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ABSTRACT:	� In this research, the revalorization of Posidonia oceanica leaf sea waste was studied and the acid hydrolysis 
processing times were modulated in order to optimize the extraction of cellulose nanocrystals (CNCs). 
The obtained CNCs were deeply investigated. A two-step treatment was applied to extract cellulose 
nanocrystals from Posidonia oceanica leaves. First, a chemical treatment leads to the removal of lignin 
and production of holocellulose, while the second chemical process of acid hydrolysis allows the 
obtainment of cellulose nanocrystals in aqueous suspension. The unbleached and bleached leaves and 
cellulose nanocrystals were characterized by using thermogravimetric analysis, infrared spectroscopy 
and morphological investigation; the birefringence properties were also studied in order to determine the 
efficiency of the acid hydrolysis treatment. Cellulose nanocrystals were successfully obtained from Posidonia 
oceanica leaves and they showed a monocrystalline rod-shaped acicular structure with a 5–10 nm diameter 
and 200–450 nm length.
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1  INTRODUCTION

In the last few decades, the revalorization of cellu-
losic resources, agro-forest and marine wastes as valid 
substitutes for traditional materials have attracted the 
interest of academic researchers. Posidonia oceanica is 
a sea grass plant in the Mediterranean Sea composed 
of balls and leaves; important quantities of this plant 
are accumulated on the coast, generating sea waste on 
the touristic coastal beaches, and should be removed 
every year. For these reasons, the attention of the sci-
entific community is now oriented to the revaloriza-
tion of marine wastes such as Cladophorales algae and 
Posidonia oceanica. Green filamentous of Cladophorales 
algae were studied to prepare high-tech composite 
materials [1]. The fibers of Posidonia oceanica balls have 
been analyzed as reinforcement in composites based 
on traditional polymers [2] or based on biodegradable 
polymers such as gluten protein [3] or as cellulosic 
nanoreinforcements in poly(lactic acid) (PLA) matrix 
[4]. Recently, the rheological behavior of cellulose 

nanofiber suspensions from Posidonia oceanica as a func-
tion of the oxidation treatment was also studied [5].

The chemical composition of Posidonia oceanica 
leaves was previously determined according to 
the standard Tappi methods that attested to a high 
amount of extractives (19.2%), 31.4% of α-cellulose, 
57.1% of holocellulose, 10.5% of ashes and 29.3% of 
lignin [6]. The amount of cellulose in balls is quite a 
bit higher (40.0%) [6, 7] with respect to leaves (31.4%), 
determining a possible different amount in the cellu-
lose nanocrystal extraction yield [6].

Cellulose is the most abundant green polymer on 
Earth and it has been widely used as a reinforcing ele-
ment in thermoplastic polymers to modulate some 
functional properties [8]. It is characterized by high-
molecular-weight linear syndiotactic homopolymer 
constituted of β-d-glucopyranosyl units joined by 1–4 
glycosidic linkages in different arrangements [9, 10]. 
The microfibrils and nanofibrils are characterized by 
a highly crystalline structure arranged into lattices 
within the cell wall; moreover, crystalline cellulose 
materials are resistant to reagents, acid attacks 
and are insoluble in water [11, 12]. In this context, 
cellulose nanocrystals (CNCs), extracted from natural 
cellulosic-based materials, are usually characterized 
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by rigid rod monocrystalline domains with a large 
specific surface area, with diameters ranging from 
1–100 nm and from 10–500 nm in length [13], while 
the nanocrystal aspect ratio (diameter/length) can 
vary from 1:1 to 1:100 [14, 15]. The dimensions of 
the CNCs depend on the raw material utilized for 
their extraction [16], agronomic and cultivar factors 
as plant maturity, fertilized used [17], soil character-
istics and the intensity of the chemical process used 
for their extraction [18]. The CNCs have a crystalline 
structure [19], a very high elastic modulus of around 
150 GPa [20], and a low coefficient of thermal expan-
sion [21]. Cellulose nanocrystals have attracted scien-
tific research due to some specific advantages: they 
are, in fact, natural renewable resources, very abun-
dant, and have a low density (1.566 g/cm3), and are 
therefore low cost [22]; moreover, cellulose is consid-
ered nontoxic, biocompatible and biodegradable [16]. 
The nano-dimensions of CNCs have some superior 
properties compared to cellulose, such as aspect ratio, 
optical properties and mechanical strength [8, 23]. The 
effect of the acid hydrolysis conditions was previously 
investigated by modulating the hydrolysis parameters 
(temperature: 45 °C and 60 °C; and time of reaction: 
30, 60, and 75 min) to extract cellulose nanocrystals 
from sisal fibers as a strategy to obtain higher crystal-
linity at the higher temperature for a lower amount of 
time [24]. Both Dong et al. and Teodoro et al. [24, 25] 
observed that the dimensions of CNCs decreased, 
increasing the time of reaction.

Furthermore, cellulose nanocrystals can be easily 
chemically grafted by the presence of reactive –OH 
side groups, thereby obtaining different surface prop-
erties [26]; and this aspect encourages their use as 
reinforcement phase in polymer-based formulation for 
final practical applications [21, 27–29].

The objective of the present research is focused 
on the study of the CNC extraction procedure from 
Posidonia oceanica leaves by modulating the hydrolysis 
parameters (time of reaction). As previously reported 
in the literature, the dimensions of CNCs decrease, 
increasing the time of reaction for maintaining a fixed 
procedure temperature [24, 25], while an increase in 
the reaction time should lead to improve the quanti-
ties of reacted material, also increasing the reaction 
yield.

For this reason, two different acid hydrolysis 
procedures were proposed and studied in the present 
work, with the idea of extracting cellulose nanocrystals 
from bleached Posidonia oceanica leaves, increasing the 
reaction time and modulating the final properties of 
the obtained cellulosic materials. A two-step proce-
dure was applied to extract CNCs: an initial chemical 
treatment led to the removal of lignin and production 
of holocellulose, while the following acid hydrolysis 

allowed the obtainment of cellulose nanocrystals in 
aqueous suspension. Thermal, chemical and morpho-
logical characterizations were applied to characterize 
both unbleached and bleached leaves and to demon-
strate the successful extraction of CNCs.

2  EXPERIMENTAL SECTION

2.1  Materials

Posidonia oceanica leaves were collected from the 
Campello Beach in Alicante (Spain) by AITEX (Alcoy, 
Alicante, Spain).

Toluene, ethanol, sodium hydroxide (NaOH, 
reagent grade ≥ 98%), sodium chlorite (NaClO2, puriss 
p.a. 80%), acetic acid (CH3COOH) and sodium bisul-
fate (NaHSO4, purum, anhydrous, ~95.0%) were 
supplied by Sigma-Aldrich and used for the chemical 
pretreatment, as specified in Section 2.2.

Sulphuric acid (reagent 95–98%), supplied by 
Sigma-Aldrich, was used as reagent during the hydro-
lysis treatment, as specified in Section 2.3.

2.2 � Chemical Pretreatment of Posidonia 
Oceanica Leaves

Posidonia oceanica leaves were washed and rinsed 
several times in distilled water in order to eliminate 
sand and other soil contaminants; after that they were 
dried in an oven at 80 °C for 24 h. Scheme 1, Panel 
A, shows a scheme of the pretreatment procedure for 
Posidonia oceanica leaves. The pristine leaves (Scheme 
1, Panel  A) were chopped into 5–10 mm fragments 
and a de-waxing step in a toluene/ethanol mixture 
(2:1 volume/volume) for 6 h was carried out, fol-
lowed by filtration and washing with ethanol for 30 
min. The green color of the solution was due to the 
fact that ethanol acted as a detergent/solvent, break-
ing down the phospholipid bilayer and opening holes 
in the membrane, making it permeable and promoting 
the elimination of the chloroplasts [30]. Two bleach-
ing treatments were applied for cellulose extraction. 
The fibers were first treated with a 0.7% (wt/v) of 
sodium chlorite (NaClO2) solution, then were boiled 
for 2 h (fiber/liquor ratio 1:50). Thereafter, the pH 
of the solution was lowered to ca. 4 by adding ace-
tic acid (CH3COOH). As it is possible to observe in 
Scheme 1, the final obtained solution at the end of the 
first bleaching treatment appeared completely satu-
rated by the released lignin. For this reason, a second 
bleaching treatment was applied. The second bleach-
ing was necessary to obtain a complete whitening of 
the leaves. Then, a 5% (wt/v) of sodium bisulphate 
(NaHSO4) solution treatment was carried out [22, 31] 
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and, finally, holocellulose (α-cellulose  +  hemicellu-
lose) was obtained. The holocellulose was then treated 
with a 17.5% (wt/v) of sodium hydroxide (NaOH) 
solution. After filtration and washing, the obtained 
material was dried at 60 °C in an air-circulating oven.

2.3 � Extraction of Cellulose Nanocrystals 
from Posidonia Oceanica Leaves

Cellulose nanocrystals (CNCs) in aqueous suspen-
sion were prepared from pretreated Posidonia oceanica 
leaves by sulphuric acid hydrolysis. Scheme 1, Panel 
B, shows a schematic representation of the proce-
dure used to extract cellulose nanocrystals. Two 
different acid hydrolysis procedures were carried 
out using 64 wt/wt % sulphuric acid at 45 °C for 
30 min (first hydrolysis approach) [18] and at 45 °C 
for 60 min (second hydrolysis approach) under vig-
orous stirring, using for both of the two hydrolyses a 
cellulose/acid ratio of 0.22 g mL–1 (wt/v). The second 
acid hydrolysis parameters (45 °C for 60 min) were 
set after the morphological study of cellulose materi-
als obtained by the first applied procedure (45 °C for 
30 min).

After the hydrolysis, the obtained suspensions were 
diluted 20 fold with deionized water. The aqueous 
suspensions were centrifuged to remove the acid and 
dialyzed with cellulose dialysis membranes for 5 days 
in deionized water until neutral pH was obtained. An 

ion exchange resin (Dowex® Marathon™ MR-3 hydro-
gen and hydroxide form) was added to the cellulose 
suspensions for 24 h and then removed by filtration. 
Finally, the cellulosic suspensions were sonicated in 
an ice bath with ultrasonic treatment (Vibracell 75043, 
750W, Bioblock Scientific) to create cellulose nanocrys-
tals of colloidal dimensions. The final obtained solu-
tion was neutralized by the addition of 1.0% (wt/wt) 
of 0.25 mol L–1 NaOH.

2.4 � Characterization of Bleached Fibers 
and Cellulose Nanocrystals

The morphology of the unbleached and bleached 
Posidonia oceanica leaves was investigated by means of 
field emission scanning electron microscopy (FESEM, 
Supra 25-Zeiss). The leaves, before and after the 
bleaching, were gold sputtered and analyzed.

A morphological study of the obtained CNC-based 
solution was also conducted by FESEM. A few drops 
of CNC suspension, obtained both after the first and 
second hydrolysis procedures, were cast onto silicon 
substrate, vacuum dried and gold sputtered before 
the analysis. The FESEM micrographs of untreated 
leaves and CNC were analyzed with NIS-Elements BR 
(Nikon) software and sixty measurements were taken 
in order to obtain the values of the wall thickness, the 
lumen width of the cell element and the diameter and 
the length of cellulosic nanostructures.

Scheme 1  (Panel A) Scheme of Posidonia oceanica leaves pretreatment. (Panel B) CNC step extraction.
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Moreover, the birefringence property of cellulose 
nanocrystal suspension at 0.4% (wt/wt) extracted 
after the second hydrolysis procedure was detected in 
a dark box between crossed polars. The pictures were 
taken using a Nikon D 7000 digital camera.

The reaction yield and dry content, after the 
hydrolysis process, were calculated as % (of initial 
weight) of used pretreated leaves and percentage of 
obtained CNCs with respect to the water. Specifically, 
the solutions obtained after the extraction proce-
dures (2 mL, five measurements for each solution) 
were maintained at 105 °C for 2 h, leading to the 
evaporation of liquid phase. Residues were weighed 
with an analytical balance (Sartorius ATILON) with 
± 0.01 mg precision and the dry content, expressed 
as percentage with respect to the liquid phase. The 
yield (%) was calculated as CNCweight/Pre-treated 
leavesweight.

Thermogravimetric analysis (TGA) measure-
ments of unbleached and bleached Posidonia oceanica 
leaves and CNCs were performed by a Seiko Exstar 
6300  TG analyzer with heating scans from 30 to 
600  °C at 10  °C min–1 in a nitrogen atmosphere 
(250 mL min–1).

Fourier infrared (FT-IR) spectra of unbleached, 
bleached leaves and CNCs were recorded by a Jasco 
FT-IR 615 instrument in the 400–4000 cm–1 range, in 
attenuated reflection mode (ATR).

3  RESULTS AND DISCUSSION

3.1 � Morphological Investigation of 
Unbleached and Bleached Leaves

The morphological characteristics of unbleached and 
bleached leaves were investigated by FESEM and are 
shown in Figure 1 at different magnifications.

It can be seen in Figure 1a,b that the internal struc-
ture of unbleached leaves is composed of vascular 
tissue, epidermis and parenchyma (cell element). 
The different elements of the internal structure are 
determinant in many functions of the plant growth 
such as photosynthesis, tissue regeneration, synthe-
sis and processing of substances. The cell elements 
of untreated structures have wall thickness ranging 
between 1–4 μm, depending on the quantity of lignin, 
ash and hemicelluloses, while the lumen width ranges 
between 8–20 μm [32, 33]. The inset in Figure 1b shows 
the presence of calcium carbonate on the surface of 
untreated leaf, as previously observed by other authors 
[34]. Figure 1c,d shows the morphological aspect of 
bleached leaves. The dimensions of the cell wall ele-
ment and the lumen width decrease as a consequence 
of the chemical pretreatment being able to remove the 
lignin, hemicelluloses and ashes. After the chemical 
pretreatment, the cell elements are no longer observ-
able and the structure appears collapsed in on itself.

Cell element

10 µm

(a) (c)

(b) (d)

10 µm 10 µm

20 µm

10 µm

10 µm

Unbleached leaves Pretreated leaves

Figure 1  Morphological characterization of fractured unbleached (a, b) (FESEM investigation of leave surface in inset b) and 
bleached leaves (c, d) at two different magnifications.
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3.2 � Acid Hydrolysis Procedures: 
Morphological and Optical 
Investigations

Figure 2 shows the morphological investigation of 
CNC obtained after the first (45 °C, 30 min) and second 
(45 °C, 60 min) hydrolysis procedures. The choice of 
the hydrolysis parameters is considered very impor-
tant in order to modulate the dimensions of CNCs 
extracted from different natural sources [24, 25].

The FESEM images (Figure 2a,b) at two different 
magnifications of the first applied hydrolysis pro-
cedure show the presence of some unreacted leaf 
residues, characterized by different shapes and aggre-
gation levels, as indicated by the arrows. The presence 
of these residues underlined the inefficacy of the 
applied first hydrolysis that also showed a very low 
reaction yield (around 8%). However, the higher mag-
nifications revealed the presence of some individual-
ized cellulose nanocrystals that presented an acicular 
structure characterized by a 15–20 nm diameter and 
500–650 nm length.

On the basis of the results obtained for the first 
hydrolysis procedure, a second treatment with a 
longer reaction time was applied and this selection 
was done in order to guarantee the complete reac-
tion process and to obtain cellulosic materials at a 

well-defined nanoscale level [25]. Figure 2c,d show the 
results after the second hydrolysis. The FESEM images 
underlined the reduced presence of unreacted mate-
rial, underlining the effectiveness of the new hydroly-
sis procedure (increased yield, about 15%). The second 
applied hydrolysis procedure (45 °C and 60 min) guar-
antees a complete reaction of the material with a con-
sequent higher yield. Morphological investigations 
confirm that aqueous suspension contains individual 
cellulose nanocrystals with an acicular structure of 
5–10 nm diameter and 200–450 nm length with a con-
sequent aspect/ratio (length/diameter) of 40–45. In 
a previous work, we proved that the aspect ratio of 
CNCs extracted from Posidonia oceanica balls is 36.7, 
(180 ± 28) nm in length and diameter of (4.9 ± 1.3) nm 
[4]. The dimensions obtained for CNCs extracted from 
leaves are higher with respect to CNCs extracted from 
balls, as previously reported by other authors [6]; 
moreover, the higher aspect ratio of CNCs obtained 
with the second hydrolysis procedure suggests a pos-
sible promising interaction between nanofiller and 
polymer used in nanocomposite applications.

Finally, the aqueous suspension derived from the 
second hydrolysis procedure has been shown to exhibit 
the typical shear-induced birefringence of CNCs 
(Figure 2d – inset), highlighting their ability to form a 
chiral nematic liquid crystalline phase in equilibrium 

1 µm 200 nm

1 µm 200 nm

Extraction of CNC extraction

First hydrolysis 45 °C for 30 min

(a) (b)

(c) (d)

Second hydrolysis 45 °C for 60 min

Figure 2  FESEM investigation of CNCs after acid hydrolysis at 45 °C for 30 min and at 45 °C for 60 min at two different 
magnifications. The inset in (d) shows the shear-induced polychromatic birefringence of cellulose nanocrystals in aqueous 
solution.
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with the isotropic phase [35]. Birefringence is an impor-
tant optical property of a material having a refrac-
tive index and gives an indication of well-dispersed 
nanocrystals obtained by sulphuric acid hydrolysis.

On the basis of the results obtained by the two dif-
ferent extraction procedures, the second hydrolysis 
was selected as the best process to be applied, and the 
CNCs derived from 60 min of treatment were chemi-
cally and thermally characterized.

3.3 � Thermal and Spectroscopic Analysis 
of Posidonia Oceanica Fibers and 
Cellulose Nanocrystals

Thermal properties of unbleached and bleached 
leaves of Posidonia oceanica and hydrolyzed cellulose 
nanocrystals were investigated by thermogravimetric 
analysis, while the chemical properties were assessed 
by infrared spectroscopy in ATR mode.

Figure 3 shows the weight loss (TG, a) and their 
derivative (DTG, b) curves of unbleached leaves, 
bleached leaves and hydrolyzed cellulose nanocrys-
tals obtained from Posidonia oceanica leaves. As already 
observed in the literature, the natural fibers show a 
multistep thermal degradation. The thermal degrada-
tion of the unbleached and bleached materials shows 
several stages, indicating the presence of different com-
ponents that decompose at different temperatures. The 
first step of the thermal degradation of the unbleached, 
bleached and hydrolyzed materials is characterized by 
moisture and volatile removal at a temperature below 
100 °C [2]. The second peak of degradation at around 
255 °C was attributed to hemicellulose degradation, 
which disappears completely in the case of CNC 
(Figure 3b). The hemicellulose decomposes before 

lignin and cellulose and the lower thermal stability of 
hemicellulose is due to the presence of acetyl groups 
[36]. The main third peak of degradation reaches its 
peak at 333 °C for the unbleached fibers, at 320 °C for 
the bleached cellulose and at 344 °C for the hydrolyzed 
specimen of nanocellulose. The higher thermal stabil-
ity of CNC with respect to bleached cellulose materials 
was previously observed [37]. The last peak centered 
at 450 °C for the unbleached materials is due to the 
degradation of lignin component [36, 38], while a 
small broadening or shoulder at the same temperature 
is also visible in bleached fibers and CNC signal that 
could be due to a residual content of hemicellulose or 
a broad distribution of molecular mass from cellulose, 
respectively [37].

The residual mass, calculated at 550 °C, of 
unbleached and bleached leaves of Posidonia oceanica 
and hydrolyzed cellulose nanocrystals, was also con-
sidered and reported in Figure 3. The higher residual 
mass observed for CNC (43% measured at 550 °C) 
(Figure 3a) is attributed to the lower degradation abil-
ity of cellulosic materials at higher temperature. These 
results could be ascribed to the increased amount 
of sulfated groups, which acted as flame retardants 
[36, 39].

Figure 4 shows the FT-IR spectra of unbleached, 
bleached leaves and CNCs extracted from Posidonia 
oceanica. All the spectra of unbleached, bleached leaves 
and CNCs show the signal at 3364 cm−1 and 2926 cm−1 

due to the stretching vibrations of OH and CH and 
by signals in the C-O stretching region between 
1200–950 cm–1 [40]. After chemical treatment, the band 
at 1511 cm−1 assigned to the aromatic C-O stretch-
ing mode for the guayacyl ring of lignin was absent 
[41, 42], confirming the removal of the lignin fraction. 
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Figure 3  Residual mass (TG) (a) and differential residual mass (DTG) (b) curves of unbleached, bleached and hydrolyzed 
(CNCs) Posidonia oceanica leaves. The residual mass of different materials (a) was calculated at 550 °C.
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In the spectrum of unbleached leaves, the peak at 
1736 cm–1 is assigned to the C=O stretching vibration 
of carbonyl and acetyl groups in the xylane component 
of hemicelluloses [43]. The absence of the 1256  cm−1 
peak confirms the removal of the hemicellulose in the 
hydrolyzed materials. In the case of CNC, the signals 
at 1157 cm–1 (assigned to asymmetric C−O−C bridge 
stretching), 1061 cm–1 (anhydroglucose ring asymmet-
ric stretching), 1023 cm–1 (C−O stretching), 895  cm–1 

(associated with cellulosic β-glycosidic linkages in-
plane C−H deformation and C−H deformation of 
cellulose), confirm the cellulosic I nature of the pro-
duced CNC [44].

4  CONCLUSIONS

In this article, cellulose nanocrystals were success-
fully extracted from Posidonia oceanica leaves by an 
optimized hydrolysis procedure. The CNCs were 
extracted after chemical pretreatment oriented to 
remove lignin and hemicellulose from leaves, fol-
lowed by an acid hydrolysis treatment. The FESEM 
investigation of the first acid hydrolysis underlines 
the necessity to modify the hydrolysis parameters, 
since some unreacted leaf residues were detected. 
The CNCs obtained with the second hydrolysis 
(longer reaction time) were deeply characterized by 
TGA, FT-IR and FESEM; in addition, the birefrin-
gence of the CNC solution was tested and proven. 
The morphological investigation confirms that the 
parameters selected for the second hydrolysis per-
mit an increase in the amount of reacted material, 
also reducing the dimension of CNCs. The CNCs 
obtained with the hydrolysis performed at 45  °C 
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Figure 4  FT-IR spectra of unbleached, bleached and 
hydrolyzed (CNCs) Posidonia oceanica leaves in the range of 
4000–600 cm–1.

for 60  min show an acicular structure of 5–10 nm 
diameter and 200–450 nm length with a consequent 
aspect/ratio (length/diameter) of 40–45.

The properties of the cellulose nanocrystals 
extracted from Posidonia oceanica leaves could be of 
interest in a nanocomposite approach in which CNCs 
could be considered as reinforcement phase at the 
nanoscale level.
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