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Abstract

:

The palm oil industry is the leading source of palm oil waste fibers. The disposal of palm oil waste fibers by burning or dumping causes environmental issues such as the emission of CO2 and a diminution in soil fertility. Natural fiber reuse in construction materials such as concrete, mortar and adobe bricks as reinforcement provides a possible eco-friendly solution for fiber waste management. Palm oil flower fibers (POFL) obtained from palm oil empty fruit bunches and palm oil fruit fibers (POFR) obtained from palm oil fruit are two important types of palm oil fibers. Valorization of palm oil fibers requires a detailed analysis of their physical, chemical and mechanical characteristics. In this research, tropical palm oil flower and palm oil fruit fibers from Mexico were studied. Fiber extraction, preparation and testing were performed to observe their characteristics, which include water absorption, density, length, section estimation, chemical composition, thermal conductivity, thermal analysis (ATG) and tensile strength. The length, diameter and density of natural fibers have a significant influence on the strength and quality of composite materials. The characteristics of fibers vary with their chemical composition. Mechanical testing of palm oil fibers indicates a large variation in the tensile strength of palm oil flower and fruit fibers. Both palm oil flower and palm oil fruit fibers exhibit bilinear tensile load–deflection behavior associated with the alignment of cellulose along their fiber axis. The thermal characteristics of fibers indicate low thermal stability and thermal conductivity, which are essential for their use in building materials.
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1. Introduction


Natural fibers have been used in different applications for centuries. Their reuse in composite materials is increasing, as they are low cost, abundant, renewable and have many environmental and economic advantages over synthetic fibers. Natural fibers from plants include jute, hemp, dates, palm, banana spine, sugar cane bagasse and coconut fibers, etc.



Among these natural fibers, palm oil fibers as waste from the palm oil industry are continuously increasing around the world. This waste constitutes 90% of biomass waste available after oil processing activities [1]. A palm tree, including oil and lignocellulosic materials, provides about 230 kg dry weight/year annually [2]. Palm trees are planted on millions of hectares of land worldwide. Large-scale palm cultivation has environmental consequences due to the production of waste fibers. Every year, nearly 30 million tons of palm waste is generated in the world [3]. Waste fibers are traditionally burned and sometimes left in fields to decay. The burning of fibers pollutes the environment, while on the other hand, the decay of fibers in soil is time-consuming and creates environmental troubles in the form of diseases in fresh plants. Given the large quantities generated, these wastes are a risk to the environment and urgently need to be recycled. Furthermore, availability, price, performance and biodegradable nature are among the favorable factors that promote the recycling of oil palm fibers as value-added products [4]. The possibilities of recycling waste fibers in buildings and other materials are numerous and promising. Financial benefits could be generated from the fibrous waste coming from the palm oil production process as long as recycling takes place close to the production site. The cost of the raw material, i.e., waste fiber, would be null, and its transport for processing would remain limited.



Palm oil waste fibers can be used in building materials in the form of earth bricks, concrete and mortar. Natural fibers used in construction materials reduce CO2 emissions due to the partial replacement of natural resources.



Palm oil waste fibers are extracted from palm oil empty fruit bunches and palm fruits. Palm oil flower fibers (POFL) were obtained from empty fruit bunches, and palm oil fruit fibers (POFR) were obtained from palm fruit after oil extraction [5], as shown in Figure 1. Natural fiber extraction is usually performed by mechanical processing and retting [6]. The physical, chemical, mechanical and thermal characteristics of fibers are important for their recycling in composite materials. Their physical properties include quantity, length, density, cross-section, water absorption, etc. The quantity of natural fibers in composite materials such as earth bricks ranges from 1% to 7% by mass. It varies with the type of natural fiber and composite material. A higher quantity of fibers decreases the bonding between fiber and matrix [7]. Natural fibers of any size and shape can be used as additives in construction materials. However, the common length of fibers reported in the literature varies from 2 cm to 10 cm. Increasing the length of fibers increases the tensile strength of composite materials [8,9,10,11]. For concrete applications, the recommended average fiber length is 2.5 cm [12].



The density of natural fibers is another important property. The density of natural fibers increases with the diameter of fibers and ranges from 0.65 to 1.4 g/cc. The low density of natural fibers makes them suitable for building materials [13,14,15].



Natural fibers are hydrophilic materials. Absorption of water and the presence of humidity decrease the performance and shelf life of fibers in composite materials. Treatment of fiber reduces its water absorption capacity and increases its strength [16].



The morphology of natural fibers shows that these fibers have a lumen (empty tubular structure)-based structure. With an increasing lumen area, the thickness of the wall around it decreases, which reduces the tensile strength of natural fibers.



The mechanical characteristics of natural fibers also have a considerable influence on the tensile strength of construction materials. The mechanical characteristics of fibers include tensile strength, tensile modulus, elongation to break and strain at failure [17]. The tensile strength of palm oil flower fibers ranges from 21 to 400 MPa [10,14,18]. Fibers with a higher tensile strength increase the tensile strength of composite materials and transform brittle failure into ductile failure.



The mechanical properties of fibers are influenced by their physical characteristics such as density and cross-section [19]. The heterogeneous nature, diameter and length variation, morphology and chemical composition of fibers affect their tensile strength. In the case of technical fibers, the tensile strength of natural fibers depends on the diameter of the fiber bundle, which varies with the number of elementary fibers. The diameter of palm oil empty fruit fibers ranges from 150 to 700 μm [13]. The area of natural fibers is estimated by different techniques such as scanning electron microscopy and Vernier caliper.



The chemical composition of fibers is another factor that affects their strength and characteristics. Fibers consist of cellulose, hemicellulose, lignin and pectin. Cellulose is a key element of natural fibers and is responsible for fiber tensile resistance. Natural fibers with higher cellulose content normally have higher tensile strength [7,20,21,22,23].



Natural fibers have low thermal conductivity, which makes them suitable for composite materials used for construction [24]. The addition of natural fibers improves the thermal, mechanical and acoustic characteristics of construction materials [25,26,27,28]. The addition of fibers increases the tensile strength and post-peak load-bearing capacity of construction materials [12]. In the case of earth bricks, the compressive strength of bricks increases with the addition of natural fibers [29]. Fibers are randomly distributed in composite materials. The uniform distribution of natural fibers in building materials is important to increase the tensile strength of these materials. The longitudinal distribution of fibers along the axis of bricks and mortars improves their tensile strength substantially. As fibers are lightweight, upward movement of fibers takes place during the compaction of building materials, which leads to fiber clusters. The choice of the compaction method is important to stop the movement of the fibers inside the matrix [30]. Compaction of composite materials increases the bonding between fiber and matrix by removing voids. Fiber-reinforced composites have low density and are lightweight construction materials [31].



The addition of fibers plays a key role in the improvement of thermal and hygroscopic properties as the humidity absorption/evaporation regulation. The addition of fibers to raw earth materials provides good hygroscopic and thermal behaviors with a low economic and environmental cost. The addition of natural fibers reduces shrinkage in building materials [29] and improves their insulation [6].



There are some drawbacks associated with the use of natural fibers in composite materials such as deterioration of the physical and mechanical characteristics of fibers with time due to humidity, weather and bacterial actions. The water absorption of fiber-based composite materials increases due to the hydrophilic nature of natural fibers. The presence of small voids between matrix and natural fiber reduces the effectiveness of composite materials. Chemical and physical treatments are commonly applied to increase the shelf life, strength, durability and thermal stability of fibers [28,32,33]. Alkali treatment of fibers is common. Akali treatment of natural fibers increases their tensile strength and improves their thermal characteristics. Alkali treatment increases adhesion between fiber and matrix and reduces the affinity of fibers for water [34,35]. However, the process of fiber treatment is not eco-friendly and increases the cost, so we focused only on raw palm oil fibers without any treatment.



Many reviews have been conducted on natural fibers in general and a few on palm oil fibers (raw) [5,6]. These studies show the possible recycling of natural fibers in different applications such as polymers, construction materials, geotextiles, automobile parts, etc. However, this paper focuses only on the characteristics of palm oil fibers for their prospective use in construction materials.



The objective of this study is to investigate the physical, chemical, mechanical and thermal characteristics of palm oil flower and palm oil fruit fibers taken from Mexico. These characteristics include length, cross-section, chemical composition, tensile strength, thermal conductivity, etc. Detailed analysis of fiber characteristics helps to determine their suitability for recycling in construction materials such as crude bricks, concrete and mortar.




2. Materials and Methods


2.1. Palm Oil Fibers Preparation


The characteristics of palm oil flower fibers (POFL) and palm oil fruit fibers (POFR) are essential to observe their suitability for use in composite materials. To examine their characteristics, palm oil flower and fruit fibers were taken from the Tabasco state of Mexico, which produces nearly 20% Mexican palm oil. Mexico is the sixteenth biggest palm oil producer in the world, with an annual production of 0.22 million tons in 2020–2021 and an output yield of 2.4 tons/hectare [36]. Palm oil flower fibers are extracted from palm oil empty fruit bunches, which are waste material obtained after palm fruit removal. Palm oil fruit bunches with fruit and after fruit removal are shown in Figure 2a,b respectively. Palm oil flower fibers have less diversity in size and morphology. Most palm oil flower fibers are long. On the other hand, palm oil fruit fibers, extracted from pressed palm fruit after oil extraction, have a short length. Palm oil fruit and POFR fibers are shown in Figure 2c,d respectivley. Samples of oil palm fruits fibers show more marked homogeneity than POFL fibers.



Palm fibers were cleaned manually to remove impurities before using them for testing. Extraction of fibers was performed manually and with machines.



First, each type of fiber was manually isolated one by one to be cut into suitable lengths for the tensile strength test and morphological study. Second, they were mechanically cut to the desired length to recycle them on an industrial scale, for example by incorporating them into composite materials (earth bricks, cementitious materials, etc.). For the tensile strength test, palm oil flower and fruit fibers were cut manually with a knife due to the specific length requirements.



For other tests such as thermal conductivity, density, water absorption, TGA and length distribution, the fibers were extracted with a knife mill, as shown in Figure 3. This machine cuts and grinds the fibers into different lengths. The use of the machine is more practical for the large-scale use of fibers. In a knife mill, the length of fibers can be controlled by using grids of various sizes from a few millimeters to a few centimeters such as 1 cm, 2 cm and 3 cm, etc. The knife mill machine with grids of different sizes is shown in Figure 3.



The different grids allow the fibers to be cut to a maximum length equal to the width of the mesh of the chosen grid. This ensures the availability of fibers of various sizes to incorporate them into different blends for composite materials, as illustrated in Figure 4.



The length distribution of fibers can be observed manually and with the help of software. As the manual process is time-consuming and impractical on a large scale, the length of fibers, extracted with 2 cm and 3 cm grids, was determined with ImageJ software.




2.2. Physical, Chemical and Thermal Properties of Fibers


The physical properties of fibers include geometrical characteristics such as length and cross-section, morphology, density and water absorption. The morphology and texture of palm oil flower and fruit fibers were observed by scanning electron microscopy (SEM). The cross-sectional and longitudinal views of the fibers along with flatness and unevenness were observed by SEM. The Keyence VHX 6000 digital microscope model was used, in which the microscopic image is processed by computer-assisted drawing software to determine the area of the fiber section [27].



The absolute density of palm oil flower and fruit fibers was determined with the AccuPyc 1330 helium pycnometer from Micromeritics. The density test was repeated three times to obtain the average results. The water absorption of palm oil fibers was found by immersing the fibers in distilled water for 48 h. The water absorption of fibers is an important parameter, as it affects their performance and strength. The chemical composition of fibers is also necessary for their strength, shelf life and decomposition. For the chemical composition test, the fibers were ground and oven-dried at 38 °C for 48 h. The chemical composition of palm oil fibers was obtained with the van Soest method [37] to observe chemical components such as cellulose, lignin, hemicellulose, lignocellulose and pectin, protein, ash and other impurities.



Thermal characteristics include thermal conductivity (λ), which is steady-heat flow from the unit area of the fiber, and thermogravimetric analysis. The thermal conductivity of the fibers was measured with the heat flow method with a porcelain mold of size 15 × 15 × 3 cm3.



The thermal stability of fibers is their resistance against extreme temperatures. The thermal stability of natural fibers is measured with thermogravimetry and differential thermal analysis [38]. The thermal stability of the palm oil flower and palm oil fruit fiber bundle was measured with the TGA 295 F1 Libra thermogravimetric analyzer (Netzsch). The applied temperature ranged from 25 °C to 800 °C, with a heating rate of 10 °C/min. Temperature increases at a constant rate in thermogravimetric analysis and decomposition were noted by a change in mass with respect to temperature and time. TGA has been performed for natural fibers with the same approach by different researchers [19,39].




2.3. Mechanical Properties of Fibers


The mechanical properties of fibers play a vital role in their use as reinforcement. Fibers with good tensile strength increase the post-peak load-bearing capacity of composite materials. The mechanical characteristics of fibers include tensile strength, strain and modulus of elasticity.



The tensile strength of palm oil flower and fruit fibers was determined with the ASTM standard [40]. The Shimadzu AGS-X universal testing machine was used with 200 N sensors at a displacement rate of 0.5 mm/min. The tensile strength test was performed on the bundle of fibers extracted manually from empty fruit bunches and fibers extracted from pressed palm fruits. The fibers were sun-dried on site and oven-dried in the laboratory before testing to remove absorbed moisture. Fibers of length 3 cm were protected from bending by gluing them with a 4 cm × 4 cm cardboard paper frame. The free length of fibers inside the frame was 2 cm. The cardboard was gripped by the machine and cut from the sides to start the test. The tensile test was performed on 10 palm oil flower and 10 palm fruit fiber samples. The frame used for straightening the fibers and testing the installation is illustrated in Figure 5.



Figure 5a shows the fiber attached with cardboard for straightening. Figure 5b shows the cutting of cardboard just before the start of the test at the center so the tensile strength was applied only on fiber. Figure 5c shows the failure of the fiber under tensile load, and Figure 5d shows the failed fiber after the tensile strength test.





3. Results and Discussion


3.1. Analysis of Fibers Physical Characteristics


3.1.1. Length Distribution of Fibers


Palm oil flower fibers extracted with the knife mill machine with 2 cm and 3 cm grids have a wide range of fiber length distributions. The aspect of fibers after mechanical cutting is shown in Figure 6a,b with the size distribution of fibers cut with 2 cm and 3 cm grids.



It can be observed in Figure 6c that there are both short and long fibers, but the percentage of fine-sized particles is higher with the 2 cm grid. Figure 6d,e show that for most of the fibers, the length is varied between 2 mm and 24 mm for POFL fibers from 2 cm grids and 2 mm to 26 mm for POFL fibers from 3 cm grids. The length distribution of the fibers is not uniform. The average length and maximum length of palm oil flower fibers after cutting with a grid of 2 cm (G-2 cm) and a grid of 3 cm (G-3 cm) are summarized in Table 1.



The length distribution of palm oil fibers in Figure 6 and Table 1 shows that palm oil flower fibers can be classified as long fibers, as their lengths range between 5 mm and 50 mm [41].



The natural length of fibers is essential for concrete and earth bricks for reinforcement, as they play a critical role in increasing the toughness of the material.




3.1.2. Cross-Section of Fibers


The area of palm oil flower fibers was found with the digitization of an electronic image captured either by an optical microscope (DEM image), as shown in Figure 7a, or by an environmental scanning electron microscope (SEM image). An SEM image of a typical section of a palm oil flower is given in Figure 7b. The section of fibers is estimated by considering the natural fibers as elliptical. The area of fibers can also be found with a Vernier caliper, albeit with less accuracy in the results.



The actual area of natural fibers is always smaller than the measured area due to the presence of a porous structure, as presented in Figure 7b, inside the natural fibers [20]. The average area of palm oil flower and palm oil fruit fibers determined with microscopic analysis is shown in Table 2.



Table 2 shows that the total area of palm fruit fibers is smaller than the area of palm oil flower fibers. Palm fruit fibers are thin and small in length. Moreover, the area of technical fibers changes with the number of elementary fibers. POFL fibers include both coarse and fine fibers, as observed in Figure 6. The heterogeneous nature of fibers, assumption of a circular or elliptical shape of fibers and apparatus limitations contribute towards bias in section estimation.




3.1.3. Water Absorption of Fibers


Palm oil flower and palm fruit fibers are hydrophilic in nature, which is associated with cellulose and lignin content. The presence of a hydroxyl group in cellulose and lignin increases water absorption in palm oil flower and fruit fibers [15]. The average water absorption coefficient for palm oil flower and fruit fibers is shown in Table 3.



The water absorption of natural fibers increases with the increase in the number of pores present in the natural fibers. The swelling of fibers takes place with the absorption of water. The higher water absorption of natural fibers makes them vulnerable to weathering and climate effects, and their strength decreases. Palm oil fibers contain 10% water-soluble content [38]. Therefore, precautions must be taken for their application in humid environments. Treatment of fibers decreases their water absorption.




3.1.4. Density of Fibers


Low-density natural fibers are important for their use in lightweight building materials. The measured density of palm oil flower fibers and palm oil fruit fibers is shown in Table 4, and the density of palm oil flower fibers reported in the literature is also shown. The addition of fibers decreases the density of composite materials, which is important for building structures [15].




3.1.5. Morphology of Palm Oil Fibers


The morphology of fibers was observed by scanning electron microscopy. Palm oil flower and fruit fibers have different lengths and thicknesses, as mentioned above. Palm oil flower fibers have high morphological heterogeneity. Figure 8A,B shows an aligned, nonwoven and irregular structure of the bundle of fibers due to the presence of noncellulosic particles such as lignin, pectin etc. The cross-section of elementary palm fruit fibers can be seen in Figure 8D, in which the alignment of fibers is like a honeycomb structure that shows strong binding. Porous surfaces in the honeycomb structure of fibers are usually considered circular or cylindrical, but Figure 8D shows that there is variability in the size and shape of these structures. Small-diameter hollow structures are at the boundaries, and coarse-diameter hollow structures are situated in the center of the fiber. Clusters of small-diameter tubes are the majority. Similar observations for coir, jute and sisal fibers are reported in the literature [20]. The presence of hollow tubes at the surface of natural fibers increases the roughness of its surface, which is important for composite materials, as it contributes to the bonding of fiber and matrix [42]. The geometry of the cell also has a significant impact on the tensile strength of plant fibers [16].





3.2. Chemical Characteristics Analysis


Chemical Composition of Fibers


Chemical composition plays an important role for the shelf life and the decomposition of natural fibers. Palm oil fibers consist mainly of cellulose, hemicellulose, lignin and water-soluble compounds. The chemical composition of palm oil flower and fruit fibers from Mexico is shown in Figure 9. Palm oil flower fibers contain 48.84% cellulose, 23.32% hemicellulose, 11.61% lignin and cutins and 16.23% water-soluble compounds. Similarly, the chemical composition of palm fruit fibers can be observed in Figure 9.



The chemical composition of palm oil flower fibers reported by different researchers is presented in Table 5. There is significant variation in cellulose, hemicellulose and lignin content of palm oil flower fibers reported in different studies.





3.3. Analysis of Fibers Thermal Characteristics


3.3.1. Thermogravimetric Analysis


Thermogravimetric analysis (TGA) was performed for palm oil flower and palm oil fruit fibers to observe the mass loss of fibers with temperature. Mass loss occurs due to different reactions at high temperatures. Water evaporation takes place from natural fibers at a temperature between 100 and 200 °C. This is followed by the burning of organic matter at a temperature of 300 to 500 °C. The organic matter of fibers consists mainly of cellulose and lignin.



Figure 10 shows the TGA curve of one sample test on palm oil flower fibers. The test was repeated three times to obtain an average value. Average mass loss at three different temperatures is shown in Figure 11. Precisely 5.30% of mass loss happens at 29 °C to 180 °C, which is mainly associated with the dehydration of fibers. In the second stage, up to 460 °C, 65.1% mass loss occurs, which is associated with the decomposition of cellulose, hemicellulose, lignin and pectin content. From 460 °C to 600 °C, there is a slight mass loss, followed by constant behavior, which shows the mass stabilization due to remaining ash and impurities.



The average mass loss at different temperatures for palm oil flower and palm oil fruit fibers is shown in Figure 11.



The average mass loss of palm oil flower fibers for the entire temperature range, i.e., from 0 °C to 800 °C, is around 79%, while for palm fruit fibers, the average mass loss for this temperature range is around 80%. Mass loss is nearly similar in both types of fibers, and this is because both fibers come from the same plant with similar chemical compositions. The remaining mass of nearly 20% belongs to ash and impurities and other chemical components.




3.3.2. Thermal Properties of Fibers


The average thermal conductivity and thermal resistivity of palm oil flower and palm oil fruit fibers are shown in Table 6.



Both flower and fruit have low thermal conductivity. The thermal conductivity of natural fibers is usually low, i.e., coconut fibers have a thermal conductivity of 0.078 W/mK. Due to the low thermal conductivity of natural fibers, the thermal conductivity of composite materials such as earth bricks is also low, which makes fibers suitable for their use in thermal insulation materials used in buildings [29].





3.4. Analysis of Fibers Mechanical Characteristics


Fibers exhibit two sorts of behavior on loading, which are elastic and elastoplastic behavior. Elastic behavior follows Hooke’s law. Glass and metal elements such as steel fibers follow this behavior. Most natural fibers such as palm oil flower fibers show elastoplastic behavior. This is due to the presence of cellulose, which is a chain-like structure. In the tensile test, when one end of natural fiber is fixed and the other is pulled, the cellulose aligns itself along the fiber axis and shows elastic behavior at a certain load. After that, the behavior transforms into plastic deformation.



The tensile load–deflection curve for a palm oil flower fiber is shown in Figure 12, which shows that palm oil flower fibers exhibit elastoplastic behavior. Both palm oil flower and fruit fibers show elastoplastic behavior.



The zone of influence of tensile force for low strength and high strength for palm oil flower and fruit fibers is shown in Figure 13.



The overall tensile load-bearing capacity of palm oil flower fibers is greater than the palm oil fruit fibers. This is because palm oil flower fibers are smooth fibers, while palm oil fruit fibers are obtained by crushing the palm fruit after palm oil extraction. Moreover, the cellulose content of POFL fibers is greater than the cellulose content of POFR fibers, as natural fibers with higher cellulose content have higher tensile strength [20]. The average tensile stress of palm oil flower and fruit fibers is summarized in Table 7. The average initial tensile modulus (Et1) for palm oil flower and fruit fibers determined from the elastic part of the tensile stress–strain curve before hardening and tensile modulus (Et2) for the plastic phase is also presented in Table 7. The average ultimate tensile strength of 10 POFL and POFR fibers was determined. The minimum, maximum and average ultimate tensile stress observed for each type of fiber is summarized in Table 7.



Table 7 shows that palm oil flower fibers have good tensile strength. The tensile strength of palm oil fruit fibers is comparatively low. POFR fibers are obtained by crushing the palm fruit, which affects their strength.



The tensile strength of fibers varies with the type of fibers and diameter of fibers. Long-size natural fibers are weak and break easily, as the tensile strength of long fibers is affected by the presence of weak links inside the fibers [17]. For the traction test, we only select fibers of a 3 cm length, and fibers used for the tensile test are free from knots. These changes may lead to a bias for future interpretation of mechanical characteristics. Another problem associated with the tensile strength test is the use of palm fruit fibers of sufficient size, i.e., fibers of a 3 cm length for the tensile strength test, which is sometimes difficult. Palm fruit fibers of a 3 cm length represent only about 2% of the available fibers.



The deformation modulus and tensile strength of fibers are directly proportional to the cellulose content of natural fibers. The deformation modulus of natural fibers ranges from 0.57 to 9 GPa [17,18]. The values of tensile strength of natural fibers, found in the literature, are shown in Table 8.





4. Conclusions


In this study, the characteristics of palm oil flower and fruit fibers were studied. It is observed that the length of palm flower fibers is higher than palm fruit fibers and meets the requirements of the construction industry. Tensile strength testing of fibers shows that palm oil fruit fibers have higher tensile strength compared to palm oil fruit fibers. Tensile load–deflection curves show that palm oil flower fibers and palm fruit fibers exhibit elastoplastic behavior. The average area of palm oil fruit fibers is around 0.07 mm2. Based on the different characteristics of palm oil flower and fruit fibers such as length, diameter, thermal conductivity and tensile strength and their comparison with the properties of natural fibers used in the literature, it can be concluded that palm oil flower and fruit fibers can be used for composite materials such as concrete, mortar and earth blocks in the construction industry.
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Figure 1. Palm oil flower bundle with fruits (a), palm oil flower bundle waste (b) and palm oil fruit fibers (c). 
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Figure 2. POFL bundle with fruits and after grinning ((a,b) respectivley), palm oil fruit and POFR short fibers ((c,d) respectively). 
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Figure 3. The three-knife mill machine (a) and various sized steel grids (b). 
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Figure 4. Raw POFL fibers (a) and cut fibers with decreasing length (b,c). 
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Figure 5. Natural fibers installation on a cardboard frame (a), cut of the frame just before testing (b) and failed fiber after tensile strength test (c,d). 
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Figure 6. POFL fibers aspect (a,b), cumulative length distribution (c) and individual length distribution for 2 cm long and 3 cm long fibers ((d,e) respectively). 
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Figure 7. Digital microscope used after tensile test for estimation of area (a) and area estimation of palm oil flower fiber from SEM image (b) after pull-out test. 
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Figure 8. SEM images of palm oil flower (A,B) and fruit fibers (C,D). 
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Figure 9. Biochemical fraction of POFL and POFR fibers. Note: S.D = standard deviation for palm flower fibers and fruit fibers, respectively. 
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Figure 10. POFL fiber mass loss with temperature. 
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Figure 11. POFL and POFR fiber mass losses at different temperature ranges. 
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Figure 12. POFL fibers (a) and typical POFL fiber load–deflection curve (b). 
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Figure 13. Palm oil flower (a) and fruit (b) fibers stress–strain zone of influence. 
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Table 1. Average and maximum length of palm oil flower fibers.
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	Grid Size
	Average Length (mm)
	Maximum Length (mm)





	2 cm
	9.48
	24.05



	3 cm
	11.5
	32.96
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Table 2. Total average area of palm oil fibers.
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	Method
	POFL Area (mm2)
	POFR Area (mm2)





	Microscopic analysis
	0.070
	0.027
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Table 3. Water absorption of palm oil fibers.
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	Fiber Type
	Water Absorption (%)





	Palm oil flower POFL
	235



	Palm oil fruit POFR
	258
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Table 4. Density of palm oil fibers.
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Fiber Type

	
Measured Density (g/cm3)

	
Literature Density (g/cm3)

	
References






	
Palm oil flower POFL

	
1.37

	
1.15−1.40

	
Fang et al., 2017

Karina et al., 2008




	
Palm oil fruit POFR

	
1.36











[image: Table] 





Table 5. Chemical composition of natural fibers.
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	Reference
	Type of Fiber
	Cellulose (%)
	Hemicellulose (%)
	Lignin (%)
	Ash (%)





	[13]
	OPEFB
	59
	2.1
	25
	3.2



	[20]
	OPEFB
	49.44
	23.19
	12.56
	-



	[36]
	OPEFB
	65
	-
	19
	2







Note: OPEFB = oil palm empty fruit bunch.
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Table 6. POFL and POFR fiber measured thermal conductivity and resistivity.
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	Type of Fiber
	Thermal Conductivity (W/mK)
	Thermal Resistivity (m2K/W)





	POFL fiber
	0.058
	0.80



	POFR fiber
	0.055
	0.84
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Table 7. Ultimate tensile stress values and Et tangent tensile deformation modulus.
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	Type of Fiber
	σmax. (MPa)
	σmin. (MPa)
	σaverage (MPa)
	Et1 (GPa)
	Et2 (GPa)





	POFL
	181.33
	31.72
	104.33
	1.3
	0.38



	POFR
	117.64
	49.09
	85.00
	3
	0.72
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Table 8. Mechanical properties of palm oil and other natural fibers.






Table 8. Mechanical properties of palm oil and other natural fibers.





	Reference
	Type of Fibers
	Tensile Strength (MPa)
	Tensile Modulus (GPa)





	[10]
	Palm fruit fibers
	110
	0.95



	[36]
	Palm flower and fruits
	248
	2



	[10]
	Coconut
	162
	2.49



	[8]
	Date palm
	170–290
	0.232
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