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Abstract
In this work nanocellulose substrates e. g. cellulose nanofibrils and nanocrystals were isolated
from an abundant renewable resource Ampelodesmos mauritanicus fibers. Cellulose
nanocrystals CNCs were isolated from the fibers by means of acid hydrolysis while cellulose
nanofibrils (CNFs) were isolated by combination of TEMPO-mediated oxidation and
mechanical shearing using high-pressure homogenizer. The chemical composition of
Ampelodesmos mauritanicus fibers was analyzed prior to the isolation of the different
nanocellulose substrates in order to optimize their extraction processes. The morphology,
geometry, and distribution of the cellulosic nanoparticles were performed using scanning
electron microscopy (SEM) and transmission electron microscopy (TEM), and the crystalline
structure and the crystallite size were evaluated by X-ray diffraction (XRD). The surface
charge of CNCs and the degree of oxidation of CNFs were examined by Zeta potential and
conductometric titration. The nanocellulose substrates extracted from Ampelodesmos
mauritanicus fibers exhibit a diameter of 5.64 ± 1.5 nm and length of 108.95±13.7 nm for
CNCs and 6.1± 1.5 nm and a few micrometers for CNFs.
Keywords: Cellulose nanocrystals, Cellulose nanofibrils, Ampelodesmos mauritanicus fibers,
Acid Hydrolysis, TEMPO-mediated oxidation.

1. Introduction
67 million metric tons was the production of cellulosic fibers since 2017 according to the report of
chemical fibers global production 2000-2017 (Anonymous, 2019a). Due to their excellent properties,

renewability, abundances, eco-friendliness, low cost, cellulose and its derivatives became
unarguably the most important and interesting biopolymers from renewable feedstock (Habibi
et al., 2010; Jonoobi et al., 2015). These biomaterials demonstrate their abilities to replace
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some petroleum materials in different fields and sensitive areas such as packaging,
composites, biomedical application, food, etc.
Cellulose nanofibrils and cellulose nanocrystals are nanoparticles of cellulose, they are
obtained by breakdown the cellulose using different mechanochemical techniques like
grinding, ball milling, crouching, and TEMPO-mediated oxidation and acid hydrolysis
(Habibi et al., 2010; Kargarzadeh et al., 2018). These two types of cellulosic nanoparticles
shown better properties and abilities than traditional cellulose. The market value of
nanocellulose worldwide in 2017 was estimated to 284.7 million U.S. dollars and forecasted
to reach 661.3 million U.S. dollars in 2023 (Anonymous, 2019b), which demonstrate the
technical and economical importance of these nanofibers. Therefore, it is necessary to look for
new sources of cellulose to sustain the market demand and cover wide range of applications
requiring various types of these biomaterials. Indeed, nanocellulose substrates can be
produced from several plants and organisms, and the kind of cellulose and its final
characteristics strongly depend on two things: the origin of the plant cells from which they are
extracted and secondly, the methods applied for their extraction.
Ampelodesmos mauritanicus is a grass plant of the family Gramineae largely present in the
Mediterranean area and in particular in North Africa. It grows both in wet and dry areas and it
is abundantly available through the year which make it an important biomass. The average
high of Ampelodesmos mauritanicus plant can exceed one meter and their fibers are extremely
sturdy and rough. Traditionally Ampelodesmos mauritanicus fibers were used earlier in the
manufacture of ropes, hats, and bags and construction of the roofs of the huts due to their
durability, strong resistance to water and heat insulation. Nowadays this abundant biomass is
attracting more interest as renewable feedstock in order to develop sophisticated materials for
a better valorization. Abdelhak et al. and Bourahli et al. studied the chemical composition of
Ampelodesmos mauritanicus and reported that fibers contain between 32 to 44% of cellulose
3

(Abdelhak and Ramdan; Bourahli and Osmani, 2013). When compared to Alfa fibers, a
common plant growing in the same areas, the cellulose content in the fibers is comparable, yet
in term on biomass production Ampelodesmos mauritanicus is greater (May and Moussa,
2018). Nadia and her co-workers extracted the flavonoids from the aerial parts of
Ampelodesmos mauritanicus and examined antibacterial activity in vitro using the disc
diffusion method, they observed an inhabitation of the growth of Escherichia coli and
Staphylococcus saprophyticus but was moderately active against Pseudomonas aeruginosa
and Staphylococcus epidermidis (Toudert et al., 2009). In another study, Nadia et al.
demonstrated that Ampelodesmos mauritanicus had a high level of antioxidant capacity and
that this plant could be used as a good source of natural antioxidants (Nadia et al., 2017).
Belkadi et al. and Merzoud et al. evaluated the properties and performance of self-compacting
concrete and cementing composite reinforced with fibers from Ampelodesmos mauritanicus,
Alfa and date palm. They demonstrate an increase in adsorption of water of concrete, but a
reducing of strength to compressive and flexural for composites reinforced with
Ampelodesmos mauritanicus compared to the other plants (Belkadi et al.; Merzoud and
Habita, 2008). Ampelodesmos mauritanicus fibers were incorporated in polyester matrix up
to 30% and a clear improvement in the mechanical proprieties of composite (tensile strength
and Young’s modulus) was achieved (Mustapha et al., 2016).
Under the framework of a holistic Algerian national project aiming at exploiting and
valorizing Algerian resources particularly renewable biomass resources, the aim of this work
is to isolate and characterize emerging and high added value substrates namely CNFs and
CNCs from Ampelodesmos mauritanicus fibers. These renewable building blocks can be used
for diverse and highly sophisticated applications.

2. Experimental method
2.1

Materials
4

The raw material of Ampelodesmos mauritanicus fibers was obtained from the mountain of
Tablat in Algeria during the beginning of spring, February 2017. Sodium hydroxide (NaOH),
sodium bromide (NaBr) sodium hypochlorite (NaClO), acetic acid glacial, sulfuric acid
(H2SO4), acetone and ethanol were purchased from VWR chemicals. TEMPO (2,2,6,6tetramethylpiperidin-1-yl) oxidanyl and Sodium Chlorite, (NaClO2) were purchased from
Sigma-Aldrich. All chemical were used as received without any further purification.
2.2

Purification of the cellulose fibers:

The fibers were cut in smithereens of about 5-10 mm and washed several times to remove the
impurities from the surface and dried for couple days. Then, the fibers were milled to powder
with 1 mm size and dried in a vacuum oven at 40 °C for 24 hours. The waxes and extractives
were eliminated using Accelerated Solvent Extractor ASE 300 with Acetone/Water (95/5 v/v)
at 100 °C. After that, the dewaxed fibers were treated with 4% (wt/wt) solution of a NaOH for
2h at 80 °C under mechanical stirring. The fibers were filtered and rinsed several times using
distilled water until reaching neutral pH. This operation was repeated for three cycles. The
fibers were then bleached using acetate buffer (27 g NaOH and 75 mL glacial acetic acid,
diluted to 1 L of distilled water) and aqueous sodium chlorite (1.7 wt.% NaClO2 in water).
This bleaching treatment was performed at 80 °C for 2 h under mechanical stirring. The
bleached fibers were filtered and washed in distilled water, this treatment was repeated four
times. Finally, the fibers were dried in a vacuum oven for 48h at 40 °C.
2.3

Isolation of cellulose nanofibrils:

10 g of bleached fibers were dispersed in 500 ml distilled water and stirred for overnight at
room temperature. The dispersed fibers suspensions were mixed with a solution containing 75
ml NaClO, 1.25g NaBr and 0.125g TEMPO in 500 ml distilled water. The pH solution was
adjusted to 10 by the addition of 0.5M NaOH. The oxidation was started by adding the
desired amount of 10% NaClO. The pH was kept at 10.5 through the reaction by adding 0.5M
5

NaOH and the oxidation was assumed to be complete when the pH of the solution remains
unvaried. The mixture was centrifugated and washed with Milli-Q water several times to
remove the residual ethanol and salts. Then, the resulting suspension of oxidized cellulose
fibers was diluted in Milli-Q water and defibrillated using high-pressure nano-homogenizer
(ATS AH-100D, China) with 3 passes at a pressure of 600 bar followed by 2 passes under
1000 bar. The obtained CNFs were stored at 5 °C for further uses and analyses.
2.4

Extraction of cellulose nanocrystals:

The CNCs were extracted from the bleached Ampelodesmos mauritanicus fibers by acid
hydrolysis following the common procedure described in the literature with minor
adjustments (Bondeson et al., 2006; Li et al., 2009). To this end, 5 g of bleached cellulose
fibers were hydrolyzed in 100 ml of sulfuric acid (64% wt/wt) at 45 °C for about 60 min
under mechanical stirring, and the reaction was stopped by adding 10-fold of cold distilled
water. The diluted suspension was centrifugated for 20 min at 10000 rmp. The precipitate was
rinsed and centrifugated again with Milli-Q water several times to remove the sulfuric acid.
The precipitate was dialyzed with Milli-Q water for one week until reaching neutral pH to
ensure complete removal of sulfuric acid and any residual salts. Then the suspension was
dispersed and treated by one pass at a pressure of 600 bar and two passes of 1000 bar to
obtain homogeneous suspension. The resulting CNCs were kept at 4 °C for further analyses.
2.5
2.5.1

Characterization and measurements
Determination of chemical composition of Ampelodesmos mauritanicus fibers:

The chemical composition of Ampelodesmos mauritanicus fiber was studied. The content of
the cellulose and hemicellulose were determined by acid hydrolysis, acid methanolysis, and
Gas Chromatography (GC) according to the method described by (Krogell et al., 2012). The
insoluble lignin content was determined according to the Klason method described by TAPPI
standard methods (T 222 acid-insoluble lignin in wood and pulp), the soluble lignin after acid
6

hydrolysis was determined by UV spectroscopy using (UV–Vis) spectrophotometer (Perkin
Elmer, Inc., Norwalk, Connecticut, USA) following TAPPI UM 250 (2000). The ash content
in the fibers was measured by considering the difference between the initial weight of the
dried fiber of the sample and after calcination according to TAPPI standard methods (T 211
om-93). The moisture content of Ampelodesmos mauritanicus fibers was determined by
heating in an oven at 105± 2 °C for 24h, and the following equation was used to calculate the
moisture content:
(1)
Mi and Mf is the weight of the fibers before and after the heating in grams.
2.5.2

Morphological analyses

Scanning electronic microscopy (SEM):
A scanning electron microscopy (SEM LEO Gemini 1530, Germany) was used to evaluate the
surface and morphological form of the fibers after each treatment. The samples were placed in
metallic hold, and they coated by a thin layer of carbon to promote the conductivity and
analyzed using an accelerating voltage of 5 kV.
Transmission electronic microscopy (TEM):
The cellulosic nanoparticles (CNCs and CNFs) isolated from Ampelodesmos mauritanicus
fibers were observed by transmission electronic microscopy (JEM-1400 Plus TEM
microscope, JEOL Ltd., Japan). A drop of the diluted suspensions with a concentration of
0.01% was deposited on the carbon-coated grids and dried on the room temperature, before
being stained with a 0.5 uranyl acetate solution then dried at room temperature before the
TEM analysis (Kampeerapappun, 2015). The analysis was carried out with an accelerating
voltage of 120 kV. The electronic microscopic images were treated by ImageJ software to
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measure the lengths, diameters and deduce the aspect ratio of the CNCs and CNFs obtained
from Ampelodesmos mauritanicus fibers.
2.5.3

Particle size and zeta potential

The zeta potential and the particle size were carried out using a Malvern Zeta sizer 3000
(Malvern, United Kingdom) to examine the stability and charge of the CNCs extracted from
Ampelodesmos mauritanicus fibers. The suspension of the CNCs was diluted to 0.001% in
milli-Q water and ultrasonicated in an ultrasonic bath for 30 min before measurement. The
sample was tested three-time and 17 runs.
2.5.4

Conductometric titration:

The content of carboxylic acid in CNFs was determined using conductometric titration. 50 mg
of CNFs isolated from Ampelodesmos mauritanicus fibers were diluted to 0.1% and mixed
with 2 ml of 0.1 M of HCl to exchange the sodium ions bound to the carboxyl groups by
protons. To promote the dynamic distribution of the ions 1 mL of 50 mM NaCl was added to
the solution and stirred for 90 min before the titration. The mixture was titrated with 0.1 M
NaOH at the rate of 0.1 mL/min. The titration performed using conductometer from Mettler
Toledo (SAS, Greifensee, Switzerland) and the carboxylate content of the CNFs was
calculated from the conductivity and pH curves using the equation (2).
(2)
Where, C the carboxylic concentration (mmol/g), V2 and V1 (ml) are the volume of NaOH
solution consumed during the titration, c is the concentration of NaOH (mol/l) and, m is the
mass of the dry sample (g).
2.5.5

Fourier transform infrared (FTIR) analysis:

FTIR analysis of the samples was carried out using a Nicolet iS50 FT-IR (USA) to examine
the changes in functional groups of the fibers after each treatment, the samples were dried
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before the analysis, and the spectra were recorded in the range from 4000 cm-1 to 400 cm-1
with a resolution of 2 cm-1.
2.5.6

X-ray diffraction analysis:

The X-ray diffraction (XRD) was performed with an X-ray diffractometer (Bruker Discover
D8, Germany) to evaluate the structure and determine the crystallinity index (CIn) of the
samples after different treatments. The samples were grounded in powder and compacted into
a sample holder. Samples were scanned with monochromatic CuKa radiations source
(λ=0.1539 nm) in the range of 5° to 70°.
The crystallinity index calculated according to the Segal method (Segal et al., 1959) and the
crystallites size Dhkl were estimated using Scherrer equation.
(3)

(4)
In which, I200 is the maximum intensity of the (200) lattice diffraction peak (diffraction angle
around 2θ of 22.5°), and Iam is the intensity of the diffraction of the amorphous region taken at
a 2θ angle between 18° and 19°.
Dhkl is the crystallite size in nanometer perpendicular to the diffracting plans with Miller
indices hkl, K is the constant of correction taken generally around 0.9 and λ is the wavelength
of X-ray radiation (λ= 0.1539 nm), β1/2 is the full width at half maximum of the diffraction
peaks.

3. Results and discussion
3.1 The chemical composition of Ampelodesmos mauritanicus fibers:
The chemical compositions of the Ampelodesmos mauritanicus fibers are gathered in Table 1.
The results of the analyses indicated that the Ampelodesmos mauritanicus fibers contains
9

approximatively 32.33% of cellulose, 27.7% of hemicelluloses, 22.37% of lignin, 6.49% of
extractives waxes and fats, 3.33% of ash and 7.78% others such as proteins. The values found
in this study for the main constituents of Ampelodesmos mauritanicus are in accordance with
those already reported in the literature (Bourahli and Osmani, 2013; May and Moussa, 2018).
Ampelodesmos mauritanicus contains less amount of cellulose compares to some resources
like raw cotton linter (Morais et al., 2013), sisal fibers (Morán et al., 2008) or banana fibers
(Cherian et al., 2008) that are known as cellulose-rich materials. However, when compared to
other plants growing in the same area, the cellulose content in higher and moreover this plant
is abundant throughout the year making it a sustainable source of cellulose fibers.
Table 1 Chemical composition (wt%) of Ampelodesmos mauritanicus fibers
Component (wt%)

Moisture

Ash

Extractive

Lignin

Holocellulose

Hemicellulose

Cellulose

Current study

10.14

3.33

6.49

22.37

60.03

27.70

32.33

(Bourahli and

-

3.1

9

16.80

71.1

27

44.1

12

-

12.03

24.95

54.39

26.26

28.13

Osmani, 2013)
(May and Moussa,
2018)

3.2 Purification of cellulose fibers:
3.2.1 Morphological and chemical analyses:
Fig. 1 depicts the photographs of the original Ampelodesmos mauritanicus fibers and the
visualization of the fibers after each treatment step (grounding, dewaxing, alkali, bleaching).
The color of the fiber changes from dark green to yellow which indicate the elimination of
some components from the fibers and finally to white after bleaching which is the color of
pure cellulosic fibers.
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Fig. 1. Photographs of (a) Ampelodesmos mauritanicus fibers and (b) Ampelodesmos
mauritanicus after different treatments.
The SEM images of Ampelodesmos mauritanicus fibers after each treatment are shown in
Fig. 2. The first SEM micrography of untreated fibers (Fig. 2.a) indicates the presence of wax
materials covering the surface of the fibers. The second image (Fig. 2.b) shows that the fibers
exhibit multicellular and porous morphology as shown by the presence hooks in the surface.
Similar observation was reported in the surface of Alfa fibers (Mabrouk et al., 2012). The
third picture (Fig. 2.c) presents the surface morphology of the fibers after the alkali treatment,
which clearly shows roughness in the surface and, the beginning of the appearance of the
bundle cellulosic fibers and the disappearance of others substances believed to be noncellulose materials such as lignin, hemicelluloses (Rahman et al., 2017). The Fig. 2.d shows
well the bundle of cellulosic fibers and smoothness in its surface after the bleaching treatment,
which prove the elimination of remaining non-cellulosic materials especially lignin.
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Fig. 2. SEM micrographs of (a) untreated fibers, (b) dewaxed fibers, (c) alkali treated fibers,
and (d) bleached fibers.
3.2.2 Fourier transform infrared (FTIR) analysis:
The course of the extraction was followed by FTIR. The changing in the functional groups in
the Ampelodesmos mauritanicus fibers after each treatment is demonstrated in the FTIR
spectra depicted in Fig. 3. A strong, broad peak observed around 3334 cm-1 is attributed to the
O-H stretching and its intensity increases when removing noncellulosic material attesting for
the success of the purification treatment. Another peak appeared at 3278.65 cm-1 after the
bleaching, most probably attributed to intramolecular hydrogen bonds of cellulose I (Kalita et
al., 2015; Kampeerapappun, 2015). Another two peaks observed at 2921 and 2851cm-1
attributed to C-H stretching corresponding to asymmetric and symmetric methyl and
methylene stretching vibration (May and Moussa, 2018), the first still present in all FTIR
12

spectra,

while the second disappeared after the dewaxing treatment, maybe due to the

removal of the phenolic and alcoholic groups present in the waxes material and extractives
present in the fibers.
The peaks found near 1734.79 and 1631.42 and 1514.72 cm-1 are characteristic of acetyl
groups of hemicelluloses, the carboxylic ester groups of the ferulic ring and p-coumaric acid
of lignin and/or hemicelluloses (Fabiyi and Ogunleye, 2015; Sain and Panthapulakkal, 2006),
adsorbed water and, the C=C bond elongation of the lignin aromatic ring, and symmetric CH2
bending vibration (Alemdar and Sain, 2008; Sun et al., 2005), respectively. All these peaks
disappeared after the alkali and bleaching treatments. Furthermore, the weak signal at 1244.63
cm-1 and the increase in the rest pics confirm that the waxes, hemicellulose, and lignin have
been removed successfully. The peaks located at 1428.02, 1368, 1314.65 cm-1 are attributed
to the CH2, C–H, and O–H deformation respectively, while the peaks found near 1201 and
1160.27 cm−1 were related to the symmetric and asymmetric stretching of the C−O−C
glycoside. The peaks 1104.59, 1054.57 cm-1 represent C-O of primary and secondary
hydroxyl groups (Cintrón and Hinchliffe, 2015; Saurabh et al., 2016). The peak situated at
897.85 cm-1 is associated with C–H rock vibrations of cellulose and represent with the band
1160.27 cm-1 the characteristic of β-glycosidic linkage between the anhydroglucose units in
cellulose chains (Alemdar and Sain, 2008).
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Fig. 3. FTIR spectra of (a) untreated fibers, (b) dewaxed fibers, (c) alkali-treated fibers, (d)
bleached fibers
3.3.3 X-ray diffraction measurements
X-ray patterns of the samples after different treatments are depicted in Fig. 4. The
diffractograms of each sample show three principals peaks at 17°, 22.5° and 34° that are
characteristic of native crystalline structure e.g. cellulose I. These peaks are attributed the
diffraction of plans (110), (200) and (004) respectively. No significant changes were observed
in the peak positions nor in the interarticular distance or lattice parameters according to Bragg
equation 2dhklsinθ=kλ after different treatments. These observations indicate that no swelling
or polymorph conversion has occurred during the course of the chemical purification under
the applied conditions (dewaxing, alkali and bleaching). The only change observed in the
form, sharpness and the variation in the intensity of the peak 22.5° corresponding to
diffraction plan (200). This change is related to the increase in the crystallinity which is in
turn due to increase of the amount of cellulosic material after the removal of noncellulosic
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materials such as waxes, hemicellulose, and lignin (Kumar et al., 2014) or the rearrangement
of the crystalline regions into a more ordered structure (Rosli et al., 2013). The crystallinity
index and crystallites sizes were calculated to confirm and the results are gathered in Table 2.
The crystallinity index increased from 42 % for the raw unpurified fibers up to 68 % for
purified fibers while the sizes of the crystallites increased from 0.87 to 2.90 nm after the
purification.

Intensity (a.u)

Raw material
Dewaxed
Alkali
Bleached

20

40

Diffraction angle (°)

Fig. 4. XRD pattern of untreated fibers, dewaxed fibers, alkali-treated fibers, bleached fibers
Table 2 crystallinity index and crystallites sizes of Ampelodesmos mauritanicus fibers after
different treatments.
Samples

Peaks position

Intensity

Peaks (002)

Intensity

CrI

Crystallite

2θ (˚)

(Iam)

position 2θ

(I002)

(%)

sizes (nm)

(Amorphous)

Counts

(˚)

Counts

raw material

18.55

2781.09

21.67

4778.37

42

0.87

dewaxed fibers

18.36

2527.95

21.86

4677.84

46

0.89

alkaline-treated

18.40

3061.55

22.01

6872.62

55.5

2.21
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Bleached fibers

18.52

2059.91

22.21

6428.63

68

2.90

3.3 Isolation of nanocellulose
After the purification of the cellulosic fibers and the removal of non-cellulose components
(hemicelluloses, lignin, and extractives), nanocellulose substrates were then isolated from
Ampelodesmos mauritanicus fibers. CNCs and CNFs were extracted using two main
mechanochemical processes. As described before, CNFs were extracted from Ampelodesmos
mauritanicus fibers by mechanical shearing that disintegrates the fibers down to nanofibrils.
TEMPO-mediated oxidation was performed prior to the mechanical treatment in order to
soften the fibers and facilitate the defibrillation. On the other hand, CNCs were extracted by
controlled acid hydrolysis using sulfuric acid.
The extraction yield of nanocellulose substrates from Ampelodesmos mauritanicus fibers was
about of 53.20 % for CNFs and 55.7% for CNCs based on the weight of pure cellulosic fibers.
The value of CNCs yield obtained in this work is higher than the yields reported from the sisal
(30%) (de Rodriguez et al., 2006) and sugar palm fibers (28%) (Ilyas et al., 2018), and
similar to those reported in the case of sugarcane bagasse (57%) (de Morais Teixeira et al.,
2011). However, the yield of the CNFs obtained from Ampelodesmos mauritanicus lower than
the yield of CNFs from Eucalyptus fibers (65%) but still higher than Alfa fibers, a common
plant growing in the same area, for which CNFs yield is about (28%) (Besbes et al., 2011).
The differences of the yield gained depend on the raw materials and mainly its morphological
nature, pretreatment and the conditions of the extraction (Eichhorn et al., 2010; Ilyas et al.,
2018; Ng et al., 2015). The low yield found in this case of Ampelodesmos mauritanicus fibers
could be explain by the peeling off the surface of tiny nanofibrils during the mechanical
homogenization that were highly dispersable in water and hence not recovered during the
centrifugation process.
3.3.1 Morphological analyses of nanocellulose substrates
16

The morphological analyses carried out by TEM of the nanoparticles obtained by acid
hydrolysis and TEMPO-mediated oxidation combined with mechanical shearing are depicted
in Fig. 5. Some partial agglomerations were observed in the TEM pictures due to the drying
process during the sample preparation for the TEM analysis. The TEM image (Fig. 5.a)
confirms the isolation of the cellulose nanocrystals (CNCs) from Ampelodesmos mauritanicus
fibers by acid hydrolysis. The nanoparticles obtained are rod-like with averages diameter and
length of 5.64±1.5 and 108.95±13.7 nm respectively. These values are close to the values
found in the literature and agree well with previous works. Aymen et al. isolated the CNCs
from Alfa fibers and found the average of diameter and length 10 and 200 nm respectively
(Mabrouk et al., 2012), while Costa et al. reported 5.7 and 157 for the CNCs extracted from
licuri fiber (Costa et al., 2014). The distribution of length and diameter were presented in the
histogram and curve cumulative frequency; it has shown most of the cellulose nanocrystals
has a length around 110 nm and a diameter of 6 nm. The transversal cleavage of the
microfibrils under acid hydrolysis induce the removal of the amorphous regions present in the
fibers and liberate these highly crystalline needle-like nanosized (Habibi et al., 2010). The
CNC extracted in this work from Ampelodesmos mauritanicus fibers exhibit an aspect ratio
(L/D) of 19.30 indicating their potential as reinforcement fillers in nanocomposites. The
second TEM image (Fig. 5.b) shows the cellulose nanofibrils (CNFs) extracted from
Ampelodesmos mauritanicus fibers by TEMPO-mediated oxidation and mechanical
homogenization. These CNFs exhibit an average diameter of 6.10±1.5 nm while the length is
assumed to be of few micrometers as it was impossible to detect the two ends of a given fibril.
The diameter distribution of these CNFs was also presented in the histogram and curve
cumulative frequency which reveals that most of the diameter sizes vary between 5 and 8 nm.
The enlarged micrograph of the CNFs shown some bundles in the nanofibrils maybe
explained by the presence of amorphous region which provides more flexibility to the fibers.
Comparatively, CNCs and CNFs isolated from Ampelodesmos mauritanicus fibers exhibit
approximately the same diameter. A comparison of CNCs and CNFs extracted from bleached
softwood (Spruce) and hardwood (Aspen) reveals similar range of diameter which is around
6~9 nm in the case of Spruce and 2~4 nm for Aspen. Yet, the length of the nanocellulose of
woody sources is longer than Ampelodesmos mauritanicus in the two case (Li et al.). The
nanocellulose substrates of Ampelodesmos mauritanicus, Spruce and Aspen are rod-like,
however,

aggregations were observed in the case of woody sources maybe due to the

important length causing fiber entanglements.
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These nanosized materials could be of interest as nanoreinforcement in composites, among
other high-tech applications, given their high aspect ratio compared to other similar sources.
As such their extraction and exploitation can constitute an attracting venue for the valorization
such abundant but underused renewable feedstock.

Fig. 5. TEM micrography and cumulative frequency distribution of (a) CNCs, (b) CNFs
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The particle size distribution (Z-Average) obtained from the zetasizer is presented in Fig. 6.
The graph shown clearly that the extracted CNCs present three populations of particles: the
main population which represents approximatively 90.5% exhibit a length of 106.5 nm while
two minor population (7.4% and 2.1%) were with higher or smaller dimensions. Thes
additional measurements confirm the TEM observations.

Fig. 6. Particle size in intensity distribution of the cellulose nanocrystals extracted from
Ampelodesmos mauritanicus fibers.
The small peak observed around 3 μm is related to some microsized particles that are still
present in the suspensions. However, this peak dwindled in the second mod of test (volume
distribution) as illustrated in Fig. 7 which means the absence of micrometric particles,
confirming that microsized particles might have resulted from the agglomeration of CNCs
particles during the zeta sizer analysis.
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Fig. 7. Particle size in volume distribution of the cellulose nanocrystals extracted from
Ampelodesmos mauritanicus fibers.
3.3.2 Surface charges and degree of oxidation:
The zeta potential analysis performed on CNCs extracted from Ampelodesmos mauritanicus
fibers by acid hydrolysis indicates the presence of negative charges in the surface fibers due to
the presence of sulfate ester groups at the surface anchored during the sulfuric-catalyzed
hydrolysis (Habibi et al., 2010; Ilyas et al., 2018). The presence of these sulfate groups
ensures good dispersion of CNCs in the aqueous media and most of the polar solvents such as
DMF through electrostatic repulsion (Habibi et al., 2010; Kargarzadeh et al., 2012). The
measured zeta potential of CNC obtained in this work is of about -28.5±3.15 mv; this value is
slightly higher than -25 mv largely reported in the literature for CNC obtained under similar
conditions attesting of the presence of more content of sulfate groups at the surface of the
obtained CNCs (Shaheen and Emam, 2018; Smyth et al., 2017).
The content of carboxylic groups at the surface CNFs isolated from the Ampelodesmos
mauritanicus fibers is estimated to be around 1.74±0.05 mmol/g wich corresponds to a degree
of oxidation of around 30 %. This value seems to be higher than the value (0.5 mmol/g) found
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by Besbes and his coworkers for CNFs isolate from Alfa, eucalyptus and pine fibers under
these conditions (TEMPO (25 mg), NaBr (250 mg), NaClO2 (1.13 g, 10 mM) solution and
NaClO (0.5 ml of 2 M solution, 1.0 mM)) (Besbes et al., 2011) which could be explained by
the surface area of Ampelodesmos mauritanicus fibers used in this work that is linked to their
dimensions. The oxidation of the hydroxyl groups to carboxylic groups generate some
repulsive interactions between the fibers which promote the stability and flexibility of the
cellulosic chain (Besbes et al., 2011; Habibi et al., 2006; Saito et al., 2006).

3.3.3 Fourier transform infrared (FTIR) analysis:
The presence of new functional groups after the extraction of nanocellulose substrates was
monitored by FTIR after the acid hydrolysis or TEMPO-mediated oxidation/mechanical
treatment of the purified fibers. There is not any significant changes between the spectra
recorded for the pure fibers and the extracted CNCs attesting that no major structural change
occurred during the extraction (Fig. 8). The amount of sulfate groups is too law to be
detectable by FTIR. However, in the case of CNFs a new peak characteristic of to the
antisymmetric stretching of COO- in the carboxylate clearly appears at 1604.74 cm-1.
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Fig. 8. FTIR spectra of (a) bleached fibers, (b) CNCs, (c) CNFs,
3.3.4 Structure and crystallinity analysis:
The crystalline structure and related crystallinity indexes of the nanocellulose substrates
extracted from Ampelodesmos mauritanicus fibers were determined by X-ray diffraction
analyses. The recorded diffractograms are represented in Fig. 9 and the extracted data are
gathered n Table 3. All diffractograms present the characteristic peaks of native crystalline
cellulose I and no differences were detected in the recorded attesting for the preservation of
the native crystalline structure of cellulose both in CNCs and CNFs under the extraction
conditions. The crystallinity indexes decreased slightly due probably to the occurrence of the
peeling effect during the extraction inducing a reduction in the diameter of nanocellulose and
hence the increase of the amount of disordered chains at the surface. This effect is more
pronounced when mechanical shearing is applied. These observations are furthermore
confirmed by the decrease in the crystallite size particularly in the case of CNFs.
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Fig. 9. X-ray diffraction diffractogram of bleached fibers, cellulose nanocrystals, cellulose
nanofibrils.
Table 3 crystallinity index and crystallites sizes of the bleached fibers and nanocellulose
substrates.
Samples

Intensity
(Iam)
Counts
2059.91

Peaks (002)
position 2θ
(˚)
22.21

Intensity
(I002)
Counts
6428.63

CrI
(%)

Crystallite
sizes (nm)

Bleached fibers

Peaks position
2θ (˚)
(Amorphous)
18.52

68

2.90

CNCs

18.76

1209.44

22.42

2826.53

57

2.40

CNFs

18.45

1049.17

22.30

1907.92

45

0.76

4

Conclusions

Cellulose nanocrystals (CNCs) and nanofibrils (CNFs) were successfully isolated by chemomechanical treatments from a highly abundant renewable raw material (Ampelodesmos
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mauritanicus fibers) growing in the north of Africa, especially in Algeria. The chemical
composition analyses demonstrated that the Ampelodesmos mauritanicus fibers contains
approximatively 32.33 % of cellulose making it a good source of cellulose fibers in the
growing areas compared to other “sister” plants. After being purified by sequential chemical
purification steps, controlled acid hydrolysis was used to extract CNCs while a combination
of TEMPO-mediated oxidation followed by mechanical homogenization under high pressure
was applied to isolate CNFs. The extracted CNCs and CNFs exhibit an average diameter
around 5.64 ± 1.5 nm and 6.1± 1.5 nm and length of 108.95±13.7 nm and a few micrometers,
respectively. With such a high aspect ratio and relatively high crystallinity, both
nanocellulosic substrates can be potentially considered as good nanoreinforcement for
biocomposites given the outstanding mechanical properties and large surface area. Other
sophisticated applications can be also considered which paves the way for adding high value
to this abundant biomass.
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