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Abstract

:

Eco-friendly wall cladding panels were developed from fishing industry waste by incorporating discarded ropes, wood fibers from lobster cages, and clamshell powder. Four panel formulations were investigated using MAPP and MAPE coupling agents: FRW-M (97% fishing rope), 30WF-M (67% rope with 30% wood fibers), 30CS-M (67% rope with 30% clamshell powder), and a hybrid 15CS15WF-M (67% rope with 15% each of wood fibers and clamshell powder). A DSC analysis revealed that clamshell powder addition reduced melting temperatures and crystallinity, while wood fiber incorporation led to slight increases in melting temperatures. The hybrid formulation exhibited enhanced crystallization temperatures despite lower overall crystallinity. A dynamic mechanical analysis showed an 85% improvement in storage modulus for the hybrid panel, with flexural testing demonstrating a 202% increase in modulus and 20% increase in strength. SEM-EDS analysis confirmed improved filler dispersion and interfacial adhesion in the hybrid formulation. Water absorption was lowest in FRW-M and highest in 30WF-M, while burning rate tests showed 30CS-M and 30WF-M as the best and worst performers, respectively. The hybrid formulation emerged as the optimal solution, combining enhanced mechanical properties with improved water resistance and fire retardancy, presenting a viable sustainable alternative for wall cladding applications.






Keywords:


discarded ropes; clamshell powder; wood fibers; crystallinity












1. Introduction


Abandoned, lost, and discarded fishing gear (ALDFG) represents a significant source of oceanic plastic pollution, accounting for 46% of all floating plastic debris [1]. A meta-analysis by Richardson et al. [2] revealed that ALDFG comprises 6% net fragments, 9% pots, and 29% fishing lines, with annual losses of lobster traps ranging from 10 to 28% [3]. This lost gear causes severe ecological damage through passive mechanisms including ingestion, entanglement, and strangulation of marine species such as turtles, seabirds, dolphins, sharks, and seals [4]. In 2018 alone, over 300 sea turtles died from entanglement in hooks and nets [5].



Multiple factors contribute to fishing gear loss, including adverse weather conditions, gear entanglement, and substandard workmanship [6,7,8].



Island communities face challenges from ALDFG accumulation, with both environmental and economic implications due to their dependence on marine-oriented tourism. The Northern Hawaiian Islands exemplify this issue, where ALDFG accumulation along Pacific Ocean shorelines threatens numerous endangered species [9,10]. These communities also struggle with seashell waste management from fishing and seafood industries. Untreated shells, containing organic materials, generate foul odors and toxic gases (H2S, NH3, amines) [11] while attracting insects and pathogens like Escherichia coli and Salmonella [12,13]. Seashells primarily comprise calcium carbonate, which exists in three crystalline forms: calcite, aragonite, and vaterite. Calcite, the most stable and abundant form, serves as a reference for aragonite and vaterite, which can transform into calcite under various conditions [14]. Scanning electron microscopy reveals distinct morphologies: rhombic for calcite and needle-like for aragonite [15]. The high aspect ratio of aragonite particles makes it particularly effective as a mechanical reinforcement in thermoplastic composites [16,17].



The Magdalen Islands (Îles de la Madeleine) in Quebec’s Gulf of St. Lawrence exemplify these challenges. The islands generate 24.3 tons of fishing net and rope waste annually, alongside 100 tons of clamshell waste with disposal costs of $100 per ton as of 2019 [18]. The islands face another challenge related to housing shortage. Also, significant increase in housing demand due to tourism growth has reduced the availability of permanent housing. Building new homes is an urgent necessity to address this issue [19,20].



Previous research has explored ALDFG as a construction material resource, primarily as fiber reinforcement in various composites. Bertelsen and Ottosen [21] utilized fibers from fishing nets to reinforce gypsum-based materials, while Hussan et al. incorporated polyethylene and polypropylene fishing net fibers as reinforcement in cementitious composites [22]. As highlighted in a meta-analysis by Pablo Ojeda [23], most research has limited the application of fishing nets and ropes to be used as a filler in composite systems.



Previous research by the authors contributed to this field through the development of panels from discarded fishing ropes and evaluating their flexural and Izod impact properties in comparison to commercial panels [24]. However, no prior study, to the best of our knowledge, has focused on using fishing gear waste to produce composite cladding panels. This study aims to advance the field by developing eco-friendly wall panels that incorporate waste fishing ropes, clamshell powder from seafood processing, and wood fibers derived from crushed lobster cages. The implementation of these materials in isolated communities can reduce dependence on imported resources, lower waste management expenses, and contribute to easing local housing shortages.




2. Materials and Methods


2.1. Materials


CERMIM (Centre de recherche sur les milieux Insulaires et Maritimes) collected end-of-life fishing ropes from the Magdalen Islands’ waste management center. The ropes, discarded after 2–3 years of service, underwent visual inspection to separate polyolefin ropes from nylon nets. On-site shredding was performed using a BM309 Pelletier Granulator (Granby, QC, Canada), with no preliminary washing step. A comprehensive characterization of these recovered fishing ropes was reported in our previous work [24].



Wood fibers were extracted from end-of-life lobster cages collected at various ports throughout the Madeleine Islands. The cages underwent mechanical processing using a Pelletier Model BM-309 granulator (Granby, QC, Canada), followed by overnight drying at 80 °C to eliminate moisture. Size classification through sieving retained fibers between 0.85 mm and 2 mm. Dimensional analysis using a Leica DMRX-POL photomicroscope, (Wetzlar, Hesse, Germany) conducted on 30 individual fibers, yielded an average aspect ratio (length-to-diameter ratio) of 8, with the fibers exhibiting an average density of 0.75 g/cm3.



Clamshell powder was prepared from seafood processing waste collected from local island facilities. The shells underwent mechanical grinding, followed by a two-hour water boiling treatment to eliminate odors associated with organic matter decomposition. The treated powder was then oven-dried overnight at 120 °C. Characterization revealed a powder density of 3.15 g/cm3 and a specific surface area of 37 cm2/g.



Polypropylene-Graft-Maleic Anhydride (MAPP) and Polyethylene-Graft-Maleic Anhydride (MAPE) were obtained from Sigma Aldrich [25,26].




2.2. Panels Production Process


A HAAKE Polylab OS PTW 16 twin-screw extruder (16 mm screw diameter, 40:1 length-to-diameter ratio) (Waltham, MA, USA) was used for pellet production. The extrusion process employed a temperature profile of 180 °C in the first zone and 190 °C in the remaining eight zones, with an operating speed of 70 rpm and 3 mm die diameter. Shredded fishing ropes underwent initial extrusion and pelletization, followed by mixing with formulation components (Table 1) and a second extrusion–pelletization cycle under identical conditions. The final pellets were uniformly distributed in a 200 × 200 × 3 mm3 metallic mold and were compression molded using a 4533 AutoFour/3015-PL H Carver press (Wabash, IN, USA).



The compression molding consisted of two sequential cycles: hot-pressing at 190 °C for 10 min followed by cold-pressing at 30 °C for 10 min, both under 10 tons of pressure. The resulting four panel formulations are shown in Figure 1, with FRW-M serving as the control.




2.3. Characterization of Clamshell Powder


2.3.1. Thermogravimetric Analysis (TGA)


Thermal decomposition behavior and the CaCO3 content in clamshells were analyzed using TGA Dupont 2000 (Wilmington, DE, USA). Samples of 40 mg clamshell powder were heated from 30 °C to 900 °C at 20 °C/min under a nitrogen atmosphere.



The calcination process is an exothermic reaction where calcium carbonate transforms to calcium oxide (CaO) and carbon dioxide (CO2) [27]. The percentage of calcium carbonate in the clamshell was estimated using Equation (1) [28]:


    % C a C O  3  =    C a C   O   3   M W       C a O     M W      ⋅ C a O   %    



(1)




where CaCO3 MW and CaO MW are the molecular weight of calcium carbonate and calcium oxide, 100.08 g/mol and 56.07 g/mol, respectively [29,30]. CaO (%) denotes the percentage of calcium oxide in the clamshell powder determined from TGA analysis.




2.3.2. X-Ray Diffraction (XRD)


The crystalline structure of clamshell powder was analyzed using a Malvern Panalytical X’Pert Pro MPD diffractometer (Malvern, Worcestershire, UK). The XRD patterns were recorded from 2θ = 20° to 50° with a step size of 0.04°, using divergent and anti-scatter slits of 0.5° and 1°, respectively.





2.4. Characterization of the Panels


2.4.1. Differential Scanning Calorimetry (DSC)


The melting and crystallization behaviors of the polymer matrix were studied via differential scanning calorimetry using a DSC TA Instruments Q2000 (Newcastle, DE, USA). Samples of 15 mg underwent two thermal cycles from 0 °C to 200 °C at 10 °C/min, with a 1-min isothermal hold between cycles. Analysis was performed using data from the second thermal cycle.



The degree of crystallinity of matrix polymers was calculated using Equations (2) and (3):


  X P P =      Δ H     m , p p       Δ H     m ,   100 p p   ⋅  w  p p       



(2)






  X H D P E =      Δ H       m ,   H D P E         Δ H       m ,     100 H D P E     ⋅  w  H D P E       



(3)




where ΔHm,PP and ΔHm,HDPE are the melting enthalpies of PP or HDPE, and ΔHm,100PP and ΔHm,100HDPE are the melting enthalpy of 100% crystalline PP and HDPE, which are equal to 207 J/g and 293 J/g, respectively [31]. The fractions of PP and HDPE in the composite (wPP and wHDPE) were 0.75 and 0.25, respectively, based on previously determined rope composition [24]. The measurements were done on three samples per formulation, and the average thermal properties were reported.




2.4.2. Flexural Test


Flexural properties were measured according to ASTM D790-17 using a Zwick/Roell Z050 universal testing machine (Ulm, Baden-Württemberg, Germany). Five specimens (80 × 12.7 × 3 mm) from each panel were tested at a 1.2 mm/min crosshead speed with a 48 mm span [32].




2.4.3. Flammability Test


Flammability testing followed ASTM D635-22 standard [33] using specimens of 125 × 13 × 3 mm. The burning rate was calculated using Equation (4), where L represents the burned length between 25 and 100 mm marks, and t is the burning time in seconds. The test set-up is shown in Figure 2.


  B u r n i n g   r a t e ( m m / m i n ) =    60 ⋅ L   m m     t   s       



(4)








2.4.4. Water Absorption Tests


Water absorption testing followed ASTM D570-22 [34] using specimens of 76.2 × 25.4 × 3 mm. Samples were immersed in distilled water at room temperature, with measurements taken daily for the first week and weekly thereafter until stabilization. Water uptake was calculated using Equation (5):


  W a t e r   u p t a k e ( % ) =    W i − W o   W o    ⋅ 100  



(5)




where Wi is the weight of the sample after immersion and W0 is the weight of the sample before immersion. Three specimens were tested for each formulation, and the mean water absorption percentage was subsequently calculated.




2.4.5. Dynamic Mechanical Analysis (DMA)


A dynamic mechanical analysis was performed using DMA Q850 TA Instruments (Newcastle, DE, USA) in dual-cantilever mode. Tests were conducted at 1 Hz frequency from 25 °C to 200 °C at a 2 °C/min heating rate. Specimens (50 × 12.5 × 3 mm) were tested in triplicate for each panel formulation.




2.4.6. Scanning Electron Microscopy (SEM)


Fracture surface morphology was examined using JEOL NeoScope JCM-7000 SEM (Easton, MD, USA) at 15 kV, with magnifications of 30× for void analysis and 800× for interfacial adhesion assessment. EDS mapping of calcium distribution was performed on 30CS-M and 15CS15WF-M panels to evaluate clamshell powder dispersion within the matrix.






3. Results


3.1. Characterization of the Clamshell Powder


3.1.1. Thermogravimetric Analysis (TGA)


Thermogravimetric analysis of the clamshell powder (Figure 3) revealed distinct mass loss regions. No mass loss occurred between 0 and 200 °C, confirming the powder’s initial dry state. Between 300 and 500 °C, a 1% mass loss corresponded to the decomposition of residual organic matter. A minor mass reduction between 500 and 600 °C indicated the aragonite-to-calcite phase transformation [35]. The most significant mass loss (45.03%) occurred between 600 and 800 °C, attributable to the calcination process converting calcium carbonate to calcium oxide and carbon dioxide [36].



Using Equation (1), the calculated CaCO3 content of 98.1% aligns with previously reported values (92–99%) for seashell composition [37,38,39].




3.1.2. X-Ray Diffraction (XRD)


Figure 4 presents the XRD patterns of the clamshell. It can be observed that the dominant crystal structure is that of aragonite (JCPDS card No. 41-1475), with a minor peak corresponding to calcite (JCPDS card No. 47-1743), which may be due to the transformation of some aragonite crystals into calcite during the grinding process [17].





3.2. Characterization of the Panels


3.2.1. Differential Scanning Calorimetry (DSC)


Figure 5 and Table 2 present the DSC curves and thermal analysis data for the four formulations. The FRW-M formulation exhibits characteristic PP-HDPE blend behavior, featuring two distinct melting peaks and merged crystallization peaks due to the similar crystallization temperatures of HDPE and PP [40]. In the 30CS-M composite, the incorporation of clamshell powder reduces both the melting temperature and the crystallization degree of both polymers, indicating disrupted crystallization as particles occupy amorphous regions and inhibit crystal domain formation [41]. This results in smaller, less perfect spherulites, consistent with Zhang et al.’s [42] observations of calcium carbonate effects on PP crystallization. The constant crystallization temperatures relative to FRW-M indicate that clamshell powder does not act as a nucleating agent [43].



The 30WF-M composite shows slightly reduced crystallinity degrees in both HDPE and PP, suggesting decreased spherulite size or nuclei density due to wood fibers restricting molecular chain movement, aligning with Wang et al.’s findings [44]. Despite this reduction, increased melting temperatures indicate more perfect spherulite formation, while decreased crystallization temperatures suggest that wood fibers impede matrix crystal rearrangement rather than provide nucleating effects [45].



The hybrid composite (15CS15WF-M) demonstrates intermediate behavior, with melting temperatures closer to FRW-M than 30CS-M, indicating a reduced impact on spherulite morphology due to better particle dispersion at lower clamshell content. The increased crystallization temperatures suggest enhanced nuclei density, potentially due to wood fiber nucleating effects and more effective coupling agent interactions at the lower wood fiber ratio. The decreased overall crystallinity likely results from competing mechanisms; while wood fibers appear to promote nuclei density, clamshell powder may simultaneously inhibit spherulite growth and nucleation. This proposed interaction could explain the observed moderate increase in nuclei density but substantially smaller spherulites, leading to reduced crystallinity degrees in both HDPE and PP.




3.2.2. Flexural Test


The flexural properties and corresponding curves for the four panels are presented in Figure 6 and Table 3. All composite formulations exhibited increased flexural modulus compared to FRW-M, with wood fibers and clamshell powder significantly enhancing panel stiffness. The hybrid composite (15CS15WF-M) showed the most substantial improvement with a 202% increase in modulus. This enhancement could be attributed to multiple factors; the reduced clamshell powder content (15% vs. 30%) minimized aggregate formation and improved dispersion, while the optimized wood fiber to coupling agent ratio enhanced fiber–matrix adhesion. The improved bonding mechanism involves maleic anhydride groups reacting with wood fiber hydroxyl groups to form ester bonds, while PP and PE components of MAPP and MAPE bond with the matrix. Conversely, 30WF-M likely suffered from insufficient coupling agent content, leading to inadequate fiber–matrix bonding, supported by DSC results indicating that wood fibers acted as nucleating agents only in the hybrid composite [46,47,48,49].



The 30% filler composites showed decreased flexural strength, with 30CS-M experiencing the largest reduction (43.11%). This decline may have resulted from an aggregate formation creating stress concentration points and poor interfacial adhesion limiting effective stress transfer. In contrast, the hybrid composite demonstrated a 20.86% increase in flexural strength. This enhancement likely results from an improved filler-matrix interface, reduced aggregate presence, and synergistic filler effects. The lower clamshell powder ratio may have facilitated matrix void filling, thereby reducing stress concentration points, while the wood fibers’ higher aspect ratio potentially enhanced stress transfer.



Ductility measurements revealed significant reductions across all composite formulations compared to FRW-M. The 30CS-M showed the largest decrease in elongation at break (80.86%), followed by 15CS15WF-M (67.12%) and 30WF-M (60.51%). The substantial reduction in 30WF-M can be attributed to potential fiber agglomeration due to high loading, possibly leading to poor adhesion and restricted polymer chain mobility [50,51] For 30CS-M, the significant decrease is likely due to high-density clamshell powder causing particle agglomeration, which may restrict chain slippage [52].



The observed improvements in mechanical properties align with findings reported in previous studies on similar composite systems. Xu et al. demonstrated an 18% increase in flexural modulus when incorporating mussel shell powder into polypropylene [53], while Melo et al. reported enhanced flexural properties in HDPE composites containing mollusk shell powder [54]. In the context of wood fiber reinforcement, Yeshiwas et al. [55] established that wood fiber incorporation enhances the flexural strength of HDPE-PP composites for ceiling panel applications. Similarly, Srivabut et al. [56] achieved significant improvements in both flexural strength (25%) and modulus (12%) using a combination of recycled wood fiber and calcium carbonate powder in polypropylene composites. Notably, the hybrid composite developed in this study demonstrates superior performance compared to commercial alternatives, with its flexural modulus exceeding both MULFORD Plastics’ HDPE cladding panel (1.37 GPa) [57] and SIMONA’s HDPE panel (1.65 GPa) [58].



Figure 7 presents SEM micrographs at 30× magnification of the four panels. The FRW-M control sample exhibits a uniform surface without apparent voids, while the 30WF-M composite shows numerous voids resulting from poor interfacial adhesion, evidenced by fiber debonding and pull-out from the matrix. The 30CS-M sample similarly displays large surface voids, attributed to agglomerate formation that inhibited uniform polymer matrix distribution during molding. The hybrid composite (15CS15WF-M) demonstrates minimal void formation, reflecting enhanced interfacial adhesion and improved filler dispersion.



Higher magnification (800×) SEM analysis and EDS mapping (Figure 8) provide further insights into the compositional distribution and interfacial characteristics. EDS mapping reveals a higher concentration of clamshell particles (indicated by yellow dots) in the 30CS-M sample compared to 15CS15WF-M, consistent with its doubled clamshell powder content. Moreover, the 30CS-M sample shows inhomogeneous particle distribution, with notable concentration in the upper region, indicating aggregate formation. Comparative analysis of 30WF-M and 15CS15WF-M micrographs reveals significant differences in the fiber–matrix interaction. The 30WF-M sample exhibits fiber pull-out and surrounding voids, while the hybrid composite shows minimal void formation and no evidence of fiber pull-out, indicating superior interfacial adhesion attributed to more effective coupling agent activity.




3.2.3. Dynamic Mechanical Analysis (DMA)


Figure 9 presents the dynamic mechanical analysis (DMA) results for the panel formulations. All panels exhibited a decrease in storage modulus with increasing temperature, beginning at approximately −20 °C, corresponding to the glass transition temperature of PP [59]. This modulus reduction stems from enhanced segmental motion in the amorphous regions of PP and HDPE, coupled with filler debonding from the polymer matrix [60]. The composite panels demonstrated superior stiffness compared to the control panel, with the hybrid composite (15CS15WF-M) showing the most significant improvement (85% increase in storage modulus at room temperature), followed by 30CS-M (48% increase) and 30FRW-M (18% increase). These improvements can be attributed to the reinforcing effect of the fillers enhancing stress transfer at the interface. The variations in performance among formulations correlate with differences in interfacial adhesion quality between the matrix and fillers, as confirmed by SEM analysis. These trends in storage modulus align with the observed flexural modulus results.



The loss modulus curves exhibited patterns similar to the storage modulus across all formulations. A primary β-relaxation peak, corresponding to PP’s glass transition, was observed at approximately 2 °C for most formulations [61]. However, the 30WF-M formulation showed a shift to −1 °C, attributed to wood fibers creating matrix gaps that increase free volume and facilitate chain movement near the fiber surfaces [62,63]. This observation is supported by SEM analysis, which revealed more surface gaps in 30WF-M compared to other formulations. The apparent temperature difference in PP’s glass transition between storage and loss modulus measurements reflects the different measurement points used—onset of transition for storage modulus versus peak point for loss modulus [64]. The hybrid composite (15CS15WF-M) displayed two distinct peaks: one at 50 °C (α-relaxation of HDPE) and another at 110 °C (α-relaxation of PP) [65,66]. These peaks overlapped in the other formulations. The hybrid filler system demonstrated a more pronounced effect on PP’s α-relaxation process, evidenced by increased peak intensity and a clearer separation between the PP and HDPE relaxation peaks. This enhancement likely results from strong filler–matrix adhesion restricting polymer chain mobility in crystallites near the fiber surfaces [67].



The tan δ results showed a 2 °C decrease in PP’s glass transition temperature for the 30WF-M formulation, consistent with storage and loss modulus findings. Wood fiber-containing formulations (30WF-M and 15CS15WF-M) exhibited the lowest β-relaxation peak intensity, suggesting that wood fibers disrupted PP’s crystalline structure and increased amorphous content, as confirmed by DSC analysis. The wood fibers appear to create physical constraints limiting amorphous segment motion, explaining both the reduced glass transition temperature and β-relaxation peak intensity [45,68]. The hybrid composite’s tan δ exceeded other formulations above 30 °C but decreased below other composite panels near 90 °C, corresponding to PP’s α-relaxation temperature peak. While this peak remained at 120 °C for other formulations, its shift in the hybrid composite likely results from reduced spherulite size caused by combined wood fiber and clamshell powder effects, as observed in the DSC analysis. This structural change created more interfacial area between PP’s amorphous and crystalline regions, facilitating intracrystalline amorphous segment movement at lower temperatures. This aligns with Pluta and Kryszewski’s [69] findings that smaller PP crystallites enhance mobility and relaxation within crystalline regions. The HDPE α-relaxation peak position remained constant at approximately 53 °C across all formulations, likely due to HDPE’s lower concentration in the matrix compared to PP.




3.2.4. Water Absorption Tests


Figure 10 illustrates the water absorption behavior of the four panel formulations over a 40-day period. The FRW-M composite exhibited the lowest water uptake (0.37% at day 40), attributed to the inherent hydrophobicity of its PP and HDPE components. Conversely, the 30WF-M formulation showed the highest water absorption at approximately 12% by day 40, primarily due to two factors: the hydrophilic nature of wood fibers and suboptimal fiber–matrix interfacial adhesion. The latter created voids at the fiber–matrix interface, facilitating water infiltration into the composite structure.



The 30CS-M composite demonstrated intermediate water absorption behavior, reaching 4.5% at day 40. This moderate uptake can be attributed to two main factors: (1) the hydrophilic nature of calcium carbonate combined with the high specific surface area of the fine clamshell powder particles, which increased water molecule contact sites, and (2) poor interfacial adhesion between particles and the polymer matrix, resulting in void formation through aggregate clustering.



The hybrid composite (15CS15WF-M) showed superior water resistance compared to both the 30WF-M and 30CS-M formulations. This improved performance is attributed to two key factors: enhanced interfacial adhesion between the fillers and the matrix, resulting in reduced void formation and the lower volume fraction of each filler type, which minimized aggregate formation as confirmed by SEM analysis.




3.2.5. Flammability Test


Figure 11 presents the burning rate analysis of the four panel formulations. The 30CS-M formulation demonstrated superior fire resistance with the lowest burning rate (32.8 mm/min). This enhanced fire resistance can be attributed to two primary mechanisms: (1) the decomposition of CaCO₃ generates CO₂ during combustion, reducing oxygen availability at the polymer surface and thereby inhibiting the combustion process [70], and (2) the high aspect ratio of aragonite particles in the shell powder facilitates the formation of a continuous charcoal network, effectively reducing flame propagation [71].



In contrast, the 30WF-M formulation exhibited the highest burning rate (53.6 mm/min), a result consistent with the lower ignition temperature of dry wood fibers compared to both HDPE and PP matrix materials [72,73,74]. The hybrid composite (15WF15CS-M) showed intermediate fire resistance, with a burning rate lower than 30WF-M, reflecting both the fire-retardant contribution of the clamshell powder and the reduced wood fiber content in the formulation.



In polymer-based composites, dripping behavior plays a critical role in flame propagation, as molten droplets expose underlying materials to flames and accelerate fire spread [75]. Effective flame retardancy therefore requires both a low burning rate and minimal dripping tendency.



Figure 12 illustrates the distinct burning behaviors of the four formulations. The 30WF-M formulation demonstrated the poorest fire resistance, characterized by the largest flame size and highest dripping frequency, attributable to the high combustibility of wood fibers. Conversely, the 30CS-M formulation exhibited superior fire resistance, displaying both the smallest flame size and lowest dripping frequency. The presence of clamshell particles effectively delayed flame spread, evidenced by char formation (visible as a black area) in the combustion front zone, which inhibited continuous burning [76]. The hybrid composite (15CS15WF-M) exhibited intermediate fire resistance characteristics, with moderate flame size and dripping frequency, reflecting the balanced influence of its wood fiber and clamshell powder components.






4. Conclusions


The present study has demonstrated the feasibility of valorizing fishing industry waste materials into sustainable wall cladding panels. The systematic investigation of four formulations revealed that the hybrid composite incorporating 15% clamshell powder and 15% wood fiber (15CS15WF-M) exhibited optimal performance characteristics. This formulation achieved significant improvements in mechanical properties, including a 202% increase in flexural modulus, 20% enhancement in flexural strength, and 85% higher storage modulus compared to the control. Microstructural analysis confirmed that these enhancements were attributable to improved filler dispersion and interfacial adhesion between components. Furthermore, the incorporation of clamshell powder contributed to enhanced fire resistance and reduced water absorption properties. These findings provide compelling evidence that fishing industry waste can be effectively repurposed into high-performance building materials, offering a sustainable solution to both waste management and construction material needs in coastal regions. Future research should focus on scaling up production and evaluating long-term durability under varied environmental conditions.
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Figure 1. (a) FRW-M panel; (b) 30WF-M panel; (c) 30CS-M panel; (d) 15CS15WF-M panel. 
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Figure 2. Flammability test set-up according to ASTM D635-22 [33]. 
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Figure 3. Thermogravimetric analysis of the clamshell powder. 
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Figure 4. XRD of the clamshell powder. 
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Figure 5. (a) Heating DSC curves of the panels; (b) cooling DSC curves of the panels. 
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Figure 6. Flexural Stress–strain graph of the four panels. 
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Figure 7. SEM micrographs at 30× magnification of (a) FRW-M sample; (b) 30CS-M sample; (c) 30WF-M sample; (d) 15CS15WF-M sample. 
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Figure 8. SEM micrographs at 800× magnification of (a) FRW-M sample; (b) 30CS-M sample; (d) 15CS15WF-M sample; (f) 30WF-M sample; Calcium EDS mapping of (c) 30CS-M; (e) 15CS15WF-M. 
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Figure 9. (a) Storage modulus of the four panels; (b) loss modulus of the four panels; (c) tan (δ) of the four panels. 
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Figure 10. Water absorption of the panels. 
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Figure 11. Burning rate of the panels. 
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Figure 12. Burning behavior of (a) FRW-M sample; (b) 30WF-M sample; (c) 30CS-M sample; (d) 15CS15WF-M sample. 
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Table 1. Panel formulations by volume in percentage.
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	Panel
	Fishing Rope
	Wood Fiber
	MAPP
	MAPE
	Clamshell Powder





	FRW-M
	97
	0
	1.5
	1.5
	0



	30WF-M
	67
	30
	1.5
	1.5
	0



	30CS-M
	67
	0
	1.5
	1.5
	30



	15CS15WF-M
	67
	15
	1.5
	1.5
	15










 





Table 2. Melting temperature (Tm), crystallization temperature (Tc), melting enthalpy (ΔHm) and degree of crystallinity (X) for PP and HDPE of the four panels.
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	Samples
	ΔHm,HDPE (J/g)
	ΔHm,PP (J/g)
	XHDPE (%)
	XPP (%)
	Tm,HDPE (°C)
	Tm,PP (°C)
	Tc,PP (°C)
	Tc,HDPE (°C)





	FRW-M
	28
	24
	39.4
	16
	137.8
	169.7
	115
	110.09



	30CS-M
	8
	7
	16.3
	6.8
	136
	168.3
	115.3
	111.79



	30WF-M
	18
	15
	36.6
	14.5
	138.4
	170.3
	114.3
	108.2



	15CS15WF-M
	14
	15
	28.5
	14.5
	138
	170.4
	115.6
	112.3










 





Table 3. Flexural properties of the four panels.
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	Sample
	Flexural Strength (Mpa)
	Flexural Modulus (Gpa)
	Elongation at Break (%)





	FRW-M
	23.33 ± 4.36
	0.65 ± 0.20
	15.15 ± 2.56



	30CS-M
	12.71 ± 1.56
	1.03 ± 0.23
	2.9 ± 0.35



	30WF-M
	16 ± 3.97
	0.87 ± 0.19
	5.98 ± 0.45



	15CS15WF-M
	27 ± 4.61
	1.96 ± 0.58
	4.86 ± 1.04
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