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Abstract

:

The production of waste textiles has increased rapidly in the past two decades along with the rapid development of the economy, the majority of which has been either landfilled or incinerated, resulting in energy loss and environmental pollution. Microwave pyrolysis, which can transform heterogeneous and complex waste feedstocks into value-added products, is considered one of the most competitive technologies for processing waste textiles. However, achieving selective product formation during the microwave pyrolysis of waste textiles remains a significant challenge. Herein, sodium acetate, potassium acetate, and nickel acetate were introduced into waste textiles through an impregnation method as raw materials to improve the pyrolysis efficiency. The optimized process parameters indicated that nickel acetate had the most favorable promotional effect of the three acetates. Notably, the waste textiles containing 1.0% Ni exhibited the highest gas production rate, with the hydrogen-containing combustible gas reaching 81.1% and 61.0%, respectively. Using X-ray diffraction (XRD), transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy to characterize the waste textiles before and after pyrolysis, it was found that nickel acetate was converted into metallic nickel (Ni0) during microwave pyrolysis. This active site significantly enhanced the pyrolysis process, and as the gas yield increased, the disorder of the resulting pyrolytic carbon also rose. The proposed Ni0-enhanced microwave pyrolysis mediated by nickel acetate offers a novel method for the efficient disposal and simultaneous resource recovery of waste textiles.
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1. Introduction


The rapid industrialization in recent years has resulted in a significant increase in the generation of solid waste [1,2,3]. Waste textiles are a common form of organic solid waste, with more than 92 million tons generated globally each year [4]. Currently, only about 15% of waste textiles are recycled, while most of them are dumped in landfills or incinerated [5]. Landfills are now rarely used due to the high land resource occupation and the high risk of secondary pollution [6]. Incineration is highly effective in reducing the solid waste volume, but its energy recovery remains limited, and resource utilization is relatively inefficient. Moreover, the incineration process easily produces highly toxic, carcinogenic substances such as dioxins, leading to secondary environmental pollution and posing a new challenge in the context of carbon neutrality [7,8]. Therefore, it is crucial to develop green and sustainable technologies for the resource recovery of waste textiles.



Pyrolysis, a thermal decomposition process in which organic matter is decomposed into pyrolysis gas, oil, and carbon by high-temperature heat treatment in the absence/lack of oxygen, is widely regarded by researchers as an effective method for treating organic solid waste due to its environmental benefits and potential for efficient resource utilization [9,10,11]. However, traditional pyrolysis driven by electric heating faces several limitations, including slow heating rates, prolonged processing times, and low yields of pyrolysis gas. Among the various branches of pyrolysis, microwave pyrolysis initiated by electromagnetic waves has emerged as a leading alternative, offering significant improvements over conventional methods. Microwave pyrolysis is characterized by its rapid and uniform heating, high energy efficiency, and ease of operational control [12]. These advantages have made it a focal point of increasing interest in waste treatment technologies. Unlike conventional pyrolysis, which relies on external heat sources and can lead to uneven temperature distribution, microwave pyrolysis directly heats the material at the molecular level through electromagnetic waves, resulting in more efficient and controlled thermal decomposition [13,14,15]. Parvez et al. studied and compared the conventional and microwave-assisted biomass pyrolysis processes at the laboratory scale and found that microwave pyrolysis has a higher gas yield than that of conventional pyrolysis, and the energy and exergy rates of the pyrolysis gas in the microwave process is higher than that in the conventional process [16]. Kim et al. conducted a study on the sludge treatment of sludge and found that microwave pyrolysis is a very efficient process [17]. They used both conventional and microwave heating for hydrogen production from sludge, and found that microwave heating was most efficient at 800 °C. The energy consumption of the microwave during the process of rising from an ambient to the optimal temperature and maintaining it was lower than that of the conventional method, due to the better wave-absorbing properties of the biocarbon produced by the pyrolysis and the shorter heating time.



Research on obtaining valuable substances from solid wastes through pyrolysis technology is in full swing. However, most of the work focuses on increasing the oil yield from pyrolysis, while the complexity and poor stability of pyrolysis oil and its narrow downstream application range limit the promotion of pyrolysis technology [18,19]. On the contrary, the pyrolysis technology route, which focuses on the production of hydrogen-containing combustible gas (H2, CO, CH4, C2H4, and C2H6), has received extensive attention from researchers due to the great potential of hydrogen application in the future energy system, as well as the important use of CO, CH4, C2H4, and C2H6 in the field of chemistry and chemical industry, which demonstrates excellent practicability and economic performance [20,21]. In the pyrolysis process, gas-phase small molecules are mainly produced by the fracture of C-C and C-H in large molecules, and it has been shown that as many gas-phase small molecules as possible can be produced by increasing the pyrolysis temperature or prolonging the reaction time [22,23]. However, increasing the temperature or extending the duration means more energy input to the system, with poor economics. During the pyrolysis reaction, the addition of a catalyst (such as Fe) can reduce the activation energy of the reaction, which enables the controlled regulation of the product distribution under relatively mild conditions in order to obtain as many gas-phase products as possible [24,25,26]. In the field of biomass pyrolysis, a great deal of work has been carried out by researchers regarding the effect of intrinsic or exogenously introduced metal salts on the distribution of pyrolysis products. Patwardhan et al. found that alkali metals in the biomass could promote the secondary pyrolysis reaction of the products and increase the proportion of gas yields [27]. Shang et al. found that metal salt could reduce the pyrolysis liquid phase product yield and increase the gas-phase product yield [28]. For waste textiles, Yousef et al. found that metal ions in denim had an effect on the distribution of the pyrolysis products [29]. It could be seen that the introduction of metal salts into the pyrolysis system positively contributed to the regulation of the pyrolysis products, which could effectively improve the yield of the gas-phase products.



Herein, we innovatively employ the impregnation method to load sodium acetate, potassium acetate, and nickel acetate into waste textiles as raw materials for in situ catalytic pyrolysis in a microwave pyrolysis reactor. The influence of different metal salt species on the pyrolysis behavior of the textiles is investigated, identifying the metal salts that yield the highest amount of gas and hydrogen-rich combustible gases. Further optimization of the selected metal salt content enhances the performance, leading to the establishment of optimal conditions for the catalytic pyrolysis of waste textiles. A comprehensive analysis of the textiles before and after pyrolysis is conducted using thermogravimetric analysis (TG), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), and Raman spectroscopy. Integrating these characterization techniques with pyrolysis evaluation data allows for the deduction of the active center responsible for metal salt catalysis. Additionally, the performance data of conventional pyrolysis are compared with those of microwave pyrolysis for treating waste textiles, highlighting the advantages of the microwave approach. This study presents a novel strategy for enhancing the efficiency of waste textile treatment through targeted catalytic pyrolysis.




2. Experiment


2.1. Materials


Waste textiles (Figure S1) were sourced from Guangdong Province, China. The waste textiles were cut into small squares (4 mm × 4 mm), and the pieces were dried in an oven at 110 °C for 12 h before the tests. The element analysis was conducted in a Vario MACRO cube Elemental analyzer (Germany) and the results of element components and element percentage of waste textile are displayed in Table S1. CH3COONa·3H2O (99.5%), CH3COOK (99.0%), and Ni(CH3COO)2·4H2O (99.0%) were analytical-grade, purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). The metal-containing waste textile was prepared via an incipient wetness impregnation method [30,31]. An appropriate amount of metal acetate was dissolved in 6.50 mL deionized water, then 2.50 g waste textile was added into the obtained solution. After impregnation, the mixture was dried at 110 °C for 16 h. The waste textiles impregnated with CH3COONa and CH3COOK were prepared, and the contents of sodium and potassium were 2.6 wt.%, which were labeled as 2.6Na and 2.6K, respectively. The metal content of the sample was tested by inductively coupled plasma-optical emission spectrometry (ICP-OES, Agilent ICP730, Agilent, California, USA). Meanwhile, a series of Ni(CH3COO)2-containing waste textiles with nickel contents of 0.7, 1.0, 2.6, 3.5, and 6.1 wt.% were obtained, denoted as 0.7Ni, 1.0Ni, 2.6Ni, 3.5Ni, and 6.1Ni, respectively.




2.2. Experimental Apparatuses and Pyrolysis Performance Evaluation


The pyrolysis tests of obtained materials were performed in a microwave pyrolysis furnace (CY-PY1100C-S, Changyi, Changsha, China) with a microwave frequency of 2450 ± 50 MHz and microwave power of 1.4 kW, which provides a controlled atmosphere and high-temperature environment. The experimental device for microwave pyrolysis is presented in Figure 1. To guarantee an inert reaction environment, nitrogen gas (N2, 99.9%) was continuously introduced into the quartz reactor for 15 min at a flow rate of 100 mL/min ahead the pyrolysis. In a typical run, 1.0 g of the as-prepared material was loaded into a SiC boat with significant microwave absorbing ability. The sample was heated to 500 °C in the microwave pyrolysis furnace, and maintained for 5 min at a N2 flow rate of 40 mL/min. The microwave power was adjusted automatically according to the displayed temperature to maintain the final temperature of the pyrolysis at a constant. For comparison, conventional pyrolysis was performed at 500 °C for 5 min. The gaseous product was cooled by the condenser and collected in a gas bag made of PTFE for further analysis. The pyrolysis residues were cooled to room temperature and collected from the SiC boat, and then weighed. This study focused on gaseous products which were analyzed using a gas chromatograph (GC9790 Plus, FULI Instruments, Wenling, China) equipped with a TCD detector. The operation conditions were set as follows: carrier gas was Argon (Ar) and the flow rate was 20.0 mL/min; injection volume was 1 mL; detector temperature operated at 120 °C, the temperature of thermal conductivity cell was set at 120 °C and the column oven temperature was 70 °C. Each experiment was repeated three times, and the average value was taken to ensure the reliability of the data.



To evaluate the catalytic performance, some parameters are defined. The solid, liquid, and gas yield are calculated as follows:


  S o l i d   y i e l d   ( % ) =      m   s o l i d       m   o b t a i n e d   m a t e r i a l s      × 100 %  



(1)






  L i q u i d   y i e l d   ( % ) =      m   l i q u i d       m   o b t a i n e d   m a t e r i a l s      × 100 %  



(2)






  G a s   y i e l d   ( % ) =      m   o b t a i n e d   m a t e r i a l s   −   m   s o l i d     − m   l i q u i d       m   o b t a i n e d   m a t e r i a l s      × 100 %  



(3)




where     m   o b t a i n e d   m a t e r i a l s     (g) is the mass of raw or metal-containing waste textiles,     m   s o l i d     (g) is the mass of residue solid after the microwave pyrolysis test, and     m   l i q u i d     (g) is the mass of liquid collected during the microwave pyrolysis test.



Pyrolysis performance is characterized by the gas concentration and yield. The gas concentration (Ci, vol.%) is the volume percentage of the gas composition in the syngas, and in this study, the hydrogen concentration is mainly used. The gas concentration is calculated as follows:


    C   i   =      x   i       x     H   2     +   x   C O   +   x     C O   2     +   x     C H   4     +   x     C   2     H   m         



(4)




where xi (vol.%) is the percentage of gas volume detected by GC.




2.3. Characterization


The crystal structure of the catalyst was analyzed by an X-ray diffraction analyzer (XRD, BRUKER, D8 ADVANCE, Karlsruhe, Germany). The microstructure and element mapping of catalysts were characterized by scanning electron microscopy (SEM, Quanta650, Hitachi, Tokyo, Japan). A HORIBA LabRAM HR Evolution Laser Raman spectrometer (HORIBA JY, Paris, France) was used to test the prepared samples. According to the experimental requirements, a UV 325 nm light source, grating with 2400 grooves mm−1, and CCD camera were selected for the detector. Raman spectra of 100~800 cm−1 were recorded at room temperature. Fourier transform infrared spectroscopy (FT-IR) was conducted to analyze the chemical bonds and functional groups of the samples by using the SHIMADZU IRTracer-100 (Shimadzu, Kyoto City, Japan). A powered sample (ca. 1 mg but precisely weighed) and KBr (ca. 200 mg but precisely weighed) was mixed and ground uniformly. The mixture was pretreated at 60 °C in a vacuum oven for 1 h to remove physical water from the catalyst. The dried sample was pressed into a tablet and measured by FT-IR. A series of TG (NETZSCH STA 449 F3, Netzsch, Selb, Bavaria, Germany) tests were performed to understand the thermolytic characteristics of waste textiles under N2 atmospheric conditions. TG experiments of waste textiles (10.00 ± 0.05 mg) were conducted from 40 to 900 °C with a constant heating rate (10 °C/min).





3. Results and Discussion


3.1. Optimization of Metal Acetate Types and Contents for Microwave Pyrolysis of Waste Textiles


To investigate the performance of the microwave pyrolysis of waste textiles to produce hydrogen-containing gas, microwave pyrolysis tests were carried out on metal-containing waste textiles impregnated with different types and contents. Figure 2a represents the three-phase product distribution obtained during the microwave pyrolysis of the waste textiles, Na-containing waste textiles, K-containing waste textiles, and Ni-containing waste textiles. The results showed that the highest gas yield (78.6%) was obtained from the microwave pyrolysis experiments using the Ni-containing waste textile compared to the original waste textile, the K-containing waste textile had no effect on the distribution of the three-phase products during the microwave pyrolysis, but the Na-containing waste textile was not favorable for microwave pyrolysis to prepare the gas-phase products, and its gas content was reduced (8.5%). The results of further analysis of the composition of the gas products obtained during microwave pyrolysis are shown in Figure 2b. The presence of metal salts enhanced the content of combustible gas and H2, and, compared with the K-containing and Na-containing waste textiles, the Ni-containing waste textiles exhibited more significant catalytic promotion of H2 production, which could substantially increase the hydrogen content of the gas products. The H2 content increased from 0.5% of the waste textiles to 16.1%, which was a 32.2-fold enhancement.



Different contents of Ni salt were impregnated onto the waste textiles to investigate the constitutive relationship between Ni and the waste textiles during pyrolysis as well as the optimal Ni loading. As shown in Figure 3a, the microwave pyrolysis of the 1.0 wt.% Ni-impregnated waste textile showed the highest gas yield (81.1%), which was 4.8% higher than that of the original waste textile. However, with the further increase in the Ni content, the gas yield decreased and the liquid yield increased, which was presumed to be due to the aggregation of some of the Ni caused by the increase in the Ni content, resulting in a decrease in active sites. As shown in Figure 3b, the catalytic pyrolysis of hydrogen-containing combustible gas (H2, CO, CH4, C2H4, and C2H6) was the best when impregnated with 1.0% Ni, and the content of hydrogen-containing combustible gas produced by the microwave pyrolysis of the waste textiles gradually decreased after impregnating with more than 1.0% Ni. The 1.0% Ni waste textile corresponded to a combustible gas yield of up to 61.0%, and the solid and liquid products of the microwave pyrolysis of the 1.0% Ni-impregnated feedstock to make gas were less, at only 15.7% and 3.2%. The pyrolysis reaction was more adequate, which effectively promoted the pyrolysis of the waste textiles to prepare combustible gas and reduced the yield of biochar and bio-oil.



We further investigated the microwave pyrolysis results with FTIR and Raman tests. Figure 4 showed the FTIR results of the obtained materials before and after the pyrolysis tests. As shown in Figure 4a, an absorption peak with a higher intensity at 3426 cm−1 was attributed to the O-H stretching vibration of the metal salt-containing waste textile [32]. The characteristic peak at 2893 cm−1 was attributed to the C-H bending vibration of the methyl group in the waste textile, and the characteristic peaks at 1380~1600 cm−1 were attributed to the C-O stretching vibration of acetate ions [33]. The characteristic peak at 1045 cm−1 was attributed to the bending vibration of C-O in the acetate ion or waste textile [32,33]. The peak at 660 cm−1 corresponded to the stretching vibration of M-O, which further confirmed that the structure of acetate did not change during the process of acetate impregnation in the shredded textile preparation [34]. Figure 4b showed the FTIR results of the obtained materials after the pyrolysis tests, and it was clearly observed that the characteristic peaks of C-H and C-O markedly reduced after the microwave reaction, which indicated that the waste textiles had been pyrolyzed. Ni-containing waste textile has a better fabric cracking ability because it has the lowest intensity of the bending vibration of C-H and C-O in the waste textile compared to the other metal-containing waste textiles after microwave pyrolysis.



The Raman spectra of the obtained materials after the pyrolysis test were obtained out and the results are shown in Figure 5. Typical D and G peaks of carbon materials can be observed around 1355 and 1585 cm−1. The D peak was caused by defects in the graphite layer, which was present in the graphite-like and other forms of carbonaceous materials, and was attributed to the boundary vibrational mode of the disorder-induced hexagonal Brillouin zone around 1350 cm−1, which was commonly used for defect characterization. The G peak was caused by the sp2 carbon atoms between the graphite layers around 1580 cm−1, which was attributed to the stretching vibrational mode of the in-plane bonding of carbon atoms, and was related to the degree of graphitization [35,36]. Its peak width and peak intensity were also related to the defects. The peak position is also related to the morphology of the carbon material. The intensity ratio of the D and G bands (ID/IG) of the carbon material is usually related to the degree of structural disorder and the number of defects. The higher the ratio, the more bonding disorder, vacancies, and defects. Figure 5a shows the Raman spectra of the waste textiles containing different kinds of metal salts after the microwave pyrolysis. It can be seen that the ID/IG (Table 1) of the solid after the microwave pyrolysis of the Na-containing waste textile is lower, even lower than that of the original waste textile, which indicated that the Na metal was unfavorable to the pyrolysis of the waste textile. This was in agreement with the results of the performance evaluation (Figure 2). The K-containing waste textile after microwave pyrolysis had the highest ID/IG, and its microwave pyrolysis gas-phase product contained a high content of combustible gas, but it was not the optimal metal salt because of its very low hydrogen content (1.0%). The ID/IG of the solid-phase product after the microwave pyrolysis of the Ni-containing waste textile was 0.7862, and its hydrogen content in the gas reached 16.0%, which was much better than that for the other metal salts. The ID/IG ratio gradually decreased with the increase in the impregnated Ni content (Figure 5b), indicating that too high a Ni content was not favorable to the pyrolysis of the waste textiles, which was consistent with the experimental results (Figure 3). According to the above discussion, Ni has an excellent syngas yield compared to that of K and Na. Alkali metals (Na and K) tend to favor the production of char, which results in a relatively high amount of solid-phase product [37]. As shown in Figure 2a, it could be inferred that the waste textile impregnated with Na would produce more solid-phase products than the pristine waste textile. However, the solid-phase product of the waste textile impregnated with K changed slightly, which corresponded to the reduction in the thermal decomposition temperature of biomass by adding K and the prolongation of the duration of the pyrolysis process [38]. Ni species have been widely adopted as active metals for the stream reforming of oxygenates due to their high activity of C-C/C-H bond cleavage and H2 formation from H atoms [39,40], which account for the superior syngas production.




3.2. Zero-Valent Nickel-Enhanced Microwave Pyrolysis of Waste Textiles to Produce Syngas


In order to investigate the role of Ni in the preparation of hydrogen-containing combustible gas by the microwave pyrolysis of waste textiles, the physical and chemical properties of the samples before and after the microwave pyrolysis of the original waste textile and Ni-containing waste textile were characterized and analyzed. The XRD curves (Figure 6a) showed that when 1.0% Ni was loaded onto the waste textile, the Ni salt did not affect the structure of the waste textile, and there were no characteristic peaks clearly attributed to the Ni species, indicating that Ni was uniformly dispersed on the surface of the waste textile and did not agglomerate. Further analysis of the reacted waste textile and Ni-containing waste textile showed that the reacted waste textile had one obvious carbon peak at 23°, and the peaks at 45° and 50° assigned to Ni0 were observed in the reacted Ni-containing waste textile [41,42]. It could be concluded that Ni species have the best C-C and C-H bond-breaking ability in their metal form during the microwave pyrolysis tests. Smooth structures were observed by SEMof the waste textile and 1.0Ni waste textile (Figure 6b,c), indicating that the load of Ni does not affect the surface structure of the textile. No particle species were observed, which further indicates that the introduced Ni is evenly distributed on the textile. After microwave pyrolysis, a rough surface and small components were observed on the 1.0Ni-AF samples (Figure 6d), suggesting that the textile structure was destroyed. The results of the SEM mapping analysis (Figure S2) suggested that Ni was evenly distributed on the textile before and after the reaction.



We further investigated the state of nickel acetate before and after microwave pyrolysis at 500 °C by FTIR. Figure S3 shows the IR spectra of the dried nickel acetate, in which the characteristic peaks in the band at 1416–1594 cm−1 were attributed to the symmetric stretching vibration of the C-O double bond of the acetate ion. The characteristic peaks at the band at 3416 cm−1 were attributed to the stretching vibration of O-H in the acetate ion, and the characteristic peak at 1025 cm−1 was attributed to the bending vibration of C-O in the acetate ion. The peak at 685 cm−1 corresponded to the metal–oxygen bonding of Ni-O. After microwave pyrolysis at 500 °C, there were no obvious characteristic peaks of nickel acetate. Combined with the analysis of the XRD spectra, it can be seen that the acetate ions in nickel acetate were decomposed completely during microwave pyrolysis, and the nickel ions were converted into Ni0, which then participated in the pyrolysis of the waste material as the active sites.



A thermogravimetric test (TG) was carried out on the waste textile containing 1.0% Ni to investigate its pyrolysis behavior. As shown in Figure 7a, the waste textile pyrolysis could be divided into three stages. The first stage was the pre-pyrolysis stage, and the temperature range was from 50 to 300 °C. The mass did not change drastically (−4.9%), and the temperature did not reach the decomposition temperature of the material components. There was no drastic pyrolysis, which indicated that the macromolecular organic compounds in the waste textile basically did not start to pyrolyze, but the internal structure of the raw material after warming up changed. At this time, some of the lighter compounds started to react slowly, which made the next step of the raw material mass pyrolysis process easier to carry out. The second stage was the bulk pyrolysis stage in the temperature range from 300 to 526 °C. This process was accompanied by significant weight loss (−76%), which could be found to be the main pyrolysis stage of the waste textile. In this stage, the internal chemical bonds of cellulose and polyester fibers, the main components of the textile, were broken and reconstructed [43]. At the same time, the non-condensable gas-phase products obtained after condensation and separation were also produced in large quantities in this stage. The third stage was the charring stage of the waste textile in the temperature range of 526 °C. The quality was basically unchanged, indicating that the pyrolysis of the internal components of the waste textile was gradually completed [44,45]. According to the TG results, the microwave pyrolysis temperature was controlled at 285 °C, which was lower than the dramatic pyrolysis temperature of the textile (300 °C). It could be seen from the XRD results (Figure 7b) that no decomposition of the textile occurred, but the characteristic peaks attributed to Ni0 appeared at 2θ = 45°, which indicated that Ni0 was the key to the preparation of hydrogen-containing combustible gas through the microwave pyrolysis of the waste textile.




3.3. Evaluation of Carbon Emission Reduction and Environmental Implication


In the background of reaching the peak of carbon in 2030 and carbon neutrality in 2060 [46,47], the generation of hydrogen-containing combustible gas from waste textiles impregnated with metal salts using microwave-directed pyrolysis could bring about carbon reduction benefits in the following three areas:




	(1)

	
Reduce fossil fuel dependence: The use of waste textiles impregnated with metal salts and microwave-directed pyrolysis to generate hydrogen-containing combustible gas could effectively replace traditional fossil fuels (e.g., coal and oil). Hydrogen, a clean energy source whose combustion product is only water, significantly reduces the emissions of carbon dioxide and other harmful gases. This shift helps slow global warming and reduces air pollution, thereby supporting carbon reduction targets.




	(2)

	
Improve the resource efficiency of waste textiles: Treating waste textiles through microwave thermal pyrolysis technology not only effectively disposes of waste textiles and reduces the environmental burden caused by landfills and incineration, but also transforms waste textiles into high-value-added hydrogen and other usable by-products. It improves the resource efficiency of waste materials, reduces carbon emissions during waste treatment, and reduces greenhouse gases at the source.




	(3)

	
Reduce the carbon footprint of traditional waste treatment: Traditional waste textile treatment methods such as incineration and landfill usually release a large amount of greenhouse gases such as carbon dioxide. In contrast, the technology of metal salt impregnation and microwave pyrolysis can more efficiently convert waste textiles into hydrogen-containing renewable gases, which reduces the direct greenhouse gas emissions in the waste treatment process. In addition, the higher energy conversion efficiency of this method can further reduce the carbon footprint due to the energy conversion process.









Compared with the traditional conventional pyrolysis method, the microwave method developed in this paper can effectively reduce CO2 emissions. A set of conventional thermal pyrolysis experiments for the preparation of renewable gas were carried out by placing 1.0Ni-containing materials in a conventional tube furnace for a pyrolysis duration of 5 min and at a pyrolysis temperature of 500 °C. As shown in Figure 8a, the microwave pyrolysis and conventional pyrolysis had about the same solid yield at the same temperature. The liquid yield of microwave pyrolysis decreased significantly, while the pyrolysis capacity was significantly enhanced, and the gas yield increased from 38.0% to 81.1%. This indicated that microwave pyrolysis technology could effectively enhance the pyrolysis efficiency of waste textiles by providing uniform and efficient heating and reduce the energy consumption and greenhouse gas emissions. Further analysis of the gas-phase fractions (Figure 8b) revealed that microwave pyrolysis produced 16.0% more combustible gas than that from conventional pyrolysis, and its H2 gas yield was increased by 6.0%, which was 1.6 times higher than that of conventional pyrolysis. It can be seen that microwave pyrolysis can efficiently pyrolyze Ni-containing waste textiles and produce considerable hydrogen-containing combustible gas in a short period of time, which can generate the target products more efficiently and improve the Ni atom utilization rate. Based on the current total generation of low-value solid wastes, if microwave pyrolysis is applied to these wastes, it will be able to significantly reduce the CO2 emissions during the waste treatment process. Studies have shown that microwave pyrolysis reduces carbon dioxide emissions by about 30~50% compared to those from conventional methods when treating the same amount of waste. This shows that microwave pyrolysis is not only effective in converting waste materials, but also significantly reduces the carbon footprint of the treatment process.





4. Conclusions


In this study, various types and concentrations of metal salts were loaded onto waste textiles using the impregnation method and subsequently subjected to microwave pyrolysis. The findings reveal that 1.0%Ni achieved the highest hydrogen-rich gas yield of 61.0%, with hydrogen (H2) production 32.2 times greater than that of the original waste textiles, which was attributed to the uniform dispersion of Ni, promoting the pyrolysis reaction. Compared to conventional pyrolysis, microwave pyrolysis significantly enhanced the gas-phase yield and hydrogen content, while pyrolyzing the waste textiles in a shorter time and effectively reducing CO2 emissions. The characterization analyses confirmed that Ni0 acted as an active site during microwave pyrolysis, significantly promoting the pyrolysis of the waste textiles. The results provide practical guidance for solid waste resource management and environmental impact mitigation, thereby advancing the objectives of a green economy and sustainable development.
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Figure 1. Schematic of microwave pyrolysis system. 
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Figure 2. (a) Effect of metal salt species on the catalysis yield of three-phase products of textiles and (b) effect of metal salt species on the catalysis yield of gas-phase products of textiles. 
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Figure 3. (a) Effect of Ni metal salt addition amount on the catalysis yield of three-phase products; (b) effect of Ni metal salt addition amount on the catalysis yield of gas-phase products. 
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Figure 4. (a) FTIR of original waste textiles and waste textiles impregnated with different metal salts before microwave pyrolysis. (b) FTIR of original waste textiles and waste textiles impregnated with different metal salts after microwave pyrolysis. 
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Figure 5. (a) Raman spectrum of original waste textiles and waste textiles impregnated with different metal salts after microwave pyrolysis. (b) Raman spectrum of waste textiles impregnated with different Ni concentrations after microwave pyrolysis. 
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Figure 6. XRD patterns (a) of original waste textile and 1.0Ni waste textile before and after microwave pyrolysis. SEM images of waste textile (b), 1.0Ni (c), and 1.0Ni-AF (d). 
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Figure 7. (a) TG curve of waste textile and 1Ni. (b) XRD curves of waste textile containing 1.0Ni after microwave pyrolysis at 285 °C. 
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Figure 8. (a) Distribution of products from conventional and microwave pyrolysis of 1.0Ni. (b) Distribution of gas-phase products from conventional and microwave pyrolysis of 1.0Ni. 
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Table 1. The intensity ratio of the D and G bands (ID/IG) of the carbon material after microwave pyrolysis calculated from the Raman results.
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	Materials
	Waste Textile
	2.6Na
	2.6K
	1.0Ni
	2.6Ni
	3.5Ni
	6.1Ni





	ID/IG
	0.7198
	0.6498
	0.8226
	0.7862
	0.7296
	0.6970
	0.6293
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