained diffractograms depicted in Fig. 3 and the
calculated data reported in Table 2, it is obvious that the
crystallinity indexes of microcrystalline cellulose samples
have higher values compared to their respective native cel-
lulose samples. This finding is referred to the degradation of
the amorphous parts during the acid hydrolysis [9, 54, 55,
58]. Moreover, the cellulose and MCC samples prepared

@ Springer



136 Journal of Polymers and the Environment (2021) 29:130-142

55+ 8-
2' ' 1 Alfa Alfa | ' |
p : i \ i H 0
44 i ! 60 4 i ' ]
3 i Extracted with ethanolokiene Extracted vty elhario-loluens i/ !
01 T ! ;/- — _"“‘\/\/‘-\. ' : —~—~————
5 ‘ H 1 5 “{Extracted with hot wat
5 39 ' ' Extracted with hot water 5 e P
< 29 | L < o r———— A
o 157 N — T i S ) i i
i . ... S § miosguied |
L ~ = 1 X i -
g S'R N .\ : /»\",; Pi'"m, . g ﬁ/\/-'ll N -—v-\\‘_-//\( T
: TN N .- P oojomos | |
E 3 e TN A ant Vs
[ S ey : Vi g ' I\, : y W,
»] ! ¥ S L .
254 \ 4i y A ! i : ) R
204 AR S 404 al P oL I S
354 = ARG, § 061 0 1739em |1512em 1037 em’ T jseem
T T T 1 T Y | T T T T
00 350 00 2500 2000 200 180 160 140 1200 100 800 60
Wavenumber (cm”) Wavenumber (cm”)
80+ 8-
' 1t Alfa 1 Aa ! ' |
| | ' V
60+ i tracted with ethanol-toluene ! i/
— /,3/_ ﬁmrh_ 0" Exracted it ethanokokens i/ i
\ 1
~ - . Extracted with hot water R EMYMJMW S
i er
3 S—— i 1 Delignified 3 204
° i i AVl i e > W
§ 2 N L /NS g Delgmiod ! i )
1 1 / wh = e, " Tl 2 ’\\ /
£ \: & ! Cellulose £ 09 4 AN MG A\
g 0 cetemeen, \\' // - MEC p— J § 1 1 W VW V i v gL /
] . S A , E N U
g RN S o | § Gelllose | N
= i \ F i A ANT ]
20 : of } MCC ! i
B A PO i M A\ i
40 s’ N i ! - msem" - ' ssem’
= ' ] | v |
: y zmem: IZwt:m : '1512cm 1oas'em“',»* ;
400 300 W0 D A0 00 260 2600 200 2200 2000 2000 1800 1600 1400 1200 100 800 600
Wavenumber (cm' ) Wavenumber (cm™)
604 , i Alfa wl . . o 0
40-_,_,\: G et 1 Extracted withetvanolokene
[ o i A
' Extraéled with hot water "“‘\r\/‘w amne W B0 o i |
s 204 S~ e L Delignified 3 20 4 Extracted with hot water 1 !

2 T A : A
\ ! / , W | o s
KRN VA: g oojowns T
g \‘:// ' C:Ihloso B % = -:,/‘-\v NN e \\,, ) //

& 1 N T H e . & N1 Celulose : ¥ ‘
& . - 3 & N TNASWANAG A A
F ool ! 1 F ool woe! | M
: o - T 1 Al d
i i 8 v
04 woem’ | _': i ; 0+ : i R )
i/ maem’ 12851 om 179em’! [1s12em’ 1037 em”! 86 Cm
0 — T T 1 0 T — ]
4000 350 300 %00 2000 2000 1500 1000 50
Wavenumber (cm™) Wavenumber (cm™)

Fig.2 FTIR spectra of: alfa, alfa-after soxhlet extraction, alfa- after hot water extraction, holocellulose-alfa, Alfa-C and Alfa-MCC obtained
with a acidified NaClO,, b TCF method and ¢ combined process

@ Springer



Journal of Polymers and the Environment (2021) 29:130-142

137

10000

| 004

8000

6000

Alfa-MCC-Combined
Alfa-MCC-TCF
Alfa-MCC-NaClO,

Intensity (A.U)
]
8
1

2000 Alfa-C-Combined

Alfa-C-TCF
Alfa-C-NaClO,

-2000 H - . . .
10 20 30 40 50

20 (%)

Fig.3 X-ray diffraction patterns of Alfa, Alfa -C-NaClO,, Alfa
-C-TCF, Alfa -C-combined, Alfa -MCC-NaClO,, Alfa -MCC-TCF
and Alfa -MCC-combined

with the combined delignification method showed the high-
est crystallinity indexes in comparison with those prepared
via the totally free chlorine process and acidified chlorite
method, respectively. However, the acidified chlorite process
presents the lower crystallinity indexes. The acid hydrolysis
with HCl releases a great quantity of protons, which provoke
the deterioration of disordered regions of cellulose in a cel-
lulosic microstructure. Afterwards, they destroy the 1,4-
glycosidic bonds to achieve the levelling-off polymerization
degree, conducting to higher crystalline MCC. Neverthe-
less, the acid hydrolysis of celluloses pretreated with the two
other processes, where the hemicelluloses are not completely
removed, causes a selective solubilization of the amorphous
hemicellulose than the amorphous parts of cellulose [59,
60]. Thus, the used acid hydrolysis is not just employed to
hydrolyze the amorphous parts of cellulose molecules but
also eliminates the residual amount of amorphous hemicel-
luloses. Consequently, the crystallinity of MCC produced
with combined/ HC] method is higher than that of the two
other MCCs (acidified NaClO, and totally chlorine free pro-
cess). Besides that, the higher crystallinity value found with

the combined delignification/ HCI will confer better features
for MCC for several potential applications. It is worthy to
note that the obtained crystallinity values of MCC in the
present work are higher than that reported by Abu-Thabit
for MCC derived from acid hydrolysis from date seeds of
the date palm tree, which is 70% [61]. Furthermore, the pre-
pared MCC samples with Crl% of falls within the crystal-
linity range of the commercial MCC, which is in the range
of 55-80% [23].

Morphology

The morphological investigation of all the alfa cellulose and
MCC samples was performed using SEM. The micrographs
of (a) Alfa -C-NaClO,, (b) Alfa -MCC-NaClO,, (c) Alfa
-C-TCF, (d) Alfa-MCC-TCF, (e) Alfa A-C-combined and
(f) Alfa-MCC-combined are depicted in Fig. 4. The cellu-
lose images illustrate the clean smoother surfaces, long and
uniform individualized fibers. This finding referred to the
removal of non-cellulosic components like lignin, hemicel-
lulose and other impurities (a, ¢ and e samples) after the
different treatments used during the isolation of cellulose
[62]. These obtained results corroborate the FTIR analy-
sis that confirmed the removal of lignin and hemicellulose.
The diameter sizes of all the extracted cellulose samples and
MCCs were calculated by Image] processing software (I1J
1.46) from the SEM images, where more than 50 fibers have
been exploited to certify reproducible data. From the data of
Table 2, it is obvious that the pure cellulose extracted using
NaClO, delignification showed the higher average diameter
in comparison with that obtained with TCF process. This
finding is assigned to the impact of acids mixture (HNO,/
CH;COORH) at high temperature and to the effect of hydro-
gen peroxide oxidation under alkaline conditions, which can
deteriorate the cellulose molecules [38, 63, 64]. However,
the combined process presented lower diameter owing to
its efficient removal of non-cellulosic material, particularly
lignin and hemicellulose. In addition, the MCC micrographs
present irregular rod-like shape with rough surface due to the
HCI hydrolysis influence that causes the degradation of cel-
lulose fibers [23]. In the other hand, the MCCs micrographs

Table 2 The crystallinity

indexes, diame.ter size and the Substance e SZS(?]ESG prameter size () Elf:rzk("tl??ﬁ’%a_ fonsirC

thermal analysis data of data of P

the different cellulose and MCC Alfa 61.38 2.56 / / /

samples Alfa-C-NaClO2 65.20 402 13.0420.7 347.93 309.38
Alfa-C-TCF 67.27 4.13 11.66+1.9 349.30 308.34
Alfa-C-Combined 68.91 4.28 09.85+2.9 354.17 276.83
Alfa-MCC-NaClO2 73.75 5.03 06.47+1.2 357.77 304.11
Alfa-MCC-TCF 7791 5.25 06.20+0.9 361.79 311.47
Alfa-MCC-Combined 80.45 5.34 05.13+0.7 366.71 306.98
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Fig.4 SEM images of all cellulose samples: Alfa-C-NaClO,, Alfa-C-TCF, Alfa-C-combined, Alfa-MCC-NaClO,, Alfa-MCC-TCF and Alfa-
MCC-combined
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show that MCC fibers have lower average length compared
to cellulose particles, which can be assigned to the frag-
mentation of pyranose bonds that lead to the deterioration
of cellulose amorphous regions [13]. Moreover, the MCC
particles prepared using the combined process have a lower
diameter size in comparison with the two other individual
processes (Table 2). These results confirmed once again that
the different delignification treatments have an effect on the
hydrolysis influence. The same remarks was obtained with
XRD results. Furthermore, it is interesting to point out that
the prepared MCC samples have relatively similar average
diameters as those obtained in the literature for alfa fibers,
reeds, algae and commercial MCC [2, 65].

Thermal Stability

The thermal stability of cellulose and microcrystalline cel-
lulose materials are crucial to estimate their performance
and their use in several industries. The thermal properties
were investigated using DSC and TGA/ DTG analyses [23,
55, 66, 67]. The thermal parameters of all cellulose samples
are reported in Table 2.

The DSC curves of cellulose and MCC samples are dis-
played in Figs. 5 and 6, respectively. All samples present
endothermic phenomena. The peak at about 250 and 380 °C
is referred to the highest decomposition of different cellulose
samples due to the cleavage of the 1,4-glycosidic bond of
cellulose biopolymer followed by the generation of levo-
glucosan and charring. The appearance of this peak at high
temperature proves the total elimination of non-cellulosic
components via the different chemical treatments used in
this study. On the other hand, it is worthy to indicate that
the native cellulose prepared with the combined process
shows a higher temperature of degradation compared to the
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Fig.5 DSC curves of Alfa-C-NaClO,, Alfa-C-TCF and Alfa -C-com-
bined

—— Alfa-MCC-NaCIO,
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Fig.6 DSC curves of Alfa-MCC-NaClO,, Alfa-MCC-TCF and Alfa-
MCC-combined

two other individuals delignification treatments. This result
corroborate well the FTIR findings, which present the disap-
pearance of peak at 2860 cm™!. In addition, MCC samples
show high temperatures of decomposition with respect to
their respective native celluloses. This finding is due to the
higher degree of crystallinity of MCC particles as obtained
with XRD data. Therefore, several authors previously men-
tioned that the higher molecular ordering yields to higher
thermal decomposition properties and consequently better
thermal stability [2, 4, 65]. Hence, it is essential to note that
the utilization of combined delignification method leads to
efficient acid hydrolysis and provides to produce the MCC
with good thermal stability in comparison with the use of
either totally chlorine free or sodium chlorite delignification
methods.

The TGA and DTG thermograms of the different dried
cellulose samples and MCC:s are displayed in Figs. 7 and 8.
From the different curves, it is evident that the thermograms
of the different analyzed samples show one thermal decom-
position at high temperature between 250 and 380 °C, which
is caused by several immediate processes such as depolym-
erization, dehydration, decarboxylation, and decomposition
of glycosyl units followed by the formation of a charred resi-
due [54, 23]. In addition, the TGA/DTG curves of different
samples showed the same trend in comparison with obtained
DSC results. From Table 2 data, it is clear that MCC samples
exhibited better thermal stability compared to their respec-
tive pure celluloses. Furthermore, it is worthy to mention
that the samples prepared using the delignification with
NaClO, and TCF treatment displayed lower thermal stability
compared to those obtained by the combined process. This
lower thermal stability presented by NaClO, delignification
method can be referred to the residual amount of hemicellu-
lose and lignin that start to decompose at lower temperature.
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Fig.7 TGA and DTG curves of all cellulose samples: Alfa-C-
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Fig.8 TGA and DTG curves of all microcrystalline cellulose samples
Alfa-MCC-NaClO,, Alfa-MCC-TCF and Alfa-MCC-combined

In addition, it is reported in another work that the thermal
decomposition of MCC derived from alfa through sodium
hypochlorite delignification and HCI hydrolysis occurred at
351.39 °C [13], which is lower than that obtained in our
present work using the combined delignification process,
which is more thermostable.

Besides, the presence of hemicellulose particles, which
are naturally prone to the degradation, leads to the low effi-
ciency of the elimination of cellulose amorphous regions
during the acid hydrolysis. The prepared MCC samples dis-
play comparable thermal properties of commercial MCC
and MCC isolated from other parts of date palm such as
date seed (353 °C) and fruit bunch stalk (364.2 °C) and
fall within the reported decomposition range of cellulose
(315-400 °C) [23, 61]. Overall, the prepared alfa grass
MCC using a combined delignification process/ HCI acid

@ Springer

hydrolysis presents higher thermal stability, which makes it
a promising candidate to prepare high-value products.

Conclusion

Alfa plant, which is rich in cellulose, is an available grass
in Mediterranean basin mainly in the Maghreb and can be
a considered as prominent source for MCC preparation. In
this study, cellulose and MCC samples were successfully
prepared from alfa grass with three different delignification
media/HCI acid hydrolysis. The FTIR results demonstrate
that the different delignification methods used influence the
purity of cellulose without any impact in cellulose chemi-
cal structure. The combined delignification that consists of
sodium chloride followed by chlorine-free treatment gener-
ates cellulose with a higher purity compared to that obtained
with the individual processes. The SEM micrographs of the
different MCC samples showed compact and rough micro-
structures with rod-like shape of microfibrils. The XRD
analysis revealed that the isolated MCC samples presented
typical cellulose I allomorph, and the crystallinity index
ranged from 73 to 80%. Moreover, this study demonstrated
that alfa grass MCC prepared with the combined process
presented relatively better features with higher crystallinity,
smaller micro-sized structure and higher thermal stability,
making it promising candidate for many applications in rein-
forced polymer composites, pharmaceutics, medical, auto-
motive industries, packaging, smart and energetic materials.
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