


Biopolymer composites: Integrating agro waste-Fillers with LDPE for Enhanced Mechanistic and Moisture Properties
Abstract
Availability of sustainable materials has been closely linked to the development of new technologies. In this study, agro-waste materials; Coconut shell (CS) and Saw dust (SD) were employed as filler materials in the production of polymer composites using low density polyethylene (LDPE) as matrix at varying composition ratios ranging from 10/90 to 50/50 of filler/LDPE. A total of fifteen (15) composites materials (Coconut shell (CS) and Saw dust (SD) and Hybrid (HB) bio-polymer composites) were fabricated and studied. SEM micrographs showed a homogeneous distribution of particles with a good interfacial bonding at the filler/matrix interface, FTIR analysis identified peaks at 1500 cm-1 for Ethylene and 3000 cm-1 for hydrophilic hydroxyl (OH) groups. The mechanical characterization showed higher filler ratios enhanced material stiffness and reduced elasticity, SD 40/60, HB 50/50 and CS 50/50 were in cluster I, while CS 10/90, SD 30/70 and HB 20/80 in cluster III had the most tolerance for moisture. The principal component analysis (PCA) could explain 87% variation while cluster analysis (HCA) identified the second day of testing to have the most impact on composites in presence of moisture. The findings provide a pathway to reduce environmental pollution and offers valuable insights into the design of bio-polymer composites with enhanced performance. for application in packaging, construction, automobile and other industries.
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1.0 Introduction 
The growing world population and economic indices suggests that social resources like construction materials are in increasing demand for housing and other economic activities. The availability of suitable materials has been closely linked to the development of technologies that improve the convenience of human existence. (Chamas et al., 2020; Guna et al., 2019). One of the most common problems in developing economies around the world such as Nigeria is proper management of waste materials and sustainable consumption of resources. Research has also shown that using agricultural waste and by products in the development of materials, and in combination with polymer wastes, is a viable sustainable approach that not only addresses environmental pollution but enhance sustainable consumption of resources. Global plastic waste has risen by 7.11% since 2021(Pilapitiya & Ratnayake, 2024: UNEPA, 2024). Nigeria for instance produced 5.2 million tons of wood waste and 1.8 million tons of sawdust annually compared to the United States' 64 million tons in 2021 (Owoyemi et al., 2016). In several fields, including packaging, construction, aerospace, and the automotive industries, where significant load bearing capacities are not necessary, agro-waste reinforced polymer composites have previously been used effectively (Sethuraman et al., 2020). Additionally, there is a great chance to produce superior composites for automotive, aircraft, and recreational uses. The most appealing qualities of agro-waste polymer composites are their comparatively low weight, high specific strength, ease of formability, and significant resistance to corrosion and fatigue. When compared to composites with synthetic fillers, biodegradable materials have some drawbacks, such as a high degree of anisotropy and moisture absorption ((Ezeudu & Ugochukwu, 2024; Rosso, 2006). Also, composites reinforced with agricultural waste have a significant deal of promise to replace synthetic composites, which could result in more affordable, durable, and ecologically friendly products (Yogitha et al., 2020), even though, there are many problems with their manufacture. For a better interface and improved mechanical properties, the compatibility of recycled/virgin adhesive matrices and agro-waste materials with other components in the composite system presents significant hurdles (Owuamanam and Cree, 2020; Salifu et al., 2022). For instance, agricultural wastes contain extraneous material that can prevent the polymer matrix from bonding with them. In most cases, researchers used various pre-treatment techniques to remove the interfering substances from the fiber components. By incorporating lignocellulosic agro-wastes into polymer matrices, it is feasible to produce bio-polymer composite materials with increased durability and moisture tolerance since bio-polymer composite materials require less energy and easily degrade into water-soluble polymers as functional groups like ester and amide bonds in their chemical structure deteriorate (Yogitha et al., 2020).
2.0 Materials and Methods
2.1 Processing of filler materials
The saw dust (SD) and coconut shell (CS) was granulated to reduce their particle size and stored to serve as filler materials, while the polyethylene waste was cut into tiny pieces with a pair of scissors and stored to serve as polymer matrix. The saw dust (SD) and coconut shell (CS) was washed with tap water and dried to remove moisture. Alkali pretreatment of the filler materials was then carried out by immersing the filler materials in 2M NaOH solution while stirring for 1 hour at room temperature after which it was washed severally with water and oven dried at 100 OC before storage.
2.2 Composition of Polymer composite Materials
The mixing process involves the introduction of the filler material while the polymer is rolled on the mill machine for a period of five (5 ) minutes at 170 °C to homogenize the mixture. After which a metal mould of dimensions 120mm x100mm x 3.2 mm was placed on the hydraulic hot press (Compression Moulding Machine) for shaping at 150oC and pressure of 2.5 MPa for 5mins. The composition ratios for both coconut shell (CS) and saw dust (SD) and hybrid (H) is shown in Table 1.
Table 1: Composite ratios (LDPE/CS and LDPE/SD)
	Sample
	LDPE/CS
Composites
	LDPE/SD
Composites

	
	LDPE (wt%)
	CS (wt%)
	SD (wt%)
	SD (wt%)
	CS (wt%)

	A
	100
	0
	0
	0
	0

	B
	90
	10
	0
	10
	0

	C
	80
	20
	0
	20
	0

	D
	70
	30
	0
	30
	0

	E
	60
	40
	0
	40
	0

	F
	50
	50
	0
	50
	0



Table 2: Composite ratios (LDPE/CS/SD)
	Sample
	LDPE (wt%)
	 CS (wt%)
	SD (wt%)

	A
	90
	5
	5

	B
	80
	10
	10

	C
	70
	15
	15

	D
	60
	20
	20

	E
	50
	25
	25



2.3 Characterization of materials
The bio-polymer composites were characterized for morphology using scanning electron microscope (SEM), while the functional groups was monitored using Fourier transformed infrared spectroscopy (FTIR).
2.4 Preparation of bio-polymer composites for Testing
For the mechanical test, test samples were cut from the composites in accordance with the suggested standard for each test. According to ASTM D618, each sample underwent conditioning at a temperature of 23 °C and a relative humidity of 65% before the test.
2.5 Mechanical Properties of bio-polymer composites
The following mechanical properties were determined on the prepared bio-polymer composites.
2.5.1 Hardness test 
The ASTM D2583 method was used to gauge the composites' hardness. Prior to testing, the test specimens were preconditioned for 40 hours at 23°C and 50% relative humidity. The samples were sliced from the composites, and a micrometer screw gauge was used to measure their thickness. The test was performed using a durometer, which forced the indentor pin to penetrate the sample while displaying the sample's hardness on the display screen. For every sample, the procedure was carried out three times.
Average Hardness =    (Hv) ……………………………………….. (i)
2.5.2 Impact test 
The materials were subjected to an impact test in line with ASTM D6110. The specimen samples were cut into 64, 12.7, 6.4 mm dimensions. In a pendulum impact test fixture, a specimen was clamped, and when the pendulum was released, it struck the specimen. The energy that the sample had absorbed was used to determine the impact strength, which was displayed on screen.
2.5.3 Tensile test 
A material testing machine was used to conduct the tensile strength measurement experiment at a constant strain rate of 0.5 mm/minute. According to ASTM D638, the composite samples was cut into dumbbell shapes with cross-sectional dimensions 135 by 114 by 14 4.0 mm. Up until it fractures, the load handle was constantly turned. The determinations; ultimate tensile strength, strain, and elastic modulus (E) were done using equations i, ii, and iii:
δ = F/A …………………………………. (ii)
ε = e/l ……………. ……………………..(iii)
E= δ/ε    ………………………………. (3.3)
where F is the breaking load, A is the cross-sectional area, e is the extension, and l is the original length. 
2.6 Moisture Testing
According to ASTM D570-98, moisture absorption tests was performed on bio-polymer composites with dimensions of 50 mm x 10 mm x 10 mm (l x w x t) at room temperature for 10 days. Every 24 hours, the composites, submerged in 50ml distilled water in a beaker was removed, dried and weighed.  Equation (i) was used to calculate absorbed in % weight gain as % moisture absorption by composites.
……………………………………………(i)
where, W% is the composite weight gain in percentage, W1 is the weight of composite after each day, and W2 is the dry weight of sample before immersion in distilled water. Principal component analysis (PCA) and Hierarchical cluster analysis (HCA) was carried out on data.
3.0 Results and Discussion
3.1 Characterization of bio-polymer composites
The following characterizations were carried out on prepared bio-polymer composites from Coconut shell (CS), Saw dust (SD) and Hybrid (H).
3.1.1 Surface morphology of bio-polymer composites
[image: ]
Figure1: SEM images for bio-polymer composites (CSR, SD and H)
The morphology of bio polymer composite material depends on the processing conditions, nature components, weight fractions, and component melt viscosities. The SEM images for Coconut shell residue (CSR), Saw dust (SD) and Hybrid (H) filler bio-polymer composites are shown in Figure1, the images showed rough and heterogenous surfaces from the various filler additions to polymer matrix. The micrographs show that the particle distribution is essentially homogeneous and that there is a strong interfacial adhesion at the filler/matrix contact. The filler particles are not coming off but are still firmly linked to the matrix material indicating ideal bonding. Also at the constituents' bonding sites, void areas are not seen. In general, the micrographs demonstrate a notable impact of the filler elements on the composites. Reitman et al., (2019) suggested that the reduction to finer particle sizes will greatly improve interfacial contact of the two distinct fillers used in the composites and the polymer matrix and in turn enhance the mechanical properties and moisture absorption. Ogudo, et al., (2021) noted a degree of homogeneity in agro-waste to LDPE composites and this was observed to influenced their moisture absorptivity as the hydrophobic and hydrophilic components of the materials played a significant role in the degradation of the composites.

3.1.2 FTIR Analysis
[image: ]
Figure 2: FTIR spectra for Coconut shell (CS), Saw dust (SD) and Hybrid (HB) bio-polymer composites
Figure 2. shows the FTIR spectra for Coconut shell (CS), Saw dust (SD) and Hybrid (HB) bio-polymer composites, the characteristic peaks of polyethylene such as the C-H stretching vibrations between 2915 cm−1 and 2848 cm−1, the CH2 bending vibrations from 1461 to 1501 cm−1, and the vibrations from 716 to 1000 cm−1,  were observed, also, a small peak at 1370 cm−1 appears for the composites due to CH3 symmetric deformation vibrations. A far reduction in the hydroxyl (OH) peak for saw dust was observed after alkali pretreatment and also enhanced its performance in mechanical testing. The presence of OH peak between 3000-3600 cm-1 can be attributed to the hydroxyl groups from cellulosic component of the filler materials and also residual moisture absorbed during the preparation of the composite, similar frequencies were noted by Hamin et al., (2023) in sugarcane bagasse as filled polymer composites. The treatment of agro wastes with alkaline has been observed to reduce moisture absorption in cellulosic fibers as in replaces th hydroxy groups with metallic groups thereby increasing hydrophobicity (Gautam et al., 2024; Rahman et al., 2021; Dinh et al., 2018). Rahman et al., (2021) found treatment of pineapple leaf fiber (PALF) with 7% NaOH to enhance mechanical properties by improving homogeneity and in turn moisture tolerance in reinforced LDPE composites.

3.2 Mechanical properties
The mechanical properties were determined for the prepared bio-polymer composites as follows;.

Figure 3: Hardness test for coconut shell (CS), saw dust (SD) and Hybrid (HB) bio-polymer composites 
3.2.1 Hardness of bio-polymer composites
[bookmark: _Hlk181351501]The hardness test was determined for the Coconut shell (CS), Saw dust (SD) and Hybrid (HB) bio-polymer composites. The hardness plot is shown in Figure 3, the hardness of the bio-polymer composites was observed to increase for all the prepared composites as the filler concentration was increased. This is expected since the elasticity of the polymer matrix decreases as more filler material is added, resulting in the development of a more rigid polymer composite material. The polymer composites recorded values ranging between 50/50 to 90/10 filler ratios as 69.27-82.33 (Hv) for coconut shell (CS), 66.15- 77.84(Hv) for saw dust (SD) and 70.19-82.97 (Hv) for hybrid (HB) composites. Although the average hardness of the polymer composites is observed to increase with additional filler loads, individual variations are also seen to exist with the various ratios, this is due to the inadequate phase interaction between the two highly cellulosic fillers and the polyethylene matrices. Kundie et al., (2018) also observed that the filler load had a significant impact and enhanced the hardness of prepared dental composites.

Figure 4: Average impact energy (J) for Coconut shell (CS), Saw dust (SD) and Hybrid (HB) bio-polymer composites 

Figure 5: Impact strength (Jmm) for Coconut shell (CS), Saw dust (SD) and Hybrid (HB)
bio-polymer composites 

3.2.2 Impact strength of bio-polymer composites
[bookmark: _Hlk181351527][bookmark: _Hlk181351537][bookmark: _Hlk181351558]The average impact energy and impact strength for the prepared Coconut shell (CS), Saw dust (SD) and Hybrid (HB) bio-polymer composites was determined, and the results are plotted in Figures 4 and 5 respectively. The average impact energy measured in joules ranged from 50/50 to 10/90 ratios as 0.81-0.30 (J), 0.61-0.44(J) and 0.80-0.31(J) for Coconut shell (CS), Saw dust (SD) and Hybrid (HB) bio-polymer composites respectively, while the impact strength ranged from 0.25-0.09 (Jmm), 0.19-0.14 (Jmm) and 0.25-0.10 (Jmm) for Coconut shell (CS) and Saw dust (SD) filler materials and Hybrid (HB) bio-polymer composites respectively. The maximum energy that the composites may absorb upon impact is determined by the impact strength, the produced composites showed a gradual loss of this property as the concentration of the filler material was increased. The composition of the filler, the polymer, and the interfacial bonding between the filler and matrix all affect the impact properties of filler reinforced polymer composites (Navaranjan & Neitzert, 2017). The findings agree with the report of Iyer & Torkelson, (2014) for injection-molded pure PHB and pure PLA composites produced using corn cob as filler materials. Corncob fillers were observed to disrupt the PHB-PLA matrix's continuity, preventing energy absorption and transmission when the impact force was applied. This reduced the composite's resistance to deformation and accelerated its failure (Iyer & Torkelson, 2014).

Figure 6: Tensile strength for coconut shell (CS), saw dust (SD) and Hybrid (HB) bio-polymer composites 


Figure 7: Tensile modulus for coconut shell (CS), saw dust (SD) and Hybrid (HB) bio-polymer composites 

Figure 8: % Elongation for coconut shell (CS), saw dust (SD) and Hybrid (HB) bio-polymer composites 

3.2.3 Tensile properties of bio-polymer composites
[bookmark: _Hlk181351642][bookmark: _Hlk181351663][bookmark: _Hlk181351677][bookmark: _Hlk181351690]The findings of tensile strength, tensile modulus and % elongation for Coconut shell (CS) and Saw dust (SD) filler materials and Hybrid (HB) bio-polymer composites are shown in Figures 6, 7 and 8. Tensile properties were observed to vary with filler load. Betancourta & Cree (2017) reported that the filler to matrix link decreases with increasing filler load. When filler loading is increased, the tensile modulus of the composites is increased because the load is effectively transferred to the filler particles, which absorb and transmit the stress loading significantly better. The tensile strength of the prepared Coconut shell (CS) and Saw dust (SD) filler materials and Hybrid (HB) bio-polymer composites was observed to decrease with increased filler ratio as shown in figure 6, the tensile strengths were determined for the 10/90 and 50/50 ratio as 24.09 and 9.02 (MPa) for Coconut shell (CS), 22.03-9.31(MPa), for Saw dust (SD) and 23.04-8.01(MPa) and for Hybrid (HB) polymer composites, while the Modulus was determined as shown in figure 7 as 245.11 and 127.30 (MPa) for Coconut shell (CS), 241.51 and 121.50 (MPa) for Saw dust (SD), 244.08 and 126.27(MPa) for Hybrid (HB) polymer composites for the 10/90 and 50/50 ratios respectively. The results show that the filler materials significantly affect the composite's tensile characteristics. Similar investigations on polymer composites by Owuamanam et al., (2021) for PLA/corncob composites and Arrakhiz et al., (2013) for polypropylene/clay composites also reported the tensile modulus to improve with addition of filler material. Tazibt et al., (2023) the morphology and properties of composites based on poly (lactic acid) (PLA) as filler materials reported that the addition of 5 wt% of HAp into the PLA improved the thermal stability and tensile properties of the composite but decreased at higher filler ratio 15 wt%. High ratios of filler tend to occupy the voids between polymer chains, contributing to a hardened structure, the microparticles tend to agglomerate, resulting in restricted lateral movement. Consequently, the contact area with the polymer diminishes, complicating the distribution of the filler among the chains. (Owuamanam and Cree (2020). The % elongation for the prepared composites were determined as shown in figure 8 for 10/90 to 50/50 ratio as 8.21-7.06 (%) for coconut shell (CS), 8.03-7.16 (%) for saw dust (SD) and 7.92-6.17 (%) for hybrid (HB) bio-polymer composites.  Increasing the concentration of fraction of filler material leads to reduction in the percentage of elongation for samples. This is due to the fact that the presence of fillers imparts the stiffening effect within the matrix and thus imposes a mechanical restraint on the composites (Tazibt et al., 2023).



Figure 9: % Moisture absorption for coconut shell (CS), saw dust (SD) and Hybrid (HB) bio-polymer composites 



3.3 Moisture absorption capacity
Moisture tolerance of the prepared bio-polymer composites is shown in figure 9. for Coconut shell (CS), Saw dust (SD) and Hybrid (HB) composites. Principal component analysis (PCA) and hierarchical cluster analysis (HCA) were carried out to identify the most influential components and also evaluate the composite with the best moisture tolerance. The results are shown in Tables 3 and 4 for total variance and component scores and figure 10.  for dendrogram respectively.
Table 3. shows the total variance observed for moisture absorption of the composites after 10 days. of the bio-polymer composites. The analysis identified two (2) major components. Component 1 could explain the variation to 73.533% while component 2 had 87.405%. Component 2 was used to explain the moisture absorption for the composite samples. Day 2 had the highest component score of 0.742 meaning the composites had their highest moisture absorption on day 2 as shown in table 4. this is attributed to the readily available pore spaces in the composites since they were yet to be exhausted. Figure 10. shows the cluster plots from hierarchical cluster analysis (HCA) to check for similarities in moisture tolerance among the bio-polymer composites. Three (3) clusters were identified as cluster I, II and III representing clusters having composites with high, moderate and low moisture absorption respectively. Interestingly saw dust (SD) 50/50 ratio was not clustered in cluster I for high moisture absorption when compared to hybrid (HB) 50/50 and coconut shell (CS) 50/50.  SD 50/50, HB 40/60, HB 30/70 and CS 40/60 were in cluster II for moderate moisture absorption, while SD 30/70, HB 10/90, HB 20/80 and CS 10/90 were in cluster III for low moisture absorption composites. this behaviour of the prepared composites is attributed to the fact that with increasing filler load increases the hydrophilic component of the bio-polymer composites enhancing moisture absorption. Figure 9. confirms saw dust composite with the best effect of pretreatment also having the best moisture tolerance at the 50/50 ratio when compared to coconut shell and hybrid composites. 

Table 3: Total variance in principal component analysis (PCA)
[image: ]
Table 4: Component scores in PCA
[image: ]

[image: ]

Figure 10: Hierarchical cluster analysis (HCA) for coconut shell (CS), saw dust (SD) and 
Hybrid (HB) bio-polymer composites 

4.0 CONCLUSION
[bookmark: _Hlk181434886]The alkali pretreatment of the agro-wastes fibers was able to reduce hydrophilicity and improve homogeneity between filler materials and LDPE matrix. The prepared bio-polymer composites showed a good interfacial bonding at the filler/matrix interface indicating a homogenous distribution of filler particles as observed in S.E.M analysis. At the 50/50 ratio of filler/matrix, the saw dust (SD) composites were more tolerant to moisture when compared to Coconut shell (CS) and hybrid, this is attributed to the effect of alkali pretreatment as seen in it’s less prominent hydrophilic (OH) peak at 3000cm-1 from FTIR and also PCA and HCA analysis. clustered saw dust in cluster. The enhanced mechanical properties are also attributed to improved homogeneity. It is possible using the approach to obtain sustainable bio-polymer composites with enhanced mechanistic and durable properties.
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Impact strength (Jmm)
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Tensile strength (MPa)




CS	 10/90	 20/80	30/70	40/60	50/50	127.3	152.18	170.45	196.32	245.11	SD	 10/90	 20/80	30/70	40/60	50/50	121.5	155.91	176.24	198.41	241.51	HB	 10/90	 20/80	30/70	40/60	50/50	126.27	151.15	169.42	195.29	244.08	Filler/LDPE ratio


Tensile modulus (MPa)
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% Elongation




B4	CS 10/90	CS 20/80	CS 30/70	CS 40/60	CS 50/50	SD 10/90	SD 20/80	SD 30/70	SD 40/60	SD 50/50	HB 10/90	HB 20/80	HB 30/70	HB 40/60	HB 50/50	2.4300000000000002	2.65	3.63	3.32	2.61	2.66	2.64	3.04	2.79	3.44	2.56	3.06	2.5099999999999998	2.88	2.73	D1	CS 10/90	CS 20/80	CS 30/70	CS 40/60	CS 50/50	SD 10/90	SD 20/80	SD 30/70	SD 40/60	SD 50/50	HB 10/90	HB 20/80	HB 30/70	HB 40/60	HB 50/50	4.5267489711934097	4.5471698113207601	5.65289256198347	10.433734939759001	11.532567049808399	3.3834586466165399	3.7575757575757498	4.2763157894736796	9.5268817204301097	12.5232558139534	5.078125	4.2483660130718901	5.1792828685259096	11.6805555555555	15.1868131868132	D2	CS 10/90	CS 20/80	CS 30/70	CS 40/60	CS 50/50	SD 10/90	SD 20/80	SD 30/70	SD 40/60	SD 50/50	HB 10/90	HB 20/80	HB 30/70	HB 40/60	HB 50/50	5.7613168724279697	10.9433962264151	4.4077134986225897	12.048192771084301	3.8314176245210798	5.6390977443608996	4.1666666666666599	5.9210526315789496	12.544802867383501	11.1395348837209	5.46875	5.2287581699346504	8.7649402390438294	10.7638888888889	15.384615384615399	D3	CS 10/90	CS 20/80	CS 30/70	CS 40/60	CS 50/50	SD 10/90	SD 20/80	SD 30/70	SD 40/60	SD 50/50	HB 10/90	HB 20/80	HB 30/70	HB 40/60	HB 50/50	2.88065843621398	1.1320754716981201	4.1322314049586799	13.253012048192801	12.643678160919499	4.1353383458646604	1.89393939393939	3.2894736842105301	8.6021505376343992	8.7209302325581497	2.34375	3.5947712418300601	7.17131474103586	8.3333333333333393	12.454212454212399	D4	CS 10/90	CS 20/80	CS 30/70	CS 40/60	CS 50/50	SD 10/90	SD 20/80	SD 30/70	SD 40/60	SD 50/50	HB 10/90	HB 20/80	HB 30/70	HB 40/60	HB 50/50	5.3497942386831197	1.5094339622641499	4.6831955922865003	14.4578313253012	16.858237547892699	3.3834586466165399	6.4393939393939403	5.9210526315789496	11.8279569892473	10.755813953488399	2.7343749999999898	1.3071895424836599	6.3745019920318802	12.1527777777778	16.4835164835165	D5	CS 10/90	CS 20/80	CS 30/70	CS 40/60	CS 50/50	SD 10/90	SD 20/80	SD 30/70	SD 40/60	SD 50/50	HB 10/90	HB 20/80	HB 30/70	HB 40/60	HB 50/50	7.8189300411522602	3.7735849056603801	7.16253443526172	16.265060240963901	19.157088122605401	5.26315789473683	5.3030303030302903	7.2368421052631504	12.544802867383501	12.5	6.640625	6.2091503267973804	10.3585657370518	14.5833333333333	20.879120879120901	D6	CS 10/90	CS 20/80	CS 30/70	CS 40/60	CS 50/50	SD 10/90	SD 20/80	SD 30/70	SD 40/60	SD 50/50	HB 10/90	HB 20/80	HB 30/70	HB 40/60	HB 50/50	9.0534979423868194	7.1698113207547198	9.6418732782369201	17.168674698795201	21.072796934865899	8.2706766917293102	7.1969696969696901	7.8947368421052602	12.1863799283154	12.790697674418601	7.421875	8.4967320261437802	13.9442231075697	16.3194444444445	25.274725274725299	D7	CS 10/90	CS 20/80	CS 30/70	CS 40/60	CS 50/50	SD 10/90	SD 20/80	SD 30/70	SD 40/60	SD 50/50	HB 10/90	HB 20/80	HB 30/70	HB 40/60	HB 50/50	5.7613168724279697	1.8867924528302	8.5399449035812705	15.9638554216868	16.091954022988499	4.5112781954887096	3.4090909090908998	6.5789473684210602	40.852507033568401	11.9186046511628	5.078125	4.9019607843137196	11.155378486055801	12.5	19.780219780219799	D8	CS 10/90	CS 20/80	CS 30/70	CS 40/60	CS 50/50	SD 10/90	SD 20/80	SD 30/70	SD 40/60	SD 50/50	HB 10/90	HB 20/80	HB 30/70	HB 40/60	HB 50/50	8.6419753086419693	5.6603773584905603	8.81542699724519	18.0722891566265	22.2222222222222	5.26315789473683	7.1969696969696901	7.8947368421052602	13.620071684587799	13.953488372093	7.8124999999999902	7.5163398692810501	11.5537848605578	16.3194444444445	25.6410256410256	D9	CS 10/90	CS 20/80	CS 30/70	CS 40/60	CS 50/50	SD 10/90	SD 20/80	SD 30/70	SD 40/60	SD 50/50	HB 10/90	HB 20/80	HB 30/70	HB 40/60	HB 50/50	6.9958847736625502	3.0188679245282999	7.9889807162534403	18.975903614457799	21.072796934865899	5.6390977443608996	5.6818181818181799	8.2236842105263204	13.9784946236559	13.953488372093	7.8124999999999902	7.5163398692810501	12.350597609561801	15.9722222222222	22.710622710622701	D10	CS 10/90	CS 20/80	CS 30/70	CS 40/60	CS 50/50	SD 10/90	SD 20/80	SD 30/70	SD 40/60	SD 50/50	HB 10/90	HB 20/80	HB 30/70	HB 40/60	HB 50/50	8.2304526748971103	3.7735849056603801	8.81542699724519	4.6937663225422204E-53	20.689655172413801	5.6390977443608996	6.0606060606060499	8.5526315789473593	14.336917562724	15.6976744186047	6.640625	7.8431372549019498	11.155378486055801	14.9305555555556	19.413919413919398	Filer/LDPE ratio


% Moisture absorbed




CS	 10/90	 20/80	 30/70	40/60	50/50	69.27	70.77	73.180000000000007	81.61	82.33	SD	 10/90	 20/80	 30/70	40/60	50/50	66.150000000000006	68.67	72.05	77.989999999999995	77.84	HB	 10/90	 20/80	 30/70	40/60	50/50	70.19	70.760000000000005	73.25	76.13	82.97	Filler/LDPE ratio


Average Hardness (Hv)




CS	 10/90	 20/80	30/70	40/60	50/50	0.81	0.64	0.53	0.41	0.3	SD	 10/90	 20/80	30/70	40/60	50/50	0.61	0.65	0.55000000000000004	0.47	0.44	HB	 10/90	 20/80	30/70	40/60	50/50	0.8	0.61	0.51	0.42	0.31	Filler/LDPE ratio


Average impact energy (J)
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igure 13: Hierarchical cluster analysis (HCA) for coconut shell (CS), saw dust (SD) and
Hybrid (HB) bio-polymer composites
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