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ABSTRACT 

	Aims: This study aimed to investigate the thermal behavior and combustibility of plastic-textile composites, utilizing elemental and thermogravimetric analyses. 
Study design:  An experimental design was employed, incorporating both elemental analysis and thermogravimetric analysis (TGA and DTG).
Place and Duration of Study: The research was conducted in Nigeria, specifically at the Federal University of Technology, Minna, and the National Geosciences Research Laboratory, Kaduna between February to November 2022.
Methodology: The procedure involved analyzing composite samples with varying ratios of plastic (PL) and textile (TE): PL25/TE75 (Sample A), PL50/TE50 (Sample B), PL75/TE25 (Sample C), pure plastic PL100 (Sample D), and pure textile TE100 (Sample E). Elemental analysis determined the composition of carbon, hydrogen, oxygen, sulfur, and nitrogen. TGA and DTG were used to evaluate thermal stability and combustibility. Additionally, residual unburned materials and organic matter generation were quantified.
Results: The experimental outcomes showed that increasing textile content led to a decrease in carbon and hydrogen, with a slight increase in oxygen, sulfur, and nitrogen. TGA revealed varying thermal stabilities: Samples A, D, and E exhibited higher onset temperatures, indicating greater thermal stability. Sample B displayed the least stability, while Sample C showed moderate stability. Combustibility patterns displayed multiple peaks in Samples B, C, D, and E, suggesting diverse component compositions, unlike Sample A. Residual unburned material ranked from highest to lowest: Sample C, Sample B, and Sample A. Sample E produced the highest organic matter, likely due to lignocellulosic and cellulosic fibers. Distinct decomposition processes and combustibility patterns suggested diverse compositions related to synthetic fibers and specific polymers.
Conclusion: The thermal and combustibility characteristics of these composites are significantly influenced by their composition ratios. The findings highlight potential applications of these composites as renewable fuel and in waste mitigation, aligning with SDGs 7 and 12. This research provides valuable insights into the thermal properties of plastic-textile composites, contributing to improved waste management practices.
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1. INTRODUCTION 
The global surge in plastic waste presents an acute challenge to municipal solid waste (MSW) management, a predicament particularly pronounced in regions like Nigeria, where approximately 32 million tonnes of waste are generated annually, with 2.5 million tonnes being plastic [1]. This accumulation of non-biodegradable material contributes significantly to environmental degradation, notably through microplastic contamination, posing substantial risks to both ecological stability and human health [2]. Developing nations often grapple with inadequate waste management infrastructure, characterized by outdated protocols, insufficient data on waste generation rates, and constrained landfill capacity [3]. In urban centers such as Abuja, the complexity of waste composition, encompassing plastics and textiles, is further influenced by socioeconomic factors and population density [4]. The escalating volume of textile waste, driven by rapid fashion cycles, exacerbates this problem, with approximately 75% ending up in landfills or being incinerated [5,6,7,8]. Conversely, only a marginal 23-25% is recycled or reused, with less than 1% of recovered fibers reintegrated into clothing production, failing to establish a closed-loop system [9,10]. This disparity underscores the critical need for sustainable recycling alternatives and the exploration of energy recovery potential within these waste streams [11].
The environmental consequences of poor waste management, including blocked drainage systems and improper landfilling, lead to leachate formation and groundwater contamination, amplifying environmental concerns. These challenges have prompted intensified research into the energy recovery potential of textile waste, despite the complexities associated with sorting and recycling diverse fiber blends [12]. Consequently, various waste disposal methods are being investigated to mitigate environmental damage and safeguard public health [13]. This research, titled "Investigating the Synergistic Influence of Textile Additives on the Thermal Behaviour of Recycled Plastic Materials," specifically focuses on the pivotal role of textile additives in modifying the thermal properties of recycled plastics. The incorporation of these additives can significantly alter thermal conductivity, degradation resistance, and overall performance under various environmental conditions, thereby enhancing the suitability of recycled plastics for diverse applications. For instance, the inclusion of recycled textile fibers, such as polyamide and polyester, has been shown to modify the thermal conductivity of polyethylene (PE), with polyester effectively reducing thermal diffusivity at elevated temperatures [14].
Furthermore, additives like calcium carbonate and graphene improve temperature uniformity during processing, crucial for applications requiring consistent thermal properties [15]. Antioxidants and carbon black are known to delay thermal degradation, enhancing the oxidative induction time (OIT) and durability of recycled polyethylene blends [16] However, the potential environmental impact of these additives, particularly the leaching of pollutants, necessitates the development of effective remediation strategies [17]. This research therefore, emphasizes the importance of understanding the synergistic interactions between  textile  found in MSWs, and the thermal behavior of recycled plastics, to optimize their applications.
Incineration, is a common method for textile waste disposal, but poses significant environmental challenges due to the release of substantial CO2 emissions [18]. Notably, the incineration of cotton results in CO2 emissions that surpass even those of fossil fuels, with cotton producing approximately 102.84 kg CO2/GJ [19]. Different textile types exhibit varying combustion characteristics, with woolen fabrics demonstrating the highest combustion propensity and consequently, increased emissions [20].While incineration offers immediate waste disposal solutions, its environmental repercussions necessitate a transition towards more sustainable practices that prioritize recycling and resource recovery. Chemical recycling has been identified as the most energy-efficient method, while mechanical recycling emits the least CO2 [21]. The revitalization of textile waste into composite fibers presents a sustainable solution, promoting a circular economy and reducing reliance on virgin resources [22].This approach aligns with sustainable development goals (SDGs) 7 and 12 by fostering clean energy use and mitigating plastic waste pollution [23,24,25,26].
To achieve sustainable MSW management, a shift towards alternative strategies is imperative. Thermal treatment, biological treatment, landfilling with energy recovery, and recycling are considered viable options [27]. The reuse of plastic and textile waste for energy recovery can address waste management challenges in Nigeria. Incineration with energy recovery, such as refuse-derived fuel (RDF) production, can significantly reduce the solid mass of waste by 80-85% [28]. Waste-to-energy (WtE) technologies like incineration and gasification also offer potential solutions to energy poverty [29]. Among these options, briquette production presents a particularly promising avenue for Nigeria. Briquettes, formed from compacted waste materials, offer several advantages. Firstly, they provide a densified fuel source, facilitating easier storage and transportation compared to loose waste. This is especially relevant in regions with logistical challenges. Secondly, briquettes offer a more controlled and consistent combustion process compared to the direct burning of heterogeneous waste, leading to improved energy efficiency and reduced emissions. Thirdly, utilizing briquettes can reduce the volume of waste sent to landfills, extending their lifespan and mitigating the associated environmental risks. Furthermore, in the Nigerian context, where access to reliable and affordable energy is a significant challenge, briquettes produced from locally sourced waste can contribute to decentralized energy generation, reducing dependence on fossil fuels and promoting energy security. The potential for briquettes to be produced from a blend of recycled plastics and textile waste, enhanced by the synergistic effects of textile additives on thermal behavior, makes this approach particularly attractive for addressing both waste management and energy needs.
Hence, this research seeks to understand how adding textile waste materials changes the way recycled plastic materials, obtained from household trash, break down under heat. The study also aims to determine if these plastic and textile waste mixtures are suitable for making briquettes, a process that converts waste into energy. This directly aligns with the research's main objective, which is to explore waste-to-energy recovery options.

2. material and methods 

2.1 Sample Collection and Preparation
Samples were collected manually from four locations within a 1 km radius in the Maitama District of Abuja, Nigeria. Samples were taken from the top, middle, and bottom of the material at each location. The samples were pre-dried under sunlight to reduce moisture content in accordance with BS EN 15442:2011 [30]. Following this, the samples were manually sorted into sub-fractions, including plastics, textiles, wood, and paper, based on BS EN 15440:2011 [30]. Refer to plates 1, 2, 3, and 4 respectively for plastic and paper samples.
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Plate 1. Plastic sample
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Plate 2. Textile samples



2.2 Preparation of Plastic-Textile Composites
Plastic-textile solid waste materials were pulverized to a particle size of 0.2 mm using a a Model 44 Series Circ-U-Flow Schutte Buffalo Hammermill. The mixtures were homogenized according to the weight ratios presented in Table 1, where textile fabrics served as a binder for briquette compaction.


Table 1: Plastic- Textile composite samples used.

	Samples 
	Percentage by Weight

	PL 25 + TE 75
	Plastic 25% by weight and Textile 75% by weight

	PL 50 + TE 50
	Plastic 50% by weight and Textile 50% by weight

	PL 75 + TE 25
	Plastic 75% by weight and Textile 25% by weight

	PL 100 
	Plastic 100% by weight

	TE 100
	Textile 100% by weight.



2.3 Production of Waste-to-Energy Briquettes

The raw materials were extruded into briquettes with an inner diameter of 14.0 mm and a height of 95.0 mm. The briquettes included a central hole designed to enhance porosity and oxygen supply during combustion. The mold was filled with the plastic-textile mixture and compacted using a 5-tonne Budenberg Steel Tube hydraulic pressure machine under controlled conditions (temperature: 36-37°C, pressure: 40 kPa). A total of 35 briquettes were produced for each sample and air-dried for 35 days before testing.
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Plate 3. Plastic briquettes
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 Plate 4. Plastic and textile briquettes



2.4 Material characterization

2.4.1	The ultimate analysis of test samples  
The ultimate analysis determined the content of carbon (C), hydrogen (H), nitrogen (N), sulfur (S), and oxygen (O) using an element analyzer (Perkin Elmer model 2400 CHNS/O Series II) at the Geoscience Laboratory in Kaduna, following ASTM D3176-15 [31] and BS EN standards [30]. All values obtained from both the proximate and ultimate analyses are reported in this paper on a dry basis (d.b.).

2.4.2	Thermogravimetric analysis of test samples.
Thermogravimetric analysis (TGA) was performed in line with ASTM procedure using a STA 6000 TGA (Perkin Elmer) in an oxygen atmosphere. Samples were subjected to a heating rate of 10 °C/min from ambient temperature to 850 °C [32]. Accurate measurements were ensured, and experiments were repeated twice for reliability. Refer to Figure 1 for a schematic representation of the TG analyzer.  TGA is a powerful analytical technique that examines the decomposition behaviour of solid samples. It provides data on the sample's weight and decomposition rate under controlled conditions of temperature, time, or both. The decomposition profile was assessed by subjecting the samples to a heating rate of 10 °C/min from ambient temperature to 850 °C. Three different heating rates were employed. A sample size of approximately 10.0 mg with a particle size of 0.2 mm was utilized. To ensure reproducibility, the experiment was performed twice [33]. During the tests, the sample's weight loss and derivative weight loss with temperature were simultaneously recorded. These data were used to generate thermogravimetry (TG) and derivative thermogravimetry (DTG) combustion curves, respectively [34].
[image: ]
Fig 1. Schematic diagram of a TGA.  Source: [32]

3. results and discussion
3.1 Elemental Analysis.
Elemental analysis (refer to table 2 and figure 2) reveals significant compositional disparities between plastic and textile materials, particularly concerning carbon, hydrogen, oxygen, sulfur, and nitrogen content. A notable trend is the inverse relationship between textile proportion and carbon content: as textile content increases, carbon levels decrease, while oxygen, sulfur, and nitrogen levels concurrently rise [35]. This difference in elemental composition has critical implications for both energy recovery and material recycling. Specifically, plastic samples exhibit a higher carbon content (47.41%) compared to textiles (30.83%), and their elevated hydrogen content further supports their suitability for energy recovery through incineration due to its longer carbon chains and higher energy density [36]. Conversely, oxygen content increases from 28.61% in plastics to 40.30% in textiles [35], with corresponding increases in sulfur and nitrogen levels [37]. These trends suggest a compositional shift that impacts combustion properties and emissions during energy recovery. While plastics offer advantages for energy recovery, the potential release of pollutants during incineration necessitates a balanced approach that integrates energy recovery with sustainable waste management.

Table 2. Ultimate analysis of plastic, and textile samples.

	Sample
	Carbon (%)
	Hydrogen (%)
	Oxygen (%)
	Sulfur (%)
	Nitrogen (%)

	PL 100
	47.41
	5.56
	28.61
	0.14
	0.73

	TE 100
	30.83
	3.85
	40.30
	0.29
	1.03




Fig 2: Elemental composition of plastic and textile sample blends
Further analysis of the relationship between plastic content and elemental composition in textile materials highlights specific trends in oxygen, sulfur, and nitrogen levels. As plastic content decreases, oxygen levels increase, likely due to oxygen-intensive processes in textile production, such as delignification and ozone bleaching [38]. Similarly, the chemistry of pulping and bleaching processes strongly suggests that the use of sulfur-containing chemicals can lead to increased sulfur content in recycled pulp [39]. The gradual increase in nitrogen composition is attributed to its role in dye production for textiles [40], thus reflecting the chemical complexity of textile coloration. These observed trends underscore the distinct chemical characteristics of textile materials compared to plastics. However, the environmental implications associated with the chemical processes contributing to the increased oxygen, sulfur, and nitrogen content raise concerns about pollution and sustainability in textile manufacturing, necessitating careful consideration of these factors in waste management and recycling strategies.
The ultimate analysis, as presented, reinforces these observations. Carbon composition, ranging from 47.41% in plastic-rich samples to 30.83% in textile-rich samples, shows a clear decrease with increasing textile content. This confirms that plastics contain more elemental carbon than textiles, contributing to their suitability for energy recovery due to longer carbon chains and higher energy content [41,42]. Similarly, hydrogen content is highest in plastic-rich samples, further supporting this conclusion. Conversely, oxygen content increases as plastic content decreases, indicating higher oxygen levels in textiles, likely due to oxygen-intensive processes like delignification and ozone bleaching [43,44]. Sulfur content also increases with decreasing plastic content, attributed to the use of sulfur-containing chemicals in pulp recycling post-bleaching [45]. Finally, nitrogen content shows a gradual increase, linked to its use in textile dye production.
3.2 Thermogravimetric Analysis
The TGA and DTG findings, summarized in Table 3, reveal insights into the thermal stability of the composites. The analysis indicates that Samples A, D, and E exhibit high thermal

Table 3: Information from TGA and DTG analysis for both plastic and textile materials.

	Samples
	Composite mix
	Onset temperature
	Degradation temp. range
	TGA step
	DTG peak
	% Organic matter

	A
	PL25 + TE75
	314.89 (89.81 %)
	314.89-520.50
	3
	369.47 446.38

	6.80

	B
	PL50 + TE50
	251.23 (96 %)
	251.23-613.10
	4
	319.00, 373.70, 552.65, 675.11

	9.52

	C
	PL75 + TE25
	275.82 (93.25 %)
	275.82-519.98
	3
	417.11, 458.52

	19.64

	D
	PL100 
	329.34 (90.39 %)
	329.34-546.60
	2
	417.08, 474.62

	6.15

	E
	TE 100 
	331.68 (94.43 %)
	331.68-529.26
	2
	395.77, 468.93
	21.45

	
	
	
	
	
	
	


stability, while Sample B demonstrates the least stability. The presence of multiple DTG peaks across samples suggests diverse components, with Sample C indicating a higher potential for combustion due to its organic matter content.
The thermogravimetric analysis (TGA) and derivative thermogravimetry (DTG) of plastic-textile composite samples, as presented in Table 3 and Figure 3, reveal distinct thermal stability profiles across the various compositions. Sample A (PL25 + TE75) exhibits the highest thermal stability, characterized by a high onset temperature of 314.89°C and a narrow degradation range of 314.89-520.50°C. This suggests a dominant decomposition process, likely due to specific polymer types or synthetic fibers, as supported by a single DTG peak within 369.47-446.38°C. The low organic matter content (6.8%) indicates a significant presence of inorganic fillers or substantial char formation [46]. Conversely, Sample B (PL50 + TE50) displays the least thermal stability, with the lowest onset temperature of 251.23°C and a broad degradation range of 251.23-613.10°C, implying multiple decomposition events at varied temperatures, as confirmed by multiple DTG peaks (319.00, 373.70, 552.65, 675.11°C). The moderate organic matter content (9.52%) suggests a balance between organic and inorganic components [47]. Sample C (PL75 + TE55) shows intermediate thermal stability, with an onset temperature of 275.82°C and a degradation range of 275.82-519.98°C. Two DTG peaks (417.11, 458.52°C) indicate two dominant decomposition processes, and the highest organic matter content (19.64%) suggests a substantial fraction of combustible material [48].
Samples D (PL100) and E (TE100) exhibit high thermal stability, with onset temperatures of 329.34°C and 331.68°C, respectively, and moderate degradation ranges. Sample D's degradation occurs between 329.34-546.60°C, and Sample E's between 331.68-529.26°C. Both samples show two DTG peaks, indicating different thermal degradation pathways, with Sample D exhibiting peaks at 417.08°C and 474.62°C, and Sample E at 395.77°C and 468.93°C. Sample D has a low organic matter content (6.15%), suggesting high inorganic filler or char formation, while Sample E has the highest organic matter content (21.45%), indicating a significant fraction of combustible material. These differences in organic content and DTG peaks suggest varying degradation mechanisms, which could influence their applications in high-temperature environments [48,49].
The thermal degradation of polymeric materials, as analyzed through TGA and DTG, involves complex processes. Overlapping peaks in TGA data often indicate multiple decomposition processes, particularly in heterogeneous samples with various polymers, which is crucial for understanding material combustibility and degradation kinetics. Overlapping peaks signify different polymer types decomposing at varying temperatures, typically above 350°C for plastics [50]. High-resolution TGA can separate these overlapping processes for accurate analysis [51]. The oxidation process during thermal degradation involves four stages: water evaporation, oxygen chemisorption, significant decomposition reactions, and direct burn-off reactions. Mass loss is primarily driven by water evaporation, outweighing oxygen adsorption [50]. Combustibility is evaluated based on the peak temperature in the DTG plot, reflecting the highest weight loss rate, with different samples exhibiting varying combustibility profiles [52].
While overlapping peaks complicate analysis, they provide valuable insights into material composition and degradation mechanisms. Advanced analytical techniques are essential for fully understanding these processes. However, the findings highlight the importance of considering the complex thermal behavior of plastic-textile composites in waste management and energy recovery applications.
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Fig 3: TGA and DTG curves for Sample A, Sample B, Sample C, Sample D, and Sample E at the same heating temperature and time. 
The thermal degradation of polymeric materials, is a complex process effectively analyzed by thermogravimetric analysis (TGA), and mass spectrometry. It often presents overlapping peaks or shoulders in TGA data, indicating simultaneous decomposition processes in heterogeneous samples. These overlapping peaks manifest when distinct components decompose concurrently, with DTG peaks associated with plastic components typically exceeding 350°C, reflecting polymer chain breakdown, unlike textiles [50]. Multiple peaks within this range suggest diverse polymer types in the plastic. This complexity is crucial for understanding material thermal behavior, especially concerning combustibility and degradation kinetics. The oxidation process involves four stages: water evaporation, oxygen chemisorption, significant decomposition reactions, and direct burn-off reactions [50]. The TGA curve decreases due to mass loss from water evaporation outweighing oxygen adsorption, highlighting water evaporation's prominent role [53]. Peaks or plateaus in the mass loss curve signify specific thermal events. Combustibility, evaluated by the peak DTG temperature corresponding to the highest weight loss rate, varies among samples [52]. The temperature regions in the TGA plot correspond to moisture removal, organic component degradation, phase transitions, and combustion reactions [53]. High-resolution TGA can separate these overlapping processes, enabling accurate analysis of individual component thermal behavior [51].
Peak DTG temperatures for Samples B (319.00 - 675.11°C), C (417.11 - 458.52°C), and D (417.08-474.62°C) indicate heightened combustibility compared to Samples E (395.77-468.93°C) and A (369.47-446.38°C) [53]. This reduced thermal behavior of textile materials is attributed to flame-retardant finishes enhancing thermal stability, slowing combustion and reducing heat transfer rates [54]. Individual textile materials exhibit distinct thermal stability characteristics influenced by fiber composition, fabric structure, and applied treatments. Materials with higher stability are less prone to rapid combustion, exhibiting low reactivity, high ignition temperature, and limited combustible gas release when exposed to heat [54, 55, 56]. Different fibers exhibit varying thermal behaviors; for instance, blends of cotton and synthetic fibers alter combustion properties [57]. The application of flame retardants can shift DTG peak temperatures to lower values, indicating reduced combustibility [58]. The arrangement of fibers affects heat transfer and combustion rates, with tightly woven fabrics providing better protection [59].
Flame-retardant treatments, while enhancing thermal stability also introduces some complexities into material performance, such as potential degradation over time, affecting long-term safety and efficacy. Flame-retardant treatments, though they improve a material's ability to withstand heat, but also create certain challenges. Specifically, these treatments can cause the material to break down or deteriorate over time. This breakdown can negatively impact how well the material continues to resist fire, thus reducing its long-term safety and effectiveness. These complexities necessitate careful material selection and treatment processes to ensure optimal performance. Analysis of thermal degradation via TGA and DTG provides critical insights into the behavior of polymers and textiles at high temperatures, aiding in the development of safer and more efficient materials. Notably, Samples A, D, and E exhibit similar thermal stability due to high onset temperatures, Sample B shows the poorest thermal stability, Sample C has the highest organic matter content suggesting high combustion potential, and multiple DTG peaks in Samples B, C, D, and E suggest diverse components compared to Sample A. This research examined how the ratios of composite materials affect degradation temperature, revealing that lower plastic proportions are associated with reduced organic matter levels. The amount of unburned material residue followed this trend: Sample C had the most, followed by Sample B, and then Sample A. Sample E yielded a higher amount of organic matter, likely due to the carbonization of lignocellulosic and cellulosic fibers. The composition of carbon residue is influenced by combustion conditions and impurities. For accurate interpretation of Thermogravimetric Analysis (TGA) and Derivative Thermogravimetric Analysis (DTG) data, the specific material compositions, heating rates, and atmospheric conditions used during the analysis must be taken into account.
The regression analysis, as presented in Table 4, showed a high R-squared of 0.771, suggesting a significant portion of the variation in organic matter could be explained by the model. However, the adjusted R-squared of 0.155 and a statistically insignificant F-statistic (p=0.612) indicated a poor overall model fit. Furthermore, all p-values for the individual coefficients were not available, making them statistically insignificant. Consequently, this model should not be used for predictive purposes due to the small sample size (n=5), which produced unreliable results and potential multicollinearity issues
Table 4. Ordinary Least Squares (OLS) Linear Regression Results
	Dep. Variable:      
Model:                           
Method:                 
No. Observations:                 
Df Residuals:                      
Df Model:                                                                
Covariance Type:                                                 
	% Organic Matter   
OLS  
Least Squares  
5  
0  
4                                         
nonrobust                                         

	R-squared:                      
R-squared:                 
F-statistic:                   
Prob (F-statistic):             
Log-Likelihood:                
AIC:                            
BIC:                            

	0.771
0.155
1.248
0.612
7.8540
25.71
23.75


In summary, the interplay between material composition, processing, and thermal behavior is essential for understanding and optimizing polymer and textile performance in heat-related applications. Advanced analytical techniques are crucial for deciphering the complex degradation processes and ensuring material reliability and safety.
4. Conclusion
In conclusion, this study has demonstrated that the composition of plastic-textile composites significantly impacts their thermal behavior. As was observed, with increasing textile content, the elemental composition and combustion properties were altered. While these composites show potential as combustible fuel, particularly as briquettes, optimizing their use for energy recovery requires careful consideration of environmental impacts and further research into mixture ratios and emissions control.
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