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Abstract

This study aims to investigate the mechanical, thermal, morphological, and char-
acterization properties of a polymer composite composed of water hyacinth plant
fibres. In order to improve the mechanical properties of the composite specimens,
a new powder derived from the moringa plant was used for the first time as a filler
material in the water hyacinth plant-reinforced polymer composites. In this study,
composite specimens were prepared using a hot compression moulding machine.
The weight percentage of moringa resin filler powder and hyacinth fibre was varied
during the process from 2.5 to 7.5% and 15 to 35%. The resulting tensile strength
ranged from 18.24 MPa to 32.14 MPa, flexural strength ranged from 38.64 to
56.32 MPa, impact strength ranged from 1 to 3.75 J, and hardness ranged from 66
to 98 Shore D hardness. The composite sample containing 5% moringa filler powder
and 30% WH fibre content achieved high mechanical strength, maximum decompo-
sition temperatures, and high crystallinity percentages. It exhibited 11-13% higher
strength compared to the other samples. Absorption studies showed weight gains
of 3.42% and 4.45% for water and chemical absorption, respectively. The fracture
surfaces of the composite specimens were analysed using the SEM technique. The
fabricated composites could be useful for particle board and medium density fibre
board applications.
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Introduction

In the light of growing global environmental concerns and a heightened aware-
ness of the importance of renewable resources, considerable effort has been
devoted to the development of eco-friendly composite materials [1]. Natural
fibres, including hemp, flax, jute, kenaf, and sisal, have emerged as a particularly
promising option for composite reinforcements, given their superior strength and
modulus relative to other materials [2]. The natural plant fibres offer an attractive
option as a highly effective reinforcement for polymer matrix composites due to
their unlimited availability, low density, and ease of disposal, they may not be
compatible with hydrophobic polymers and their composites. As such, it is nec-
essary to further understand diffusion behaviour, manufacturing processes, and
moisture resistance [3].

Water hyacinth, a free-floating aquatic plant commonly found in tropical and
subtropical regions, was originally known as Eiccornia crassipes from the Pon-
tederiaceae family and is native to the Amazon basin. The stem of the hyacinth
plant is approximately 15-25 cm in length and has sharp-edged petioles. The
plant typically has large and medium roots, spongy thin leaf stalks, and petioles.
The stem contains a significant amount of water, nearly 65-70%. When present
in water bodies, water hyacinth gains more mass compared to the desilting stage
[4]. The hyacinth plant is recognized for its rapid growth and ability to reproduce
both sexually and asexually. The dispersion of hyacinth seeds is facilitated by a
variety of agents, including humans, birds, and other animals. The water content
of the environment is influenced by several factors, such as hydrogen potential,
dissolved oxygen, dissolved solids, and salinity, which can be mitigated by plants
like hyacinths. While this plant has been used as a source of raw materials for
small-scale paper manufacturers, it is also used as organic feed for animals in sev-
eral countries around the world [5]. Furthermore, hyacinth roots have been found
to absorb high levels of mercury and other pollutants, making them an important
tool in environmental remediation efforts. Several nations have been cultivating
water hyacinths in waterbodies as a means of mitigating the nuisance caused by
nitrogen removal from the surrounding area [6]. Water hyacinth (WH) fibre-rein-
forced composites have been increasingly utilized in various industries, including
construction, commercial production, and automotive manufacturing, due to their
lightweight properties.

This study explores a sustainable approach to the use of water hyacinth, an aquatic
plant. The study involves incorporating various weight percentages of moringa filler
powder with hyacinth fibre. Composite samples are then produced by combining the
hyacinth plant and moringa filler powder with an epoxy matrix material using a hot
compression moulding machine. In addition, a new mechanical extraction method
for hyacinth fibre was developed and tested. In this work, the mechanical properties
of the WH polymer composite such as tensile, flexural, impact, and hardness were
tested along with its absorption, characterization, and surface morphologies. The
main objective of this work is to use the fabricated composites in the commercial
particle board and medium density fibre board applications.
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Materials and methods
Materials

This work utilized water hyacinth plant fibres extracted in different ways, along with
an epoxy polymer matrix resin (LY 556) and hardener (HY 951) purchased from
Coimbatore Seenu and Company. It was mixed with the ratio of 10:1. Additionally,
naturally extracted moringa filler material powder particles were used. Compression
moulding techniques were employed to produce various composite samples. A quick
curing process was achieved by subjecting the materials to temperatures of 120 °C
and 100 °C on the machine. The hyacinth fibres have the average density of 1.15 g/

CIIl3 .

Water hyacinth plant fibre extraction process

During an initial stage of the investigation, it was found that hyacinth plants were
present in nearby ponds. The identification process has been completed to collect
and separate the plant into its various parts, including the stem, petiole, leaf, and
roots [7]. Hyacinth fibre can be extracted from the parent plant using various meth-
ods, such as manual extraction, the hot water boiling method, a chemical extraction
method, and retting with a conventional method [8]. All of these methods can have
an impact on the final length, quantity, and quality of hyacinth fibre. The extraction
process of water hyacinth fibre and moringa filler powder particles is illustrated in
Figs. 1 and 2, respectively. Additionally, Fig. 3 presents the general process flow-
chart of the research work. This study describes a mechanical extraction technique
used to extract fibres from hyacinth parent plant stems. The machine used for this
technique is equipped with a 0.5 horsepower electric motor, monoblock bearings,
two alternative shafts, and one permanent shaft. It is capable of processing plants
with diameters of 50 cm and lengths of 55 cm. This method has been shown to
result in higher fibre yield and reduced waste, with up to an 80% reduction in wast-
age compared to other methods. We choose the mechanical extraction machine com-
pared to the other conventional extraction because of the effective and quality fibre
yield.

Water hyacinth composite production

During the drying process of the hyacinth plant fibres, they are exposed to sun-
light and air to remove moisture. The fibres are then dried in an air oven for 24 h
at 65 °C. The Epoxy and Hardener LY556 and HY951 grades, which are mixed
in a 10:1 ratio. The reinforcement percentages range from 15, 20, 25, 30, and
35%. The moringa resin powder varied from 2.5, 5, 7.5, and 10%. Figure 3 clearly
shows that this research design procedure. The fibre and epoxy matrix materials
were then poured into a rectangular mould with dimensions of 250X 180x3 mm
using a hot press compression moulding machine. A quick curing process was
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Water hyacinth plant Water hyacinth stem
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Fig. 1 Hyacinth plant fibre extraction

Fig.2 Moringa resin extraction

achieved by subjecting the materials to temperatures of 120 °C and 100 °C on
the machine on 1 h time period for each composite. Finally, the hyacinth fibre-
reinforced polymer composite, which was produced using a compression mould-
ing machine. Post-curing is considered a necessary step for natural fibre com-
posites to enhance bonding and mechanical properties. In this case, the hyacinth
fibre composite is dried for 24 h in a hot air oven at 70 °C. The viscosity of the
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Fig.3 Research design procedure

composite is measured at 1.15 g/cm? and 0.97 g/cm? at 25 °C at 10,000 MPa and
10 MPa, respectively. Additionally, the hardener has a density of 0.97 g/cm®.

Mechanical properties

The mechanical strength of water hyacinth natural fibre-reinforced polymer com-
posites was determined using a universal testing machine and Charpy impact test
machine. The crosshead speed was maintained at 2 mm/min and 1.5 mm/min for
tensile and flexural strength, respectively.

Absorption studies

Following ASTM D570, water absorption tests are conducted, while chemical
absorption studies are carried out in accordance with ASTM C413-18. Both tests
use a sample size of 20X 20 X3 mm.

Characterization studies

The X-ray diffraction process is performed on a BRUKER D8 advance machine
with a temperature range of 10 °C-80 °C, and a precision of 0.02° per step, at an
operating temperature of 25 °C. For the Fourier transform analysis, the hyacinth
composite samples were evaluated using the SHIMADZU instrument, which
operates within a frequency range of 4000—-400 cm™' and a resolution of 2 cm™".
Both quantitative and qualitative methods have been employed to analyse natural

fibre composite samples.
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TGA

A thermal analyser with an inert gas and a flow rate of 20 ml/min was utilized to
measure the weight loss of a water hyacinth composite test sample across various
temperature ranges. This was done to determine the thermal and oxidative stability
of the water hyacinth fibre composite sample.

SEM

The TESCAN electron microscope was utilized to examine the surface of a com-
posite made from water hyacinth powder. The surface investigation process involved
using failure samples from mechanical testing. An electron inspection was con-
ducted using a 3 kV acceleration and different magnifications. This method was
employed to monitor external contents and impurities.

Results and discussion
Mechanical strength

The mechanical strength of composite samples reinforced with water hyacinth fibre
and moringa filler powder was investigated using the universal testing machine and
Izod impact testing machine. The composite samples were reinforced with different
weight percentages of moringa filler powder (2.5%, 5%, 7.5%, and 10%), and differ-
ent weight percentages of hyacinth fibres (20%, 25%, 30%, and 35%) were used [9,
10]. The test results indicate that the epoxy resin has a tensile strength of 14.3 MPa,
a flexural strength of 22.14 MPa, and an impact strength of 0.20 J. The tensile
strength of the composite samples varied between 16.42 and 22.64 MPa for the 15%
composite sample, between 18.26 and 24.86 MPa for the 20% composite sample,
between 24.63 and 32.42 MPa for the 25% composite sample, and between 24.63
and 31.24 MPa for the 35% composite sample. The flexural strength of the compos-
ite samples varied across different percentages: at 15%, the strength ranged from
29.654 to 39.42 MPa, at 20%, it ranged from 29.52 to 42.52 MPa, at 25%, it ranged
from 29.82 to 44.26 MPa, at 30%, it ranged from 38.64 to 56.32 MPa, and at 35%,
it ranged from 22.62 to 41.28 MPa [11, 12]. According to the final results, the com-
posite samples with 30% water hyacinth fibre and 5% moringa filler powder exhib-
ited higher mechanical strength (including hardness, tensile, flexural, and impact
strength) compared to the other samples [13]. Figure 4 shows that the mechanical
properties of the hyacinth fibre with moringa filler powder-reinforced composites.

In general, it has been observed that the strength of fibre composites increases
as the percentage of fibre weight increases up to 30%. However, it has been noted
that composite samples with more than 30% reinforcement, such as 35%, may
exhibit lower mechanical strength, possibly due to agglomeration caused by the
primary fibre reinforcement [14, 15]. It was observed that the water hyacinth fibre
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Fig. 4 Mechanical properties of the hyacinth fibre composite samples

with 5% moringa powder achieved higher mechanical strength in comparison
with the other samples, based on the final strength tests [16, 17]. The hyacinth
fibres have been observed to cause expansion of the nebulous cellulose within the
composite samples. Hydrogen is expelled from all samples over time. The hybrid
composite samples display a monoclinic crystalline lattice structure within the
native cellulose of the hyacinth fibre and form a strong bond with the epoxy poly-
mer matrix, resulting in a chain formation with the primary, filler, and second-
ary matrix materials. Prior to being blended with the epoxy matrix and moringa
filler, the hyacinth fibre was subjected to treatment with an alkaline solution [18].
Through this treatment, the lignin particles can be removed from the hyacinth
fibre, resulting in a glass-like structure of the cellulose [19]. The previous test
results indicate that sisal composites achieved a tensile strength of 28.42 MPa,
a flexural strength of 41.24 MPa, and an impact strength of 0.25 J. Similarly, the
coir composite achieved a tensile strength of 32.628 MPa, a flexural strength of
41.26 MPa, and an impact strength of 0.5 J [20, 21]. Interestingly, the hyacinth-
based composite samples exhibited higher mechanical strength compared to the
sisal and coir-based composite samples [22, 23]. The hyacinth fibre (30%) with
moringa filler (5%) composite exhibited significantly higher mechanical strength
values when compared to the other conventional composites [24].
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Absorption studies

Figure 5a,b illustrates the water and chemical absorption of a water hyacinth com-
posite sample. It was observed that the weight percentage of the WH composites
increased by only approximately 5% before reaching saturation after the 10th hour
[25, 26]. This suggests that water and chemical solutions did not significantly affect
the composites. This low water or chemical intake could explain the hydrophobic
nature of WH fibre in composites, as the previous studies [27]. When compared to
other natural fibres, such as coir, sisal, and bamboo composites, WH-based com-
posites had a relatively lower impact on water and chemical solutions. It has been
observed that water absorption at the fibre-resin interface may result in swelling
and potentially lead to hydrolytic breakdown of the chemical bond between the fibre
and resin. The weight percentage of the increased layer in the hyacinth fibre com-
posite differs significantly from that of the other samples. According to studies, it
has been found that jute and glass fibre composites, when reinforced with epoxy,
exhibit improved water and chemical absorption properties [28]. On the other hand,
it has been observed that the addition of moringa filler to hyacinth fibre compos-
ites significantly reduces their ability to absorb water and chemicals [29, 30]. For
instance, coir-based composites took 28 h to reach saturation, with 8.60% of the coir
composite’s weight being saturated [31, 32]. Similarly, sisal composite also reached
saturation point after 36 h, resulting in a 7.20 per cent weight percentage [33, 34].
However, a composite based on hyacinth fibres reached saturation quickly (within
10 h) and absorbed less water (5.40%) [35].

Characterization studies

Figure 6b illustrates that WH fibre composites with moringa filler powder
exhibit different X-ray diffraction patterns. The composite sample contains with
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Fig.5 Absorption behaviour on hyacinth fibre composite (a) water and (b) chemical absorption studies
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Fig. 6 Characterization studies on hyacinth composites a FTIR and b X-ray diffraction

reinforcement (fibre) materials, there is an amorphous phase in the lower intensity
peaks. To determine the crystallinity index (CI), various methods are employed,
such as amorphous subtraction, XRD peak height method, NMRC4 peak separation
method, and XRD deconvolution method [36]. Equation 1 is used to find out the
deconvolution crystallinity index of the composite samples.

_ Areaof crystalline peaks

CI x 100 )

Area of all peaks

The term CI means the crystallinity index, A, means area of crystalline peaks,
and A, means area of all peaks.

The composites with varying filler levels and fibre content were analysed for their
crystallinity indices. It varied 46.411%, 59.32%, 54.68%, and 52.27% crystallin-
ity indices for composites containing filler levels of 2.5%, 5%, 7.5%, and 10%, and
a fibre content of 30%, respectively. The results indicate that the composite with
5% moringa filler powder and 30% fibre content exhibited the highest crystallinity
index [37]. This can be attributed to the strong bonding between the fibre and epoxy
matrix, resulting in improved mechanical properties of the composite. However, a
decrease in CI with 30% fibre weight percentage indicated poor interfacial bonding
and resulted in lower mechanical strength [38].

Fourier transform analysis was utilized to investigate the properties of WH
fibres when combined with moringa filler powder composites, and it is shown in
Fig. 6a. The 2.5% filler WH composite band peak at 3481.857 cm™' indicates an
oxygen—-hydrogen (O-H) stretching of cellulose and hemicellulose [39]. Addition-
ally, peaks between 3342 and 3466 cm™' were also observed. The fibre compos-
ites of different lengths displayed additional peaks, including their raw peaks. The
study found that the addition of moringa filler resulted in peaks at 3422.08 cm™,
3418.37 cm™!, and 3425.680 cm™! in the weight percentage of the reinforced
composites [40]. The carbon-hydrogen peaks were observed at 2823.9 cm™!,
2585.54 cm™!, 2867.69 cm™!, and 2951.13 ¢cm™' in the composites. The research-
ers also noted that cellulose and hemicellulose contributed to the vibration of the
total hydrocarbon molecules in the reinforcement phase [41, 42]. The hemicellulose
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in the sample was identified through various double bond peaks, including C=0 at
1590.354 cm™, 1866.472 cm™', 1742.35 cm™’, and 1463.21 cm™', as well as C=H.
The lignin and hemicellulose contents were reduced through proper drying and
moisture removal, which was achieved by breaking the O-H bonding in the WH
fibre phase [43]. As a result, the cellulose content increased by 5% of filler contents
in the composite at 1532.354 cm™".

Thermal analysis

Figure 7 shows the thermogravimetric, first-order derivative, and derivative ther-
mogravimetric curves of the WH composite. The composites containing 2.5%, 5%,
7.5%, and 10% moringa filler powder-initiated decomposition at 284 °C, 319 °C,
248 °C, and 241 °C, respectively. The moisture content trends of hyacinth fibre
composites decrease before 100 °C. It is generally observed that samples with high
mechanical strength can reach maximum peaks and withstand higher temperatures
[44]. However, it was observed in this study that the composite sample with 5% filler
powder reached the decomposition temperature peak earlier than the 7.5% and 10%
composites [45]. This phenomenon can be attributed to the intermolecular effect
between the polymer matrix and reinforcement material at high temperatures.

SEM (Scanning Electron Microscope)

This work examines the SEM micrograph of WH composite fractured surfaces.
Figure 8a shows that the composite specimens experienced notable fibre bending
and pull-out, which was caused by interfacial stresses at the fibre—matrix interface
that exceeded the interfacial strength [46]. This resulted in fibre debonding from the
matrix materials. The absence of epoxy resin adhering to the fibre indicates that the
bond between the fibre and the matrix remained intact, it is illustrated in Fig. 8b.
Additionally, the epoxy matrix was found to dominate the failure process. Further-
more, it has been noted that if the fibres are arranged loosely within the matrix,
the composite sample may experience tearing [47] and shearing, it is explained in
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Fig. 7 Thermal behaviour of hyacinth composites
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Fig. 8 Morphological studies of hyacinth composites

Fig. 8c. To address the issue of moisture on fractured surfaces of WH fibre-rein-
forced composites, a hot air oven set at 64 °C is utilized. This method has proven
effective in removing a significant amount of wax substance. There was an agglom-
eration effect within the matrix phase due to the high fibre content [48]. The fibre
clusters in Fig. 8d, e resulted in poor interfacial bonding between the fibre clusters
and the epoxy matrix, resulting in poor mechanical properties for the composite.
In Fig. 8f, fibres were pulled from the matrix phase due to failure of the composite
sample under the impact load.

Conclusions

This study investigated the properties of water hyacinth fibre with moringa filler
powder-reinforced epoxy composites, including microstructure, mechanics, absorp-
tion, thermal properties, and fracture surfaces, under different fibre weight percent-
age conditions. The mechanical extraction method produced the high yield and
high quality of water hyacinth fibres within a very short time. The study found that
the most effective combination of fibre and epoxy matrix is 30:70, and the high-
est mechanical properties, including tensile, flexural, and impact strength, can be
achieved with an optimum filler weight percentage of 5%. It was observed that
exceeding 30 wt% fibre and 5% filler powder resulted in a decrease in mechanical
properties. Based on the absorption results, the water and chemical solutions did
not affect the composites, possibly due to a change from hydrophilic to hydropho-
bic nature when the fibre was mixed with the epoxy. Based on the characterization
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studies, it was observed that the composite samples with 5% by weight of moringa
filler powder exhibited higher thermal stability compared to the composites with
other weight percentages. In addition, the composites have more essential functional
groups than the other samples. Based on the experimental results, it appears that
the moringa filler-reinforced composite may be a viable lightweight alternative to
synthetic fibre-based composites for commercial particle board and medium density
fibre board applications.
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