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Abstract

:

The best approaches to minimizing resource scarcity, removing valuable waste streams, and re-establishing a circular economic chain of recycled thermoplastics are to cascade them into product life cycles and their valorization combined with sustainable raw materials. As one part of this goal, WPC was formulated from three recycled PE plastic wastes: linear low-density polyethylene (LLDPE), medium-density polyethylene (MDPE), high-density polyethylene (HDPE), and underutilized EHB. The chemical composition of EHD, chemical structure, crystallinity, melting and crystallization points, residual metal additives, and polycyclic aromatic hydrocarbons (PAHs) of recycled PE were investigated using standard chromatographic and spectroscopic methods such as HPAEC-UV/VIS, FTIR, DSC, GC/MSD, and XPS. The properties of WPC formulations from different compositions of bamboo particles (BP) as dispersed phase, individual recycled PE plastics, and equal melt blend (EM) as polymer matrix were investigated extensively and measured with a known standard. These comprised tensile strength (TS), modulus of elasticity (TM), flexural strength (FS), modulus of rupture (FM), and unnotched impact strength (UIS). It also included the effect of various alkaline surface treatment ranges on the interface surface interaction. The results show improved mechanical properties for all blending ratios of surface-treated BP, which resulted from better encapsulation in the polymer matrix. Despite its inherent immiscibility, WPC formulation from equal melt blending revealed unusual properties compared to separate phase blends, which is attributed to thermally induced cross-linking. This implies that melt blending of the weakest and cheapest recycled LLDPE with relatively cheap recycled MDPE and HDPE improves the properties of the blend, particularly toughness, while simultaneously retaining some of their properties.
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1. Introduction


It was a long time ago that thermoplastic polyolefins were the best raw materials for industrial production due to properties such as corrosion resistance, low density, fairly high strength, user-friendly design, and low cost of production [1,2]. In today’s world, they have become a major commodity on a global scale and have infiltrated almost every aspect of human life [3]. However, these valuable fossil fuel-based materials have increased 200-fold since 1950 and their big volumes are discarded as waste [4,5]. Nowadays, plastic production reaches around 8 billion tons, of which 55% is discarded or land filled, 25% is incinerated, and only 20% is recycled. Therefore, plastic waste dominates a large fraction of solid waste with 50%–70% of packaging plastics like LLDPE, LDPE, MDPE, and HDPE as primary constituents [6]. This indicates that rapid plastic pollution in the environment is coming from PE plastics and their impact on ecosystems demands attention [7]. This necessitates the adoption of integrated waste management (IWM) practices like source reduction, reuse, recycling, landfill, and waste-to-energy. The recycling method is usually focused from IWM [8] since thermo-mechanical recycling almost retains both physical and mechanical properties of recycled thermoplastics [9]. Other practices, such as incineration, produce toxic and flue gases as well as heavy metal residue ash, and are known for their low efficiency; landfills result in leakages into the natural environment [7], and chemical recycling, such as glycolysis, pyrolysis, ammonolysis, hydrogenation, hydrolysis, gasification, methanolysis, and cracking, requires significant investment [8]. As a result, incorporating recycled plastics back into the product life cycle enables a reduction in the use of virgin raw material-based fossil fuels. Besides, cascading use of recycled thermoplastic with bio-based resources for WPC formulation prior to energy recovery is one way to ensure sustainable resource supply and a circular economy [9,10,11]. A WPC is a composite material made up of a thermopolymer matrix whose dispersed phase comes from lignocellulosic biomass. Such bio-based materials have the advantages of renewability, low cost, low energy consumption, being environmentally friendly, and less wear on machinery compared to inorganic fillers [12]. Technically, significant advantages include greater durability, lower humidity absorption than other wood composites, less maintenance, and greater resistance to fungi activity when exposed to a humid environment [13,14]. As a result, WPC from waste fraction and such a dispersed phase has a low carbon footprint [15] and high carbon dioxide sequestration [10,16]. It is also used as an intermediate cascade chain of underutilized lignocellulosic biomass [17]. Besides, the same thermoplastic processing methods (extrusion, injection, and compression molding) are used for WPC production [18]. WPC can solve problems of housing materials related to uninterrupted population growth and urbanization that intensify pressure on the earth’s non-renewable resources due to the fossil resource dependency of existing construction materials and their energy intensiveness. For example, the production of one ton of cement requires a large input of energy and emits around one ton of CO2 [19]. Secondly, industrial CO2 emissions of iron and steel account for 4% and 7%, respectively [20]. Third, developing countries import these materials with trade deficits. Although it is impossible to fully replace such construction materials, WPC with good mechanical properties could substitute in wide areas. These could be internal applications like modular kitchens, back paneling, kitchen cabinets, bathroom doors, decorative wall tiles, curved components, office and household furniture, and partitioning systems. Externally, it is also largely used for decking applications like flooring, wall cladding, railing, architectural fencing, and corridor floor tiles, etc. [18].



Bamboo belongs to the grass family of Graminae, which has diversified into over 1500 species and covers over 31.5 million hectares of land across 21 countries [5]. It is the fastest growing (3–5 years) among the woody species. Ethiopia is endowed with an untapped potential bamboo resource of 67% share in Africa and 7% world share [21]. Two main indigenous species, Yushania alpina (highland bamboo) and Oxytenanthera abyssinica (lowland bamboo), alone cover one million hectares. The bamboo trade generates a USD 5–7 billion annual trade, which is comparable to the USD 8 billion return from the tropical timber trade [22]. However, its contribution to Ethiopia’s GDP is negligible (USD 4 million) even though over USD 1.2 billion can be earned [23]. The authors believe that one aspect of adding more value to the market chain of Ethiopian bamboo resources is using it along with potential recycled PE wastes like recycled LLDPE, MDPE, and HDPE to develop low-cost WPC material. This simultaneously reduces the valuable thermoplastic waste stream and valorizes it as an alternative and affordable building material in rural areas of Ethiopia.



Lignocellulose biomass consists of large molecules like cellulose, lignin, hemicellulose, pectin, and extractives rich in polar hydroxyl and carbonyl groups. The inherent hydrophilicity of these complex molecules and hydrophobicity of thermopolymers result in weak interphase bonds, which have a significant impact on both the properties and performance of WPC. Previously, efforts like surface treatment by chemical, physical, physiochemical, and nanotechnological methods [24] have been applied to improve this drawback and promising results were found. Some of them are alkaline treatment [25], coupling agent (MA-g-PP) [26,27,28], silanization [29,30], and grafting polymerization [31,32]. Recently, different studies have investigated the use of fully recycled plastics with different BP and/or fibers for WPC design. PE types like LLDPE [33] and HDPE [34,35] were focused including PP [36,37,38,39], ABS [17], PVC [5,40], and PLA [41,42,43]. These studies focused on the effects of particle size, reinforcing nano particles, composition, compounding procedures, surface treatment, different coupling agents on mechanical properties and performance, thermal stability, water absorption, and durability. However, there is no previous work focused on the mechanical properties of WPC formulation and the blended performance of indigenous EHB and recycled LLDPE, MDPE, and HDPE which includes their melt blend without coupling agent and any additives.



Therefore, the aim of this study is based on the use of recycled PE plastics as the core matrix and BP from EHB as the dispersed phase for WPC formulation. We used fibrous BP since a current study shows polymer composites from extracted bamboo fibers and nano reinforcement are energy-consuming, leaving almost no carbon footprint behind [44]. It also includes surface modification of BP with different strengths of alkaline solution; characterization of the EHB, investigation of thermal properties and characteristic structural differences of LLDPE, MDPE, and HDPE using DSC and FTIR; determination of residual metals and PHAs. We focused on these investigations since they were not covered extensively in the previous study, with priority preferences on the performance of WPC, particularly its mechanical properties.




2. Materials and Methods


2.1. The General Framework of the Experiment


The general experimental framework used was illustrated as shown in the following Figure 1. It consists of raw material preparation phase and WPC formulation design.




2.2. Raw Material Preparation and Characterization


2.2.1. Post-Consumer Thermoplastic Preparation


Post-consumer PE plastic wastes (LLDPE, MDPE, HDPE) collected from Addis Ababa city were washed, dried, fed by conveyor belt, melted, and pelletized by POLY STAR two stage extruder of model type Repro-Print at NANODAS recycling unit factory (Addis Ababa, Ethiopia). The densities of the recycled LLDPE, MDPE, and HDPE were 0.9195 g/cm3, 0.931 g/cm3, and 0.96 g/cm3, respectively. Based on these densities, their respective virgin plastics were offered by EXCEL PLASTICS PLC (Addis Ababa, Ethiopia) and used for the comparison.




2.2.2. Bamboo Collection and Preparation and Bamboo Surface Treatment


Matured EHB culms of five years of age were collected from the Hula district (Sidama, Ethiopia). Equal internode sections of each culm were divided into three sections after removing the topmost part. Next, the rest was cut into small strips, air dried, and reduced in size in a Cross Beater Mill (Retsch). Then, BP was sieved via sieve fractionation of target size 200–600 µm to eliminate particles in the powder form and large size. Then, BP was subsequently immersed in NAOH solution of 2%, 3%, 5%, and 10% (m/v) and agitated for 3 h at room temperature. The concentrations were refined based on the previous work that lacked consistency [12]. Next, BP was separated, washed using fresh tap water until it reached a neutral PH solution. Finally, it was dried in a vacuum oven at 80 °C until the moisture content fell below 2%, and used as is for the subsequent WPC formulation without new surface creation (Figure 2).




2.2.3. Free Sugar Content, Cellulose, Hemicellulose, and Lignin Analysis of EHB


The chemical characterization of the EHB was investigated according to the method developed by Dominic Lorenz et al. 2016 [45] with two-stage acid hydrolysis (AH) and high-performance anion exchange chromatography coupled-ultraviolet-visible spectrophotometry (HPAEC-UV/VIS) analysis. The milled and dried biomass was hydrolyzed by taking 100 mg of each sample with 1 mL of 72% H2SO4 (Honeywell, Seelze, Germany). The suspensions were conditioned to 30 °C for exactly 60 min before being hydrolyzed. After further dilution to 2.5% H2SO4, the samples were treated in an autoclave (Systex VX-75 from System GmbH, Linden, Germany) for 30 min at 120 °C. The hydrolysis residues were filtrated, washed, dried, and weighed. The filtrated solutions were analyzed using chromatographic methods of the borate-HPAEC analysis method. In this method, Dionex Ultimate 3000 and anion exchange resin MCL GelCA08F (Mitsubishi Chemical) and a column with dimensions of 5 × 120 mm (Omnifit) packed at 65 °C were used for chromatographic separation. The mobile phase of two potassium tetraborate/boric acid-buffers in water: 0.3 M of pH 8.6 (C); and 0.9 M of pH 9.5 (D) were used and separation was performed at 65 °C with a flow rate of 0.7 mL/min. The elution program was started with 90% C and 10% D and changed to 10% C and 90% D within 35 min. This rate was kept constant for 8 min and changed back to 90% C and 10% D within 7 min. Prior to detection, post-column derivatization by Cu-bicinchoninate (0.35 mL/min) was applied at 105 °C in a Teflon® coil of 30 m length and 0.3 mm in diameter. The results were detected at 560 nm via UV-Vis detection. Finally, characterization was done as follows: Cellulose is the same as a fraction of glucose; hemicellulose is the total sum of xylose, mannose, galactose, arabinose, and rhamnose; and lignin is the total sum of hydrolysis residue and acid-soluble lignin.




2.2.4. Fourier Transform Infrared Spectroscopy (FTIR)


AFTIR is used to identify functional groups and chemical bonding using two modes of molecular vibration stretching and bending. Vibrational stretching can be symmetrical and antisymmetric, whereas vibration bending includes scissoring, rocking, wagging, and twisting, which result from absorption of specific wavelengths of infrared region [46,47]. Based on these principles, the spectra of recycled LLDPE, MDPE, HDPE, reference (ref-) LDPE, and PP were investigated by recording their IR analysis in absorption mode within the range of 4000–400 cm−1. Optical resolution of 4 cm−1 was used for a 24-repetition scans where a distinct background spectrum was subtracted from each group.




2.2.5. Differential Scanning Calorimetry (DSC) Analysis


Thermal degradation and crystallinity properties were done with DSC (Netzsch DSC-214, Germany). About 4.1 mg of samples were measured, placed in crucibles, secured in high-purity nitrogen, and heating and cooling rate were done at 20 °C/min. Heating rate was first done by heating the sample from 25 °C to 350 °C to completely melt and eliminate the thermal history and cooled to 25 °C to obtain the crystallization process curve. Reheating was continued from 25 °C to 350 °C to obtain a melting curve. Then, crystallization temperature (TC), melting temperature (Tm), enthalpy of recrystallization (ΔHc), and melting enthalpy (∆Hm) were determined. Finally, the fraction of crystallinity (XC) was evaluated from the ratio of enthalpy absorbed during the heating process (∆Hm) to the total enthalpy of highly crystallized PE which ranged from 288–293 J/g [48] and 293 J/g was used.




2.2.6. Polycyclic Aromatic Hydrocarbons (PAHs) Analysis


The PAHs were determined according to the German Federal Institute for Occupational Safety and Health [49]. Samples of LLDPE, MDPE, and HDPE were taken and cut to the size of 2–3 mm. Then, 500 mg of the sample was weighed and extracted with 20 mL of toluene for 1 h at 60 °C in an ultrasonic bath. An aliquot was taken from the extract once it was cooled down to room temperature and additional purification steps were carried out using column chromatography. Quantification was performed on a gas chromatograph with a mass-selective detector (GC/MSD) using the selective ion monitoring (SIM) method. The injected volume of 1µL with pulsed splitless, column type of HT8 25 m long with 0.22 mm internal diameter, film thickness of 0.25µm, injector temperature of 280 °C with transfer-line temperature of 260 °C, initial and final temperatures of 50 °C and 320 °C, and initial and final times of 2 min and 8 min were taken at a heating rate of 11 °C/min.




2.2.7. Metal Additives and Halogens Analysis in Recycled Polymers


The utilization of post-consumer thermoplastic waste needs to meet its threshold values of metal additives that affect the safety of end users. Besides, residual excess metal ions catalyze thermo-and/or photo-oxidation of plastic, initiating unwanted polymerization resulting in volatile organic compounds. This leads to uncontrolled porosity in WPC material for oxygen and moisture penetration during processing that affects service durability [18]. As a result, metal additives and other elemental analyses in the recycled LLDPE, MDPE, and HDPE were evaluated according to the methods of the European Union directives on Waste Electrical and Electronic Equipment and the Reduction of Hazardous Heavy Metals method in PE using a Thermo Scientific Epsilon 5 XRF spectrometer. The analytical parameters used certified standards of TOXEL developed by both DSM Resolve and PANalytical in which each TOXEL set comprises standards of regulated elements Cr, Cd, Hg, Pb, As, Ni, Cu, Zn, Ba, and Br [50,51].





2.3. Formulation and Forming Process of Wood Polymer Composites


WPC preparation involves composition determination, compounding, and consolidation processes as indicated in Figure 3. Low composition (30%) (LC) and high composition (70%) (HC) of both BP untreated (BPU) and treated (BPT) with 3% aqueous NAOH solution and recycled PE varieties, like linear low-density polyethylene (LLD), medium density polyethylene (MD), high-density polyethylene (HD), and equal melt mixed blend (EM) as polymeric matrix were used. Accordingly, 16 formulations were prepared as shown in Table 1, including compounding and consolidation conditions.



Before compounding, the moisture content of BP was dried in a vacuum dryer (Heraeus, Hanau, Germany) at 90 °C to 2% maximum in moisture analyzer (Sartorius MA 35, Sartorius AG, Gottingen, Germany). According to Table 1, compounding was performed in the pre-heated mixing chamber (HAAKE Reomix 3000 OS, Thermo Scientific, Waltham, MA, USA) of a tangential co-rotating twin-screw extruder started with plastic polymers. After 5 min, BP was added and continued for 15 min. Then, the compounded WPC granules were dried and stored in plastic bags, and then reduced with a cutting mill (SM 2000, Retsch, Haan, Germany) of 8 mm mesh size. Next, WPC was formed in a computer-controlled lab-scale compression molding (Siempelkamp, Krefeld, Germany) using a metal frame of 180 × 200 × 4 mm including unfilled polymeric matrix. Compression molding involves the following cycles: low pressure melting for 1 min; pressing at 20 bar for 8 min; at 60 bar for another one minute; and with increased pressure up to 100 bar for one additional minute. Next, the pressure was held constant, and pressing continued, followed by slow cooling until the temperature fell below 80 °C. Finally, press plates were opened and WPC boards were removed from the metal frame.




2.4. Sample Preparation and Mechanical Tests


TM and TS were tested using a 10 dumbbell-shaped sample of dimensions 170 × 10 × 4 mm according to EN ISO 527-1:2017 in 20 °C and 65% relative humidity. Universal Testing Machine (ZWICK videoXtens, Germany) of 5 kN load cell, crosshead speed of 1 mm/min, and a video extensometer was used. TM was determined in between 0.05–0.25% rate of strain. The same equipment and sample size were used for the FS and FM tests. Different dimensions of 80 × 10 × 4 mm were prepared by precision cut-off saw (Mutronic Diadisc 4200, Germany) as DIN EN ISO 179-1. UIS was determined using the Charpy impact test (Zwick-Roell HIT5.5P, Germany) using 12 samples from the two replicates similar in dimensions to FS (Figure 4).




2.5. Statistics Analysis


The statistical variations among the measurements were evaluated using standard deviation (SD). The measured quantities were reported as the mean average of the replicates with SD in brackets.





3. Results and Discussion


3.1. Chemical Characterization of EHB


Table 2 shows the free sugar content and chemical characterization of indigenous EHB. The result shows a slight difference in free sugar analysis and their corresponding polysaccharides. The results of untreated EHB characterization show free sugar contents like xylose, glucose, mannose, galactose, arabinose, rhamnose of 16.83%, 45.86%, 0.4%, 0.46%, 0.91%, and 0.09%, respectively, and cellulose, lignin, and hemicellulose content of 45.86%, 18.77%, and 32.08%, respectively. The 10% and 5% treatments are not significantly different from those of 3% NaOH. For example, the difference in free sugar content, particularly glucose, that is used to determine the amount of cellulose as a dominant share, of 3% treatment with 5% and 10%, is only 1.03% and 4.55%, respectively. As a result, the 3% NaOH concentration was selected for the BP surface treatment needed for subsequent WPC formulation.




3.2. FTIR Analysis of the Recycled Plastics


As shown in Figure 5, special band regions were enlarged and separated into parts ‘a–d’. The virgin PP was included to identify the constituents of recycled PE plastics as PP is usually present in the same waste streams [46]. As presented in Figure 5 and Table 3, absorption in the region of 2845–2865 cm−1 (a), 1485–1445 cm−1 (c), and 750–720 cm−1 (b) are due to C-H asymmetrical and symmetrical stretching frequencies, bending or scissoring of C-H, and rocking of -CH2- respectively [52]. As shown in Figure 5a, all PE recycled plastics have similar methylene strong C-H asymmetric and symmetric stretching at 2915 and 2847 cm−1, respectively, like ref-LDPE but differ in absorption intensity decreased top to down. In contrast, ref-PP has these weak band peak positions along with two other spectral zones at 2950 cm−1 and 2869 cm−1 of methyl C-H asymmetric and symmetric stretching. This shows that there is no PP polymeric contaminant. Except for rLLDPE, rHDPE and rMDPE have very similar FTIR signatures around 730–710 cm−1 and 1485–1445 cm−1 as ref-LDPE, as shown in Figure 5b,c. These peaks correspond to the methylene (CH2)n rocking and methylene C-H bending (rocking) deformation, respectively [47]. The CH2-in-plane rocking peak in rHDPE separated faster near its shoulder into 719 and 730 cm−1 (Figure 5d) than in rMDPE, but not in rLLDPE, which had a single broad peak at 719 cm−1. This results from a collision when a CH2 rock out-of-phase changes the force constant of the vibration from the in-phase, resulting in different rocking peak positions, indicating semi-crystallinity of PE plastics. Besides, ref-LDPE and rLLDPE have small CH3 umbrella mode at 1377 cm−1 from side chains unlike rHDPE. Medium band region around 700 cm−1 of rLLDPE is assigned to cis-C-H out-of-plane bend in olefins copolymerized with 1-hexene [47]. We observed that crystallinity ranges are related to higher splitting, maximum absorption, and larger peak areas. This is used to differentiate rLLDPE from the most crystalline PE polymers (rHDPE and rMDPE) using FTIR, showing the claimed recycled plastics are sorted properly.



The unusual band region of rHDPE at 880 cm−1 is C-H out of plane bending vibrations for aromatics 1,3-disubstitution which could be related to the residual aromatic bearing of colorant molecules in the prehistory of rHDPE material. The difference in spectrum splitting compared with ref-LDPE could have resulted from repetitive thermal processing that leads to decreased linear character of the polymeric chains and decreased crystallinity.




3.3. The Differential Scanning Calorimetry (DSC) Analysis


As shown in Figure 6, the orientation with exo up is an exothermic process of higher heat flow values and an endothermic process is of lower heat flows. The bottom curve shows the heating cycle used to remove thermal and stress history. It gives information on processing and environmental conditions that alter the material. As a result, it gives information like Tm, XC, and ΔHm whereas the other curve provides information about how the sample solidifies, erases thermal history, and allows the molecules to reach the optimum molecular orientation. It is used to find information about TC and ΔHc [54].



As can be seen from Table 4, recycled PE polymers show different Tm peaks and XC. The Tm of rLLDPE is the lowest with a wide and less sharp melting peak. This could be molecular disorder during thermal processing and prehistoric high amorphous content. However, rHDPE has the highest melting peak and XC followed by rMDPE, as shown by more concave sides and longer tails. There is a significant difference in XC as well in which rHDPE is the highest, followed by rMDPE. This is mainly attributed to the density difference resulting from high molecular order and less branches in rHDPE. These results agree with those reported in the previous study with few variations. For example, Prasad (1998) found the first broad low TC peak around 95 °C, the second sharp TC of 109 °C, and a sharp Tm of 123 °C [55]. The same author found ΔHm of 209.7 J/g and 144.3 J/g for virgin HDPE and MDPE, respectively. Li et al. (2019) investigated DSC analysis of four different virgin PE (LDPE, LLDPE, MDPE, and HDPE) and discovered XC values of 38.73%, 39.45%, 48.36%, and 51.17% [54]. The value of XC reported for rHDPE in this study was higher, which could be an impurity that increases the crystallinity and acts as a nucleation site for the crystallization of the polymer [56].




3.4. Metal Additives Analysis Result in the Recycled Plastics


As shown in Table 5, the highest content of Ti, Ba, Cl, Zn, and Fe were 296.9, 1227.54, 736, 82.4, and 627 in ppm, respectively in rLLDPE; and 806, 226, 304.9, 281.4, and 316.9 in ppm, respectively in rHDPE. These could come from admixtures and residual catalysts used for special properties like inorganic pigments (TiO2, ZnO, and Fe2O3), flame retardants (Sb2O3 and brominated organics), and stabilizer compounds of Ba, Sn, and Zn. Others are related to residual catalysts such as Neiglar Natta and Metallocene catalysts, which were used in the prehistoric production of HDPE and LLDPE virgins [16,57]. However, rMDPE is relatively less contaminated. Heavy metal content for Cd is less than 100 ppm (mg/Kg) and 1000 ppm (mg/Kg) for Pd, Hg, and Cr (VI) [17], implying that recovered PE can be used as secondary resources for WPC formulation when properly sorted from waste fractions. Nevertheless, better sorting and representative allocation of continuous sampling of a large enough sample size need to be applied over a long period.




3.5. Polycyclic Aromatic Hydrocarbons (PAHs) Analysis


PAHS, which are hydrocarbons of multiple aromatic rings, are known to be toxic, carcinogenic, and mutagenic, and their investigations are imperatively needed. As shown in Table 6, the threshold sum quantity PAHs naphthalene (C10H8), acenaphthylene (C12H8), acenaphthene (C12H10), and fluorene (C13H10) [58] should be less than 10 mg/kg. Whereas the total sum of phenanthrene (C16H10), anthracene (C14H10), fluoranthene (C20H12), and pyrene (C16H10) needs to be less than 50 mg/kg as a threshold limit. PAHS like benzo(a)anthracene (C18H12), chrysene (C18H12), benzo(b)fluoranthene (C20H12), benzo(k)fluoranthene (C20H12), benzo(a)pyrene (C22H12), indeno(123cd)perylene (C22H12), dibenzo(a.h)anthracene (C22H14), and benzo(ghi)perylene (C22H12) should have threshold amount of less than 1 mg/kg [49]. Surprisingly, the PAHs content of rLLDPE, rMDPPE, and rHDPE meets the criteria for reutilization as secondary resources.




3.6. Mechanical Properties


The mechanical properties TS, TM, FS, FM, and UIS of recycled (r) PE (LLD, MD, HD, and EM) at LC and HC and their corresponding virgin (v) are given in Table 7. Their corresponding 16 WPC formulations from the recycled ones are shown in Table 8.



As shown in Table 7, TS, TM, FS, FM, and UIS of rLLD, rMD, and rHD are differing from their respective virgins including WPC formulations. Mechanical properties were reduced when compared to virgin, but UIS of rEM increased by 43.84% and 34.55%, respectively, when compared to rMD and rHD. Similar patterns were observed in their respective virgin polymers. Because of changes in the molecular weight, crystallinity, and degradation due to chain scission, contaminants, and solid particles of residual catalysts or mineral filler, recycled plastics are anticipated to have lower mechanical properties compared with virgin raw materials [58]. However, without any coupling agent or crosslinking agent, mechanical properties like TS, TM, FS, FM, of rLLD were enhanced when it was equally melt blended with rMD and rHD (EM) by 44.02%, 81.01%, 49.39%, and 56.56%, respectively, except for UIS, that shows 37% reduction. This shows that there is some interaction of molecular entanglement among PE (LLD, MD, and HD) plastic since EM was not mechanically failed at the lowest point expected from rLLD. This implies the weakest and most pollutant form of PE (rLLD) can be blended with rMD and rHD as more value addition.



3.6.1. Tensile Strength and Modulus of Elasticity


TS evaluates the response of material to slowly-applied uniaxial force and measures the magnitude of internal bond strength of composite material. As shown in Table 8, out of 16 formulations of four sets, compositions with HC of recycled PE matrix show better TS compared with LC since motions of polymer chains are unhindered and stress distribution in the matrix phase is enhanced. Meanwhile, HC of BP reduces TS due to difficulties in homogenous distribution of BP into the polymer matrix. This is attributed to the rigidity of WPC at HC of BP rarely accessed by polymer chains and weak interfacial adhesion [10,59]. On the contrary, the TM of all WPC formulations was increased dramatically compared with their core polymers like in previous works [60]. For example, TM of LLD, MD, HD, and EM were increased in 520.42%, 322.8%, 129.27%, and 127.28%, respectively, at LC of BPU and even in a higher percentage with HC of BP for both untreated and treated. Similarly, the TS and TM of HCEM-BPU, HCEM-BPU, LCEM-BPU, and LCEM-BPU formulations increased by 69.17%, 40.07%, 72.65%, and 76.95%, respectively, compared to LLD formulations: HCLLD-BPU, HCLLD-BPT, LCLLD-BPU, and LCLLD-BPT. These percentage increases in TS and TM of EM composite are greater than the amount by which TS and TM of corresponding MD and HD formulation are reduced compared with the respective formulations of LLD. These show the advantages of melt blending of the weakest PE plastics LLD with MD and HDPE as it provides a material with properties that differ from the unique polymers involved. This implies that although miscibility is uncommon in plastic blends, mechanical properties have the benefit of the blends over separate phase. Compared with their polymer matrix, low TS of WPC is expected without any coupling agent. However, such stiffer WPCs are better in structures that need high stiffness, rigidity, and low resistance to tensile loading, like decking [61], and meet the requirements of some applications [7]. These trends are similar to those outlined in previous works where both FM and TM increased with particle content while TS, impact strength, and elongation at break decreased regardless of whether they were virgin or recycled plastics [62]. The influence of 3% alkali treatments in all WPC formulations show a slight increase in the TS, TM, FS, and FM up to 20% compared with BPU. This implies that the alkali solution removed fat and wax, resulting in a rougher effective surface area of BP available at interphase, enhancing some mechanical interlocking while reducing impact strength [52].




3.6.2. Flexural Strength and Modulus of Rupture


Flexural strength measures the ability of material to resist deformation under applied load and is used to evaluate its rigidity. FS and FM are significant requirements of WPCs for various applications. In this study, the flexural properties of all 16 WPCs are shown in Table 8. We observed that high HC of PE plastic content exhibits better FS as full encapsulation of BP by the plastic matrix easily occurs. This helps disperse BP into the plastic matrix, which improves the stress distribution, but like TS, the FS of WPC decreases slightly with BP additions for the identical reason discussed above. However, FS of LC of WPC of polymeric matrix LLD, MD, HD, and EM were increased by 520.42%, 228%, 224.64%, and 227.19%, respectively, for both UBP and by a higher percentage with HC of BP, both untreated and treated. Specifically, the TS of LLD decreased more than the others because of its high flexibility and extremely low-stress resistance. However, the FS and FM of HCEM-BPU, HCEM-BPU, LCEM-BPU, and LCEM-BPU composites increased by 59.52%, 66.19%, 42.86%, and 48.16%, respectively, when compared to the respective LLD formulations: HCLLD-BPU, HCLLD-BPT, LCLLD-BPU, and LCLLD-BPT. These percentage increases in FS and FM of EM composite exceeds the amount by which FS and FM of corresponding MD and HD composites are reduced compared with the respective LLD composites.




3.6.3. Impact Strength


Impact strength is measured using two standard techniques: Charpy and Izod impact testing. It is used to calculate the amount of energy a material has stored to resist fracture under high-speed stress. As seen from Table 8, BP addition decreases UIS because of the weak interphase bond [63]. However, improvement in UIS of both MD and HD was observed when they were melt blended with LLD because of its inherent high ductility and flexibility. When compared to the unfilled respective PE matrix, all WPC of HC of plastic have less variation of UIS, whereas LC of plastic or HC of BP loading increases stiffness at the expense of composite toughness. Generally, the best results of UIS were for 30 wt% of BP and 70 wt% of PE plastics. Similarly, like other mechanical properties, which basically depend on the crystalline content of the polymer, the UIS of WPC is affected by the BP proportion in the matrix.






4. Significance of the Study


Many African countries have large quantities of lignocellulosic biomass and post-thermoplastic PE that can be converted into higher-value products. For example, using readily available bamboo biomass and secondary resources (recycled) of plastic materials in WPC design can provide low-cost, affordable housing materials. New market chains in microbusinesses, on the other hand, will emerge, and income will be generated from underutilized potential secondary resources that would otherwise result in environmental plastic pollution. In the long run, this work is likely to increase the potential for innovation and market penetration by establishing an international network of developed countries with WPC processing experience. Furthermore, the trade deficit in building materials will be reduced, and this work will have an overall positive impact as bamboo resources have high potential with a low risk of conflicting with the food chain.




5. Conclusions


WPC is successfully formulated from the untapped potential of EHB and low-cost post-consumer PE varieties such as LLDPE, MDPE, HDPE, and EM as polymeric matrixes. Experimental work focused on how to utilize these waste fractions and underutilized EHB into the product lifecycle intended for building materials. Like conventional wood fiber fillers, EHB contains comparative cellulose, lignin, and hemicellulose, showing that it can be utilized as a substitute for WPC formulations. Post-consumer plastics characterization contains residual elements of Ti, Ba, Cl, Zn, Pd, Hg, and Cr (VI) that fall below their threshold limits. Furthermore, FTIR analysis, the fraction of crystallinity, and melting temperature of the recovered PE plastics show similar properties to their virgin counterparts and can be used as secondary resources for reutilization.



The investigated polymer types and compositions were found to significantly affect the WPC mechanical properties. WPC composites containing rHDPE exhibit superior mechanical properties, while recycled LLDPE exhibits the poorest mechanical properties. WPC made with a 30% composition of BP showed better mechanical properties in both tensile and flexural strength due to improved melt-flow that recrystallized the polymer matrix on the surface of BP, leading to better encapsulation of the plastic matrix. On the other hand, compared with their respective matrix, there is a trend of increasing in TM and MR with BP with the sacrifice of TS, FS, and UES. EM of recycled LLDPE, MDPE, and HDPE matrix WPC formulations shows an increase of TS, FS, UIS, ME, and MR by more than 60% compared with LLDPE. These show the advantages of mixing the weakest PE plastics, LLDPE, with MDPE and HDPE, as it provides a material with properties that differ from the unique polymers involved. In such an approach, a fraction of virgin synthetic PE plastics and limited wood fibrous particles can be used to a much lesser extent in the production line of WPC. Furthermore, because it has mechanical properties comparable to commercial products, such products can be used in areas of interior applications like insulation, wall cladding, and ceiling boards with a low risk of biodegradation and deformation.



To improve both the physical and mechanical properties of WPC, coupling and cross-linking agents that form a strong interface surface, such as LDPE-g-MA or PP-g-MA, should be added. This improves stress transferability within the composite, resulting in increased impact and flexural strength for high-quality decking applications. Other waste from devulcanized rubber products, like ground waste tires, can also improve the composite’s impact properties and should be addressed and investigated in future studies.
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Figure 1. Experimental framework of the study. 
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Figure 2. BP preparation steps: (A) harvesting; (B) chopping and sun dying; (C) grinding; (D) sieving to targeted particle size; (E) surface treatment; (F) vacuum oven drying. 
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Figure 3. Compounding and consolidation process: (a) BP; (b) recycled LLDPE, MDPE, and HDPE; (c) compounding process; (d) WPC granulates; (e) reduced size of WPC granulates; (f) compression molding; (g) WPC board. 
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Figure 4. (A) Samples for both FS and UIS; (B) FS test; (C) UIS test; (D) TS sample; (E) TS test. 
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Figure 5. FTIR characterization of post-consumer PE types (LLDPE, MDPE, and HDPE). 






Figure 5. FTIR characterization of post-consumer PE types (LLDPE, MDPE, and HDPE).



[image: Fibers 10 00085 g005a][image: Fibers 10 00085 g005b]







[image: Fibers 10 00085 g006 550] 





Figure 6. DSC graph of endothermic and exothermic heating cycle. 
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Table 1. Experimental design of WPC formulation.
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rPE Plastics

	
PE (%)

	
BP (%)

	
Sample Code

	
Compounding Condition

	
Consolidation Conditions




	
Temperature (°C)

	
Speed (r/m)

	
Time (min)

	
Temperature (°C)

	
Pressure (torr)

	
Total time (min.)






	
LLD

	
70% (HC)

	
30% (U)

	
HCLLD-BPU

	
150

	
55

	
15

	
170

	
100

	
13




	

	
70% (HC)

	
30% (T)

	
HCLLD-BPT

	
150

	
55

	
15

	
170

	
100

	
13




	

	
30% (LC)

	
70% (U)

	
LCLLD-BPU

	
150

	
55

	
15

	
170

	
100

	
13




	

	
30% (LC)

	
70% (T)

	
LCLLD-BPT

	
150

	
55

	
15

	
170

	
100

	
13




	
MD

	
70% (HC)

	
30% (U)

	
HCMD-BPU

	
160

	
55

	
15

	
170

	
100

	
13




	

	
70% (HC)

	
30% (T)

	
HCMD-BPT

	
160

	
55

	
15

	
170

	
100

	
13




	

	
30% (LC)

	
70% (U)

	
LCMD-BPU

	
160

	
55

	
15

	
170

	
100

	
13




	

	
30% (LC)

	
70% (T)

	
LMD-BPT

	
160

	
55

	
15

	
170

	
100

	
13




	
HD

	
70% (HC)

	
30% (U)

	
HCHD-BPT

	
170

	
55

	
15

	
180

	
100

	
13




	

	
70% (HC)

	
30% (T)

	
HCHD-BPU

	
170

	
55

	
15

	
180

	
100

	
13




	

	
30% (LC)

	
70% (U)

	
LCHD-BPU

	
170

	
55

	
15

	
180

	
100

	
13




	

	
30% (LC)

	
70% (T)

	
LCHD-BPT

	
170

	
55

	
15

	
180

	
100

	
13




	
EM

	
70% (HC)

	
30% (U)

	
HCEM-BPU

	
165

	
55

	
15

	
175

	
100

	
13




	

	
70% (HC)

	
30% (T)

	
HCEM-BPU

	
165

	
55

	
15

	
175

	
100

	
13




	

	
30% (LC)

	
70% (U)

	
LCEM-BPU

	
165

	
55

	
15

	
175

	
100

	
13




	

	
30% (LC)

	
70% (T)

	
LCEM-BPU

	
165

	
55

	
15

	
175

	
100

	
13
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Table 2. Results of chemical characterization of EHB subjected to different ranges of alkaline treatment.
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Sugar Analysis (%)

	
Treatment Condition




	

	
Untreated

	
Treated (2%)

	
Treated (3%)

	
Treated (5%)

	
Treated (10%)






	
Xylose

	
16.83 (1.73)

	
15.47 (1.03)

	
13.31 (1.59)

	
12.81 (1.08)

	
12.05 (1.43)




	
Glucose

	
45.86 (2.45)

	
50.30 (2.85)

	
52.61 (2.34)

	
53.64 (1.96)

	
57.16 (1.83)




	
Mannose

	
0.48 (0.025)

	
0.48 (0.02)

	
0.34 (0.05)

	
0.57 (0.04)

	
0.62 (0.03)




	
Galactose

	
0.46 (0.035)

	
0.38 (0.05)

	
0.38 (0.09)

	
0.32 (0.05)

	
0.39 (0.09)




	
Arabinose

	
0.91 (0.687)

	
1.28 (0.87)

	
1.10 (0.03)

	
1.12 (0.018)

	
1.16 (0.78)




	
Rhamnose

	
0.09 (0.058)

	
0.09 (0.002)

	
0.05 (0.001)

	
0.03 (0.013)

	
0.07 (0.07)




	
Total sugar

	
64.63 (3.946)

	
70.00 (3.59)

	
72.23 (3.57)

	
72.04 (2.86)

	
73.98 (3.08)




	
Hydrolysis residue

	
31.0 (2.05)

	
28.7 (2.05)

	
26.7 (2.28)

	
26.6 (1.58)

	
25.1 (1.68)




	
Acid soluble lignin

	
1.08 (0.293)

	
0.89 (0.056)

	
0.94 (0.058)

	
0.81 (0.06)

	
0.84 (0.07)




	
Cellulose

	
45.86 (3.28)

	
50.30 (1.35)

	
52.61 (1.51)

	
53.64 (3.77)

	
57.16 (2.88)




	
Hemicellulose

	
18.77 (1.23)

	
17.7 (1.66)

	
15.18 (1.85)

	
14.55 (2.06)

	
14.29 (1.23)




	
Lignin

	
32.08 (2.35)

	
29.59 (2.56)

	
27.64 (1.24)

	
27.14 (1.16)

	
25.94 (6.54)
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Table 3. Main absorptions of PE in the IR region and their assignment. Reprinted/adapted with permission from Ref. [47] ©2006, John Wiley and Sons and Ref. [53] ©2002, Elsevier.
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	Band Group (cm−1)
	Assigned Molecular Vibrations
	Intensity





	2970–2950/2880–2860
	Methyl C-H asymmetric/symmetric stretching.
	Weak



	1470–1430/1380–1370
	Methyl C-H asymmetric/symmetric bending
	Weak



	2935–2915/2865–2845
	Methylene C-H asymmetric/symmetric stretching
	Strong



	1485–1445
	Methylene C-H bending (rocking) deformation
	Strong



	730–710
	Methylene (CH2)n rocking n ≥ 3
	Medium to strong



	2900–2880
	Methyne C-H stretching
	Strong



	1350–1330
	Methyne C-H bending deformation
	Medium



	1176
	Wagging deformation
	Very weak



	1306
	Twisting weak deformation
	Weak



	1377
	Umbrella mode of vibrations
	Medium
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Table 4. Crystallization and melting process values of recycled polyethylene.
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	Recycled PE
	Tc (◦C)
	Tm (◦C)
	ΔHc (J/g)
	ΔHm (J/g)
	Xc (%)





	rLLDPE
	107
	125
	93.282
	109.35
	37.32



	rMDPE
	114
	130
	149.07
	142.05
	48.44



	rHDPE
	115
	134
	214.02
	205.73
	70.02
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Table 5. Results of residual metal additives in recycled PE plastics (LLDPE, MDPE, and HDPE).
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Element

	
rLLDPE

	
rMDPE

	
rHDPE

	
Element

	
rLLDPE

	
rMDPE

	
rHDPE






	
Cr

	
7.3 (0.8)

	
18.6 (0.72)

	
22.7 (0.8)

	
Se

	
<LOD

	
1.6 (0.18)

	
<LOD




	
Ba

	
1227.5 (4.5)

	
133.9 (2.17)

	
226 (9.2)

	
As

	
<LOD

	
1.1 (0.10)

	
1.1 (0.3)




	
Ti

	
296.9 (1.3)

	
26.9 (4.6)

	
806 (9.3)

	
Hg

	
2.3 (0.3)

	
3.8 (4.5)

	
1.8 (0.4)




	
Cl

	
736 (8.4)

	
36.4 (2.91)

	
304.9 (7.87)

	
Zn

	
82.4 (4.5)

	
3.2 (0.10)

	
281.4 (3.5)




	
Sb

	
87.4 (0.4)

	
<LOD

	
9.4 (0.4)

	
Cu

	
5.1 (0.7)

	
4.3 (8.4)

	
14.9 (0.8)




	
Sn

	
12.2 (0.5)

	
12.1 (0.33)

	
7.5 (0.1)

	
Ni

	
18.4 (0.5)

	
11.1 (0.37)

	
16.4 (0.4)




	
Cd

	
4.4 (0.3)

	
3.8 (0.26)

	
6.3 (0.3)

	
Co

	
9.7 (0.9)

	
5.2 (0.62)

	
5.0 (0.7)




	
Sr

	
23 (0.2)

	
<LOD

	
38.6 (0.1)

	
Fe

	
627 (2.4)

	
137.1 (5.8)

	
316.9 (2.4)




	
Bi

	
<LOD

	
<LOD

	
LOD

	
Mon

	
51.5 (2.3)

	
2.4 (0.79)

	
19.1 (1.2)




	
Pd

	
2.3 (0.1)

	
1.3 (0.012)

	
177.6 (0.2)

	
V

	
7.9 (0.7)

	
3.7 (0.39)

	
15.5 (0.6)




	
Br

	
0.3 (2.6)

	
LOD

	
0.6 (0.1)

	
LOD—limit of detection
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Table 6. PAHs in recycled LLD PE, MDPE, and HDPE.
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PAHs

	
Limit

	
rLLDPE

	
rMDPE

	
rHDPE






	
Naphthalene

	
10

	
0.20738 (0.2196)

	
0.25113 (0.12015)

	
0.03270 (0.0269)




	
Acenaphthylene

	

	
0.00770 (0.0001)

	
0.01413 (0.00906)

	
0.00000 (0.0000)




	
Acenaphthene

	

	
0.00887 (0.0056)

	
0.03099 (0.01002)

	
0.01238 (0.0001)




	
Fluorene

	

	
0.01551 (0.0155)

	
0.02957 (0.00169)

	
0.00424 (0.0024)




	
Phenanthrene

	
50

	
0.11248 (0.0822)

	
0.23434 (0.01553)

	
0.10209 (0.0168)




	
Anthracene

	
0.03625 (0.0012)

	
0.05968 (0.04590)

	
0.02027 (0.0011)




	
Fluoranthene

	
0.11139 (0.0585)

	
0.17757 (0.03708)

	
0.13680 (0.0206)




	
Pyrene

	
0.16325 (0.0732)

	
0.29692 (0.08331)

	
0.12201 (0.0178)




	
Benz(a)anthracene

	
1

	
0.02514 (0.0091)

	
0.16928 (0.18993)

	
0.02079 (0.0035)




	
Chrysene

	
1

	
0.08101 (0.0067)

	
0.21962 (0.17629)

	
0.07487 (0.0012)




	
Benzo(b)fluoranthene

	
1

	
0.03212 (0.0177)

	
0.25188 (0.28633)

	
0.01712 (0.0029)




	
Benzo(k)fluoranthene

	
1

	
0.02028 (0.0112)

	
0.26010 (0.28621)

	
0.0134 (0.00200)




	
Benzo(a)pyrene

	
1

	
0.01943 (0.0039)

	
0.35439 (0.4350)

	
0.01483 (0.0021)




	
Indeno(123cd)perylene

	
1

	
0.02369 (0.0053)

	
0.41596 (0.49378)

	
0.02464 (0.0020)




	
Dibenz(a.h)anthracene

	
1

	
0.02250 (0.0076)

	
0.44742 (0.49331)

	
0.01198 (0.0008)




	
Benzo(ghi)perylene

	
1

	
0.02735 (0.0039)

	
0.33573 (0.38826)

	
0.01836 (0.0024)




	
Total

	
50

	
0.88226 (0.25390)

	
3.47403 (1.04085)

	
0.60994 (0.0424)
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Table 7. Mechanical properties of the virgin and recycled PE (LLD, MD, HD).
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	PE Types
	TS (MPa)
	TM (MPa)
	FS (MPa)
	FM (MPa)
	UIS (KJ/m2)





	rLLD
	7.65 (1.73)
	123.56 (65)
	11.36 (0.41)
	230.57 (88)
	15.28 (1.43)



	rMD
	14.72 (1.38)
	430.75 (57)
	26.58 (0.84)
	628.94 (66)
	6.27 (1.58)



	rHD
	20.65 (1.58)
	997.85 (58)
	36.67 (0.76)
	780.58 (76)
	5.38 (0.85)



	rEM
	13.68 (0.52)
	650.67 (68)
	22.45 (1.05)
	530.87 (87)
	9.58 (3.05)



	vLLD
	12.05 (1.95)
	190.60 (43)
	13.05 (1.35)
	270.23 (38)
	18.06 (0.56)



	vMD
	18.72 (1.65)
	675.53 (67)
	31.58 (1.87)
	773.37 (65)
	12.27 (3.29)



	vHD
	23.14 (0.68)
	1160 (134)
	42.54 (0.91)
	980.53 (53)
	7.05 (2.35)



	vEM
	14.65 (0.85)
	665.54 (76)
	25.18 (1.23)
	674.86 (50)
	13.46 (0.87)
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Table 8. Mechanical properties of WPC formulated from recycled PE plastics and BP.
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rPE

	
Sample Id

	
TS (MPa)

	
TM (MPa)

	
FS (MPa)

	
FM (MPa)

	
UIS (KJ/m2)






	
LLD

	
HCLLD-BPU

	
6.52 (0.2)

	
766.60 (48)

	
14.65 (1.52)

	
994.1 (23.5)

	
10.97 (1.3)




	
HCLLD-BPT

	
6.73 (0.2)

	
809.85 (52)

	
14.82 (1.18)

	
995.5 (17.21)

	
11.21 (2.1)




	

	
LCLLD-BPU

	
3.84 (0.1)

	
1084.38 (63)

	
10.08 (0.41)

	
1564.5 (25.64)

	
3.01 (2.1)




	
LCLLD-BPT

	
4.21 (0.1)

	
1182.26 (77)

	
11.658 (0.59)

	
1955.3 (63.5)

	
3.95 (0.22)




	
MD

	
HCMD-BPU

	
13.40 (0.5)

	
1821.25 (51)

	
27.316 (0.55)

	
2063.4 (11.5)

	
6.49 (0.79)




	
HCMD-BPT

	
13.51 (0.2)

	
1884.45 (50)

	
30.1 (1.86)

	
2367.2 (14.78)

	
6.86 (0.99)




	

	
LCMD-BPU

	
6.27 (0.1)

	
1809.90 (2.8)

	
15.93 (2.12)

	
2645.8 (57.56)

	
2.58 (0.42)




	
LMD-BPT

	
7.13 (0.3)

	
1968.84 (10)

	
16.23 (0.162)

	
2704.8 (104.14)

	
3.41 (0.33)




	
HD

	
HCHD-BPU

	
14.57 (0.5)

	
1888.46 (50)

	
32.62 (0.71)

	
2534.6 (68.67)

	
5.59 (1.9)




	
HCHD-BPT

	
17.47 (0.1)

	
2287.87 (30)

	
33.54 (2.32)

	
3019.5 (165.32)

	
6.35 (0.9)




	

	
LCHD-BPU

	
8.375 (0.2)

	
2505.57 (22)

	
18.308 (2.12)

	
3033.2 (173.52)

	
2.34 (0.44)




	
LCHD-BPT

	
10.15 (0.1)

	
2966.90 (55)

	
22.58 (3.15)

	
3728.5 (219.8)

	
2.89 (0.47)




	
EM

	
HCEM-BPU

	
11.03 (0.2)

	
1478.85 (47)

	
23.37 (0.36)

	
1737.3 (91.69)

	
6.68 (0.27)




	
HCEM-BPU

	
11.23 (0.2)

	
1506.84 (27)

	
24.63 (0.85)

	
1901.8 (117.59)

	
8.24 (2.14)




	

	
LCEM-BPU

	
6.63 (0.3)

	
1999.36 (37)

	
14.45 (1.48)

	
2428.9 (272.86)

	
2.38 (0.25)




	
LCEM-BPU

	
7.45 (0.4)

	
2180.88 (90)

	
17.23 (1.44)

	
2778.2 (211.44)

	
3.60 (0.36)
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