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Posidonia oceanica a dominant Mediterranean Sea grass was used as a starting material to produce
nanofibrillar cellulose. Thus, NFC gel was produced by the disintegration in a high pressure homoge-
nizer of cellulose pulp extracted from P. oceanica. The ensuing NFC suspension was characterized in
terms of fibrillation yield, transparency, rheological behavior and morphological features. The reinforc-

ing potential of the ensuing NFC was also investigated using dynamic mechanical analysis (DMA) from
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measurements carried out on nanocomposites films prepared by casting a mixture of NFC suspension
and commercial acrylic latex. The prepared materials have showed promising mechanical properties.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Over the last decades, cellulosic fibers were widely used for sev-
eral fields from different sectors such as the building products,
furniture industries, pulp and paper industry, as well as for the
preparation of innovative materials such as ‘green’ composites. As a
consequence, the utilization of cellulosic fibers is intensifying, and
it is becoming more and more difficult to satisfy the large demand
and makes it challenging to supply all users with the needs and at
reasonable cost. This is the reason why, non-wood species and the
annual plants can be considered as alternative sources of cellulosic
fibers, especially in forest-poor regions. Moreover, non-wood fibers
and/or annual plants are often obtained from agricultural wastes
and can therefore be valorized providing them an added-value.
There are many reports examining the use of annual plants or/and
non-wood wastes as a new raw material to produce fibers (Aguir
and Mhenni, 2006, 2007; Belgacem et al., 1986; Douissa et al., 2013;
Ncibi et al., 2008; Khiari et al., 2010). These strategies were already
applied in various countries such as: Portugal (Antunes et al., 2000;
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Abrantes et al., 2007; Cordeiro et al., 2004), India (Dutt et al., 2005,
2008), Malaysia (Chia et al., 2008; Rosli et al., 2003), Iran (Hedjazi
et al., 2008) or Tunisia (Belgacem et al., 1986; Khiari et al., 2010,
2011a,b) and so on.

Nanofibrillar cellulose which is also called cellulose microfibril
and/or microfibrillar cellulose and/or more currently, nanofibril-
lated cellulose (NFC), has been the subject of intense research
activities, mainly in areas of nanocomposite applications (Kalia
et al., 2014; Klemm et al., 2005; Siqueira et al., 2010a; Sir6 and
Plackett, 2008). The nanofibrillar cellulose (NFC) was originally
developed by Turbak et al. in the 1980s by using high pressure
homogenization of wood fibers in water suspension. The NFC has
been isolated from different lignocellulosic materials using differ-
ent mechanical technologies such as high-pressure homogenizers
(Alila et al., 2013; Andresen et al., 2006; Andresen and Stenius,
2007; Djafari Petroudy et al., 2014; Erkisen et al., 2008; Herrick
et al.,, 1983; Nakagaito and Yano, 2004; Rezayati Charani et al.,
2013; Stenstad et al., 2008; Syverud and Stenius, 2009; Turbak
et al., 1983; Winuprasith and Suphantharika, 2013; Zhang et al.,
2012), micro-fluidizers (Bendahou et al., 2010), ultrafine grinders
(Abe et al., 2007; Abe and Yano, 2009; Hassan et al., 2012; Iwamoto
etal., 2005, 2008; Jang et al., 2013; Subramanian et al., 2008), cryo-
crushing (Chakraborty et al., 2005; Janardhnan and Sain, 2006), and
ultrasonic method (Zhao et al., 2007). In all case, the isolation of
nanofibrillar cellulose from the fibers was implemented using high
shear force that makes easy the separation of the fibrils. In fact,

Please cite this article in press as: Bettaieb, F., et al., Nanofibrillar cellulose from Posidonia oceanica: Properties and morphological
features. Ind. Crops Prod. (2015), http://dx.doi.org/10.1016/j.indcrop.2014.12.060



dx.doi.org/10.1016/j.indcrop.2014.12.060
dx.doi.org/10.1016/j.indcrop.2014.12.060
http://www.sciencedirect.com/science/journal/09266690
http://www.elsevier.com/locate/indcrop
mailto:khiari_ramzi2000@yahoo.fr
mailto:Sami.boufi@fss.rnu.tn
dx.doi.org/10.1016/j.indcrop.2014.12.060
https://www.researchgate.net/publication/222694207_Cynara_cardunculus_L_Chemical_composition_and_soda-anthraquinone_cooking?el=1_x_8&enrichId=rgreq-92e317de-f491-4458-8742-aebe9543803e&enrichSource=Y292ZXJQYWdlOzI3MDU5MTMwNTtBUzoxODQ3ODc2NjI4MTExMzhAMTQyMTA2ODIyMDU5MQ==

G Model
INDCRO-7744; No.of Pages10

2 F. Bettaieb et al. / Industrial Crops and Products xxx (2015) XxX—XXX

————

R

Fig. 1. P. oceanica balls (a) and leaves (b).

the isolation of the nanofibers is energy intensive and therefore
pre-treatments of the fibers prior to the isolation of the nanofibers
have been studied. In this context, it has been shown that chem-
ical pre-treatment such as swelling in alkali solutions facilitates
the isolation of nanofibrillar cellulose (Hassan et al., 2010). TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl) oxidation was also used as
a pre-treatment before mechanical treatment for nanofibers iso-
lation (Saito et al., 2006). In the literature, there are reports of
cellulose microfibril extraction from diverse non-wood sources
including wheat straw and soy hulls (Alemdar and Sain, 2008),
sugar beet pulp (Dufresne et al., 1997; Dinand et al., 1996, 1999;
Gousse etal.,2004; Habibi and Vignon 2008), potato pulp (Dufresne
et al., 2000), swede root (Bruce et al., 2005), bagasse (Bhattacharya
etal.,2008), sisal (Moran et al.,2008), algae (Imai et al., 2003), stems
of cacti (Habibi et al., 2009; Malainine et al., 2005), rice straw and
rapeseed (Chaker et al., 2014a), Triticale crops (Boufi and Gandini,
2015) and banana rachis (Zuluaga et al., 2009). These reports were
focused on the preparation of NFC and its applications. The same
strategy could be applied for many Tunisian cellulosic residues
such as the Posidonia oceanica balls and leaves (Fig. 1). This plant
is the dominant Mediterranean Sea grass. Important quantities of
P. oceanica fragments accumulate on Tunisian coasts, imposing the
necessity of cleaning the beaches. The investigation of this avail-
able and renewable lignocellulosic biomass can be considered as a
suitable solution for this problem. Nowadays, P. oceanica is studied
as alow cost and renewable adsorbent for removing dyes or phenol
(Ncibi et al., 2006a,b, 2008; Gezguez et al., 2009) or as a source of
cellulose (Aguir and Mhenni, 2006; Khiari et al., 2010, 2011a,b). To
the best of our knowledge, no data about the preparation of NFC
from P. oceanica are available in the literature. Consequently, this
work is devoted to the isolation and characterizing the NFC from P.
oceanica. Fist, cellulose is isolated and then chemically pre-treated
using TEMPO oxidation prior to the mechanical treatment in order
to facilitate the preparation of the NFC. The isolated NFC was used to
prepare NFC-reinforced nanocomposites based on rubber matrix.

2. Materials and methods
2.1. Raw materials

The P. oceanica (as raw material) balls and leaves (R-POB and R-
POL) were obtained from Skanes-Monastir (Tunisia) in April 2013
and were dried under natural conditions (average relative humid-
ity: 65%; average temperature: around 25°C). Then, they were
washed several times in order to eliminate sand and contamina-
tions before being used. All chemicals and reagents utilized in this

work were purchased from Sigma-Aldrich and were used with-
out further purification. The polymer acrylic latex dispersion was
a commercial product from MPC-PROKIM (Tunisia). It consists of
styrene (S - 35 wt%) and butyl acrylate (BA - 5 wt%). The size of the
polymer particles was around 140 nm, the glass transition around
30°C and the solid content 50 wt%.

2.2. Preparation of cellulose and cellulose microfibrils and
nanocomposites

Fig. 2 illustrates the isolation pathways leading to the prepara-
tion of different nanofibrillar cellulose from the two studied raw
materials.

2.2.1. Delignification and bleaching of pulp

The delignification and the bleaching procedures of cellulose
from P. oceanica can be briefly described, as follows: the prepa-
ration of extracted-bleached cellulose is conducted in two steps.
The R-POL or R-POB is dispersed in a 2% aqueous soda solution
(2wt%). This delignification is performed at 80°C and followed
by filtration and washing with distilled water until neutral pH.
The obtained residues were then bleached using a sodium chlorite

Washed, milled and sieved
(Posidonia oceanica
Leaves and balls)

|

Powder Posidonia biomass

Alkali treatment NaOH 2%, 80°C, 2h, (x2)
|

Bleaching NaOCl,, 70°C, 1h, (x2)

v

| Bleached Pulp |

TEMPO-Nzli(TlO—NaClOZ
pH=7,T=60°C

High pressure disintegration

[

NFC-POB

—

NFC-POL

Fig. 2. Schematic representation of the different steps used to produce different
NFC.
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(NaClO;)solution in a buffer medium under mechanical stirring fol-
lowing a well-established method (Wise et al., 1946). The obtained
fibers from P. oceanica balls and leaves are called, F-POB and F-POL,
respectively. Each delignification- bleaching condition was carried
out, at least in duplicate and the difference between the obtained
yields was within an experimental error of 5%.

2.2.2. TEMPO-mediated oxidation of pulp

The procedure and reagent ratios used by Besbes et al. (2011a,b)
were applied for TEMPO-mediated oxidation of cellulose fibers.
About 5 g of pulp from P. oceanica leaves or balls were dispersed
in 500 mL sodium phosphate buffer (0.05 mol L-1, pH 7) containing
100 mg of TEMPO. Then, 3 g of sodium chlorite (80%) and 3 ml of
sodium hypochlorite solution (2 mol L-1) were added and the sus-
pension was left under magnetic stirring at 60 °C during 6 h. During
the oxidation process, the color of the modified pulps turned into
yellow as a result of the generation of free chlorine. At the end
of the oxidation reaction, 100 mL of ethanol was added and the
obtained modified fibers were filtered and washed several time
with deionized water.

2.2.3. Homogenization of pulp

After oxidation pre-treatment of prepared fibers from P. ocean-
ica balls and leaves (F-POB and F-POL), a 1-2% fiber suspension
in water was homogenized with high pressure homogenizer
(NS1001LPANDA 2K-GEA). The disintegration process was first car-
ried out by passing the fiber suspension at a pressure of 300 bar for
about 5 passes until the suspension turned to a gel. Then, the gel was
further homogenized with about five additional passes at 600 bar,
to ensure high level of disintegration.

Due to the excessive shearing action during the homogeniza-
tion process, the temperature of the suspension increased up to
60-70°C.

2.3. Preparation of nanocomposites

Cellulose microfibril suspensions were mixed with latex matrix
(commercial latex of poly(styrene-co-butyl acrylate) in various
amounts in order to prepare composite films containing different
loadings, namely 0O, 1, 2, 5, 7, 10 and 15% (w/w with respect to the
matrix). After stirring, the ensuing materials were prepared by cast-
ing the mixture in a Teflon mould and stored at 35 °C. The samples
were conditioned for 24 h in conditioned room, under controlled
temperature (23 °C) and relative humidity (50%).

2.4. Characterization

Several methods were used to characterize the raw materials or
the prepared NFC suspensions.

2.4.1. Carboxyl content on oxidizied NFC-conductimetric titration

The conductimetric titration was performed to determine the
carboxyl content of oxidized cellulose samples. The oxidized cellu-
lose was suspended into 15 mL of hydrochloric acid (0.01 molL~1)
solutions. After 30 min of stirring, the suspension was titrated with
a solution of sodium hydroxide solution (0.01 molL~1). The titra-
tion curves showed the presence of a strong acid (V, corresponding
to the excess of HCl and a weak one (V},) associated with the car-
boxyl content). This parameter was determined from the following
Eq.(1):

n(COOH) = 0.01 x (V5 — V1) x 0.0 1)

The measurements were repeated at least in duplicate and the
difference between the various values obtained was within an
experimental error of 5%.

2.4.2. Yield of fibrillation

As described by Alila et al. (2013) and Benhamou et al. (2014),
a dilute suspension having about 0.2% of solid content (Sc) was
centrifuged at 4000 rpm during 30 min to separate the fibrillation
material (in supernatant fraction) from the non-fibrillated and/or
partially fibrillated ones (the sediment). This fraction was dried at
90°C in a halogen desiccator until a constant weight. The yield of
the nanofibrillated was determined as follow from Eq. (2):

weight of dried sediment

Yield of fibralltion(%) = 100 x (1 — weight of diluted sample x %Sc

where, Sc%, solid content of the diluted dispersion sample. The
measurement was repeated at least in duplicate and the difference
between the various values obtained was within an experimental
error of 5%.

2.4.3. X-ray diffraction analysis

The crystallinity of the cellulosic materials was studied by X-
ray diffraction (XRD). The following materials were investigated:
R-POL, R-POB, F-POL, F-POB, NFC-POL and NFC-POB. Each mate-
rial in the form of milled powder was placed on the sample holder
and leveled off to obtain total and uniform X-ray exposure. The
obtained samples were examined using an X-ray diffractome-
ter (D8-Advance Bruker AXS GmbH) at room temperature with a
monochromatic CuKa radiation source (A =0.154nm) in step-scan
mode with a 26 angle ranging from 5° to 60° with a step of 0.04 and
a scanning time of 5.0 min. The method of Segal et al. (1959) was
considered to evaluate the crystallinity of the different prepared
samples. The crystallinity index C; was determined based on the
reflected intensity data following (Eq. (3)):

Gi(%) = 100 x (M)

Eq.3
loo2

where: Ipg> is the maximum intensity of the (00 2) lattice diffrac-
tion peak and I, is the intensity scattered by the amorphous part
of the sample. The diffraction peak for plane (002) is located at a
diffraction angle around 260 = 22° and the intensity scattered by the
amorphous part is measured as the lowest intensity at a diffraction
angle around 20=18°.

2.4.4. Transmission electron microscopy (TEM)

About 0.5 L of each suspension of NFC was loaded onto a
300 mesh carbon coated formvar copper grids using a labnet
micropipette. Water in the suspensions on the carbon coated grids
was allowed to evaporate. Additional drop of each cellulose NFC
suspension was added onto their respective grids to increase the
amount of cellulose particles and the process was repeated several
times. NFC coated grids were examined using JEOL 200CX trans-
mission electron microscope at 80 kV.

2.4.5. Optical transmittance

The optical properties of the prepared NFC were studied by
a Cecil, CE1010UV via spectrometer. NFC water suspension was
introduced in a quartz cuvette and the transmittance was mea-
sured from 400 to 800 nm. A cuvette filled with distilled water was
used as reference. The measurement was repeated at least in dupli-
cate and the difference between the various values obtained was
within an experimental error of 5%.

2.4.6. Rheological measurement

The rheological behavior of NFC-POL and NFC-POB suspensions
was studied using a controlled speed rotating rheometer (Anton
Paar MCR301). The tests were carried out at 20°C. Shearing tests
were performed with cone-plate geometries.
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Fig. 3. Macroscopic observation of the P. oceanica balls (a-b) leaves (c-d).

2.4.7. Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) experiments were
conducted in tension mode using a PYRIS Diamond DMA
(Perkin-Elmer, Waltham, MA, USA). Temperature scans were
run from —50°C to 100°C at a heating rate of 2°Cmin~!, a fre-
quency of 1 Hz and an amplitude of 10 pum. The storage modulus(E’)
as well as the loss factor tan § were measured as a function of
temperature. Sample dimensions were about 20mm (length),
5mm (width) and 0.1-0.3 mm (thickness).

3. Results and discussions
3.1. Fibers characterization

The general aspect of R-POL and R-POB was examined with a
scanning electron microscope at different magnifications. Surface,
longitudinal views as well as cross sections of the investigated raw
materials are given in Fig. 3. It is obvious to conclude that P. oceanica
leaves (Fig. 3c and d) present very porous structure compared with
that of P. oceanica balls (Fig. 3a and b).

The P. oceanica balls were composed mainly of sclereid cell (or
fibers) with about 20 wm in diameter and a wall having about
10 pm of thickness. On the other hand, several different cell ele-
ments, namely parenchyma, vascular tissue, epidermis, and the
fiber cells can be seen in case of P. oceanica leaves. The fibers dis-
played a large lumen width (in the range of 10-20 wm) and cell
walls thickness between 2 and 5 wm, depending on their position
in the leaf, the outer cells being thicker than the inner ones.

The chemical compositions of POB and POL prior and after chem-
ical pulping are given in Table 1. Native R-POB and R-POL were
composed of cellulose, hemicelluloses, lignin and ash. After NaClO,

pulping process, lignin was completely removed and a high frac-
tion of hemicelluloses was left in the fibers, which is in agreement
with the specificity of NaClO, action. Thus, this reagent is capable
to remove selectively lignin, with low incidence on hemicelluloses.
NaClO, delignification led to the effective removal of lignin, with
the highest yield around 65%. The ensuing pulp was white, with-
out any necessity to implement a bleaching treatment. However,
a fraction of mineral compounds remained in the fibers after the
pulping process.

The XRD diffraction patterns of R-POB and R-POL are given in
Fig. 4.

The typical cellulose I structure was observed in the diffraction
pattern for each starting materials. It has strong crystalline peaks
at 16° and 22° corresponding to the (110) and (002) planes of
crystals, and weak crystalline peaks at 34.8° to the (004) plane
(Isogai et al., 1989; Liu et al., 2005; Oh et al., 2005). However, two
other mineral compounds were also present, namely silica (SiO;)
and weddellite (CaC,04-2H,0) which is a form of calcium oxalate.
It can be noticed also from the Fig. 4 that the intensity of weddelite
was more important in the case R-POB than R-POL. The presence
of these mineral salts is typical in sea biomass and accounts for the
high ash content, more specifically for POB. The C; for R-POB and
R-POL was about 52% and 41%, respectively.

After the pulping process, the cellulose I form was preserved.
The XRD characterization revealed the presence of the main char-
acteristic peaks of cellulose I at 20 values of 15.5° and 22.2°, for all
studied samples, before and after the extraction procedure, indi-
cating the preservation of the native crystalline structure even in
the presence of the NaOH treatment. After lignin extraction, the
crystallinity index increased due to the partial removal of the amor-
phous hemicelluloses and lignin. In addition, lower C; was found for
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Table 1
Chemical analysis of POL and POB.
Ash, % Klason lignin,% Hollocellulose, % a-cellulose, % Morphology C, %
Width (pm) Length (mm)

R-POB 12 29.8 61.8 40 - - 52
R-POL 5 24.7 57.1 314 - - 41
F-POB 7.4 0.3 923 72 213 0.55 58.4
F-POL 3.5 14 95.1 79 27 0.69 52.6
NFC-POB - - - - 5-21 752 63.5
NFC-POL - - - - 2°-15 1043 52.9

R-POB: Raw P. oceanica balls, F-POB: P. oceanica fibers from balls.
R-POL: Raw P. oceanica leaves, F-POL: P. oceanica fibers from leaves.
" nm as unity for the width of NFC from POB and POL.
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Fig. 4. XRD spectra of (A): raw P. oceanica balls (R-POB) and raw P. oceanica leaves (R-POL) and (B): fiber P. oceanica balls (F-POB) and fiber P. oceanica leaves (F-POL).

F-POL, presumably due to the lower cellulose content in POL and
higher hemicellulose content.

After the pulping process, individualized fibers having a width in
the range of 20-25 pm were obtained (Fig. 5). The mean length and
width of the delignified fibers, determined from MORFI analysis,
were around 500-600 p.m and 20 p.m, respectively.

3.2. NFC preparation and characterization from P. oceanica
leaves and balls

TEMPO-mediated oxidation of F-POB and F-POL fibers was
adopted in order to facilitate the defibrillation process and reduces
the energy demand during the homogenization process. Referring
to literature data, 300 wmol g~ of ionic groups is a minimal level in
order to perceive an effect on the fibrillation behavior (Besbes et al.,
2011). In our case, the oxidation of the fibers was implemented to
enhance the carboxyl content up to about 500 umolg~!, and the
fibers were disintegrated in a high pressure homogenizer for 10
passes (5 passes at 30 MPaBar followed by 5 additional passes at
60 MPa). The fibrillation yield for NFC-POB and NFC-POL was about
73% and 58%, respectively.

One important result to highlight is the meaningful difference in
the fibrillation yield between POB and POL (73% for POB against 58%
for POL), albeit the similar approach adopted for the production of
NFC, both in terms of the pre-treatment as well as concerning the
number of passes and the pressure of disintegration. This result
points out that fibers from POL were harder to be broken down
into nanosized fibrils than those from POB. Further evidence of the
difference in the fibrillation behavior is provided from the higher
transparency of the NFC gel from POB compared to that from POL
(Fig. 6). The transmittance of the NFC gel from POB ranged from
30 to 50% while that from NFC-POL is around 20%. The decrease
in the optical transparency of the NFC gel is brought by light

scattering against microsized fibrils. Accordingly, the higher the
content of partially or non-fibrillated material the more intense is
the light scattering and the lower is the transparency of the NFC-
gel. Moreover, NFC gel from POB showed stronger dependence of
transmittance with wavelength (lower transmittance at shorter
wave lengths) than gel from POL which is a further indication
of the higher fraction in nanosized fibrils. Indeed, for nanoparti-
cles with square section lower than 50 nm, the light scattering is
inversely proportional to the fourth power of wavelength. I oc 1/14
(Ganikhanov et al., 2006).

The difference in the fibrillation properties of NFC-POB and
NFC-POL is assigned to the difference in their chemical compo-
sition and more specifically to the higher hemicelluloses content
in fibers from POB (about 22% for POB against 16% for POL). This
factor was recently reported to exert a key role in the fibrilla-
tion efficiency of the cellulose fibers. The higher the hemicelluloses
content, the easier is the breakdown of the cell wall to release cellu-
lose microfibrils. It was assumed that hemicelluloses spanning the
gap between the microfibrils, behave as a physical barrier prevent-
ing the microfibrils from coming into close contact thus reducing
their mutual interaction through hydrogen bonding (Chaker et al.,
2014a,b).

NFC suspension is known to exhibit gel-like aspect as the solid
content exceeds a critical threshold in the range of 0.5-1%, depend-
ing on the origin and the morphological features of the cellulose
nanofibrils. The evolution of the viscosity versus shear rate of NFC
from POB and POF is shown in Fig. 7. Both the NFC suspension
showed strong shear thinning behavior as attested by the intense
decrease in the viscosity as the shear rate is increasing. For instance,
the viscosity of the NFC gel from POB falls down from 225 to about
15Pas, as the shear rate goes from 0.1 to 2 s—1. This behavior, typical
of NFC dispersion, is explained by the hydrodynamic properties of
charged cellulose nanofibrils with high aspect ratio. The presence of

Please cite this article in press as: Bettaieb, F., et al., Nanofibrillar cellulose from Posidonia oceanica: Properties and morphological
features. Ind. Crops Prod. (2015), http://dx.doi.org/10.1016/j.indcrop.2014.12.060



dx.doi.org/10.1016/j.indcrop.2014.12.060
https://www.researchgate.net/publication/7139254_Broadly_tunable_dual-wavelength_light_source_for_coherent_anti-Stokes_Raman_scattering_microscopy_Opt_Lett?el=1_x_8&enrichId=rgreq-92e317de-f491-4458-8742-aebe9543803e&enrichSource=Y292ZXJQYWdlOzI3MDU5MTMwNTtBUzoxODQ3ODc2NjI4MTExMzhAMTQyMTA2ODIyMDU5MQ==

G Model

INDCRO-7744; No.of Pages10

6 F. Bettaieb et al. / Industrial Crops and Products xxx (2015) XxX—XXX

_-&

HV |Spot|Mag| WD | Det ‘pre;E'Témp
15.0kv| 4.0 |600x|10.1 mm|ETD

e X Vi —

EFPG - PAGORA

Fig. 5. SEM observation of bleached fibres obtained from F-POL (a) and F-POB (b).

ionized carboxyl groups on the surface of the nanofibrils generated
an electric double layer surrounding the nanofibrils that prevented
the nanofibrils from aggregation induced by hydrogen bonding and
van der Waals interaction. Upon the application of a shear rate the
network is progressively broken down, the elementary nanofibrils
start to be oriented in the shear direction leading to their disen-
tanglement. As a consequence, the flow resistance is lowered and
the viscosity is decreased. This explains the strong fall in the vis-
cosity values as the NFC gel is sheared. Once in rest, the nanofibrils
network is reformed and the viscosity regained its original value.
However, as seen in Fig. 7, NFC-POB gel looks more viscous than
NFC-POL. At a given shear strain, the viscosity of NFC-POB gel is
about two times higher than that of NFC-POL. The difference in the
consistency of the NFC gel is likely to the difference in the fibrilla-
tion yield between the NFC from POB and POL (73% for POB against
58% for POL). The higher the content in nanofibrillated material, the
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Fig. 6. (A) Digital photos of NFC gel at 1 wt% and (B) UV-vis transimittance spectra
of the NFC-POL and NFC-POB suspension’.

more viscous is the ensuing gel. Though, other parameters, such
as the morphological features of the NFC (in terms of length and
width), surface charge groups and pH affected also the rheological
properties of NFC gel.

3.2.1. Morphology of NFC

The morphological features of NFC produced from P. oceanica
leaves and balls were assessed by TEM observations (Fig. 8). The
observation revealed nanosized fibrils with wide heterogeneous
distribution both in width and in length. The dimensions of the
corresponding nanofibrils were evaluated by digital image analy-
sis (Image ]) of TEM micrographs using a minimum of 90 nanofibrils.
Data indicated broad width distribution of the nanofibrils ranging
from 5 up to 21 nm for NFC from POB and from 2 to 15 nm for NFC
from POL. The individual fibrils with width lower than 5 nm cor-
responded presumably to elementary cellulose fibrils composed of
altering crystalline and amorphous domains. On the other hand, the
larger fibrils are likely composed of bundles of elementary fibrils
blinded together through hydrogen bonding.

Table 2 summarizes the morphological features of NFC from dif-
ferent species. The value of NFC-POB is typically in the aspect ratio
range of NFC regardless the cellulose source and the growth con-
ditions (Dufresne, 2012). These observations are similar to those
reported for sugar beet (Dinand et al., 1996, 1999; Dufresne et al.,
1997), potato pulp (Dufresne et al., 2000), algae (Imai et al., 2003),
cladodes (Malainine et al., 2005) and peel of prickly pear fruit
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Fig. 7. Viscosity as a function of shear rate of the NFC gel at 1.5 wt.% solid content.
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Fig. 8. TEM observations and diameter distribution of the NFC-POB (A) and NFC-POL (B).

(Habibi et al., 2009) of Opuntia ficus-indica, a cactus, swede root
(Bruce et al., 2005), hemp (Wang and Mohini, 2007), rachis date
palm (Bendahou et al., 2009), and many others. However in the case
of NFC-POL, the morphology is similar to Tunicin (Dufresne, 2012)
which presents a low diameter and very large length. In all case the
high aspect ratio of the NFC obtained from P. oceanica indicates that
these structures exhibit promising behavior as cellulose microfib-
rils for polymer matrices, providing valorization of this worldwide
produced agricultural waste.

3.3. Dynamic mechanical analysis (DMA) of the nanocomposites

film

The reinforcing potential of NFC from P. oceanica was investi-
gated by DMA. An example of the evolution of the storage modulus
E’ as a function of temperature for different nanofiller contents is
shown in Fig. 9 for NFC prepared from POB. As expected, the effect
of the inclusion of NFC into the polymer matrix differs depending
on the temperature range. Below the glass transition temperature,

Table 2

Width values of NFC produced via high-pressure homogenization and TEMPO-mediated oxidation.
Starting materials Width (nm) Reference
Banana Rachis 5-60 Zuluaga et al. 2009
Corn cobs 5-60 Dufresne, 2012
Date palm rachis 5-10 Bendahou et al. 2009, 2010
Opuntia ficus indica 5 Malainine et al. 2005
Rubberwood 10-90 Jonoobi et al., 2011
Sisal 52+15 Siqueira et al. 2010b
Kenaf 10-90 Jonoobi et al. 2009
Tunicin 5-20 Saito et al. 2006
Cotton 5-20 Saito et al. 2006
Empty fruit bunches of oil palm 5-40 Jonoobi et al. 2011
Potato Pulp 5 Dufresne et al. 2000
Maize Bran 5-20 Rondeau-Mouro et al. 2003
Bacterial cellulose 3-100 Saito et al. 2006
Kraft pulp 5-20 Fukuzumi et al. 2009; Besbes et al., 2011b
Sugaracane Bagasse 30 Bhattacharya et al. 2008
Corn stalk 5-10 Chaker et al. 2014a
Rapeseed straw 5-10 Chaker et al. 2014a
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1.0E+10 g stiffening effect brought by the NFC from POB was lower than that
1A wood fibers. We rationalize this divergence to the difference in the
1.0E409 i nanofibrils morphology, more specifically to the lower length of the
cellulose nanofibrils from POB compared to that from wood.
E 1.0E+08 15wt. % NFC 4. Conclusion
E ] 10wt. % NFC
W 10E4+07 7wt % NFC During this work, cellulose nanofibers were successfully iso-
WL % NEG lated from P. oceanica balls and leaves (POB and POL) by chemical
1 2wt. % NFC . . . . .
1 T TNEE treatments followed by homogenization process. The distribution
1.0E+06 3 s of the nanofibrils ranged from 5 up to 21 nm for NFC from POB and
] from 2 to 15 nm for NFC from POL. Different nano-composite mate-
1.0E+05 ] . i i i . rials using the NFC were also prepared by casting and evaporating
20 0 20 20 60 80 100 a mixture of this suspension with acrylic based dispersion in nat-
ural rubber (NR) matrix. The effect of NFC loading on mechanical
Temperature (°C) and thermal properties confirmed the potential use of Posidonia as a
10000 - source for the production of NFC. The ensuing NFC from POB as well
E B as POL demonstrated high reinforcing potential when incorporated
] NFC-Wood into a polymer matrix.
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no significant evolution in the storage modulus is detected upon the
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