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Abstract
Eco-friendly “green” composites made of bio-based polymers and reinforced with natural fibers have been introduced as 
a sustainable alternative to the non-renewable petroleum-based materials. The aim of this work is to assess the variations 
in the mechanical and biodegradation behavior of starch-based composites after being reinforced with different lignocellu-
losic fibers (i.e., flax, date palm, banana, and bagasse). The investigated composites, of 50 wt% fiber content, were prepared 
using compression molding. The biodegradation behavior was evaluated using soil-burial composting, while the mechanical 
investigation was conducted during and after the biodegradation test. Flax composites showed the highest tensile strength 
and modulus of elasticity, while banana composite had the lowest tensile strength. Both Kelly-Tyson model and Halpin–
Tsai mathematical models underestimated the prepared composites’ tensile strength and modulus of elasticity, respectively, 
except for the case of flax fibers’ composites. The tensile strength and modulus of elasticity for all composites decreased 
dramatically during the first week (more than 50% reduction), then further gradual deterioration took place until the end of 
composting. The weight loss of the composites was gradual during the burial period. By the end of the test (6 weeks), the 
residual weights were 59, 47, 46, and 35% for flax, palm, banana, and bagasse composites, respectively.

Keywords  Biodegradable composites · Starch · Natural fibers · Banana fibers · Date palm fibers · Soil-burial

Introduction

In the past two decades, environmentally-friendly biode-
gradable plastics have been receiving attention due to the 
urgent need to reducing the worldwide environmental pol-
lution caused by petroleum-based synthetic plastics [1, 2]. 
Biodegradability corresponds to the capacity of the material 
to be completely assimilated by indigenous microorganisms 

in the ecosystem. This ecosystem can be soil, active sludge, 
lakes or even seawater [3–5]. Petroleum is the main source 
of plastics in our modern civilization. More than 300 mil-
lion tons of plastics are currently produced per annum for 
diverse applications [6]. In addition to unsustainability of 
the synthetic plastics resource, disposing of those types of 
plastics in landfill can release toxic chemicals in the soil and 
underground water, and consequently destroys the natural 
habitat for many organisms. Moreover, contaminants can 
be absorbed in food resources and eventually accumulate in 
the human body [7, 8]. Biodegradable plastics from natural 
resources can provide a more environmental and sustainable 
alternative to synthetic polymer. The importance of biode-
gradable polymers/composites is not limited to the positive 
environmental effect; the production of such materials can 
also provide opportunities to improve the standard of life 
for people around the world especially in the developing 
countries and rural areas.

Starch is one of the most commonly studied materials as 
an eco-friendly polymer. Starch is a fully biodegradable and 
low cost material obtained from different kinds of renewable 
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plants [9, 10]. However, there are some challenges that face 
the development of starch-based polymers. Those chal-
lenges are mainly the poor long-term stability, low water 
resistance, the deterioration of mechanical properties due to 
moisture uptake, and the relatively fast biodegradability of 
starch-based polymers [11, 12]. One of the possible ways to 
enhance these properties is by reinforcing starch-based poly-
mers with stronger and more stable natural lignocellulosic 
fibers [13]. In comparison to synthetic fibers, lignocellulosic 
fibers have lower density in addition to being completely 
biodegradable. Furthermore, the reinforcement of ligno-
cellulosic fibers can significantly improve the mechanical 
properties of starch-based matrix [14]. Sisal, jute, date palm, 
wood, cellulose, bagasse, banana, orange and flax are some 
examples of lignocellulosic fibers that have been all studied 
and found to be a practical way to substantially enhance 
starch-based matrix’s versatile properties [11, 15, 16].

Biodegradability is a key parameter that influences 
physical, chemical and mechanical properties of starch-
based composites throughout their useful life. It also deter-
mines the time needed for such materials to completely 
degrade in the ecosystem. During the biodegradation pro-
cess, the polymeric chains of composite material break 
down due to the attack of water and microorganisms. This 
results in gradual change in the mechanical and physical 
properties of the material. The biodegradability of starch-
based composites reinforced with lignocellulosic fibers 
has been investigated in several studies [17–20]. How-
ever, there is a lack of straight comparison between the 
use of different types of lignocellulosic fibers based on the 
response of the resulting starch-based composites.

The objective of the present study is to compare the 
characteristics of starch-based composites made by water 
emulsified-thermoplastic starch (TPS) and containing four 
different types of natural fibers (flax, date palm, banana 
and bagasse) using microstructural and mechanical inves-
tigations. The study also investigates the prepared compos-
ites’ deterioration of weight, strength and stiffness due to 
biodegradation. Finally, flax fibers were chosen to prepare 
a strong and completely biodegradable composite. To this 
end, the mechanical and biodegradation behaviors of the 
starch-based composite made of continuous-unidirectional 
flax fibers were compared to those of a chopped-random 
flax fibers’ composite.

Experimental Work

Fabrication of Composites

Native corn starch (2 wt% moisture) was mixed with 30% 
w/w glycerin (99.7% purity) using a home-use mixer for 

10 min at 60–80 °C [21]. Then 20% w/w distilled water 
was added while mixing. The mixing process continued 
for another 5 min at the same temperature. The resulting 
TPS was kept in polyethylene bags overnight to enhance 
its flow properties [22].

The preparation of flax fibers started by a chemical 
treatment of hackled long flax fibers in 5% NaOH at room 
temperature for 3 h. The flax fibers were then washed thor-
oughly in cold water before being dipped in 5% acetic acid 
solution for few seconds to remove any excess NaOH from 
the fibers surface. The flax fibers were then rewashed and 
dried at 120 °C for 3 h. Finally, they were cut into either 
continuous fibers (80 mm long) or chopped short fibers 
(15–25 mm long).

Date palm, banana and bagasse fibers were soaked in 
water at room temperature for 2 days (retting). Then they 
were cut transversely in 20–30 mm length pieces and 
mechanically treated in a home-use blender to extract 
the fibers from their natural resin. Date palm fibers were 
chemically treated in 5% NaOH for 3 h while being stirred 
in a home-use mixer at 80–90 °C. Banana fibers were 
treated by soaking in 0.5% NaOH solution for 30 min and 
the bagasse fibers were treated in 1% NaOH for 2 h both 
at 80–90 °C. The choice of the fibers’ chemical treatment 
parameters was based on the literature to result in the best 
fiber’s surface and tensile properties. More details about 
the chemical treatment process parameters can be found 
in the literature [16, 23].

Composites of TPS with 50 wt% content of chopped 
fibers were prepared for the four studied fiber types. Fiber 
content of 50 wt% was chosen since it was found in our 
previous studies to result in the best fibers distribution 
(limited fibers aggregation) and mechanical properties 
for TPS-based composites reinforced with chopped lig-
nocelluloses fibers [23–26]. Additionally, a composite of 
TPS and 50 wt% continuous-unidirectional flax fibers was 
prepared. Stearic acid as a releasing agent was used to 
coat the inner surfaces of the used metallic positive-type 
mold. In the positive-type mold, the full molding pressure 
is exerted on the material which suppresses the formation 
of voids in the specimen and leads to a better starch plas-
ticization. The assembly drawing of the metallic mold can 
be shown in Fig. 1, all dimensions are in (mm). Chopped 
and/or continuous fibers were carefully distributed in the 
mold (in all locations) to assure the homogeneity of the 
prepared composite panels [24]. Starch emulsion made of 
TPS and water in the weight ratio of (1:3 TPS to water) 
was prepared then poured over the fibers in the mold. The 
mold was placed in Carver Laboratory press (Model C). 
The mold was then preheated at 140 °C for 30 min to vola-
tilize excess water from emulsion, this was followed by hot 
pressing at 5 MPa and 160 °C for 30 min, finally the mold 
was cooled at the rate 2 °C/min [27].
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Characterization

Fiber and Matrix

Fiber diameters were measured using a Leica stereoscope 
microscope. Hundred fibers were measured from each type 
and average values for fibers diameter were considered. Fib-
ers’ surface morphology was investigated before and after 
treatments using a ZEISS-SEM under 10–4 mbar and 8 kV. 
The density of fibers was measured after the alkaline treat-
ment and a compression process at 5 MPa for 30 min at 
160 °C using a Mittler Toledo densitometer. The compres-
sion process was used to simulate the effect of the applied 
pressure during the composite samples preparation on the 
porous structure of the lignocellulosic fibers.

Native corn starch powder before and after plasticiza-
tion, and the fracture surface of the TPS-based matrix after 
compression molding process were also investigated by 
SEM. All the investigated samples were prepared without 
any special coating.

Composite

SEM Investigation  The composite fracture surfaces were 
investigated by SEM using a ZEISS-SEM under the same 
conditions followed for the fiber and matrix SEM investiga-
tion. SEM was also used to investigate the biodegradation 

behavior on the surface of the degraded composites during 
and after the biodegradation test.

Tensile Properties  Specimens of 80  mm × 8  mm × 2  mm 
dimensions were cut from the compression molded panels at 
different locations and orientations for each fiber type (flax, 
date palm, banana, bagasse). The chosen locations and orien-
tations were the same for all the prepared composite panels 
(flax, date palm, banana and bagasse) to assure the consist-
ency of the obtained results. The cut samples were then placed 
in polyethylene bags at room temperature and 50% RH for 3 
days. They were then tested for their tensile properties using an 
Instron 3382 universal testing machine (100 kN capacity with 
1:100 kN force ranges) at room temperature and 50% RH. A 
strain rate of 0.1/min was implemented. The tensile test was 
also conducted for the four types of the prepared composites 
at different duration of soil-burial to study the deterioration 
in their mechanical properties during the degradation process.

Predicting the tensile strength and modulus of elasticity of 
the prepared composites was attempted using two mathemati-
cal models (i) Kelly–Tyson for strength; and (ii) Halpin–Tsai 
for modulus. In brief, the composite tensile strength can be 
calculated using Eq. 1 using Kelly–Tyson model. 

where σF is the fibers tensile strength (MPa), Lc is the critical 
length (mm), L is the fibers average length (mm), σM is the 

(1)σc = (3∕8)
(

1 − Lc∕2L
)

σFVF + σMVM

Fig. 1   Assembly drawing of the 
metallic positive-type mold, all 
dimensions are in (mm)
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matrix tensile strength (MPa), and VF is the fibers volume 
fraction and VM is the matrix volume fraction. More details 
of Kelly–Tyson model can be found in the literature [23]. 
The critical length (Lc) can be calculated using the follow-
ing equation [26]: 

where d is the diameter of the fiber (mm). As one of the most 
common mathematical models to predict a composite mate-
rial’s modulus of elasticity, the Halpin–Tsai model assumes 
discontinuous, uniform, cylindrical, and transversely iso-
tropic fibers. The transversely isotropic composite modulus 
of elasticity can be calculated from the following equation: 

where EC is the predicted modulus of elasticity of an iso-
tropic composite based on random fibers reinforcement, EL 
is the composite modulus of elasticity in the longitudinal 
direction, and ET is the composite modulus of elasticity in 
the transversal direction. The details of determining each of 
EL and ET can be found in [23].

Soil‑Burial Biodegradation  TPS matrix and its fiber rein-
forced composites of dimensions 80  mm × 8  mm × 2  mm 
were placed above 10 cm layer of 50 wt% sand and 50 wt% 
soil. Another layer of the same amount and constituents was 
added to the degradation pot. Water content in the sand and 
soil mixture was adjusted in the range of 30–40 wt% by add-
ing 400  ml of water to each 1250  g of the sand and soil 
mixture every 3 days, following the procedure outlined in 
[28, 29]. Temperature was maintained at 30 ± 2  °C. SEM 
investigation, gravimetric analysis and tensile testing were 
conducted for five groups of samples (TPS matrix, flax, date 
palm, banana, and bagasse composites) at different dura-
tions of soil-burial. At each of the designated periods for the 
five group (i.e. 1, 2, 3, 4, 5 and 6 weeks), the samples were 
extracted from the soil mixture, carefully washed, wiped 
and finally dried at 80 °C for 24 h before being tested gravi-
metrically and mechanically (tensile test). For the gravimet-
ric analysis, the collected samples were weighed to assess 
the biodegradation weigh loss using the following equation: 

(2)Lc =
(

σF d
)

∕σM

(3)EC = (3∕8) EL + (5∕8) ET

where Mi is the initial mass (g) and Mf is the final mass of the 
sample after drying (g). Residual weight% was calculated by 
subtracting weight loss% from 100%. Precisa 250A balance 
was used for all weight measurements.

It is worth mentioning that the experimental results under 
soil-burial test conditions may be affected by the contami-
nation of soil or loss of matrix during washing. Therefore, 
the cleaning and washing of the composite samples after 
the soil-burial test were done very carefully to minimize 
the possibility of any sand contamination or loss of matrix. 
However, investigating the biodegradation of the composites 
under accelerated weathering could be a practical way to 
eliminate any possibility of sand contamination or loss of 
matrix.

Results and Discussions

Fibers and Matrix

The tensile properties, dimensions and density measure-
ments of the alkaline-treated fibers are summarized in 
Table 1. Flax fibers have the highest tensile properties and 
the smallest fiber diameter, while bagasse fibers showed 
the lowest tensile properties and the largest fiber diameter. 
These values are used for the mathematical prediction of 
the prepared composites’ tensile strength and modulus of 
elasticity. The average densities of the alkaline-treated and 
compressed fibers are consistent with literature as listed in 
Table 1. The measured tensile strength and modulus of elas-
ticity of the TPS-based matrix were 3.8 MPa and 0.378 GPa, 
respectively.

The influence of the alkaline treatment on fibers’ surface 
morphology before being incorporated into the TPS matrix 
for the date palm fibers is shown in Fig. 2. It can be seen 
that all the untreated fibers have cylindrical shape and the 
cellulosic structure of the fibers is covered with amorphous 
structures that are expected to be composed of mainly lignin 
and hemicellulose. It is also noticeable that the majority of 

(4)Weight loss % = (Mi −Mf)∕Mi × 100 %

Table 1   Tensile properties, dimensions and density of the alkaline-treated fibers

a The tensile strength and modulus of elasticity of the alkaline-treated fibers were obtained from the previous published work [16, 23]

Fiber type Avg. strengtha, 
(MPa)

Avg. modulusa, 
(GPa)

Avg. diameter (µm) Critical 
length, Lc 
(mm)

Avg. length (mm) Aspect 
ratio 
(l/d)

Avg. density (gm/
cm3)

Flax 350 ± 96.8 21.5 ± 3.2 76 ± 49 7.01 19.8 ± 8.4 260 1.506 ± 0.008
Palm 195 ± 28.8 8.81 ± 1.5 196 ± 120 10.1 13.8 ± 6.5 70 1.37 ± 0.009
Banana 148 ± 30.9 9.73 ± 1.7 153 ± 96 5.96 15 ± 7.2 98 1.35 ± 0.009
Bagasse 170 ± 31.4 8.3 ± 1.6 260 ± 113 11.6 13.6 ± 6.1 52 1.36 ± 0.01
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the lignin and dirt covering the fiber has been removed after 
the alkaline treatment. Furthermore, microfibrils terminals 
were detached from the fiber main body (fibrillation), which 
can act as mechanical anchors in the TPS matrix, hence 
improving the composite mechanical properties.

The as received native corn starch had a particle size in 
the range of 5–33 µm and average size of 16 µm, which is 
consistent with the values found in [23, 30]. There was a 
range of particle shapes as well, see Fig. 3a, after plastici-
zation with glycerin and water, starch particles were more 
agglomerated and linked together as shown in Fig. 3b. In 
order to evaluate the benefits of the emulsification process, 
the fracture surfaces of two hot-pressed TPS matrix sam-
ples were studied. The first TPS matrix sample was pressed 
directly without emulsification (Fig. 3c) and the second TPS 
matrix sample was emulsified before being pressed (Fig. 3d). 
Non-emulsified TPS matrix’s surface exhibited less uni-
formity than that for the emulsified one. In other words, the 
fracture surface of the TPS matrix prepared by emulsifica-
tion process was shown to be smoother which suggests a 
better adhesion between matrix and fibers for the prepared 
composites.

Composites

Fracture Surface Morphology

Figure 4 shows the tensile fracture surface morphology 
of the prepared composites (at 50 wt%). Good adhesion 
between fibers and matrix with strong fiber–matrix interface 
can be observed for all the prepared composites (flax, palm, 
banana and bagasse). This can be attributed to the effect of 
fiber alkaline treatment and the use of the emulsion process 
[31]. A smooth matrix fracture surface and the rupture frac-
ture and fibrillation of the reinforcing fibers can be observed 
for all composites, which indicates that the load was effi-
ciently transferred between fibers and matrix. This implies 
that the three failure mechanisms for composite materials 
(matrix failure, fiber fracture and fiber–matrix interfacial 
failure) took place simultaneously [23].

Mechanical Analysis

The tensile properties of the 50 wt% fiber content compos-
ites are listed in Table 2. The addition of 50 wt% natural 
fibers significantly increased the tensile properties for the 
TPS-based matrix. For example, the addition of 50 wt% 
chopped flax fibers increased the TPS-based matrix’s tensile 
strength 10.7 times (from 3.8 to 41.0 MPa) and the modu-
lus of elasticity 11.3 times (from 0.378 to 4.5 GPa). Flax 
composites showed the highest tensile properties compared 
to the other prepared composites which can be attributed 
to the superior properties of flax fibers (strength, modulus 

and aspect ratio) as seen in Table 1. The other composites 
prepared from palm, banana and bagasse fibers showed ten-
sile properties in the same range. Palm and bagasse com-
posites showed relatively higher tensile strength compared 
to banana composites. Although the strength of palm fib-
ers is higher than that for bagasse fibers, palm composite 
almost has the same strength for bagasse composite which 
can be attributed to similarity in the critical length (lc) for 
both composites, see Table 1. The relationship between the 
fiber length and the value of the critical length (lc) plays 
a significant role in determining the capability of fibers to 
carry and transfer the load through the composite, and hence 
the overall strength of a composite material [26]. The tensile 
strength and modulus of the continuous-unidirectional flax 
fibers’ composite were significantly higher than those for the 
chopped-random flax fiber composite. For instance, the ten-
sile strength of the continuous-unidirectional composite was 
about 3.2 times the tensile strength of the chopped-random 
fiber composite. Despite the superior mechanical properties 
of the continuous-unidirectional composite, it is important to 
mention that the chopped-random composite has the advan-
tages of isotropy and ease of fabrication.

The mathematical prediction of the prepared composites’ 
mechanical properties is also shown in Table 2. It can be 
observed that both Kelly–Tyson model and Halpin–Tsai 
models underestimated the tensile strength and modulus of 
all fibers’ composites except for the case of flax fibers’ com-
posites. For instance, Halpin–Tsai model underestimated the 
tensile modulus of all the prepared composites (except for 
flax composite) with error varied from 28 to 32%. This can 
be attributed to the irregular geometry, nonuniform diameter 
and fibrillation of the alkaline-treated fibers (palm, banana 
and bagasse), see Fig. 2. These features of the alkaline-
treated fibers results in higher composites mechanical prop-
erties. They also disagree with the assumptions considered 
in the mathematical models which justifies why the math-
ematical models underestimated the mechanical properties 
of the prepared composites. On the other hand, the predicted 
tensile strength values of the 50 wt% chopped and continu-
ous-unidirectional composites using the Kelly–Tyson model 
were slightly higher than the measured values, see Table 2. 
The reason for that can be attributed to the nature of the flax 
fibers before and after alkaline treatment. A flax fiber shows 
less fibrillation with more consistent diameter and cylin-
drical fiber shape which agree with the assumptions of the 
mathematical models. However, the used models relatively 
overestimated the mechanical properties of the prepared flax 
fibers’ composites which can be attributed to the failure to 
assure (i) a perfect bonding between fibers and TPS matrix 
and (ii) a unidirectional orientation of the continuous flax 
fibers during the fabrication of the flax composites.

Generally, the mechanical properties for the pre-
pared composites are comparable to those for similar 
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starch-lignocellulosic composites in the literature. For 
instance, the reported tensile strength of starch-based 
composite reinforced with 65  wt% chopped baggage 
fibers was 26.77 MPa [32], while it is 29.8 MPa for the 
50 wt% prepared bagasse composite in this work. Also, 
the tensile strength (28.2 MPa) and modulus of elasticity 
(3.85 GPa) of the prepared palm composite are compa-
rable to those values reported in the literature for starch-
based composites reinforced with the same type of palm 
fibers (i.e. date palm fibers obtained from fruit bearing 
branches) [23]. For the prepared flax TPS-based compos-
ites, the mechanical properties are higher than the reported 
results of similar composites in the literature [14, 33, 34]. 
For instance, Romhány et al. [33] reported that the tensile 
strength for a flax TPS-based composite reinforced with 
60 wt% unidirectional fibers was 78 MPa. However, in this 
work the tensile strength of the proposed composites rein-
forced with 50 wt% unidirectional flax fibers is 131 MPa. 
This divergence in strengths found in the literature can be 
attributed to the difference in the composite processing 
technique, and the fiber aspect ratio (l/d).

This formation of voids in the prepared composites was 
verified by measuring the densities of the prepared starch-
based composites and comparing them with the calculated 
densities (based on the densities of fibers and matrix), please 
refer to the following studies for more information on the 
used equations [23, 24]. The presence of voids in the pre-
pared composites reinforced with 50 wt% chopped fibers was 
found to be very minimal (below 1% for date palm, banana 
and bagasse composites, and below 5% for flax composites) 
using the proposed emulsification preparation technique, 
please see Table 2.

Figure 5 depicts the tensile strength and modulus of 
elasticity of the four composites of interest. During the 6 
weeks of the biodegradation test, flax composite exhibited 
the highest capability to maintain its strength over the test 
duration. Bagasse, palm, and banana composites’ strengths 
deteriorated drastically from the commencement of the 
experiment. During the first week, flax composite’s strength 
decreased by 20 MPa, while the strength of bagasse, banana, 
and palm composites decreased by 26, 22.4, and 24.3 MPa, 
respectively. During the period from week 1 to week 4, flax 
composite’s strength decreased almost linearly from 21 to 
4.3 MPa, while, bagasse, banana, and palm composites had 
tensile strengths less than 4 MPa after the first week of the 
test.

The Young’s modulus results showed a similar trend to 
that for the tensile strength results, as shown in Fig. 5b. Dur-
ing the first week, the Young’s modulus of the four compos-
ites decreased sharply, but the flax modulus decreased by a 
smaller amount and continued to decrease at a lower rate 
until the end of the test.

Surface Morphology After Biodegradation

Throughout the soil-burial experiment, from the first week 
through week 6, it was evident that all composites under-
went gradual degradation process from the phase of smooth 
surface and coherent texture in week 0, until the complete 
disintegration of the composite and disappearance of the 
matrix in week 6. Figure 6 shows the SEM micrographs of 
the flax and date palm fiber composites at 0, 1, 2, 4, 6 weeks 
of biodegradation.

Degradation process started with slight appearance for 
the fibers from the external surface of the composite, see 
Fig. 6 week 1. Fiber cusps started to appear on the composite 
surface, which implies erosion of the first layer of the matrix 
leading to fiber preliminary exposure. This process is simul-
taneous with initiation of small fissures around and between 
fibers. In the second week, fibers became more prominent, 
and the few fissures in the previous stage expanded remarka-
bly to form gaps within the texture surface. During the latter 
2 weeks, through (week 4), more fibers were exposed and the 
gaps of the previous stage increased in number and widened 
clearly to form big gaps. After the final 2 weeks, as shown in 
Fig. 6 (week 6), all fibers were exposed from disintegrated 
matrix. This final texture is not capable to bear mechanical 
load as discussed in the “Mechanical Analysis” section.

Figure  7 shows similar behavior for the banana and 
bagasse composites which implies that the four composites 
went through the same degradation phases. However, the 
flax composite looks more coherent and resistive to degra-
dation in comparison to the other three fibers. This can be 
attributed to the smaller size of gaps in flax SEM micro-
graphs with respect to banana, bagasse and palm. More light 
will be thrown to correlate this phenomenon to gravimetric 
and mechanical results in the following sections. Smaller 
average size of flax fibers relative to other fibers can have 
significant effect on reducing the degradation rate of the pre-
pared composites.

Gravimetric Analysis

Biodegradation of the TPS-based composites as a result of 
the microorganisms’ attack was determined by the weight 
loss after soil-burial. Figure 8 shows the residual weight 
throughout the biodegradability test period. There was no 
lag period in the beginning of the biodegradation process as 
noticed elsewhere [35]. In resemblance to Wan et al. [20], 

Fig. 2   SEM investigations of fibers before and after the alkaline 
treatments: a untreated date palm fibers, b treated date palm fibers, c 
untreated flax fibers, d treated flax fibers, e untreated bagasse fibers, 
f treated bagasse fibers, g untreated banana fibers, h treated banana 
fibers. Untreated fibers were covered with lignin and hemicellulose 
while after the alkaline treatment they showed surface microchannels 
and fibrillation

◂
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biodegradation process started from the first week and con-
tinued throughout the entire test duration. All composites 
degraded at similar rates for the first 2 weeks. During the 
first week, flax lost 15.4% of its weight, banana, palm and 
bagasse lost 20.3, 18.6, and 20%, respectively. The TPS 
matrix lost 25.8% during the same period. For the later 
weeks, flax composite degraded at a lower rate than the other 
composites. The TPS-based matrix drastically degraded and 
completely vanished after 4 weeks of burial. By the end 
of the experiment after 6 weeks, the weight remaining for 
flax specimens was 58.7%, for palm, banana and bagasse 
degraded to 47, 46.3, and 35% respectively.

The reduction in the composites weight, strength and 
modulus of elasticity after biodegradation is summarized 
in Table 3. It can be shown that the reduction of the com-
posites strength and modulus of elasticity after 1 week was 

3.2–4.6 times the associated weight loss. This reveals that 
the strength and modulus were more influenced by biodeg-
radability in comparison to weight. This can be attributed 
to the fact that a small degradation of the matrix leads to 
a significant deterioration in the transferred load between 
fibers, which causes the entire structure to lose its load bear-
ing capacity. The weight loss for palm, banana and bagasse 
composites was 1.2–1.3 times that for flax composite. Also, 
the strength reduction for palm, banana, bagasse composites 
was about 1.8 times that for flax composite. Similarly, their 
modulus reduction was between 1.5 and 1.7 that for flax 
composite. Hence, it can be concluded that flax composite 
was the slowest to deteriorate in all aspects. This can be 
justified by the higher chemical stability of flax fibers that 
results in lower degradation rate compared to other lignocel-
lulosic fibers. Moreover, fibers with smaller diameter show 

Fig. 3   SEM investigations of starch and TPS matrix: a native starch 
powder before plasticization with wide range of particle size and 
shapes, b glycerin and water plasticized starch (TPS) with particles 

agglomeration, c fracture surface of hot-pressed TPS-based matrix 
without emulsification, and d fracture surface of hot-pressed TPS-
based matrix prepared by emulsification process
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Fig. 4   Fracture surfaces of the prepared 50  wt% fiber content com-
posites a flax reinforced TPS composite, b palm reinforced TPS com-
posite, c banana reinforced TPS composite, and d bagasse reinforced 

TPS composite, good fiber/matrix adhesion and fiber fractures are 
general traits for the photos

Table 2   Measured and predicted tensile properties of the prepared 50 wt% fiber content composites

Composite type Experimental results Mathematical results Measured den-
sity (g/cm3)

Void 
fraction 
(%)Strain at break (%) Tensile 

strength 
(MPa)

Tensile 
modulus 
(GPa)

Kelly–Tyson tensile 
strength (MPa)

Halpin–Tsai tensile 
modulus (GPa)

Palm 1.82 ± 0.3 28.2 ± 2.9 3.85 ± 0.2 24.5 2.5 1.407 0.14
Banana 2.03 ± 0.3 25.4 ± 3.8 3.71 ± 0.3 23.4 2.6 1.39 0.29
Bagasse 3.27 ± 0.4 29.8 ± 3.1 3.23 ± 0.3 19.4 2.3 1.39 0.35
Flax 5.7 ± 0.5 41.0 ± 7.1 4.3 ± 0.5 54.8 4.7 1.402 4.81
Flax (continuous-

unidirectional)
5.8 ± 0.7 131 ± 11.2 7.5 ± 0.7 143.1 – – –
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higher dispersibility in the matrix, and hence, the likelihood 
of having matrix regions free from fibers is less. This leads 
to a less water penetration through the composites with 
smaller fibers’ diameter. This is another reason why the 
small diameter of flax fibers compared to the other types of 
the investigated fibers resulted in a slower water absorption, 
and hence, slower degradation.

Biodegradation in general comprises two simultaneous 
processes, microbial attack and hydrolysis. Materials used in 
this research are either highly hydrophilic (starch and glyc-
erin), or less hydrophilic (lignocellulosic fibers). Initially, 
starch is decomposed due to water sorption. Subsequently, 
microorganisms start degrading the matrix in the moist soil 
[18, 36]. It should be mentioned that the measured water 
adsorption of the prepared composites in a 100% relative 
humidity atmosphere were 36, 38, 46 and 42 wt% for the 
flax, palm, bagasse and banana composites, respectively. In 
the present work, the high content of fibers (50 wt%), act 
as inhibitor to biodegradation process. Natural cellulosic 
fibers perform in degradation process either as inhibiter 
or enhancer. Franco et al. [29] found that low fiber content 
(< 5 wt%) promotes disintegration to a starch-based matrix, 

by channeling water and micro flora to inner sites of the 
composite. Nevertheless, when the fiber content exceeded 
5 wt%, fibers significantly inhibited the degradation, this can 
be interpreted by a stronger fiber/fiber and fiber/matrix bond-
ing. Same phenomenon has been reported elsewhere [37].

Due to the higher bio-susceptibility of starch over the 
lignocellulosic fibers, the TPS matrix degraded rapidly in 
comparison to the fiber composites (Fig. 8). This phenom-
enon was attributed elsewhere to the lower hydrophilicity 
of fibers compared to the TPS matrix. Moreover, microbes 
preferentially attack the amorphous structure of starch. On 
the other hand, the cellulosic crystalline structure of fibers 
requires prolonged periods for enzymatic assimilation [19, 
38, 39].

From the SEM, gravimetric and mechanical characteriza-
tion results, the flax composite was found to exhibit superior 
resistance to biodegradation. This high mechanical perfor-
mance for flax was reported elsewhere [40, 41]. Gravimetric 
results (Fig. 8) show that the remaining weight for flax com-
posite is higher than 50%, whereas the corresponding values 
for the other fibers where significantly lower. Banana, palm 
and especially bagasse composites were inevitably subjected 
to more degradation of their fiber content than the flax com-
posite (their total weight loss by the sixth week was more 
than 50%). This can be attributed to the fact that flax, in 
contrary to bagasse, has the highest cellulose and the lowest 
hemicellulose contents. According to literature, the cellu-
lose contents in flax, banana, palm and bagasse are 64–74, 
43.4, 46 and 30.27% respectively, whereas hemicellulose 
contents are 11–17, 38.5, 31.4 and 53% [42–45]. Cellulose 
poses 10–100 times higher degree of polymerization (DP) 
than hemicellulose. In addition, the crystalline structure of 
cellulose further improves its properties over the amorphous 
hemicellulose [46]. This elucidates the superior biodegra-
dation performance of flax fibers and their composite over 
other lignocellulosic fibers.

Conclusion

The highest tensile properties at 50 wt% chopped fiber con-
tent (strength, modulus and strain) were found for flax com-
posites, while the other prepared palm, banana and bagasse 
composites showed tensile properties higher than those for 
lignocellulosic starch-based composites found in the lit-
erature. This indicates the advantage of the used compos-
ite preparation technique using emulsification followed by 
compression molding compared to various biodegradable 
composites fabrication techniques. The composite reinforced 
with 50 wt% continuous-unidirectional flax fibers had a sig-
nificantly high tensile strength and modulus of 131 MPa and 
7.5 GPa, respectively. Both Kelly–Tyson model and Hal-
pin–Tsai mathematical models underestimated the prepared 
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Fig. 5   Effect of biodegradation on a tensile strength, and b modulus 
of elasticity of the prepared 50 wt% fiber content composites
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Fig. 6   Surface morphology 
of the prepared 50 wt% fiber 
content composites investigated 
during soil-burial biodegrada-
tion test, from week 0 through 
week 6; flax (left) and palm 
(right)
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Fig. 7   Surface morphology 
of the prepared 50 wt% fiber 
content composites investigated 
during soil-burial biodegrada-
tion test, from week 0 through 
week 6; banana (left) and 
bagasse (right)
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composites’ tensile strength and modulus of elasticity, 
respectively, except for the case of flax fibers’ composites. 
Deterioration in mechanical properties due to biodegradation 
was found to be faster than disintegration in the weight of 
the composite. Flax composites degraded at a lower rate than 
palm, banana or bagasse fiber composites. This can be attrib-
uted to the high cellulose content and smaller fiber diameter 
of flax fibers. Emulsified TPS-based composite reinforced 
with flax fibers (chopped-random or continuous-unidirec-
tional) can be a good candidate for applications that require 
relatively high strength and resistance to biodegradation.
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