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Abstract
In this study, we utilize the agriculture waste of Portulaca quadrifida fiber-reinforced composite materials for lightweight 
structural and other engineering materials. A minimum amount of work was done on this Portulaca quadrifida fiber com-
posite. Foremost is the attempt to extract Portulaca quadrifida fibers from the retting process. The extracted fibers are treated 
with 5%, 10%, and 15% alkali solutions. The physical, chemical, mechanical, thermal, and morphological properties of Por-
tulaca quadrifida fiber composites are the focus of this investigation. For the 15% alkali-treated single fiber the maximum 
tensile strength attained is 5.45 MPa, whereas the untreated fiber is 2.70 MPa. From the chemical analysis, results showed 
that alkali treatment with 15% had a lower cell wall consistent with cellulose, hemicellulose, lignin, etc. On the surface of 
the treated fiber, the removal of contaminants, oil, particulates, and waxes caused the 5% modified fiber surfaces to be rough. 
Due to the acid carbonyl’s absorption, the band was visible at 1625 cm−1. The non-aromatic C–H stretching in all of the 
treated fibers is confirmed by the absorption bands at 3700–2950 cm−1 in the case of NaOH with 5%, 10%, and 15% treated 
composites. Thus, the CI values for untreated, alkali treated with 5%, 10%, and 15% of Portulaca quadrifida composite 
were 40.02% 56.25%, 84.31%, and 90.06%, respectively. Using Portulaca quadrifida fiber composites, water uptake ability 
can be decreased after alkali treatment. A lightweight material application is recommended for Portulaca quadrifida fiber 
composites based on the results of this study.

Keywords  Natural fiber · Portulaca quadrifida · Fiber structure analysis · X-ray diffraction · Fourier Transform Infrared 
Spectroscopy · Tensile · Thermogravimetric analysis

1  Introduction

The current scenario is moving towards the manufacturing 
of green products. The contribution of natural fibers to green 
products lies in their high strength-to-weight ratio, afford-
ability, abundant availability, eco-friendliness, and biodeg-
radability. It makes them a great choice for creating sustain-
able products that have a low impact on the environment [1]. 
The extraction of natural fiber from mature fruit stems and 
leaves has great potential for physical and chemical strength, 
which act as shock absorbers, acoustic insulation, and pack-
ing materials [2, 3]. Natural fiber serves socio-environmental 
purposes, such as the extraction of oil or bio-diesel from 
natural fiber, which reduces CO2 emissions [4]. Savio et al. 

[5] have reviewed a thermal insulation sheet made from 
natural fiber. Such a sheet maintains humidity control and 
decreases the evaporation rate while maintaining 17 °C in 
the inner chamber. The biodegradable nature of plant-based 
natural fiber composites has made them an essential substi-
tute material for synthetic fiber-reinforced polymer matrix 
composites. Reducing the amount of synthetic fiber used and 
cutting greenhouse gas emissions can be achieved by using 
more natural fiber as reinforcement in composite products 
[6, 7].

The natural fiber is a hollow and lignocellulose in nature, 
that is collection of cellulose, hemicellulose, lignin, pectin, 
and waxy substances. Hence, increased moisture absorption 
and higher wettability increase the strength of natural fiber 
composites [8, 9]. The authors, Gopinath et al. [10] sepa-
rated fiber from the Leucaena leucocephala tree and studied 
its mechanical and thermal properties. Results showed that 
the fiber exhibited the highest tensile strength and modulus 
and was thermally stable up to 188 °C. Overall, the results 
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of this study revealed that L. leucocephala tree fiber has 
potential applications in the engineering industry. Similar 
studies have been conducted by Selvaraj et al. [11] on fibers 
extracted from Ageratina adenophora. Consequently, these 
fibers are applied in industrial applications due to their 
thermal stability at under polymerization temperatures. 
Furthermore, the strength of a natural fiber composite is 
also dependent on the fiber structure and the fiber-matrix 
interface. Therefore, proper surface modification of the fiber 
is necessary to improve the strength of the fiber compos-
ite [12]. Many researchers are concentrating on improving 
the strength of natural fiber through various surface treat-
ments. Alkali treatment disturbed the hydrogen bonding of 
lignin and wax and caused crystallinity changes. During 
the treatment, cellulose groups swelled due to the adjacent 
binding of lignin and wax, which could be dissolved in sol-
vents [13, 14]. The alkali solution affected the hydroxyl 
group (OH) of the fiber, which reacted with water (H–OH) 
and was removed from the fiber surface. The remaining 
reactive molecules form between the cellulose molecu-
lar chains [15]. This increased the cellulose crystallinity, 
resulting in higher stiffness and strength. The surface of 
the cellulose fiber was also modified, leading to improved 
reactivity and dyeability. The researchers used the following 
alkaline reactants and solutions: sodium hydroxide, sodium 
sulfite, and sodium carbonate [16–19]. The solutions were 
used to modify the surface of the cellulose fibers at different 
temperatures and concentrations. The results showed that 
the modified fibers had improved dyeability and reactivity 
[20]. Moreover, the modified fibers also displayed enhanced 
mechanical, thermal, and chemical properties when com-
pared to untreated natural fibers [21]. Ramasamy et al. [22] 
found that the magnesium carbonate treatment enhanced the 
tensile strength of the Cissus quadrangularis. As a result, 
it increased its resistance to elongation and decreased its 
water absorption. All of these properties are desirable in 
fiber materials, making them better suited for applications 
that require strength and durability. Madhu et al.[23] stud-
ied a new study on the effect of alkali treatments on agave 
americana fiber (AAF) for composite reinforcement. The 
authors discovered that all of the modified AAFs had sig-
nificantly enhanced tensile strength and elongation at break, 
but at the expanses of a decreased Young’s modulus, which 
is linked to a significant variance in fiber dimensions fol-
lowing the treatment.

Physical, chemical, and morphological changes 
were observed after the various surface treatments of 
natural fibers [6, 7]. The removal of cell walls due to 
treatment results in the mass loss (16–40%) of the fiber, 
which changes the density of the fiber. This affects the 
mechanical and thermal properties of the fiber, which 
leads to an increase in the stiffness and strength of the 
fiber [24]. Based on FTIR analysis conducted among 

the cell groups in natural fibers a peak variation of   
hemicellulose (1700 cm−1), ester, phenol, and carboxyl 
groups (1238 cm−1), and deformation of cellulose and 
hemicellulose groups (1370–1390 cm−1) are present in 
untreated fiber. Cellulose hydroxyl groups (3300 cm−1) 
are observed in untreated fiber, but they are lower in 
treated fiber. The decrease in these groups implies that 
the treated fiber has a lower degree of crystallinity. 
Furthermore, the treated fiber shows an increase in 
amide groups (1650 cm−1), which is due to the addition 
of amide groups via the chemical treatment process [25, 
26]. Change in crystallinity index between untreated and 
treated fiber was examined  through XRD analysis. In 
treated fiber, the crystalline nature of the cellulose and 
the amorphous nature of the lignin and hemicellulose 
differ from raw fiber [27]. Treated fiber topography was 
wavier, rougher, and had some scratches on the surface 
after the removal of waxy, hemicellulose, and non-
cellulosic substances [28, 29]. As part of the development 
of lightweight, degradable composite fabrication for 
lightweight materials, Rao et al. [30] characterized fiber 
extracted from Careya arborea. The authors found cell 
wall constituents are cellulose, lignin (71%), 14% with 
a crystal size of 7.4 nm and a crystallinity of 85%. But 
Bauhinia vahlii fiber has cellulose 75% and lignin 13% 
with crystallinity 56% [31]. Similarly, extracted fiber 
from Glycyrrhiza glabra has cellulose and lignin, which 
are 40% and 12% [32]. But the average density of these 
Careya arborea, Bauhinia vahlii, and Glycyrrhiza glabra 
fiber is 1.1–1.47 g/cm3.

Portulaca quadrifida is a relatively common agri-
cultural waste. It is not as widely used by humans as 
other plants like spinach, bananas, sisal, etc. Stem fib-
ers extracted from Portulaca quadrifida were subjected 
under alkali treatment, and their effects on the physical and 
chemical properties such as single fiber tensile strength, 
morphological analysis, crystallinity index, Fourier trans-
form infrared spectroscopy analysis, mechanical test-
ing, thermogravimetric analysis, water absorption were 
explored.

2 � Experimental details

2.1 � Material

The reinforcement is a Portulaca quadrifida that is sourced 
from a farm in Sivakasi, Tamil Nadu, India. Then, the plants 
are divided into their parts once they have been gathered. 
Among the matrix materials, we purchased two-pack epoxy 
(Araldite, LY556) and hardener (Aradur, HY917) from 
Araldite, Tamil Nadu, India. Sodium hydroxide (NaOH), a 
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chemical of analytical grade, was supplied by Nice in Tamil 
Nadu, India.

2.1.1 � Portulaca quadrifida fiber extraction

Initially, the Portulaca quadrifida agricultural waste 
was found in Tamil Nadu, India’s southern region. The 
majority of agricultural grounds are covered with this 
shrub. This Portulaca quadrifida plant stem often has 
yellow blooms and a tiny leaf, about 2 to 3 cm in length. 
Then, the Portulaca quadrifida plant is harvested from 
agricultural grounds. After being gathered, the Portulaca 
quadrifida plants were dried. The plant is then divided into 
its constituent parts, such as its leaves, petioles, and roots. 
Fiber from Portulaca quadrifida plants is harvested by 
using their stems. The retting process is the only method 
used to work with Portulaca quadrifida plants. In our 
opinion, no fiber extraction work had to be done on the 
Portulaca quadrifida plant before. The stems and fibers 
extracted from Portulaca quadrifida are shown in Fig. 1.

2.1.2 � Sodium hydroxide treatment (NaOH)

Prior to alkalization (NaOH) treatment, the Portulaca 
quadrifida was washed with ordinary distilled water to 
eliminate any impurities on the fibers. The dry fiber was 
immersed in a concentration of 5%, 10%, and 15% alkali 
solution for 1 h at room temperature (30 °C). After that, 
the fiber was then rinsed with distilled water [33]. To 
eliminate any remaining moisture, the fibers are then dried 

in an oven set at 100 °C. Table 1 illustrates the notation 
used in this experimental work.

2.1.3 � Composite preparation

Retting extraction procedures are utilized to separate 
the fibers from Portulaca quadrifida plant stem. Subse-
quently, a 10:1 mixture of epoxy and hardener is added 
to the matrix materials. Composites are made using an 
epoxy matrix and reinforcement Portulaca quadrifida 
fiber that has been alkali-treated and filled into a molding 
plate with dimensions of 300 × 300 × 3 mm. Then matrix 
materials are poured into the fiber filled mold cavity. In 
order to avoid any voids forming when applying epoxy 
to the Portulaca quadrifida fiber, a pressure of 1.8 MPa 
is then applied. During the 12-h curing period, the mold 
was maintained at this pressure at room temperature. As 
per ASTM standards, the specimens were cut into pieces 
after de-molding.

Fig. 1   Natural stems and fibers extraction from Portulaca quadrifida plant

Table 1   Notation used for untreated and treated Portulaca quadrifida 
fibers

Sl. no Sample code Description

1 S1 Untreated Portulaca quadrifida fiber
2 S2 Sodium hydroxide 5% treated
3 S3 Sodium hydroxide 10% treated
4 S4 Sodium hydroxide 15% treated
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2.2 � Characterization

2.2.1 � Single fiber tensile strength

The tensile properties of Portulaca quadrifida natural fiber 
are measured using INSTRON—5500R universal testing 
machine. In this experiment, five fiber samples of the same 
30-mm length are investigated, and their values are noted. 
In accordance with ASTM D3822-7, this single fiber tensile 
strength test was performed at 65% relative humidity, 21 °C 
ambient temperature, and 0.1 mm/min test speed [34].

2.2.2 � Physical and chemical aspects of Portulaca quadrifida 
fibers

The Klason method was used to determine the amount of 
lignin in each fraction. A solvent extraction method based 
on hydrocarbons was used to determine the wax content of 
each component [30]. By using a pycnometer technique and 
distilled water as an immersion liquid, density was evalu-
ated. The samples were exposed to mineral acid at a high 
temperature for 30 min to identify hemicellulose. An alkali 
solution containing the residual sample was heated to a high 
temperature and agitated, after which the extract was dried 
and weighed. The hemicelluloses are taken out by an alkali 
treatment. After subjecting the samples to a high-tempera-
ture alkali solution and mineral acid treatment, the presence 

of cellulose was confirmed. The sample was then bleached 
at a high temperature at the next stage. Cellulose was the 
precipitate that formed as a result, and it was repeatedly 
cleaned with hot deionized water to bring the filtrate’s pH to 
a neutral level [21]. The final result was calculated using the 
average of five samples and a standard deviation.

2.2.3 � Morphological analysis

Using scanning electron microscope (Carl Zeiss V18, 
Germany), a morphological examination of treated and 
untreated fibers was carried out with acceleration at 20 kV, 
and the working distance was 15.31 mm.

2.2.4 � Crystallinity index

By using an X-ray diffractometer (D8 advance ECO XRCD—
Bruker) with monochromatic Cu Kα radiation and operat-
ing parameters of λ = 1.544°A, 43 kV, and 32 mA, the struc-
ture of Portulaca quadrifida fiber-reinforced composite was 
examined [3]. It was possible to get the X-ray spectra of both 
treated and untreated Portulaca quadrifida fiber composites. 
The employed scanning parameters were 2θ = 5 – 90˚ and 
0.05 deg/min speed. In the Portulaca quadrifida fiber com-
posite spectrum, the integrated intensities of the Bragg peaks 
were identified. Based on the procedure used, the following 
Eq. (1) was used for assessing their crystallinity indices:

(1)Crystallinity (%) =
Area of crystal line peaks

Area of crystal line peaks + Area of amorphouse peaks
× 100

2.2.5 � Fourier transform infrared spectroscopy analysis

Prior to being milled into a fine powder using a mortar and 
pestle, the Portulaca quadrifida fiber composite samples 
had to be chopped up into little pieces. In order to record 
using IR Tracer—100 Shimadzu, Japan under standard con-
ditions, this powder was combined with kBr and pelletized 
by pressurization [31]. A KBr matrix was scanned at a rate 
of 61 scans per minute using a Bruker FTIR spectrometer. 
In the range of wave numbers between 500 and 4000 cm−1, 
it exhibited a resolution of 3 cm−1.

2.2.6 � Mechanical testing

Alkali treatment is applied to the Portulaca quadrifida fiber 
reinforcement at 5%, 10%, and 15%, respectively. On an Instron 
universal testing machine of type 5500 R, with composite sam-
ples of 50-mm gauge length, the tensile properties of Portu-
laca quadrifida fibers reinforced with epoxy composites were 
assessed according to the ASTM D 3379 standard [31]. The test 

conditions were as follows: cross head speed of 0.1 mm/min, an 
ambient temperature of 21 °C, and a relative humidity of roughly 
61%. A pneumatic gripper with an applied pressure of 0.4 MPa 
was employed in a load cell with a weight of 1.0 kN. An ASTM 
D790 three-point bending test was conducted using Instron 
5500R universal testing equipment with a maximum capacity 
of 150KN/15Ton to assess the flexural strength of the compos-
ite [6]. The test conditions were as follows: cross head speed 
of 0.1 mm/min, ambient temperature of 21 °C, and a relative 
humidity of roughly 61%. In accordance with ASTM D256, the 
impact energy absorption of the composite was measured using a 
versatile impact testing machine (Werkstoff Pruf Maschine Leip-
zig (WPM), Germany) with a maximum load capacity of 30 kph 
[8]. Five samples were examined under each condition to account 
for the diversity of natural fibers, and an average result was given.

2.2.7 � Thermogravimetric analysis

On both treated and untreated Portulaca quadrifida fiber-
reinforced composites, TG analysis was carried out using 
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METTLER-2, Germany. The test was performed using a 
sample mass of approximately 2.5 mg [30]. The range of 
temperatures was 30 to 600 °C. Additionally, a 10 K/min 
heating rate was maintained. A nitrogen environment with a 
flow rate of 60 mL/min was used to conduct the TG analysis.

2.2.8 � Water absorption test

The Portulaca quadrifida composite sample is placed into 
100 mL of water in accordance with ASTM D570 [35]. 
Continuous measurements are performed on the compos-
ite sample for a period of 72 h. Every 12 h, the composite 
sample’s water absorption measurements are observed. 
Figure 2 illustrates the methodology of the Portulaca 
quadrifida fiber-reinforced composite.

3 � Result and discussion

3.1 � Single fiber tensile strength of Portulaca 
quadrifida fiber

Specimens of Portulaca quadrifida natural fiber are 
selected at 5%, 10%, and 15% from the alkali treatment, 
and Fig.  3 provides a good explanation of the tensile 
strength. The percentage of alkali treatment had a signifi-
cant impact on the tensile strength in this case [36]. The 

maximum tensile strength of Portulaca quadrifida fiber 
treated with 15% alkali is 5.45 MPa, whereas the untreated 
fiber is 2.70 MPa.

3.2 � Chemical composition of Portulaca quadrifida 
fiber

The chemical composition in terms of the quantity of 
untreated and treated fiber is displayed in Table 2. Contrarily, 

Fig. 2   Methodology of Portu-
laca quadrifida fiber-reinforced 
composite

Fig. 3   Tensile stress–strain curve for Portulaca quadrifida fibers
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untreated fiber had a cellulose content of 73.92%, whereas 
15% alkali-treated fiber had the lowest cellulose content at 
64.06%. As can be observed, the 10% and 5% have been 
exposed to 69.37% and 71.19%, respectively. This could 
be because non-cellulosic fiber surface components have 
been removed [33]. In terms of fiber tensile strength, the 
cellulose content is quite important. The crystallinity val-
ues determined by X-ray diffraction examinations support 
the measured cellulose content of the various percentages 
of alkali-treated fibers. Additionally, the untreated fiber’s 
hemicellulose level was found at 14.24%. Hemicellulose 
values declined after alkali treatment and the following 
treatments. As compared with untreated fibers, all types of 
treated fibers experienced a significant drop in lignin con-
tent [37]. This indicates that lignin and some contaminants 
are removed from the fiber through alkali treatment using 

various percentage. The removal of substances from the fiber 
surface causes wax content to drop as well as alkali treat-
ment of the fibers.

Additionally, for fibers treated with NaOH at 5%, 10%, 
and 15%, the corresponding moisture contents were 8.09%, 
8.82%, 8.87%, and 9.54%. A further improvement in wax 
content contributed to the improvement in moisture con-
tent. Due to the wax’s ability to absorb water, the moisture 
content of the fiber rose after treatment. The ash content of 
fibers treated with 10% was the lowest, being nearly 0.82% 
smaller than that of untreated fibers and 2.14% smaller than 
that of the alkali treatment used in this study. On the other 
hand, the ash content of fibers treated at 5% and 15% was 
less than that of untreated fibers. The fiber has greater fire 
resistance with a lower ash content. For applications requir-
ing fire resistance, 15% treated fibers might be preferred. 
The untreated fiber density was recorded at 1.32 g/cc. Fol-
lowing 5%, 10%, and 15% treatments, it rose to 1.28 g/cc, 
1.24 g/cc, and 1.16 g/cc, respectively. This might be brought 
on by the denaturation of cell walls and an increase in mois-
ture content [26]. Densification of the cell wall shows that 
depolymerization and damage to the cell wall are not pre-
sent. As a result, cellulose, hemicellulose, and lignin in cell 
components decreased. Table 3 provides a detailed compari-
son of the many features of several natural fibers that have 
been explored by previous researchers.

3.3 � Morphological analysis of Portulaca quadrifida 
fiber

Fibers from Portulaca quadrifida, the surface structure of 
both treated and untreated, underwent morphological inves-
tigation, as seen in Fig. 4. The fibrils were aligned along the 
fiber axis length-wise, and the fiber structure was frequently 

Table 2   Amounts of chemical constituents of untreated and treated 
Portulaca quadrifida fibers

Property Untreated Alkali treated 5% Alkali 
treated 
10%

Alkali 
treated 
15%

Cellulose content 
(%)

73.92 71.19 69.37 64.06

Hemicellulose 
(%)

14.24 12.85 12.01 10.86

Lignin content 
(%)

19.12 14.51 10.11 9.73

Wax content (%) 0.46 0.35 0.28 0.11
Moisture content 

(%)
9.54 8.82 8.87 8.09

Ash content (%) 2.14 1.97 1.26 0.82
Density (g/cc) 1.32 1.28 1.24 1.16

Table 3   Characteristics of different natural fibers available in literature

Fiber Cellulose (%) Hemicellulose (%) Lignin (%) Wax (%) Ash (%) Moisture (%) Density (g/cc) Reference

Portulaca quadrifida 73.92 14.24 19.12 0.46 2.14 8.09 1.32 Present study
Abaca 56–63 20–25 7–9 3 - - - [38]
Banana 62.5–66.98 18–19 4.5–5.0 - - 10–11 1–1.5 [39]
Coir 43.44 0.25 45.84 - 2.22 - - [40]
Flax 72 8.15 6.52 1.5 1.93 - - [41]
Hemp 70–74 15–20 3.5–5.7 1.2–6.2 0.8 - - [42]
Jute 65.44 17.61 14.35 0.61 - 1.86 - [43]
Kenaf 72 20.3 9 - - - - [44]
Ramie 71.09 12.11 1.06 - 1.70 - - [45]
Sisal 65–73 9–11 5–6 0.9–1.2 - 9–11 1.25–1.35 [46]
Carica papaya 58.71 11.8 14.26 0.81 4.7 9.73 9.43 [47]
Epipremnum aureum 66.34 13.42 14.01 0.37 4.61 7.41 6.54 [34]
Ceiba pentandra 60.90 17.53 23.5 0.38 1.05 7.46 6.82 [48]
Phaseolus vulgaris 62.17 7.04 9.13 0.36 9.02 6.1 - [49]
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perceived as cylindrical. On the surface of the untreated fiber, 
one can see several imperfections and a very rough surface 
(Fig. 4a). The fiber structure also significantly changed after 
the alkali treatment [18]. The removal of contaminants, oil, 
particulates, and waxes caused the 5% modified fiber sur-
faces to be rough (Fig. 4b). The surfaces of the other two 
treated ones, 10% treated (Fig. 4c) and 15% treated (Fig. 4d), 
were contrasted with this. The fiber surface also seemed to 
be spongy. This study’s findings led to the conclusion that 
alkalization had a severe impact on the fiber surface com-
pared to untreated fiber.

3.4 � X‑ray diffraction analysis of Portulaca quadrifida 
fiber composites

Figure 5 depicts the XRD spectra of the amorphous and 
crystalline structures of untreated and treated Portulaca 
quadrifida fiber composites, showing their characteristics.

The Segal empirical method equation was used to get the 
crystallinity index:

Crystallinity index (CI) =
(

Iam − Ioo2

Ioo2

)

× 100

Iam is the intensity of the amorphous material, while 
I002 is the highest intensity of the crystalline material. 
As a result of the hemicellulose present in the sample, all 

Fig. 4   Scanning electron microscopic image of a untreated, b 5% sodium hydroxide treated, c 10% sodium hydroxide treated, d 15% sodium 
hydroxide-treated Portulaca quadrifida’s fiber surface

Fig. 5   XRD spectra of Portulaca quadrifida fiber-reinforced composite
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C = O groups have been removed [30]. In the high inten-
sity samples, there was a significant improvement in the 
amount of cellulose present in the reinforcement fibers. 
Thus, the CI values for untreated, alkali treated with 5%, 
10%, and 15% of Portulaca quadrifida composite were 
40.02% 56.25%, 84.31%, and 90.06%, respectively. It is 
evident that fiber treatments with alkali at 5%, 10%, and 
15% had an impact on fiber differences and geographical 
location [13]. The first peaks of 15% and 5% are located 
at locations 2θ = 15.47˚ and 15.17˚ on the crystallographic 
plane [002]. In the crystallographic plane [110], there is 
a second peak that is located at 2θ = 21.85˚ and 22.57˚, 
respectively. Because these fibers’ structure was more 
orderly after NaOH treatment, a higher degree of crystal-
linity index was seen in comparison. Due to the increased 
proportion of amorphous components in 15% treated fib-
ers, the ordered structure was found to be lower. As a 
result, the fiber’s crystallinity improved after alkali treat-
ment. Additionally, the rise in hemicellulose and lignin 
values may have contributed to the decline in crystallin-
ity. The mechanical strength of the composite samples 
increases as a result of these increased crystallinity index 
values.

3.5 � FTIR of Portulaca quadrifida fiber composites

The FTIR spectra of Portulaca quadrifida fiber compos-
ites that have been untreated and alkali treated with 5%, 
10%, and 15% are shown in Fig. 6. The figure shows that 
the spectrum for the untreated fiber composite exhibits 
absorption bands between 1297 and 976  cm−1, which 
is comparable to that seen for other treated fibers. The 
hydrophilic properties of the fiber cause this band to 
appear [50]. Alkyl chains are indicated by these, which 
are related to aliphatic C–H stretching vibrations. Due 
to the acid carbonyl’s absorption, the band was visible 
at 1625 cm−1. The non-aromatic C–H stretching in all of 
the treated fibers is confirmed by the absorption bands at 
3700–2950 cm−1 in the case of NaOH with 5%, 10%, and 
15% treated composites. In NaOH-treated fiber compos-
ites, the strong absorption band, which is 1425 cm−1 in 
untreated fiber composite, is moved to 1127 cm−1 [31]. 
This might be a result of the sodium carboxylate group 
forming a salt. However, fibers that had been exposed to 
alkalization did not exhibit any alteration in this band. 
This shows that, despite what has been seen by others, 
the organic portion of the fibers of Portulaca quadri-
fida did not undergo any structural changes after being 
exposed to sodium hydroxide. In contrast, hemicellulose 
dissolves the C = O groups in Portulaca quadrifida fiber-
reinforced composites. When the reinforcement fiber’s 
cellulose content peaks, peak intensities in composite 
samples increase. These remaining peaks were observed 
in the raw fibers of Portulaca quadrifida.

3.6 � Mechanical properties of Portulaca quadrifida 
fiber composites

The tensile strength of untreated and alkali treated Por-
tulaca quadrifida composites is displayed in Table 4. 
The average tensile strength values for each of the five 
composites were plotted for this purpose. Untreated fiber 
composites exhibit the characteristic slow increase in 
strength with modulus, as shown in the Table 4. Por-
tulaca quadrifida fibers exposed to high strength and 

Fig. 6   FTIR spectrum of Portulaca quadrifida fiber-reinforced com-
posite

Table 4   Experimental data of Portulaca quadrifida fiber composites

Specimen Tensile strength Flexural strength Impact strength

Tensile 
strength 
(MPa)

Tensile 
modulus 
(MPa)

Tensile strength 
standard deviation

Flexural 
strength 
(MPa)

Flexural 
modulus 
(MPa)

Flexural strength 
standard deviation

Impact 
strength 
(J)

Impact strength 
standard devia-
tion

S1 23.16 3326 2.41 36.69 4029 2.81 0.235 1.53
S2 27.25 3712 2.27 46.14 4451 2.64 0.358 1.86
S3 32.58 3945 2.86 53.52 4168 2.18 0.443 1.44
S4 39.14 4028 2.43 61.32 4772 2.56 0.572 1.72
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modulus show lower strength than those that were alkali 
treated at 15%, followed by 10% and 5%. In comparison 
to alkali-treated fibers, untreated fibers exhibit the low-
est tensile properties across all categories [37]. Thus, 
10% treatment might reduce the swelling of fibers and 
improve strength properties by forming cross-linked net-
works. Fifteen percent treatments of Portulaca quad-
rifida fibers may produce high tensile properties as a 
result of increased load bearing capacity. The produced 
composites were conducted through flexural testing in 
accordance with ASTM D790 [51, 52]. The impact of 
f lexural characteristics on alkali-treated epoxy com-
posites reinforced with Portulaca quadrifida. For every 
combination of composites, a single-axis bending load 
is applied to the specimen in the traverse direction. The 
manufactured composites attained a flexural strength 
ranging from 36.69 to 61.32 MPa, respectively. After the 
elimination of naturally occurring agents such as lignin, 
cellulose, the fiber’s strength improved with a 15% alkali 
treatment and exhibited a 50% improvement [25]. The 
elimination of contaminants and the waxy coating on 
the fiber surfaces are the reasons for the improvement 
in f lexural strength. This allows for better bonding 
between the Portulaca quadrifida and epoxy matrix. 
Table  4 illustrates the effect of alkali-treated Portu-
laca quadrifida reinforced epoxy composite on impact 
strength. For every combination of composites, a sudden 
load with a pendulum weight of 3.567 kg and a velocity 
of 2 m/s strikes the specimen in a horizontal direction. 
The produced composites’ impact strength ranged from 
0.235 to 0.572 kJ/m2. A high impact strength composite 
was achieved for 15% of the treated specimens because 
sodium (Na) and hydroxide (OH) formed polyfunctional 
groups bonded with fibers and matrix. Compared to 
treated composites, untreated Portulaca quadrifida is 
less resistant to sudden loads acting on the specimen due 
to its naturally occurring hydroxyl group (waxy, cellu-
lose, lignin, etc.). Table 5 provides a detailed compari-
son of the many features of several natural fibers that 
have been explored by previous researchers.

3.7 � Thermogravimetric (TG) analysis of Portulaca 
quadrifida fiber composites

The TG and DTG curves of Portulaca quadrifida fiber-
reinforced composites are shown in Figs. 7 and 8. Tempera-
tures between 35 and 130 °C were used to remove mois-
ture and other volatile matter [30]. Additionally, the TG 
plot revealed that alkali-treated fiber composites displayed 
higher thermal stability than untreated fiber composites 
below 220 °C. At 220 °C, the curve’s shape changed. In 
comparison to 5%, 10% treated, and untreated fibers, the 
15% alkali-treated fiber composite showed greater thermal 
stability. In contrast, cellulose, which forms the majority of 
fibers, degrades between 130 and 400 °C, peaking at 350 °C. 
When lignin thermally decomposes, various flammable 

Table 5   Mechanical characteristics of different natural fibers avail-
able in literature

Fiber Tensile strength 
(MPa)

Reference

Portulaca quadrifida 23.16 Present study
Carica papaya 530 [47]
Epipremnum aureum 317–810 [34]
Ceiba pentandra 673 [48]
Pinus roxburghii 51.48 [24]
Hibiscus tiliaceus 207.30 [36]

Fig. 7   TG curve of Portulaca quadrifida fiber-reinforced composite

Fig. 8   DTG curve of Portulaca quadrifida fiber-reinforced composite



9010	 Biomass Conversion and Biorefinery (2024) 14:9001–9012

organic compounds are created between 260 and 400 °C. 
Except for the 5% treated composite, where 70% of the fib-
ers were degraded at roughly 324 °C, 60% of the compo-
nents were degraded in every fiber, as seen in Fig. 7. Up 
until a maximum of 80% of the total weight is absorbed, a 
very slow decline is observed [13], except for fibers treated 
with 15%, where residual sodium weight must have con-
tributed to its weight in some way. As a result of the reac-
tion between residual sodium hydroxide and an unknown 
substance, either sourced from the atmosphere or from the 
fiber, an unusual exothermic reaction occurred at 580 °C in 
a sodium hydroxide-treated composite with a slim gain in 
weight, which eventually drained out according to the TGA 
analysis. Since it is difficult to differentiate cellulose degra-
dation products from hemicellulose degradation products, 
hemicellulose is often partially removed by 5% and 10% at 
temperatures between 125 and 195 °C. DTG curves indicates 
the 15% treated composite shows a higher peak value when 
compared to the 5%, 10% treated, and untreated composites.

Here, the DTG results of Portulaca quadrifida fiber that 
had been both untreated and treated composite were com-
pared to the degradation processes. Figure 8 shows this phe-
nomenon in untreated and sodium hydroxide-treated com-
posites, as well as to a lesser extent, in 15% treated fiber 
[48]. It overlaps with other peaks in the sodium hydroxide-
treated fiber case. The degradation of cellulose can be seen 
at 315 °C in all spectra, as previously mentioned. In addi-
tion, a broad peak around 160–405 °C was visible, which is 
probably the result of lignin component decomposition. A 
3–6% mass loss was seen at the beginning of the process, 
which was likely brought on by the fiber’s wetness, primarily 
from the hemicellulose components or the leftover chemi-
cals used for the treatment. Except for the 15% treated com-
posite, all other composites revealed very slight variations, 
according to the DTG analysis. Hydrogen bonding during 
treatment may have prevented residual sodium hydroxide 
from being absorbed by cellulose [14]. Ten percent treated 
fiber composite has a strong natural ability to repel water, 
which results in less moisture content being visible. With 
small peaks at 220 °C, substantial organic breakdown in 
the majority of composites began at 160 °C and finished 
between 405 and 450 °C.

3.8 � Water absorption of Portulaca quadrifida fiber 
composites

A water absorption test is performed on a Portulaca quad-
rifida fiber composite sample using the appropriate ASTM 
D570 standard. Using Portulaca quadrifida agricultural 
waste to create an effective commercial product with 
increased mechanical strength is the major goal of this 
project. The water absorption test of various treated sam-
ples, such as 5–15%, is explained in detail in Fig. 9. The 

absorption tests suggest that water is not having a major 
impact on the composite [8]. A further observation was 
made by the results that untreated fiber composites absorbed 
significantly more water than their treated composites. As 
a result of the hydrophilic nature of the fiber, the Portulaca 
quadrifida composite sample initially absorbs very little 
water, and the continuous monitoring results confirm the 
samples are treated after 12 h. A plot shows that the compos-
ite absorbs less water initially but gradually increases over 
time to become constant. Moreover, the composite attempted 
to reach the saturation condition at the lateral stage (after 
60 h). Also, after reaching saturation, the treated fiber com-
posites did not change [18]. Finally, the tests result showed 
that the Portulaca quadrifida fiber-reinforced composite 
samples did not absorb large amounts of water. As com-
pared to 5% treated and untreated fibers, the 15% alkali fiber 
absorbs less moisture. A clear understanding of the water 
absorption behavior of the Portulaca quadrifida composite 
sample is plotted in Fig. 9.

4 � Conclusion

This study looked at the physical, chemical, mechanical, and 
thermal characteristics of Portulaca quadrifida’s fiber com-
posite. The effects of alkali treatment on fiber characteristics 
were investigated after treating fibers at 5%, 10%, and 15%.

•	 As a result of cell wall densification, the results indicated 
that cell elements increased after alkali treatment, which 
is a better option than using a better reinforcement of 
the matrix material. Further, the density and moisture 
absorption of treated fibers also increased.

Fig. 9   Water absorption of Portulaca quadrifida fiber-reinforced 
composite
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•	 From the element analysis, Portulaca quadrifida fiber 
crystallized at 56.25%, due to the addition of lignin 
and hemicellulose. The alkali treatment (NaOH) also 
decreased the fiber’s crystallinity.

•	 The fiber structure also significantly changed after alkali 
treatment. The fiber’s cylindrical and spongy shape was 
discovered through morphological research.

•	 In comparison to 5%, 10%, and untreated fibers, the 
15% treated fiber showed greater thermal stability. 
In comparison to untreated fibers (23.16 MPa), 15% 
treated Portulaca quadrifida’s fibers had the highest 
tensile strength (39.14 MPa), followed by 10% treated 
fibers (32.28 MPa), and then fibers treated with 5% 
(27.25 MPa). It is the best reason to be used in structural 
and other engineering composites with polymer matrixes.

•	 The application of chemical modification techniques to 
natural fiber results in the production of superior fibers, 
which are then utilized to construct innovative green 
composite materials for light-weight applications.
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