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Abstract
Platelet-like and fibrous lignocellulosic fillers were achieved from the leaves of Chamaerops humilis (CHL) and Posidonia 
oceanica (POL) and used as a hybrid reinforcement for a polylactic acid (PLA) matrix at three different loading levels 
(from 5 to 20%). The materials were fully characterized from a morphological, physicochemical, mechanical, and dynamic-
thermomechanical point of view. When compared to their counterpart containing either CHL or POL only, the resulting 
hybrid biocomposites showed the highest mechanical properties, with strengthening and stiffening effects respectively 
up to 120% and 50% higher than those expected from the linear combination of the two, and higher dynamic-mechanical 
performance, with storage moduli in the rubbery region 10 times higher than those of composites containing solely CHL 
or POL. Such synergistic efficiency is likely due to the formation of a strong and extensive interphase region, promoted by 
the balanced effect of morphological features of the hybrid network and physicochemical characteristics of the components. 
These green materials could find applications as panels for furniture or in the automotive industry.
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1 Introduction

The increasing demand for biodegradable and cost-effective 
materials stimulated many research efforts towards the design 
of biocomposites involving natural fillers obtained from 
widespread and inedible plants, in full compliance with the 
novel guidelines inspired by circular economy and zero waste 
[1–3]. While the advantages of natural fillers are undoubted 
from an economic and ecological point of view, their incor-
poration into bioplastics often causes a deterioration of the 
mechanical properties, especially at high loadings [4–8]. 
Hence, the next challenge in the field of materials science 
and technology is to replace relatively large quantities of bio-
plastics with natural fillers in order to design green materi-
als that can combine their well-known cost-effectiveness and 
renewability with satisfactory mechanical robustness [9–12].

Among the bioplastics, PLA is one of the most promis-
ing, owing to its outstanding mechanical performance and 
biodegradability [13, 14]. Nevertheless, its high production 

costs currently limit the use of PLA as a commodity [7, 15, 
16]. Moreover, when combined with natural fillers, PLA 
often shows an undesired decay of tensile strength upon 
filler content [4–7, 17]. On the other hand, hybrid compos-
ites containing two or more fillers are gaining a meaning-
ful interest in the perspective of constructing composites 
having emerging properties exceeding the sum of those of 
single constituents [18–33]. Indeed, polymeric composites 
with excellent mechanical performance can be achieved 
via the integration of a hybrid framework constituted by 
1D/2D nanofillers, as in the case of PLA- and polyurethane-
based hybrid composites, reinforced with graphene/carbon 
nanotubes [18, 22, 34–36]. Inspired by this, we designed 
hybrid biocomposites loaded with natural fibers and plate-
lets obtained from the leaves of inexpensive wild plants, 
such as Chamaerops humilis (also known as Mediterra-
nean dwarf palm) and Posidonia oceanica. The selection 
of these fillers is motivated by some considerations. First, 
both plants are inedible and largely bio-available. Indeed, 
their uncontrolled proliferation in the Mediterranean area 
sometimes forces local authorities to bear additional costs 
for collecting and disposal [6]. Second, it is possible to 
attain microparticles with porous architecture and different 
features, namely platelet-like microparticles from Posidonia 

 * Roberto Scaffaro 
 roberto.scaffaro@unipa.it

1 Department of Engineering, University of Palermo, Viale 
delle Scienze, Ed. 6, Palermo 90128, Italy

/ Published online: 28 July 2022

Advanced Composites and Hybrid Materials (2022) 5:1988–2001

1 3

http://orcid.org/0000-0002-4830-0374
http://crossmark.crossref.org/dialog/?doi=10.1007/s42114-022-00534-y&domain=pdf


oceanica leaves (POL) with proven affinity to PLA [5,  
37, 38], and cylindrical fibers from Chamaerops humilis 
leaves (CHL). These latter, in particular, were recently 
tested as reinforcing agents for poly(butylene adipate-co-
terephthalate) for the first time [39], showing enormous 
potential by virtue of their good mechanical resistance cou-
pled with large amounts of lignin that could be advanta-
geous in mitigating the typical thermomechanical degrada-
tion that occurs when PLA is processed with lignocellulosic 
fillers [5, 37, 38].

2  Experimental part

2.1  Materials and processing

Wastes of CHL samples and POL were collected in the 
western seacoast of Palermo. The two lignocellulosic fillers 
underwent the same workup protocol, involving thorough 
washing with water to remove impurities (namely sand, mud, 
and so on), drying at T = 120 °C under atmospheric pressure 
for a couple of days, and grounding and sieving (70–100 
mesh).

PLA (Ingeo 2003D, NatureWorks) used in this work is an 
extrusion grade having a content of d-lactic acid monomer 
equal to ~ 4%, ρ = 1.24 g/cm3, MFI = 6 g/10 min, Tm = 160 °C, 

and Mw = 240 kDa. Tetrahydrofuran (THF), reagent grade 
99%, was purchased from Sigma-Aldrich.

In order to avoid hydrolytic reactions during processing, 
all the materials were vacuum-dried overnight at T = 90 °C. 
The schematics of the pathway followed to prepare the bio-
composites is provided in Fig. 1.

Twin screw extrusion with a die temperature of 190 °C 
was used to fabricate neat PLA (as a reference material) and 
9 different composite samples, having 5%, 10%, and 20% 
weight contents of either CHL, POL, or hybrid combination 
of the two, obtained by adding equal amounts, by weight, of 
each filler. The material coming from the extruder was con-
tinuously pelletized after cooling in water, re-conditioned in 
vacuum-oven and finally compression molded (T = 190 °C, 
p = 8  bar, t = 2  min) into prismatic specimens, having 
width = 10 mm, length = 30 mm, and thickness ~ 0.7 mm.

2.2  Characterizations

Morphology of starting components and biocomposites 
has been investigated by scanning electron microscopy 
(SEM) imaging, carried out with a Phenom Pro X instru-
ment (Thermo Fisher Scientific, USA), and optical micros-
copy (Leica MS5 stereomicroscope). The salient geomet-
rical features of the particles, i.e., length (L), diameter 
(D), thickness (t), and the resulting aspect ratio (Af), were 

Fig. 1  Schematics of the preparation of green composites
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measured by using an open-source, JAVA-based image 
processing software, ImageJ, onto at least 100 micro-
particles for each sample. Af was calculated both before 
and after processing. In this latter case, the fillers were 
separated from the matrix by solvent extraction in THF 
at room temperature. Moreover, this procedure allowed 
us to evaluate even the effects of processing and fillers 
on the molecular weight of PLA. In fact, PLA extracted 
from each composite was dried and then re-dissolved in 
THF at the concentration of 0.1 wt%. Flow time of each 
solution was measured by means of iVisc LMV 830 Lauda 
Proline PV 15 (Lauda-Königshofen, Germany) instru-
ment equipped with a Ubbelohde (K = 0.009676) capil-
lary viscometer, and placed in thermostated oil bath at 
35 °C. Viscosimetric molecular weight (MV) of PLA was 
extrapolated from its intrinsic viscosity by means of the 
Mark-Houwink constants. More details can be found in our 
previous studies [38]. Mv values of the polymer processed 
in the various composites were then normalized to that of 
unprocessed PLA to obtain an indicator of the chemical 
state of the matrix in each composite.

Differential scanning calorimetry (DSC) was carried 
out using a Shimadzu DSC-60. The degree of crystallinity 
(χ) of PLA in each biocomposite was calculated according 
to Eq. (1) [40]:

where ΔHm and ΔHcc are, respectively, the melting enthalpy 
and the cold crystallization enthalpy, Φw is the filler weight 
fraction of the given composite, and ΔH0

m
 is the melting 

enthalpy of 100% crystalline PLA (93.7 J/g [40]).
Density measurements were performed by a Thermo 

Pycnomatic Helium Pycnometer (Pycnomatic ATC, 
Thermo Fisher, USA), using a 99.99% pure helium. Meas-
ures were repeated at least five times for each sample, at 
20 °C. The degree of densification for each material was 
calculated as the ratio between apparent density and real 
density. The dispersion degree was measured by analyzing 
the variance in the composition of each sample, according 
to the methodology described in the literature [39, 41].

Briefly, the actual degree of dispersion of the filler 
throughout the polymer matrix was assessed by taking 
into account the actual filler concentration in a number of 
randomly chosen samples and compared with the average 
concentration. Such parameter is given by Eq. (2) [39]:

where S is the square root of the variance S2, defined by 
Eq. (3) [39] as:

(1)� =
ΔHm − ΔHcc
(

1 − Φw

)

ΔH0

m

(2)Dispersion degree =
(

1 − S∕S
0

)

where N is the number of samples analyzed, Ci indicates the 
concentration of the ith sample and C is the mean concentra-
tion of the N samples. S is normalized to S0, that is the square 
root of the maximum variance S2

0
 , given by Eq. (4) [39]:

This latter, in fact, is representative of the limit case of 
a composite in which all the components are completely 
segregated [42]. The concentration was measured via helium 
pycnometer on fifty specimens randomly collected from 
compression-molded sheets.

Tensile tests were carried out by means of an Instron 
3365 (Instron, USA) dynamometer, by imposing a cross-
head speed of 1 mm/min up to specimen failure, according 
to ISO 527–3 standard. For each experimental run, at least 
10 replicates were tested, and the salient data, namely elastic 
modulus (E), tensile strength (TS), and elongation at break 
(EB) were provided as mean values and standard deviations.

Dynamic mechanical properties of the materials were 
measured using a DMA Metravib 50 (France), in tensile 
mode. The measurements were carried out at a constant 
frequency of 1 Hz, a strain amplitude of 0.05%, and in the 
temperature range 20–70 °C, at a heating rate of 3 °C/min 
and using a 20-mm gap. Before testing, the samples were 
dried overnight under vacuum at 90 °C.

3  Results and discussion

Morphometric analysis of CHL and POL, provided in Fig. 2, 
highlights the different morphology of the fillers, with CHL 
and POL having fibrous and platelet geometry, respectively. 
CHL fibers displayed relatively narrow size distributions in 
terms of both length (average value = 2 mm) and diameter 
(mean diameter = 150 μm). POL platelets can be regarded 
as parallelepipeds having constant thickness (25 μm) and 
variable length and width, with average values respectively 
equal to 250 μm and 170 μm. Table 1 provides an overview 
of the salient features of fillers, both showing a porous yet 
different architecture and similar aspect ratios, but remark-
able differences in terms of mechanical performance.

Morphology of biocomposites was assessed by SEM 
analysis, whose results are shown in Fig. 3. All the samples 
display not only satisfactory levels of filler dispersion, but 
also the presence of voids, due to either weak interfacial 
adhesion, occasionally detected in CHL-series and POL-
series composites (at 20%), or empty lumens of fillers. Note-
worthy, hybrid composites seem to show denser structure 

(3)S2 =
1

N − 1

N
∑

i=1

(Ci − C)
2

(4)S2
0
= C

(

1 − C
)
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and stronger filler-matrix adhesion. Morphometric analysis 
of microparticles after processing was then performed. Fig-
ure 4a shows the mapping area of a representative sample (in 
this case Hyb-20) from which at least 100 particles of each 
filler were collected for image analysis. As one can see, the 
processing induced outstanding cleavage events, with all the 
fillers showing size below millimeter scale.

As a result, Fig. 4b, Af of both microparticles has been 
shown to decrease in all biocomposites, with data scat-
tering higher than the eventual differences among the 
samples. Figure 4c shows a detailed portion in which it is 
possible to recognize the size heterogeneity of both CHL, 
under the form of either fiber bundles or fibrils, and POL 
platelets. Light-blue and pink arrows respectively indicate 
the low aspect ratio CHL and POL particles, whereas blue 
and red arrows highlight those with high aspect ratio. The 
yellow circle on the right shows a hybrid formed by a fiber 
protruding from a platelet. It is worth mentioning that 
residual polymer inclusions were occasionally detected in 
all the extracted samples, as confirmed by detailed SEM 
micrographs reported in Fig. 4d and e, respectively, show-
ing CHL and POL particles with totally empty lumens (left 
panels) or surrounded and interpenetrated by residual PLA 
(right panels). This latter occurrence is supposed to have 
positive repercussions on the ultimate properties of the 
systems.

Fig. 2  Morphometric analysis 
of CHL (top panels) and POL 
(bottom panels) after grinding 
and sieving: optical micro-
graphs (a–a’), SEM micro-
graphs at different magnifica-
tions (b–c, b’–c’), filler size 
distributions (d–d’)

Table 1  Overview of the salient features of the two fillers

a Calculated as L/D
b Calculated as Deq/T
c Measured by tensile tests on raw fibers
d Theoretically calculated (Eq. S1)

Filler Mean Af Density (g/
cm3)

Porosity (%) E (GPa)c Ebulk (GPa)d

CHL 13a 1.51 62 4.7  ~32
POL 10b 1.54 73 0.84  ~12
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Salient mechanical properties of the samples are 
reported in Fig. 5. Adding solely CHL or CHS to PLA 
improved the stiffness with a maximum observed at 10%, 
while being detrimental to breaking properties, which 
experienced a monotonic decay. In particular, biocom-
posites with 20% loading of either CHL or POL display 
an overall mechanical performance lower than that of neat 
polymer. In contrast, hybrid biocomposites performed bet-
ter than CHL- and POL-series materials, resulting in a 
monotonic increase of both E and TS, at the expense of 
EB. In order to understand if and when it is advantageous 
to use hybrid fillers with respect to the single constituents, 
we constructed a map of synergistic effects on stiffening, 
strengthening, and stretching at the three different concen-
trations adopted. The synergetic effect of CHL and POL on 
the properties of PLA-based composites can be conveni-
ently elucidated by using Eq. (5) [43]:

where PCHL, PPOL, and Phyb represent the generic property 
measured for PLA loaded with CHL, POL, and a hybrid 
combination of CHL and POL, respectively.

(5)
Synergistic ef f iciency =

[

2Phyb − (PCHL + PPOL)
]

∕(PCHL + PPOL)]

In the case of synergy, the synergistic efficiency has posi-
tive values (see the green-filled area in the plots), whereas 
it assumes negative values in the case of destructive inter-
ference (red-filled area). Of course, this parameter is equal 
to 0 in the absence of interactions. As one can see, the 
simultaneous use of CHL and POL determines a remark-
able synergistic efficiency in strengthening in all the con-
centrations, while having positive repercussions on stiffness 
only at 20% loading. Furthermore, combining the two fillers 
proved to be slightly detrimental to deformability, especially 
at low loadings, differently from what was observed in the 
case of PLA-based composites containing other lignocel-
lulosic fillers, such as Opuntia ficus indica and Hedysarum 
coronarium [4, 17]. Taken together, these data outline that 
hybrid loading is successful especially at high loading, giv-
ing the possibility to prepare materials having 120% and 
50% increments of TS and E, while displaying negligible 
loss of stretchability (−5%) with respect to what would be 
expected by the linear combination of the behavior of the 
single fillers. Figure 6 provides a comparison between the 
elastic moduli experimentally measured and those predicted 
by Halpin–Tsai model (see SI, Eqs. S2–S6). For this pur-
pose, bulk moduli of fillers were estimated according to Eq. 

Fig. 3  Cross-sectional SEM 
micrographs of cryofractured 
biocomposites
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(S1), while the actual aspect ratio of fillers was measured 
after solvent extraction of composites, which enabled us to 
calculate even the polymer molecular weight after process-
ing, useful to monitor the extent of eventual degradation 
pathways.

The results show that the actual stiffness of all the bio-
composites was underestimated at low loadings, and over-
estimated at the highest content of either CHL or POL, 
whereas Hyb-20 was satisfactorily fitted. This aspect could 
likely be explained considering that the polymer inclusions 
inside the lumens could have led to the formation of an 
effective reinforcing phase fraction greater than the nominal 
one, whereas segregation and voids observed at 20% filler 

content could have reduced the reinforcing phase fraction. 
Green and red arrows in the plots respectively highlight the 
positive and negative deviations from the nominal filler frac-
tion according to the H-T model.

Beyond this, the ultimate properties of a composite mate-
rial may depend on several factors, including physicochemi-
cal features of the polymer matrix, such as crystallinity and  
eventual degradation, and morphological parameters, such 
as the degrees of densification and filler dispersion/adhe-
sion, with the latter depending on the affinity between com-
ponents [44, 45]. An overview of these parameters is pro-
vided in Fig. 7 for composites containing CHL (a), POL (b), 
and Hyb (c). CHL-based biocomposites display negligible 

Fig. 4  Mapping area of Hyb-20 (a), plots of Af as a function of filler content and type (b); detailed micrograph of Hyb-20 (c); detailed micro-
graphs of CHL (d) and POL (e) particles with empty lumens (left panels) and interpenetrated by residual PLA (right panels)
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degradative phenomena, with the matrix substantially retain-
ing similar molecular weights as that of processed PLA, 
regardless of filler content. Due to its amorphous nature, 
PLA showed a low degree of crystallinity, ranging from 
1.8 to 6%, with a maximum observed at 10% filler con-
tent. Therefore, CHL had negligible effects on the physico-
chemical characteristics of the matrix, while on the other  
hand affecting the morphological features of composites 
in a dose-dependent manner, with optimal values of both 
densification and dispersion degrees observed at 10% con-
tent, in full agreement with the results of mechanical prop-
erties. On the contrary, the behavior of morpho-chemical 
parameters in POL-series materials reflects the complex 
interactions between POL and PLA, with morphological 
and physicochemical aspects interrelating each other. POL 
microparticles exerted the highest pro-degradant activity, 
with a clear dose-dependent trend. Note that in POL-20 the 
matrix displays a molecular weight halved compared to the 

PLA processed in the same way, as already envisaged in pre-
vious studies [5, 38]. Consequently, POL samples exhibited  
the highest crystallinity degrees, even at high filler con-
tent, although the maximum was observed at 5% loading. 
Moreover, the extensive degradation might somehow have 
contributed to enable the more hydrophilic and shorter poly-
mer chains to interact with the filler, giving rise to an unex-
pected rise of dispersion index at 20% content. For the same 
reasons, densification degrees of POL-series samples, yet 
lower than those of the other composites, proved to be satis-
factory, especially considering the outstanding porosity of 
POL platelets (74%). Hybrid loading led to composites with 
morphochemical properties scarcely dependent on loading 
level. Densification and degradation extents proved to be 
intermediate between those of the two single fillers, while no 
effect was found on crystallization behavior of PLA, which 
remained amorphous (see again Fig. S1). Noteworthy, such 
composites displayed the highest levels of dispersion. This 

Fig. 5  Behavior of E (a), TS (b), and EB (c) as a function of filler content, synergistic efficiency of hybrid fillers in stiffening, strengthening, and 
stretching (d)
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Fig. 6  Comparison between HT 
predictions and experimental 
data for CHL (a), POL (b), and 
Hyb (c) biocomposites
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Fig. 7  Overview of morphologi-
cal properties (densification and 
dispersion degrees, left axis) 
and physicochemical features 
of the matrix (Mv retention and 
crystallinity degrees, right axis) 
in CHL- (a), POL- (b), and 
Hyb-series materials (c)
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Fig. 8  E′ plotted as a function of temperature for CHL-series (a), POL-series (b), and Hyb-series composites (c). E′ at T = 75 °C plotted as a 
function of filler type and content (d)
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Fig. 9  Tan delta plotted as a function of temperature for CHL-series (a), POL-series (b), and Hyb-series composites (c). Peak position (d), inten-
sity (e), and FWHM (f) of tan delta as a function of filler type and content
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aspect could reasonably be ascribed to the balanced effects 
of geometrical features of hybrid network and fluidity of 
the polymer, which somehow resulted in the formation of a 
strong interphase.

Although in a microcomposite the quality and amount of 
interphase should play a less significant role with respect 
to the case of nanostructured systems, the materials herein 
investigated show porous fillers partially interpenetrated by 
polymer chains, with possible increase of filler-matrix inter-
face. On the other hand, voids due to lack of adhesion or low 
dispersion degree would be detrimental. In this latter regard, 
DMA can provide useful information on the type of filler-
matrix interactions [46]. Figure 8 reports storage moduli (E′) 
of the CHL (a), POL (b), and Hyb (c) composites plotted 
as a function of temperature, along with the behavior of E′ 
measured in the rubbery region (T = 75 °C), as a function of 
type and content of filler (d).

All the materials show a gradually declining storage 
modulus that eventually drops rapidly at a given tempera-
ture [47]. Notably, the E′ values at room temperature are 
practically coincident with those of tensile tests. The dif-
ferences observed among the samples in the way the curves 
drop in the rubbery region suggest that the extent and qual-
ity of interphase region play the main role. Indeed, in the 
rubbery region (Fig. 8d), all the biocomposites containing 
solely CHL or POL showed storage moduli lower than that 
of neat matrix, whereas hybrid biocomposites displayed val-
ues 10 times higher, thus exhibiting the best performance in 
the whole composition range investigated and an enhanced 
thermal stability [48]. Hence, the behavior of peak position, 
intensity, and FWHM of the damping band (tan delta) as a 
function of temperature was studied (Fig. 9). In fact, in a 
composite system, the presence of a filler affects the damp-
ing of polymeric chains, due to shear stress concentrations 
[49]. It is possible to correlate the changes in interfacial 
bonding to those in tan δ intensity: the higher the damping 
at the interfaces, the poorer the interface adhesion, since a 
composite with poor interface bonding tends to dissipate 
more energy than that with good interface bonding [50]. 
The width of tan δ band is indicative of the distribution of 
free and constrained amorphous phases, whereas eventual 
shifts in peak position could be ascribed to a lower or higher 
energy level required for the macromolecule motion and 
could be influenced by stress field surrounding the parti-
cles. Noteworthy, increased FWHM coupled with increased 
intensity and/or peak position downshift might indicate ther-
mal degradation. The analysis of these data highlights that 
only hybrid composites experience a monotonic decrease 
of intensity accompanied by the progressive increase of 
FWHM as a function of filler content, thus suggesting that 
hybrid loading of CHL and POL led to the formation of a 
strong and extensive interphase region. Indeed, the trend 
of such features upon filler content is in strong agreement 

with the monotonic enhancement of TS and E observed 
during tensile tests, thus indicating that mechanical perfor-
mance of hybrid biocomposites is governed by interphase. 
Moreover, Hyb-5 and Hyb-10 were the only composites that 
showed upshift in peak position if compared to neat PLA, 
whereas all the remaining samples displayed a downshift, 
likely indicative of competing phenomena, such as polymer 
degradation, low dispersion level, or scarce affinity between 
filler and matrix. Indeed, the plots of tan delta intensity in 
CHL- and POL-composites show positive concavity, with 
maxima at 20% filler for both systems, likely suggesting 
that after a certain concentration threshold any benefit is 
lost. The width of loss factor band in PLA/CHL composites 
proved to be lower than that of PLA, whereas PLA/POL 
composites show no clear trend with filler content. The for-
mer result can be likely ascribed to weak interfacial adhesion 
and low dispersion degree, while the latter reflects the above 
discussed complex relationship between matrix degradation 
and morphology.

4  Conclusion

Platelet-like and fibrous lignocellulosic fillers were obtained 
from the leaves of Chamaerops humilis (CHL) and Posidonia  
oceanica (POL) and successfully used as a hybrid rein-
forcement for a PLA matrix. When compared to their coun-
terparts containing either CHL or POL only, the resulting 
hybrid biocomposites showed the highest mechanical and 
dynamic-mechanical properties, likely due to the formation 
of a strong and extensive interphase region, promoted by 
the balanced effect of morphological features of the hybrid 
network and physicochemical characteristics of the com-
ponents. In detail, it was found that the elastic modulus 
and the tensile strength of PLA increase linearly with the 
hybrid filler content, with relative increments up to 88%  
and 22%, respectively. Otherwise, when CHL or POL is 
added individually, a general decay of breaking properties 
was observed, especially at high loading. A robust map of 
processing-structure-properties relationship was constructed 
by examining the behavior of some key morphological fea-
tures of composites (i.e., densification, filler aspect ratio, and 
dispersion), two crucial physicochemical characteristics of 
the matrix, namely molecular weight and crystallinity, and 
the interphase region. The analysis pointed out that the over-
all best performance of hybrid biocomposites with respect to 
their counterparts is mainly governed by the formation of a 
strong and extensive interphase, prompted by the synergistic 
efficiency of the two fillers, which resulted in strengthening 
and stiffening effects respectively 120% and 30% higher than 
expected. The outcomes of this work provide further guid-
ance for the design of robust and environmentally friendly 
materials from waste biosources.
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