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Abstract
Nowadays, the world requires more sustainable and eco-friendly materials to replace or limit the usage of synthetic materials. 
Moreover, several researchers focused their attention on the use of agricultural sources as reinforcement for biocomposites 
since they are abundant, cost-effective and environmentally favorable sources. In such a context, purpose of the present paper 
is the evaluation of lemongrass plant (Cymbopogon flexuosus) as possible source of natural reinforcement for biocomposites. 
To this aim, natural fibers were obtained from the leaf and the stem of lemongrass and their main properties were compared 
for the first time. To this scope, mechanical and thermal characterizations, chemical investigation, Fourier-transform infrared 
spectroscopy, X-Ray diffraction and scanning electron microscope analysis were carried out. The experimental campaign 
showed that, despite having similar chemical composition (i.e., cellulose, hemicellulose and lignin contents equal to 44–45%, 
28–29% and 17%, respectively), leaf fibers possess higher mechanical properties (i.e., + 55% and + 76% in the tensile strength 
and modulus, respectively) than stem ones. This result can be ascribed to different factors such as larger amount of absorbed 
water (i.e., + 4%) and ash content (+ 2%) shown by stem fibers in addition to a more compact structure evidenced by leaf 
fibers which also present higher density (i.e., 1.139 g/cm3 versus 1.019 g/cm3).
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Introduction

The use of natural fibers as reinforcement of biodegradable 
and/or bio-based polymers has currently gained a huge inter-
est from both academia and industry. In addition to com-
mon fibers such as flax, jute, sisal and hemp, which are the 
subject of extensive investigations since the 1970s, several 
researchers worldwide suggested in the last decade the use 
of less common natural fibers, extracted from local plants/

trees, due to their low cost, high availability and quite good 
physical properties [1–4]. Nowadays, the high demand for 
natural fibers requires finding out new lignocellulosic rein-
forcements from agriculture cheap sources, having adequate 
properties.

In such a context, Khan et al. [5] have recently investi-
gated a novel natural fiber extracted from the stem of Eleu-
sine indica grass, founding that it shows high cellulose con-
tent (i.e., 61.3 wt%), low density (i.e., 1.143 g/cm3) as well 
as quite good tensile properties (i.e., tensile strength and 
Young’s modulus equal to 22 MPa and 10.75 GPa, respec-
tively). Based on these results, the authors stated that Eleu-
sine indica grass can be considered a potential reinforcement 
for eco-friendly fiber-reinforced polymer materials. The 
same authors have shown that a further alternative source 
for natural reinforcement is represented by Cortaderia sell-
oana grass, from which fibers were extracted through manual 
retting process [6]. The experimental campaign clearly evi-
denced that this grass fiber possesses promising properties 
such as high thermal stability (i.e., 320 °C).
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Another interesting investigation was focused on the char-
acterization of fibers obtained from leaves of purple bauhinia 
trees, showing that these fibers have the potential to be used 
as reinforcement of polymer composites with good mechani-
cal and thermal properties [2].

One of the latest paper on this topic was done by Lemita 
et al. [7], who evaluated the usability as polymer composites 
reinforcement of natural fibers extracted from the stem of 
the Strelitzia reginae plant. In particular, they evaluated the 
effect of mercerization treatment on the properties of fibers, 
by soaking them in a 2 wt.% NaOH solution for 1 and 4 h, 
respectively.

Other studies were focused on natural fibers extracted 
from Chrysanthemum morifolium stem [8], Aristida adscen-
sionis [9], Cattail grass [10], Symphirema involucratum stem 
[11], Calotropis gigantea fruit bunch [12], Stipa obtusa and 
Jarava ichu leaves [13] and so on.

Among this wide range of chances, our attention has 
been focused on lemongrass plant (Cymbopogon genus), 
a clumped and tall perennial grass which belongs to the 
Poaceae family. This genus grows worldwide, mainly in 
tropical and subtropical area of the Indian subcontinent, 
South and North America, Africa, Australia and Europe. 

It comprises more than 55 species but Cymbopogon 
flexuosus and Cymbopogon citratus are the main ones. 
Indeed, the latter are nowadays widely cultivated all over 
the world in order to extract an essential oil having high 
citral content [14, 15]. The most popular method for the oil 
extraction from lemongrass plant is the steam distillation 
that releases a lignocellulosic biomass or residue. At the 
beginning of the last decade it was estimated that about 
30000 tons per annum of lemongrass residue were globally 
generated by this industrial extraction process [16]. The 
annual world production of lemongrass oil was increased 
from around 1000 tons in 2006 [17] to 5000 tons in 2014 
[18]. The typical flagrance of lemongrass is actually used 
in perfumery as well as in food preservation [19]. Further-
more, this plant is extensively utilized in pharmacological 
activities due to its antiseptic, antibacterial, antimicrobial, 
antifungal and anti-inflammatory properties, as well as in 
therapeutic applications and agriculture [20–22]. Further 
uses of lemongrass are as raw material for biogas and sil-
ica production [23, 24], for pulp and paper products [25] 
and for heavy metals biosorption [26]. A schematization 
of the main applications of lemongrass plant is shown in 
Fig. 1.

Fig. 1  Main uses of lemongrass 
plant
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To the best of our knowledge, few papers were recently 
published concerning the use of lemongrass and, in par-
ticular, the Cymbopogon flexuosus species as natural rein-
forcement of composites [27–32]. Nevertheless, no research 
effort was dedicated to date for evaluating which part of 
lemongrass plant (Cymbopogon flexuosus) is more suitable 
to obtain natural reinforcement with promising features. To 
fill this gap, a preliminary investigation is carried out in the 
present paper to compare leaf and stem lemongrass fibers. 
In particular, the chemical composition of the compared fib-
ers was investigated through standard methods. Moreover, 
the main properties of these fibers were evaluated by means 
of thermogravimetric analysis (TGA), scanning electron 
microscope (SEM), Fourier transform-infrared spectroscopy 
(FT-IR), X-ray diffraction (XRD) and helium pycnometer 
analysis. To compare their mechanical properties, fifty ten-
sile tests were carried for both kind of fibers and the two-
parameter Weibull statistical model was applied to interpret 
statistically the experimental results thus making reliable 
the mechanical data.

It is worth noting that before using lemongrass fibers as 
reinforcement of polymeric matrices, an opportune treat-
ment must be carried out [33–37]. This approach is often 
required because, as widely known, the main drawback of 
natural fibers is their low compatibility with several hydro-
phobic polymeric matrices, due to the hydrophilic nature 
of lignocellulosic materials [38, 39]. This weak interfacial 
adhesion reduces the stress transfer capability between fibers 
and the surrounding matrix, thus worsening the mechanical 
response of the resulting composites.

Experimental Part

Materials

Lemongrass (Cymbopogon flexuosus) is commonly known 
as Cochin or Malabar grass, barbed wire grass, east Indian 
grass or citronella grass (Fig. 2). It belongs to the family of 
Poaceae grasses and is a genus of Asian, African, Australian, 
and tropical island plants in the grass family.

Lemongrass plants were collected from local agricultural 
land in the area of Bangkok (Thailand). After collecting the 
raw plants, the stem was separated from the leaves. Both 
parts were first washed with tap water to remove dirt and 
then dried in a hot air oven at 60 °C overnight. Afterward, 
fibers with a length between 100 and 150 mm were extracted 
from culms and leaves by mechanical separation.

Single Fiber Tensile Tests

Fifty fibers extracted from stems and leaves of lemon-
grass were tested in tensile configuration with the aid of a 

Universal Testing Machine (U.T.M.) model Z005 by Zwick-
Roell, equipped with a load cell of 200 N. Following the 
ASTM standard [33], the strain rate was set equal to 2.5 mm/
min and gauge length to 30 mm. In particular, each single 
fiber was bonded onto a paper frame before clamping to the 
screw grips of the U.T.M. Before testing, the fiber diam-
eter was measured at three different random locations along 
its length, by using an optical microscope model MS5 by 
Leica. It is widely known that natural fibers are character-
ized by a non-uniform cross section with irregular shape 
and high variable thickness. In spite of this, the apparent 
cross-section area of each fiber was measured by consider-
ing it as perfectly circular, as suggested by literature [40]. 
Furthermore, the mechanical properties of natural fibers 
are highly variable because they depend on several param-
eters such as geographical location, age of plant, growing 
condition, extraction process, defects presence and so on. 
Hence, a large scatter of values is expected. To overcome 
this issue thus making reliable the mechanical data, a sta-
tistical approach (i.e., two-parameter Weibull distribution) 
was used in this paper to interpret the experimental results, 
as suggested by the literature [41, 42].

Chemical Analysis

Kushner and Hoffer method was employed to quantify the 
cellulose content of fibers [43]. The hemicellulose content 
was evaluated as per NFT 12-008 standard, while the lignin 
was measured using APPITA P11s-78. Ash content was 
determined by ASTM E 1755-61. The chemical structure 
of lemongrass fibers was evaluated by Fourier-transform 
infrared spectroscopy (FTIR) using a Cary 600 Series FTIR 
Spectrometer. This analysis was performed in transmission 
mode in a wavenumber range from 400 to 4000  cm−1 with a 
spectral resolution of 4  cm−1.

Fig. 2  Lemongrass plant
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Thermal Analysis

Thermogravimetric analysis (TGA) was performed to com-
pare the thermal stability of natural fibers extracted from 
leaves and stems of lemongrass plant by using a thermal 
analysis machine TG/DTA model SDT Q 600 from TA 
instruments. Fiber specimens (80–150 mg) were placed in 
an alumina crucible and then heated from 30 to 1000 °C at 
a heating rate of 10 °C/min. Furthermore, the thermal analy-
sis of fibers was performed under a nitrogen atmosphere in 
order to prevent combustion and, at the same time, allowing 
the components degradation to take place one by one.

X‑ray Diffraction

The crystallinity index and crystal size of both fibers were 
measured by using an X-ray diffractometer (XRD) model 
Empyrean Panalytical, Netherlands. The monochromatic 
radiation from CuKα has a wavelength λ = 0.154 nm, and 
operates at 40 kV and 30 mA. The crystalline content  (Cr) 
was calculated in percentage according to the following 
equation:

where  ICr and  Iam denotes the crystalline and amorphous 
intensities, respectively.

Density Measurement and Morphological Analysis

The volume of leaf and stem lemongrass fibers was meas-
ured by using a helium pycnometer by Thermo Electron 
Corporation model Pycnomatic ATC while an analytical 
precision balance model AX 224 by Sartorius was used to 
estimate the weight of both fibers. In more detail, average 
values density of ten measures were recorded for each kind 
of fiber and the measured standard deviations were lower 
than 0.01 g/cm3. The morphological analysis of leaf and 
stem lemongrass fibers was performed through Scanning 
Electron Microscopy (SEM) investigation by using a FEI 
Quanta 200 ESEM microscope operating at 20 kV. All the 
specimens were sputtered with a thin layer of gold to avoid 
electrostatic charging under the electron beam.

Results and Discussion

Tensile Test

Figure 3 shows the typical stress–strain curves of leaf and 
stem fibers obtained from the tensile characterization. As 
general consideration, it is possible to notice that both 
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fibers evidence a brittle nature. Like other natural fibers, 
the stress-train curves of lemongrass fibers are characterized 
by an initial phase in which the behavior can be assumed 
as a linear and elastic. Afterward, a nonlinear phase with 
decreasing slope (i.e., stiffness) can be observed at increas-
ing the strain, indicating that a softening of the fiber struc-
ture happens under the increased tensile load. Finally, both 
fibers show a sudden load drop in correspondence to their 
complete failure.

In terms of comparison, it is worth noting that the 
mechanical behavior of lemongrass fibers greatly changes as 
function of the part of the plant from which they have been 
obtained. In particular, leaf fibers evidence higher stiffness 
and strength than stem fibers, as clearly shown in Fig. 3. On 
the other hand, stem fibers are able to reach highest strain at 
break values in comparison to fibers obtained from the leaf 
of lemongrass plant.

As widely known, the mechanical performances of natu-
ral fibers are greatly variable because they strongly depend 
on several factors such as climate, soil conditions, age of the 
plant, wheatear circumstances as well as the extraction pro-
cess. Due to this issue, a large scatter in the tensile properties 
such as tensile strength and Young’s modulus is expected 
for natural fibers. Hence, a statistical approach is needed 
to better evaluate the experimental results. In particular, a 
wide literature suggests the use of a two-parameter Weibull 
distribution to model the data obtained from single fiber 
tensile tests.

First of all, 50 fibers were tested for each kind (i.e., leaf 
and culm fibers) and the average values of the ultimate ten-
sile strength and Young’s modulus with the related standard 
deviations were shown in Fig. 4.

As already stated, leaf fibers show higher average values 
both of tensile strength (i.e., 89.4 MPa versus 56.5 MPa) and 
Young modulus (i.e., 10.8 GPa versus 6.4 GPa). On the other 

Fig. 3  Typical stress–strain tensile curves of leaf and stem lemon-
grass fibers



4730 Journal of Polymers and the Environment (2022) 30:4726–4737

1 3

hand, stem fibers show larger elongation at break average 
values than leaf ones (i.e., 1.71% versus 1.60%).

Furthermore, it is possible to notice that fibers obtained 
from lemongrass stem show slightly larger dispersion 
of their tensile properties in comparison to leaf fibers. In 
more detail, the standard deviations of the ultimate tensile 
strength, Young’s modulus and strain at break are about 
28%, 26% and 24% of the related average values for leaf 
fibers, respectively. On the other hand, stem fibers present 
standard deviations approximately equal to 39%, 43% and 
36% of the related average values of the ultimate tensile 
strength, Young’s modulus and strain at break. These results 

are strictly correlated to the fiber morphology suggesting 
that leaf fibers are probably more homogeneous than stem 
ones.

Figure 5 shows the Weibull distributions for (a, d) tensile 
strength and (b, e) Young's modulus and (c, f) strain at break 
of leaf and stem fibers. By observing these graphs, it can be 
noticed that Weibull model provides a good fitting of the 
data, regardless of the mechanical property.

In particular, the shape parameter value indicates the vari-
ability of the data whereas the scale parameter defines the 
position of the Weibull curve [44]. As shown in Table 1, the 
shape parameter values obtained for all the tensile proper-
ties are in the typical range of natural fibers (i.e., between 1 
and 6) while synthetic fibers usually have shape parameter 
in the range 2–20 [45]. Indeed, both fibers have a quite large 
scatter in their properties distribution, even though the shape 
parameters found for leaf fibers are always greater than stem 
fibers, regardless of the tensile property. This confirms that 
leaf fibers evidence lower dispersion in their mechanical 
properties, probably due to the better and more homogene-
ous morphology, in comparison to stem fibers.

By considering the scale parameter values obtained from 
the Weibull analysis, it can be highlighted that the tensile 
properties of both lemongrass fibers can be considered com-
parable to several natural fibers [46–48], thus evidencing 
that they can be used as reinforcement of biocomposites for 
semi-structural applications.

Furthermore, by comparing the scale parameter val-
ues (Table 1) it is confirmed that leaf fibers possess better 

Fig. 4  Average values and related standard deviations of tensile prop-
erties of lemongrass fibers

Fig. 5  Weibull probability plots for (a–c) leaf and (d,e) stem lemongrass fibers
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mechanical properties than stem ones, in term of maxi-
mum resistance and stiffness. In particular, the tensile 
strength of leaf fibers is about 55% higher than stem fibers 
(i.e., 98.7 MPa versus 63.5 MPa). On the other hand, the 
Young’s modulus is about 76% higher for leaf fibers (11.85 
GPa versus 6.73 GPa). On the contrary, the strain at break 
of stem fibers is slightly higher than that of leaf fibers (i.e., 
1.92% versus 1.75%). Hence, it is possible to state that the 
mechanical response of both lemongrass fibers is quite com-
parable to that of other less common natural fibers such as 
Chrysanthemum morifolium [8], Aristida adscensionis [9], 
Symphirema involucratum [11], piassava [49] Pennisetum 
purpureum [50], Grewia tilifolia [51], Sansevieria ehrenber-
gii [52] and so on.

These experimental results can be explained by consider-
ing several factors influencing the mechanical response of 
natural fibers such as their chemical composition, microfibril 
angle, crystallinity index, density and morphology. In par-
ticular, the cellulose content positively influences the tensile 
strength and the Young’s modulus of natural fibers because 
the cellulose microfibrils are more compact and close pack-
ing for fibers with increased cellulose [53]. Low microfibril 
angles indicate that the helically wound cellulose microfi-
brils in the middle layer of the secondary wall are almost 
aligned to the main fiber axis, thus leading to improved ten-
sile properties [54]. Crystallinity index is a measure of the 
amount of crystalline cellulose with respect to the global 
amount of amorphous constituents of natural fibers. This 
parameter usually increases with the cellulose content and it 
has direct proportionality with tensile strength and Young’s 
modulus of natural fibers [55].

Furthermore, it is widely known that the fibers morphol-
ogy has a great impact on the mechanical response of natural 
fiber reinforced composites [56]. Indeed, the presence of 
defects such as dislocations, kinks, microcompressions curls 
and crimps affects the morphology of natural fibers thus 
reducing their mechanical properties [57].

Overall, natural fibers with high cellulose content and 
small microfibril angles, having high crystallinity index, 
more compact and homogeneous morphology as well as 
low ash and water contents are the most suitable for the 
manufacturing of biocomposites with good mechanical per-
formances [58, 59].

Chemical Analysis

The amount of chemical constituents in natural fibers plays 
a significant role in influencing their properties such as 
thermal stability, moisture absorption tendency and overall 
mechanical response.

Natural fibers present a hierarchical structure, mainly 
consisting of cellulose, hemicellulose, lignin, pectin and 
other compounds. In particular, each fiber consists of heli-
cally wound microfibrils of cellulose, bounded together by 
an amorphous lignin matrix whereas the hemicellulose is 
considered as compatibilizer between cellulose and lignin. 
Cellulose is a linear homopolymer, consisting in strong and 
linear (i.e., with no branches) molecules of linked d-glu-
cose units. It is widely known that this component is the 
main responsible for the structural stability of natural fibers. 
Hence, the amount of cellulose in a fiber affects its mechani-
cal strength and stiffness, and thus the composite's mechani-
cal strength and stiffness.

The chemical composition of the investigated fibers is 
reported in Table 2. It is interesting to notice that the cellu-
lose content of leaf fibers is slightly higher in comparison to 
stem fibers (i.e., 45.5% versus 44.25%). Moreover, stem fib-
ers contain a little bit more hemicellulose (i.e., 29.15% ver-
sus 28.15%) than leaf fibers. It is well known that hemicellu-
lose is a polysaccharide having lower molecular weight than 
cellulose. Furthermore, it contains several different sugar 
units (i.e., glucose, glucuronic acid, mannose, arabinose and 
xylose) in addition to exhibit a high degree of chain branch-
ing. Overall, the resulted random, amorphous branched or 
nonlinear structures with low strength [60]. Lignin con-
tent is quite identical for leaf and stem fibers (i.e., ~ 17%). 
Lignin is an amorphous and cross-linked polymeric network 
whose structure is a complex composition of aromatic rings 
with various branches. It is less polar and possesses lower 
strength than cellulose [61].

These experimental results allow explaining just partially 
the noticeable difference between leaf and stem fibers in 
terms of mechanical properties. The only noteworthy dif-
ference can be observed in the ash content (i.e., about 2% 
lower in leaf fibers) that could one of the reasons why leaf 
fibers show higher mechanical properties than stem ones.

Another important microstructural feature that could 
influence the mechanical behaviour of natural fibers is their 

Table 1  Weibull statistical 
parameters for tensile properties 
of lemongrass fibers

σmax [MPa] E [GPa] ɛmax [%]

Leaf Stem Leaf Stem Leaf Stem

Scale parameter (A) 98.7 63.5 11.85 6.73 1.75 1.92
Shape parameter (B) 3.97 2.74 4.25 1.63 4.21 2.75
Median 89.1 51.4 11.32 5.69 1.52 1.60
IQR 29.2 27.9 4.67 4.77 0.46 0.62
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crystallinity index, which is strictly related to the cellulose 
content. Indeed, natural fibers with low amounts of cellulose 
usually exhibit low crystalline content and vice versa [55].

XRD analysis evidenced that both lemongrass fibers 
show very close crystallinity index values (i.e., 46.7% and 
45.2% for leaf and stem fibers, respectively). Moreover, it 
was shown that leaf fibers contain as crystalline compound 
only cellulose Iα whereas stem fibers contain both Cellulose 
Iα and Potassium chloride. By also considering the same 
amount of cellulose in the compared fibers (see Table 2), this 
results means that leaf fibers are characterized by a higher 
fraction of crystalline cellulose than leaf ones, thus contrib-
uting to justify its higher tensile properties. In particular, the 
improved stiffness of the fibers is attributed to the crystalline 
cellulosic region of the fiber [62].

The results of FTIR analysis (Fig. 6) confirmed that 
leaf and stem fibers are quite similar in terms of chemical 
composition.

A large peak centered at 3325  cm−1 can be visible for 
both fibers. However, this peak, attributable to the O–H 
stretching vibration and hydrogen bond of the hydroxyl 
groups [63, 64] is noticeably greater in the spectrum of stem 
fibers. This means that stem fibers are able to absorb more 
water in comparison to leaf ones.

On the other hand, two narrow and similar peaks cen-
tered at 2916  cm−1 and 2850  cm−1, characteristic of the C-H 
stretching vibration from CH and  CH2 in polysaccharides 
(i.e., cellulose and hemicellulose) [65], can be identified in 
both spectra. Moreover, the absorption peak at 1737  cm−1 
due to the C=O stretching vibration of linkage of carboxylic 
acid in lignin or ester group in hemicellulose [63, 66].

It is worth noting that the peak located at about 1600  cm−1 
is larger for stem fibers, thus confirming the presence of 
a greater amount of water in the latter in comparison to 
leaf fibers [67]. Similar peaks at 1374  cm−1, 1317  cm−1 
and 1243  cm−1 are observed in both spectra. In particular, 
these peaks are due to the bending vibration of C-H and 
C-O groups of the aromatic ring in polysaccharides [68] 
whereas the absorbance peak centered at 1243  cm−1 can be 
ascribed to the C–O stretching vibration of the acetyl group 
in lignin [69]. The shoulder at 1157  cm−1 is associated to 
C–O–C stretching vibration of the pyranose ring in polysac-
charides [63].

Finally, an intense peak associated to the C–O stretching 
modes of hydroxyl and ether groups in cellulose is visible 
at 1031  cm−1 in both the spectra [65].

Thermal Analysis

TG and DTG curves of lemongrass fibers are shown in 
Fig. 7. As seen in Fig. 7b DTG curves of both fibers are 
characterized by three main peaks, each related to one 
decomposition stage.

An initial step of degradation that takes place below 
100 °C can be associated with the dehydration of loosely 
bound water and low molecular weight compound [70].

As suggested by several Authors [50, 71], the first main 
peak at about 100 °C is related to the evaporation of the 
absorbed water. By comparing the TG and DTG curves of 
leaf and stem fibers, it is possible to notice that a greater 
amount of water is absorbed in stem fibers than in leaf ones. 
Indeed, weight loss of 12.2% and 8.1% at 150 °C were found 
for stem and leaf fibers, respectively. This finding is in full 
agreement with the results of FTIR analysis.

A second main peak, mainly ascribed to the degradation 
of the hemicellulose [71], can be observed at around 250 °C 
for both fibers. As clearly shown in Fig. 7b, this peak is 
slightly larger for stem fibers, thus confirming that the latter 
contains more hemicellulose than leaf fibers.

The third main peak occurred at around 310 °C and can 
be ascribed to the thermal decomposition of α-cellulose 
[72]. For this decomposition stage, leaf fibers present a 
somewhat larger peak due to their higher α-cellulose content 
in comparison to stem fibers (see Table 2). Similar peaks 
were observed at 310 °C, 352 °C, 320 °C, 321 °C, 308.2 °C, 
298.2 °C and 309.2 °C for other natural fibers such as okra 
[40] artichoke [44] arundo [60] bamboo, hemp, jute and 
kenaf [73], respectively.

Table 2  Chemical composition of lemongrass fibers

Leaf Stem

α-Cellulose 45.50 ± 0.20 44.25 ± 0.35
Hemicellulose 28.15 ± 0.35 29.15 ± 0.35
Lignin 17.05 ± 0.35 17.35 ± 0.35
Ash 5.15 ± 0.05 7.05 ± 0.05

Fig. 6  FTIR spectra of leaf and stem lemongrass fibers
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Moreover, lignin is the most difficult component to 
decompose because its decomposition happens at a very low 
mass loss rate in the whole temperature range from room 
temperature to 900 °C [63].

Density Measurement and Morphological Analysis

The experimental density values measured through helium 
pycnometer are equal to 1.019 g/cm3 and 1.139 g/cm3 for 
stem and leaf, respectively. It is worth noting that these 
experimental values are comparable to other natural fib-
ers like curaua (i.e., 1.1–1.2 g/cm3), palm (i.e., 1.03 g/cm3) 
and coconut (i.e., 1.15 g/cm3) and smaller than cotton (i.e., 
1.5–1.6 g/cm3), flax (i.e., 1.51–1.54 g/cm3), hemp (i.e., 
1.48 g/cm3), sisal (i.e., 1.45 g/cm3) and banana fibers (i.e., 
1.35 g/cm3) [1, 61, 74].

Furthermore, it can be noticed that leaf fibers show 12% 
higher density than stem fibers, thus suggesting that the lat-
ter are characterized by a less compact structure. The higher 
density of leaf fibers is in accordance with the chemical 
analysis which evidenced a slightly higher amount of cel-
lulose content in these last in comparison to stem fibers [75]. 
Furthermore, this difference in the density can be explained 
by observing the morphology of the compared fibers.

The SEM micrographs of the cross section of both the 
fibers at two different magnifications (i.e. 1500× and 5000×) 
are reported in Fig. 8. In both cases, it is possible to observe 
the typical morphology of lignocellulosic fibers character-
ized by the presence of vascular bundles and fiber-cells (i.e., 
elementary fibers) with polygonal shape bonded together by 
pectin and other non-cellulosic compounds to form a bun-
dle [76]. Nevertheless, stem and leaf fibers show different 
structures, i.e. different sizes, shape and arrangement of their 
cells as well as nature of lumen. In particular, the cross sec-
tion of stem fibers is characterized by two central lumens 
nearly spherical with very large diameter [60]. On the other 
hand, leaf fibers shows narrow and in some cases elongated 

lumens [40]. Furthermore, the overall size of fiber-cells is 
smaller than that of stem fibers, as clearly visible in Fig. 8b 
and d. These morphologies are in well agreement with the 
experimental density values.

The more compact structure of leaf fibers in addition 
to their higher density contribute to explain their better 
mechanical properties in terms of tensile modulus and 
strength in comparison to stem fibers, as widely reported in 
literature [77, 78].

Conclusions

In the present paper natural fibers obtained from the leaf and 
the stem of lemongrass (Cymbopogon flexuosus) were com-
pared for the first time to assess which part of this plant is more 
suitable as potential source of reinforcement for biocompos-
ites. To this aim, leaf and stem fibers were characterized for 
their density, chemical composition, crystallinity, morphol-
ogy, tensile and thermal properties. The mechanical results 
showed that the tensile strength and modulus of leaf fibers 
are 55% and 76% higher than that of stem fibers, respectively. 
On the contrary, the strain at break of stem fibers is higher 
than leaf ones (i.e., + 30%). The compared fibers show simi-
lar amounts of cellulose (i.e., 44–45%), hemicellulose (i.e., 
28–29%) and lignin (i.e., 17%) even though both the ash con-
tent and the amount of absorbed water are greater for stem 
fibers in comparison to leaf ones. Moreover, it seems that leaf 
fibers contain higher crystalline cellulose. From a morpho-
logical point of view, a more compact structure was shown 
by leaf fibers which also evidence higher density than culm 
fibers (i.e., 1.139 g/cm3 versus 1.019 g/cm3). All these findings 
allow us to explain the different mechanical behavior shown 
by the compared fibers. As a future perspective, leaf and stem 
lemongrass fiber reinforced biocomposites will be investigated 
by also evaluating the effect of some eco-friendly treatment on 
their performances.

Fig. 7  (a) TGA and (b) DTG curves for leaf and stem fibers
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