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Abstract

:

Waste biomass-based natural fibers are being extensively researched nowadays as a composite material with various waste-based high-density polyethylene (HDPE) to utilize the waste biomass and recycle the plastic waste in an effective approach. In this study, chemically modified spent coffee husk (CH) has been applied with different ratios of HDPE to produce composite material and characterized comprehensively to determine the mechanical stability of the products. The injection molding method was used for composite development containing HDPE with untreated and 10 wt% NaOH-treated CH weight ratios of 0%, 15%, 20%, and 25% together with 10 wt% coupling agent and filler materials of acrylonitrile butadiene styrene (ABS) and kaolin clay, respectively. Physicochemical characteristics of untreated CH, 10 wt% NaOH treated CH, pristine HDPE and HDPE-CH composites have been analyzed comprehensively in this study. Adding 25 wt% fiber with 65 wt% HDPE and 10 wt% of ABS (7 wt%)-kaolin clay (3 wt%) increased the tensile and bending properties significantly. This composite presented the maximum tensile, flexural, and impact strengths, which were 36 MPa, 7.5 MPa, and 2.8 KJ/m2, respectively. The tensile strength and bending strength of NaOH-treated coffee husk fibers (CHF) were enhanced by 32% and 29%, respectively. The microstructural characteristics of HDPE with treated and untreated CHF composites analyzed by scanning electron microscopy (SEM) demonstrated the fibers’ and matrix’s excellent adhesion and compatibility. Thus, HDPE polymer-treated CH composite presented excellent stability, which can be expected as a new addition for construction, food packaging, and other industrial applications.
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1. Introduction


Natural fibers have been extensively researched and used for various composite development (as polymeric composite reinforcement) in various industrial applications, from food packaging to construction applications [1]. In this study, residual fibers obtained from the coffee husk (CH), an agribusiness waste typically burned or disposed of in the environment, have been emphasized. In many earlier research studies, natural hydrophilic fibers with hydrophobic polymers exhibited adhesion problems. Therefore, this adhesion issue needs to be improved before applying composite development. This study presented an alkaline treatment (by sodium hydroxide (NaOH)) of spent coffee husk to improve the texture of coffee husk fibers (CHF) and composite development. Further, the efficiency of the surface NaOH treatment applied to waste CHF has been studied to improve the mechanical performance of high-density polyethylene (HDPE) polymer composites. Social awareness has grown considerably as an associated outcome of environmental problems such as waste creation, fuel scarcity, high material prices, and an increased need to reduce carbon [2]. As a result of these changes, the construction and automotive business has shifted to many ecologically friendly chemical compound materials and composites [3]. The environmental consciousness movement has fueled a search for alternative renewable resources. In several studies, vegetable fibers, also known as natural lignocellulosic fibers (NLF), were used as reinforcing fillers in polymeric composites [1,4,5,6,7]. Creating novel materials from replenished resources or even waste materials has attracted much interest [8,9]. Coffee is another significant and widely used source of agricultural waste [10]. The coffee husk has a thickness of 3–5 mm and a 0.20 m. It has been studied in different forms as a source of antioxidants and valuable chemicals and as a filler in composite formulations of green composites. Green composites can successfully demonstrate technological advantages over conventional petroleum-derived polymer composites, such as cost reduction, lower density, no toxicity, balanced mechanical properties, and, most importantly, lower environmental impacts [11]. HDPE is the most widely used polymer worldwide, and a large amount of HDPE comes from waste plastic materials. Recycling of waste-plastic-based HDPE and HDPE utilization has become a significant concern worldwide to the circular economy and effective waste management nowadays [12]. The advantage of recycling HDPE and HDPE utilization is that it has almost similar qualities to its petrochemical equivalent, which has strong mechanical resistance, high quality, and increased water resistance [12,13]. Within the final long time, squanders have been broadly utilized as fortifications in polymer composites [14,15].



HDPE forms excellent mechanical properties, high chemical resistance, and good processability and includes a broad run of applications, counting electrical fabric applications. Therefore, HDPE is considered a suitable material for composite development. It has a few impediments, such as its softening temperature, warm steadiness, and high combustion efficiency [16]. The mixing of polymers is regularly a vital course for obtaining unused and made strides polymeric materials, which are troublesome to obtain by coordinate polymerization handle [16,17]. Mixing is an appealing strategy for making unused materials with enhancement and adaptability in execution and significantly better properties than the existing polymers [17]. With the expanded toll of materials and natural contamination, creating elective and naturally inviting common fiber materials for thermoplastic composites is crucially required [18]. Characteristic filaments offer specialized and natural benefits when utilized to strengthen plastics [19]. Fillers are used alongside various commodities as planning polymers to form strides within the properties and decrease the fetch. The change of integrity filler materials into plastic moves forward different properties of the materials, such as mechanical properties and physical properties. The mechanical characteristics of chemical compound particle materials heavily depend on the living, shape, and conveyance of filler particles inside the chemical compound lattice and the enlargement grip between the filler and the framework [20,21]. Acrylonitrile butadiene styrene (ABS) is a high-impact modifier once used in CH powder. ABS is a common thermoplastic polymer. Its glass transition temperature is approximately 221 °F (105 °C). ABS is amorphous and therefore has no actual melting point. ABS has high rigidity, good impact resistance, good abrasion and resistance, and high dimensional stability [22].



The coupling agent, ABS, is employed to regulate the interface. This research aimed at evaluating the mechanical characteristics of spent CH with an HDPE-ABS infusion for target applications such as construction, food packaging, and automotive industries. Kaolin clay features high compressibility and also very low strength. A composite may be a heterogeneous fabric that comprises two or further stages that are insoluble in each other. Composites are outlined to autonomously have mechanical properties and exhibitions predominant to constituent materials [22]. Natural fortifications in thermoplastic lattices have been used for many years. The unique fiber composites are essential to provide natural advantages, such as reduced dependency upon vital sources and non-renewable resources [23,24,25,26,27]. In this study, alkali-treated (NaOH) and untreated CHF were ground and then extruded with ABS, kaolin clay, and HDPE, and the resulting compounded pellets were injection molded into pieces. The mechanical properties of HDPE with various coffee husk powder contents were determined to analyze the influences of coffee husk-derived lignocellulosic filler on the final performance of the manufactured composite pieces and determine their potential for the desired application.




2. Materials and Methods


2.1. Materials


The coffee waste utilized in this experiment was gained from the Arabica low process at Ilubabor (Mattu) and Buno Bedele, both in southwest Ethiopia. Yagzi Petrochemical Co., Ltd. is a subsidiary of Sinopec. High-density polyethylene (HDPE) (5000 s, soften flow index of 0.940 g/min, density 0.961 g/cm3, melting point 128 °C) was used to make the composite components. The acrylonitrile butadiene styrene (ABS) (Changzhou Kesi Success Plastics Materials Co., Ltd, Shanghai, PR China) was from China, and kaolin clay was sourced from Borana Shakiso, Oromia, Ethiopia.




2.2. Methods


Fiber Treatment and Preparation of the Composites


Composites of the coffee husk fibers (CHF) (80–120 mesh) were prepared using the following process (Table 1). The CHF was dried under vacuum at 103 °C for 24 h to reduce the water content. A mixer (SJ45, Nanjing Rubber-Plastic Machine Ltd., Nanjing, China) was used to mix and compound the ABS as a coupling agent, kaolin as filler, CHF as reinforcement material, and the HDPE as a matrix. HDPE, ABS, kaolin, and CHF were mixed in specific ratios (Table 1) in a high-speed mixer for 10 min. Each composition was then extruded using a twin-screw/single-screw extruder system to produce CHF/HDPE composite sheets. The melting, pumping, and die zone processing temperatures were set at 160, 170, and 180 °C, and the mold temperature was set at 60 °C. These were extruded through a round die to produce strands and pelletized using an air-knife unit. Resultant pellets were shaped in an injection molding machine, Meteor 270/75, from Mateu and Sole (Barcelona, Spain), at 190 °C using a mirror-finishing steel mold with standard geometries for sample characterization. A low injection time of 1 s was employed, whereas the applied clamping force was 20 tons, and the pieces were cooled for 10 s in the mold. As a result, 3 mm pieces were produced that, before characterization, were stored for 48 h. The rotation speeds of the twin-screw and single-screw extruders were 40 and 20 rpm, respectively. The composites were composed of four components: HDPE as the matrix, CH as reinforcement, Shakiso kaolin clay as the corresponding filler ad, and ABS as the coupling agent. Table 1 shows the formulation of the composites. This study created six distinct composites (3 treated and 3 untreated CH) with weight proportions of 25/65, 20/70, and 15/75 for treated and untreated CH samples, respectively.



Kaolin was created to increase material interface compatibility and deliver an effective, high-quality product. The kaolin was utilized in the study obtained from Borana Shakiso to increase the abrasion resistance, physical properties, and flow properties. The CHF was washed correctly, and the composite was prepared using the injection molding method. The CH has a thickness of 3–5 mm and a length of 0.20 m. They were washed with clean water up to a dirty of the husk was removed and oven-dried for 24 h. For 2 h, the fiber was immersed in a 10% NaOH solution. To remove impurities from the fiber’s surface, the husks were washed frequently with normal water and then with clean water before drying at room temperature for 24 h. The CH fiber has been treated with 10% NaOH alkali. Lastly, the treated CH was grounded with a milling machine of 0.18 mm to obtain the powder.



The injection molding machine was used to create the samples with dimensions of 200 mm × 200 mm × 3 mm. Three composite samples were prepared: 25/65, 20/70, and 15/75 of treated and untreated CH. The composition of the constituents in percentage is 25/65, 20/70, and 15/75, describing 7 wt% kaolin, 3 wt% ABS, 15 wt% CHF, and 65 wt% HDPE. The kaolin and ABS are constant, while the fiber and HDPE percentages vary.



A removing agent was added to the surface to keep the fibers from adhering to the mold.



A release agent, also known as a mold release agent, is a chemical applied to the mold’s surface to prevent materials from bonding to the mold during production. Rests of material on the mold surface have a negative impact on the finished product’s quality. Release agents aid in the separation of the mold from the material used in mold release, plastic release, die-cast release, and other processes. Some mold release agents are sprayed directly on the mold’s tool steel. Some of these include silicone and fluorocarbon-based materials. Other mold release agents are coated or sprayed onto the molding powder’s surface. This is done in batch blenders just before packing out to avoid passing through an extruder. Most release agents that are melt blended with the polymer can be used in this manner. The composite was prepared and condensed for 24 h with a 30 kg weight. This was done to ensure that the sample decreased porosity. The samples were cured for 48–72 h to strengthen them. Following this procedure, test samples were prepared following ASTM standards. Figure 1 represents the processing sequence to produce untreated composite (UC) and treated composite (TC) composites with their characterization.





2.3. Characterization of Mechanical Properties Characterization


Following the recommendations of ASTM standards, the planned mechanical tests were performed on the prepared test specimens, which included impact, flexural, and tensile tests [1,11,28,29,30]. The specimen size and shape for the corresponding tests are explained in the following sections. Three specimens were tested for each set of samples, with the mean points used for analysis.



2.3.1. Tensile Strength


Tensile testing was used to measure the breaking force when the stress was applied to the molten plastics molecules, which were always oriented in the direction of flow, with the interpretation that the mechanical properties of the composite can be achieved when the orientation of the molecules is in the flow direction [29,30]. According to ASTM D3039 standards [31,32], the specimen dimension, l × w × t, used was 250 mm × 25 mm × 3 mm. The test was performed on a 50 kN capacity machine (Bairoe, Shangai, China Universal test machine) with a crosshead speed of 5 mm/min and a gauge length of 150 mm.




2.3.2. Flexural Strength


The material’s resistance to deformation under a given load was investigated using flexural strength measurements. To investigate the interlaminar shear failure, a three-pointed test was performed using an ASTM D790 standard [32,33] on UTM (Wp310 universal material tester, Gut, Barshuttel, Germany) at test speeds ranging from 1 mm/min. The dimensions of the specimen were 127 mm × 13 mm × 3 mm. The following formula was used to calculate flexural strength:


  σ =   3  F  m a x   L   2 b  h 2     



(1)




where  σ  represents the flexural strength, Fmax is the maximum load at failure, b is the sample width, h is the sample thickness, and L is the sample length between the two support points.




2.3.3. Impact Load Test


The Charpy impact strength was determined via a Tinius Olsen (Horsham, PA, USA) model 104 impact tester with a pendulum of 246 g (1.24 J). The impact test is a one-point test that determines a material’s resistance to impact load from a swaying pendulum on the specimen until it fractures. The specimen size for this test was 65 mm × 13 mm × 3 mm. All specimens were notched in the center of the longitudinal side by an automatic sample notcher, and the impact strength was calculated using a Charpy impact tester (Ceast Torio, Torino, Italy) following the ASTM D256 standard used [34].




2.3.4. Absorption of Water


Water absorption tests on treated and untreated coffee husk polymer composites were recommended at room temperature. The test was carried out following the ASTM D570 standard [35], with samples drawn from water at regular intervals and weighed immediately before being cleaned with a dry cloth. The samples were weighed using an electric balance to determine how much water had been absorbed. All the samples were dried in an oven until they reached a constant weight before being re-immersed in water. Equation (2) was used to calculate the percentage of water absorption.


  W A =    W 2  −  W 1     W 2     



(2)




where WA is the water absorption, W1 is the initial (dry) weight of the composite, and W2 is the final (wet) weight of the composite after immersion in water, respectively.




2.3.5. Morphological Studies of Composites by SEM


The SEM technique was used to study the structural morphology of the composite fracture surface. Before being examined in an SEM at 20 kV, the samples were thoroughly cleaned and coated with thick platinum in a JEOL sputter iron coater. The morphology of the fracture surface of the composite samples was examined. SEM images usually reveal the microstructure of composite surfaces with comprehensive morphological details [36].




2.3.6. X-ray Diffraction (XRD) Analysis


The structures of CH were examined using the X-ray diffraction method. The Shimadzu Corporation (Kyoto, Japan) XRD-7000 diffractometer was used to demonstrate the crystallinity analysis with a tension of 40 kV and 40 mA, which was applied to the samples for the measurement of Cu anode materials at a temperature of 25 °C. The XRD patterns of the samples were measured in the continuous scanning mode with a scan speed of 5°/min and a scan range of 10 to 60°.






3. Results


3.1. Tensile Test


The following are the experimental results for the tensile strength of fabricated treated and untreated composite materials. As shown in Figure 2, treated coffee husk (CH) polymer composites have higher tensile strength (36 MPa) than untreated CH polymer composites. In Figure 2, UT15, UT20, UT25, T15, T20, and T25 represent 15% of untreated CH, 20% of untreated CH, 25% of untreated CH, 15% of treated CH, 20% of untreated CH and 25% of untreated CH in the composite mixtures, respectively.



The tensile strength of the untreated CH polymer composite is lower (43.3 MPa) than that of the treated composite. Compared to the treated coffee husk fiber (CHF) composite, the tensile strength of treated and untreated CH composites with volume ratios of 25/65, 20/70, and 15/75 improved by 46.7%, 43.3%, and 32.2%, respectively. The tensile strength increased as the percentage of CH in the composite increased. A higher lignin content weakens the interfacial bond between fiber and polymer components, resulting in a weak composite. As a result, most researchers used fiber treatment to reduce lignin concentration to strengthen the interfacial connection and improve composite mechanical properties [27]. As a result, most researchers proceed with different pre-treatments of the fibers to reduce lignin concentration, which consequently strengthens the interfacial connection and improves composite mechanical properties [27]. Reducing the hydrophilicity of the fiber enhances the bonds of functional groups, which provides additional strength to the fiber matrix and increases the mechanical properties of the composites. Therefore, this study presented an enhancement of the tensile strength in the fibers as well as composites after reducing lignin content.



The tensile strength of treated CHF is higher than that of untreated composites with the same (25/65, 20/70, and 15/75) ratios. This is most likely due to matrix integrity loss and insufficient wetting between the fiber and matrix in composites. When treated fiber was added to the composite, the tensile strength increased. This is because CHF is more polymer compatible, and the tensile strength of composite material is determined mainly by the strength and modulus of its fibers. Figure 3 depicts the force with elongation graphs for coffee husk/high-density polyethylene (CH/HDPE) 25/65, 20/70, and 15/75. Here, 65% TT, 65% UTT, 70% UTT, 70% TT, 75% TT and 75% UTT represent 65% of treated CH, 65% of untreated CH, 70% of untreated CH, 70% of treated CH, 75% of untreated CH and 75% of treated CH in the composite mixtures, respectively. It is shown that all of the curves increase linearly at first and then increase exponentially up to the maximum force.




3.2. Flexural Test


The maximum load was applied in the middle of a freely supported beam specimen in the three-point bending test, and the average flexural test results from three samples were analyzed. As shown in Figure 4, treated CH polymer composites have higher flexural strength (7.5 MPa) than untreated CH polymer composites. The flexural strength of the untreated CH polymer composite is lower (4.5 MPa) than that of the treated composite. As observed, the flexural strength of the treated CH-reinforced composite improved by 32% with a 25/65 weight ratio composite. The flexural strength values progressively increased as the CH content peaked at 25 wt% CH content and decreased afterward. The reinforcement improved the flexural strength of the composites reinforced with 25 wt% CH powder.




3.3. The Impact Test


The impact strength of the created composites was determined using the Charpy impact test. The impact resistance of treated CH slightly increased by 8%, 18%, and 32% with 15 wt%, 20 wt%, and 25 wt% of fiber. The highest value was recorded at 25 wt% of treated CH, as demonstrated in Figure 5. Figure 5 depicts the results of testing V-notched specimens with a depth of 1.15 mm. Compared to treated CH-reinforced and untreated CH composites, treated CH-reinforced polymer composites had a significant impact strength of 21 kJ/m2, increasing the impact strength. However, the impact strength of the untreated CH-reinforced composite was lower, but it improved as more CH fiber was added. The data show that the optimum value (18.11 kJ/m2) is found in the 25/65 treated reinforced fibers. The optimal values of the composite improved by 12.45% compared to the untreated husk-reinforced composite.




3.4. Moisture Absorption


Figure 6 depicts reflective plots of the water uptake of treated and untreated CH over time. According to the data, untreated CH absorbs more water than treated CH at a 15/75 CH-reinforced composite ratio. The water absorption properties of all husks increased for the first 12 h, then varied from 4% to 5%, and remained relatively constant after 88 h. Chemical fiber treatments can aid in reducing water uptake in the fiber. As a reinforcement in composite materials, the expansion of the fiber after water absorption induces microcracks in the composite material, impacting its mechanical properties [30]. The fiber-matrix compatibility can help to reduce water absorption in natural fiber composites without any chemical treatment of the fibers.



SEM was used to assess the ruptured surfaces of the fabricated composites after tensile testing. The SEM image of CH/HDPE and the 25/65 and 15/75 CH composites was demonstrated in Figure 7. Figure 7 illustrates SEM image data of fabricated composites cured with MXD harder. According to elemental analysis, the HDPE and ABS contents of CH-filled composites ranged between 43.43 and 75.23% and 26.23 and 31.75%, respectively. SEM images clearly show morphological variations between treated CH and untreated CH with the matrix, as illustrated in Figure 7. Composites prepared with treated polymers were more homogeneous than composites prepared with untreated polymers. SEM images revealed that the micro-voids and holes in the composite structure were reduced due to improved filled-matrix interaction via chemical treatment and surface coating [36].



The Images show that the treated CH composite has better bonding. While a robust interfacial bond is required to create materials for interior and structural applications, a weak interfacial link increases toughness by promoting the pullout effects required in energy absorption, i.e., impact strength. The foremost variability within the middle of treated and untreated samples was found for the elastic response of the fabric, attributable to a micro-sized dimension of the CH that performed as a defect in HDPE films. The morphological structure presented by SEM images in Figure 7 shows unit visible changes within the final crystallinity of the composites. The filler material and coupling agent is directive to upgrade the mechanical properties similarly as causative allowable lead to different properties; the SEM images can be used to determine the composite’s failure mechanism. The SEM image (Figure 7) depicts some of the observed failure mechanisms of the composite, while the peaks indicate the structures of treated and untreated CH with HDPE composites (Figure 8 and Figure 9). The measurements of the conditions used were: CuKα radiation, a tension of 40 kV, a current of 30 mA and 0.05 (2θ/5 s) scanning from values of 2θ as it enters 10 to 85°(2θ) [37,38]. The crystallinity index, CI, was calculated because of the magnitude relation of the intensity variation within the peak position at 18° and 22° according to Equation (3) [37,38].


  C I =    I  22   −  I  18      I  22      



(3)




where I22 represents the highest intensity of the 002-lattice reflection of the cellulose I and I18 represent the highest intensity of X-ray scattering wide band attributable to the amorphous fraction of the sample.



The crystallographic nature of CHF was characterized by exploitation diffraction. The diffractograms for CHF are shown in Figure 8 and Figure 9, and these composites have semi-crystalline properties. The optical phenomenon peak for 2θ was determined to be between 20 and 24, which corresponds to the polysaccharide crystallographic planes (002) [39,40]. The fabric diffraction peaks are caused by crystallinity scattering, whereas disordered areas cause the diffuse background. Fibers demonstrated 50% crystallinity using this approach. Figure 8 illustrates an XRD pattern of treated CHF with a broad and robust peak centered at 2θ = 20°, and Figure 9 depicts a weak peak at 42° [39,40]. When compared to the diffraction peaks of treated and untreated CHFs and composites, it is clear that composites exhibit diffraction (XRD) patterns similar to the matrix. The composites have firm peaks of about 20–24°, corresponding to treated and untreated samples. On the other hand, a very modest peak at 2θ = 38° belonging to CHFs was seen exclusively for composites containing 25 wt% fiber. Every result showed that the CHF particles were well disseminated in the chemical systems.





4. Conclusions


Composites of high-density polyethylene/coffee husk (HDPE/CH) reinforcement material made from post-industrial waste coffee husk (CH) were prepared and analyzed. The mechanical properties of CH polymer composites, such as tensile, flexural, and impact strength and water absorption, were investigated in this study. The coffee husk fibers (CHF) were successfully manufactured at 25 wt%, 20 wt%, 15 wt% fiber and 65 wt%, 70 wt%, and 75 wt% polymers. Based on the findings of the initial study, the following conclusions can be reached:




	
We prepared and analyzed HDPE functionalized organic reinforcement CH from a coffee industry post-industrial residue.



	
The results demonstrate an appropriate reinforcement effect, as evidenced by increased tensile modulus and tensile strength.



	
These composites’ improved mechanical properties make them suitable for various applications.



	
The organic reinforced composites behaved differently, increasing melting temperature and decreasing crystallization.



	
ABS was grafted into HDPE macromolecules to enhance matrix-filler compatibility.



	
The SEM image can be used to determine the failure mechanism of composites.



	
The effects of CHF loading content and the addition of a coupling agent, acrylonitrile butadiene styrene (ABS), on composite processing and properties were investigated.



	
This study’s findings can help determine the best weight ratio for developing CH polymer composites for various applications.
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Figure 1. Representation of the processing sequence to produce UC and TC composites with their characterization. 
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Figure 2. Tensile strength test results. UT15, UT20, UT25, T15, T20, and T25 represent 15% of untreated CH, 20% of untreated CH, 25% of untreated CH, 15% of treated CH, 20% of untreated CH and 25% of untreated CH in the composite mixtures, respectively. 
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Figure 3. Tensile force-elongation diagram of treated and untreated CH composites. Here, 65% TT, 65% UTT, 70% UTT, 70% TT, 75% TT and 75% UTT represent 65% of treated CH, 65% of untreated CH, 70% of untreated CH, 70% of treated CH, 75% of untreated CH and 75% of treated CH in the composite mixtures, respectively. 
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Figure 4. Flexural strength results. 
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Figure 5. Impact strength test results of CH composite. 
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Figure 6. Moisture absorption test results of CH composites. 
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Figure 7. SEM image of (A) 75 wt% treated, (B) 65 wt% treated, (C) 75 wt% untreated, and (D) 65 wt% untreated CH composites. 
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Figure 8. Diffraction of X-rays of NaOH-treated composites. 
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Figure 9. Diffraction of X-rays of untreated composites. 
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Table 1. Formulations for the composites according to the weight percentage (%).
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	Sample
	CHF (%)
	Kaolin (%)
	ABS (%)
	HDPE (%)





	HDPE/(CH)
	25
	3
	7
	65



	HDPE/(CH)
	20
	3
	7
	70



	HDPE/(CH)
	15
	3
	7
	75



	HDPE
	
	100
	0
	0
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