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Abstract

:

Efficient waste management, including proper utilization of municipal solid waste (MSW), is imperative for a sustainable future. Among several management options, pyrolysis and combustion of MSW has regained interest because of improved combustion techniques. This work aims to investigate the thermal conversion and combustion characteristics of refuse derived solid fuel (RDF) samples and its individual compounds collected from Nur-Sultan’s MSW landfills. The waste-derived solid RDF samples originally consist of textile, mixed paper, and mixed plastic. In particular, the samples, including RDF and its three constituent components, were analyzed in the temperature range of 25 to 900 °C, at three different heating rates, by thermogravimetric method. The gross calorific value for RDF derived from Nur-Sultan’s MSW was determined to be 23.4 MJ/kg. The weight loss rates of the samples, differential thermogravimetry (DTG), and kinetic analysis were compared between individual RDF components and for the mixed RDF. Combustion kinetics models were calculated using Flynn–Wall–Ozawa (FWO), Kissinger–Akahira–Sunose (KAS), and Friedman methods. The results revealed that first decomposition of RDF samples was observed at the range of 180–370 °C. Moreover, the activation energy for conversion of RDF was observed to be the highest among the constituent components and gradually decreased from 370 to 140 kJ/kmol.
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1. Introduction


The waste management strategy of developed European Union countries employs following steps such as prevention, reuse, recycling, energy recovery and disposal [1]. Such preventive measures across EU countries have led to a significant decrease of landfilling municipal solid waste (MSW) and increase of waste recycling. An alternative to landfilling is the waste to energy (WtE) technology, which has also significantly increased with effective waste management strategies.



Considering local state, in Kazakhstan, roughly 4.3 million tons of MSW was produced in 2018, and this quantity is expected to increase to 7 M tons by 2030 [2,3]. Even though some elements of the waste management practices have been implemented in Kazakhstan, including source separation of recyclables (plastics and cardboards) and battery and electronic waste containers, the disposal of MSW in sanitary landfills is still dominates in major cities [4]. The current capital city of Kazakhstan, Nur-Sultan city (previously named as Astana city) has been growing continuously since the capital city was transferred from Almaty city in 1998 [5]. Only in the time interval of 1998–2019, the population of Nur-Sultan city has increased from 327,000 to 1,078,000 and based on this dynamics, a further increase of city’s population is anticipated [5]. In 2018, around 1300 tons of MSW is generated per day in the capital city Nur-Sultan, with recycling rate of 13%. The composition of the MSW depends on the country and the applied waste management schemes, and the variations in the MSW can be significant [6]. A detailed composition of Nur-Sultan’s MSW obtained during the sampling campaigns is plotted in Figure 1.



The production of solid refuse derived fuel (RDF) from MSW can be considered as potential alternative source of fossil fuels, which can be utilized in the existing power plants [7]. RDF, as stated by Grammellis et al. [8], typically consist of mixed plastic, mixed paper, textiles, and wood fractions. Sorum et al. [9], on the other hand observed that RDF consisted of 75% of paper and 25% plastics. Comparable compounds of RDF were also reported by Cozzani et al. (1995). According to the Abylkhani et al., [10] the potential share of solid RDF in MSW of Nur-Sultan city was around 10% and has calorific values of around 20 to 23 MJ/kg. In comparison, the RDF investigated in Turkey consisted of 17% of papers, 17% of all types of plastic and remaining 66% were textile fraction [11]. Moreover, Reza et al. [12] observed that RDF composed of 26% all type of papers, 20% of plastics, 3% of textile, and 6.2% of wood/rubber or leather materials. Typical plastics in solid RDF consists of polyethylene (PE), polyethylene terephthalate (PET), polyvinyl chloride (PVC), and low and high density plastics (LDPE andHDPE, respectively) [13]. Mixed paper typically includes packaging paper, cardboard, tetra pack, newspapers, while the textile was made of general clothes.



The development of WtE technology particularly with co-firing option of solid RDF with coal in combined heat and power (CHP) plants is an optimal combustion solution [14,15,16]. In the cold regions, such as Kazakhstan, co-firing of solid RDF can be easily justified due to high energy demand for district heating in most cities of the country [17]. In addition, co-firing of RDF with coal also reduces the landfilling areas for MSW disposal and transportation of coal, which in turn would further mitigate greenhouse gas (GHG) emissions [18,19]. Other advantages of co-firing solid RDF and coal are that retrofitting an existing power plants (PP) does not involve high capital costs and can be flexible to switch to coal-fired when biomass or MSW supplies are unavailable [19]. Co-firing also helps to control NOx and SOx emissions [16], as low sulfur RDF tend to reduce SOx emissions, and high moisture content of RDF decreases the flame temperature, thereby reducing NOx formation [16]. At present, the energy production of Kazakhstan is highly depended on thermal power plants, majority of which utilizes low-grade coal [17]. According to an International Energy Agency (IEA), the total CO2 emissions from coal combustion including electricity and district heating production were 121 Mt in 2015, representing 60% of the total Kazakhstan’s CO2 emissions in recent years [20]. Therefore, efficient and sustainable development of energy generation and consumption chain is imperative, wherein WtE option can be an important contributor towards circular economy initiatives.



The co-firing of RDF with coal is an optimal solution, particularly in locations where centralized district heating system is available; however, to efficiently use RDF as fuel, it is important to determine its thermal and kinetics properties [8]. The availability of kinetic parameters is crucial to design/modify reactors for conversion of RDF [21]. Extensive studies on thermogravimetric analysis of pyrolysis and combustion of RDF had been reported in literature, including its components. A concise summary of the relevant studies is reported in Table 1. Thermogravimetric analysis tests are reliable methods of getting thermal properties of various solid fuels and temperature peaks during conversion. On the other hand, several classical kinetic methods have been developed for kinetic measurements. Such methods include first-order [22], nth-order reaction [23], sequential models [24], distributed activation energy model, among which, as seen from Table 1, the Flynn–Wall–Ozawa (FWO), Friedman, and the Kissinger–Akahira–Sunose (KAS) methods have been widely applied for RDF and MSW [25]. Furthermore, it can also be seen from Table 1 that kinetic reaction rates and activation energy of MSW and RDF have large variations. These variations can be attributed to the dissimilarity of RDF materials, experimental apparatus, test conditions, and analytical methods for calculation of kinetic parameters [9]. Moreover, the difference in decomposition rates between the various studies occurred mainly due to the variation of MSW compositions, which in turn depends on location, lifestyle, waste management system, and other factors of society and demography [26].



There is no literature available for the combustion characteristics of RDF samples produced in Kazakhstan. In the following wok, we discuss the thermal properties of RDF obtained from MSW of capital city of Kazakhstan over the period of 2018–2019. Both mixed and non-mixed RDF samples were decomposed in air environment and its kinetic parameters are reported herein. The effect of heating rates was discussed, and kinetics models were evaluated by Flynn–Wall–Ozawa (FWO), Kissinger–Akahira–Sunose (KAS) and Friedman methods.




2. Materials and Methods


2.1. Sample Materials


Mixed and non-mixed solid RDF fractions were collected from the MSW landfill of Nur-Sultan city during the sampling campaigns performed in 2018 and 2019. The sampling procedure was similar to those reported by Abylkhani et al. [10]. During the first step sorting, recyclables and organics are separated, followed by second step sorting. RDF samples in this work were taken from the second step sorting and consisted of mixed paper 37.8%, mixed plastic 53.3%, textile 8.9%, and traces of wood, Figure 2. Considering its insignificant amount in the MSW, wood was eliminated from this study [10]. The collected fraction of mixed paper, plastic, and textile fractions were further treated in garden shredder and in a knife mill for size reduction, to obtain homogenized fine powders with particle sizes between 200 and 400 μm. Treated RDF samples that were used for TGA tests are shown in Figure 3. Further, all samples were sterilized in the autoclave at temperature of 121 °C and dried at 105 °C for 24 h [34].



Proximate analysis of samples was carried out according to the ASTM standard (D1762-84). Elemental CHNS analyzer (Vario Micro Cube, Elementar) was used for the ultimate analysis. The proximate and ultimate analysis of the RDF and its fractions are presented in Table 2. Thermal properties of RDF were roughly comparable with those noted in the literature (Grammelis et al. [8], Efika et al. [35], Fan et al. [36] and Zhou et al. [37]). The calorific values of the samples were determined by a bomb calorimeter with weights of samples ranging between 0.3 and 1.0 g.




2.2. Apparatus and Procedure


The decomposition of RDF and its fractions as mixed paper, mixed plastic, and textile samples were conducted in a TGA-DSC analyzer (Perkin Elmer STA 6000). The samples were thermally treated from ambient to a set temperature of 900 °C in an air environment with the air flow rate of 20 mL/min. Furthermore, effect of heating rates on decomposition of RDF was performed by varying the heating rates at 10, 20 and 30 °C/min. The weight of samples was in the range of 4–10 mg. For the reproducibility of results, all experiments were performed in duplicate.




2.3. Kinetics of RDF Samples


Due to the heterogeneous phases and complexity of the reaction steps in RDF samples, combustion characteristics of RDF and its fractions, isoconversional kinetics analysis were conducted. The rate of equation for solid phase reactions for heterogeneous RDF could be expressed as Equation (1):


    d α   d t   = k  t  f  α  = A e x p   −  E  R T       1 − a    



(1)




where     d α   d t     is the rate of conversion,   k  t    is the rate of constant,   f  α    is depends on the reaction model,  A  is the pre-exponential Arrhenius factor (s−1),  E  is the apparent activation energy (kJ/mol), R is the universal gas constant, and T is the reaction temperature (K). The conversion rate ( α ) was defined from the following Equation (2):


  α =    m o  −  m t     m o  −  m f     



(2)




where    m o    is the initial weight of the sample;    m t    is the weight at time t, and    m f    is the final weight of the samples. Reaction kinetics was applied to the thermal data determined under non-isothermal conditions with a constant heating rate. For non-isothermal measurements linear heating rate,  β  is defined as  β  = dT/dt, thus Equations (1) and (2) could be given as [29,38,39]:


    d α   d T   =    A β    exp   −    E a    R T     f  α   



(3)







Two different approaches were found as most commonly used models for integral iso-conventional (free model) methods, which are FWO [25] and Kissinger–Akahira–Sunose (KAS) methods [22]. FWO method assumes the change in the apparent activation energy is constant during the thermal process and uses Doyle’s approximation [40,41]. Thus, rearranging and integrating both sides of Equation (3) and with the Doyle’s approximation, Equation (3) can be modified as [13,38]:


  l o g β = log     A  E a    R g  α      − 2.315 − 0.4567  E  R T    



(4)




where the integration function g(α) is considered as a constant value for a given conversion α and it does not affect the activation energy. The activation energy E can be determined by the linear relationship between logβ and 1/T at different heating rates but same conversion.



The expression of KAS method applies approximation of p(u) = x−2e−u to Equation (4). After rearranging, the expression becomes as [38]:


  l n    β   T α 2      = ln     A R    E a  g  α      −  E  R T    



(5)







As in the previous method, the activation energy E can be obtained by the slope of straight line   l n    β   T 2        vs. 1/T and R is 8.314 J/mol K.



In addition to these kinetic models, Friedman method is assumed as isoconversional differential method which is expressed as below [42]:


  l n     d α   d t     = ln   f  α   A α    −  E  R T    



(6)







Conversional function   f  α    in Friedman method is constant. It describes reaction, which is independent from the temperature and depends on mass loss rate. The activation energy was calculated by using the slope of   ln     d α   d t       vs. 1/T plot.





3. Results and Discussions


3.1. Thermogravimetry (TG) and Differential Thermogravimetry (DTG) Curves of RDF Samples


The weight loss curves (TG curve) of RDF and its compounds at 10 °C/min were shown in Figure 4. As seen from the figure, the initial weight loss of samples occurred at the temperature of 100 °C, which can be attributed to the release of moisture. The moisture release for samples were in the following order, plastic (0.4–1.5%) < textile (1.5–2.0%) < paper (4.0–4.5%) and for the RDF varied in the 2.0–2.5% range. In the temperature range of 370 and 400 °C, the weight loss was greater for the paper samples, followed by mixed RDF, plastic and textile fractions. In addition, more than 80% of samples were decomposed when the temperature reached 500 °C (see Figure 4). However, when the temperature exceeded 550 °C, the weight loss of textile was higher in comparison to the plastic, paper, and mixed RDF. Furthermore, minor weight losses were observed for all samples at temperatures more than 600 °C and these losses can be attributed to the end of conversion stage. The residual weight for plastic and paper samples were roughly 8–10% and only around 4.3% for textile. Similar low residual weight of cotton samples were also observed by Font [43] through their TGA analysis.



In the temperature range of 200 and 600 °C, three main decomposition peaks were observed for textile and mixed RDF samples, while this was different for mixed plastic and mixed paper samples. Such differences in the DTG curves for plastic can be explained by the presence of several types of plastic materials, which may lead to several peaks [8,13]. The first decomposition interval of samples takes place between 180 °C and 370 °C, with peaks being at 330 °C. Similar temperature range for RDF decomposition were observed by Skodras et al. [44], Grammelis et al. [8], and Çepelioğullar et al. [38]. As also noted by Skodras et al. [44], the decomposition of RDF samples at these temperature range mainly occurs due to the release of volatiles, followed by the gas phase reactions between the volatiles and oxygen. Mixed paper and plastic, on the other hand, shows the highest and lowest decomposition rate in the first peak, respectively (Figure 4). According to Miskolczi et.al [6], Su et.al [45], the first peak represents mostly the degradation of hemicellulose and cellulose, while the second peak attributes to the degradation of plastics such as PE and PP.



In other studies, the paper and plastic samples had only one peak, except PVC which produced two peaks [8,13]. Grammelis et al. [8] have reported that the total conversion of several plastic samples were practically 100%, except for PVC which accounted for 91.7%. A higher residual mass in plastic, that we observed in our experiments, could be due to the presence of PVC in the mixed plastic. Several DTG peaks between 400 and 600 °C in plastic samples clearly indicates the presence of different types of plastics. It is also worth noting herein that the mixed paper can contain impurities, including tetra pack. It is well known that tetra pack is made of wood-based material coated with PE and aluminum. The DTG curve for mixed paper in Figure 4 shows two peaks that correspond to degradation of cellulose followed by decomposition of plastic based materials, respectively.




3.2. Effect of Heating Rate


Effect of heating rates on the combustion behavior of paper, plastic, textile, and RDF mixture was presented with three different heating rates of 10, 20, and 30 °C/min (see Figure 5a–d, respectively). The results reveal that the weight loss curves of RDF samples were delayed and shifted towards high temperatures with an increase of the heating rates from 10 to 30 °C/min. These results with delay of weight loss curves and shift of weight loss rate to a higher temperatures were consistent with studies of Luo et al. [13] and Font et al., [43]. In addition, the effect of heating rate was more significant for the temperature between 250 and 550 °C, for all the samples. Although, in comparison to the weight loss curves of paper (Figure 5a), plastic (Figure 5b), and textiles (Figure 5c), the effect of heating rate on RDF samples (Figure 5d) were not so significant, which can be explained by the presence of mixture of components in the RDF.



Table 3 presents the DTG peaks and peak characteristics for all the four samples under study at different heating rates. Three major peaks were observed for paper during all three heating rates, namely, at 320–329 °C, 434–471 °C, and 640–679 °C (Figure 5a). The difference of first DTG peaks was 10%/min between the tests with heating rates of 10 to 20 °C/min. Then this difference was decreased to 6%/min when heating rate was further increased to 20 to 30 °C/min. This delay of weight loss at the higher heating rates is due to the high decomposition rate of paper within the temperature range of 320 to 329 °C. Figure 5b shows that there are five weight loss peaks in the DTG profile in 10 °C/min and 20 °C/min, while in 30 °C/min, there are only four weight loss peaks. This may result from the reaction overlap occurring in the range of 400–450 °C or it could also be due to the mixed content of plastic. The maximum weight loss rate increases from 9.4%/min to 26.1%/min for paper, from 5.5%/min to 9.7%/min for plastic, from 7.3%/min to 19.7%/min for textile and from 7.3%/min to 23.3%/min for RDF, when the heating rate varied from 10 °C/min to 30 °C/min, as is shown in Table 3. We also note that the increase of the heating rate results in higher weight residuals, but some inconsistencies do occur due to the heterogeneous content of sample. In general, the heating rate could affect the samples combustion. Furthermore, since the mass of samples were less than 20 mg for TGA experiment, the shapes and uneven distribution of MSW might affect and deviate the results [46].




3.3. Combustion Kinetics


Linear plots by FWO, KAS, and Friedman methods for RDF samples were prepared and shown in Supplementary Figure S1a–c. The plots showed good correlations and were used to calculate activation energy at each conversion rate (<0.9). The correlation coefficients of these methods were all above 0.9 for RDF (except α = 0.6), which suggests that these methods are applicable for defining the activation energy based on the TGA data. The results of an activation energy calculated for RDF are shown in Table 4. Since FWO, KAS and Friedman models produced almost similar results, we used FWO method for analysis of the components of RDF (mixed paper, mixed plastic, and textile). A similar procedure was used for the other samples, and the linear plots and kinetic parameters provided in the Supplementary Materials part as Figures S2–S4 and Tables S1–S3, respectively. The relationship between the calculated activation energy and conversion rate for all samples is shown in Figure 6.



Figure S1 shows the isoconversional lines of FWO, KAS, and Friedman methods. It can be seen that FWO and KAS plots have good correlation. The activation energy values from Friedman methods are slightly lower than other methods, as noted in Table 4. The activation energy was recorded as 365.27, 375.13, and 331.47 kJ/mol at α = 0.1 for each model. The slight increase in the activation energy was found at α = 0.7 in all three methods, which means that there was the energy requirement for the final decomposition step of RDF.



It is important to notice that the correlation coefficients significantly decreased for textile and RDF fractions during combustion. There are three combustion regimes that could occur, namely diffusion-controlled, intermediate, and kinetically controlled regimes. The results, as observed from Figure S1a–c reveals that at low temperatures, 292–370 °C for textile and 264–319 °C for RDF, kinetically controlled combustion occurred. As the temperature increases to 375 °C for textile and 320 °C for RDF, the combustion regime changed to intra-particle diffusion regime, which led to a decline of correlation coefficients. Kinetic parameters of RDF samples calculated by FWO, KAS, and Friedman methods shown in Table 4. It can be noted that the regression coefficient (R2) of RDF samples have shown higher values in most points of conversion, except one point of 0.6 (see Table 4).



Lastly, as shown in Figure 6, the activation energies of RDF and its fractions, viz., paper, textile, and plastic varied significantly as conversion rate were changed. The activation energies of paper increased slightly and then decreased at higher conversion rates. This is consistent with the literature and is due to gradual degradation of cellulose that finally results in ash. In case of textile, fluctuations were observed in the activation energies, which occurred due to textile content. The reason of first increase in the activation energy can be due to decomposition of aliphatic polyester while the second increase can be due to decomposition of aromatic polyester, which is used in the textile production. Interestingly, the higher activation energies were not required for plastic combustion at lower conversion rate. However, there was a peak at 348 kJ/ mol, which can be a sign of dechlorination or the hydrocarbon decomposition. The curve of Ea vs. α for RDF samples gradually decreased from ~370 to ~140 kJ/kmol. With conversion rate up to α < 50, the relationships were slightly above the other compounds, while α > 50 onward, the relationship was found between the curves of plastics, paper and textile. Overall, the relationship of Ea vs. α of RDF samples were still closer to other compounds as shown in Figure 6.





4. Conclusions


The thermogravimetric characteristics and kinetic behavior of plastic, paper, textile, and RDF were examined at three different heating rates. The results reveal that the measured calorific values of RDF derived from Nur-Sultan’s MSW were similar to those noted in the literature. This suggests that with proper strategy of waste management and its implementation, a considerable amount of RDF (10 to 15% of total MSW) can be utilized for energy production in Kazakhstan. We also observed that with an increase of heating rate, the weight loss rates of RDF and other samples increase and the reaction moves towards high temperature. Moreover, the peaks in the DTG curves indicate the presence of different types of plastics in the plastic samples, different textiles in the textile samples, and multiple components in RDF samples. Lastly, the average activation energy of the RDF was observed to be higher than that of other samples. In summary, Nur-Sultan’s MSW thermogravimetric properties are reported and in near future, further work to be conducted on the lab-scale fluidized bed unit to explore its combustion efficiencies.
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Figure 1. Average municipal solid waste (MSW) composition of Nur-Sultan city in 2018/2019. 
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Figure 2. Procedure for sampling of RDF and its constituent components. 
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Figure 3. RDF and its fractions before the experiment. 
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Figure 4. Weight loss curves (TG) and weight loss rates (DTG) of samples at 10 °C/min. 
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Figure 5. Effect of heating rate on TG/DTG curves of (a) mixed paper, (b) plastic, (c) textile, (d) RDF. 






Figure 5. Effect of heating rate on TG/DTG curves of (a) mixed paper, (b) plastic, (c) textile, (d) RDF.



[image: Applsci 11 01219 g005a][image: Applsci 11 01219 g005b]







[image: Applsci 11 01219 g006 550] 





Figure 6. The relationship between activation energy and conversion rate. 
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Table 1. Summary of thermochemical properties and kinetics modelling of several refuse derived solid fuel (RDF)’s/MSW’s decomposition based on the literature.
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Sample

	
Experimental Conditions

	
Kinetic Model

	
Activation Energy (kJ/mol)

	
Ref.




	
Environment

	
Flow Rate (mL/min)

	
Temp.(°C)

	
Heating Rate (°C/min)






	
Paper, textile (cotton), wood, plastic (PET)

	
N2

	
60

	
800

	
10–60

	
Integral method

	
Textile: 37–56; Paper: 50–72; PET: 182–224;

	
[27]




	
Cellulosic fraction, plastics

	
N2

	
150

	
500–600

	
10

	
Integral method

	
Cellulose: 244; Hemicellulose: 111; Lignin: 43; PS: 312; PP: 337; LDPE: 341; HDPE: 445;

	
[9]




	
Paper, wood, PE

	
N2

	
150

	
500–600

	
20

	
RDF degradation rate

	
Cellulose: 196–217; Hemicellulose: 172/174; Lignin: 122–137; PE: 248;

	
[28]




	
Paper sludge

	
N2

	
80

	
1000

	
30–50

	
FWO, KAS

	
MSW and paper sludge 50/50 mixture: 97 (KAS); 112 (FWO);

	
[29]




	
Paper, plastics

	
N2

	
100

	
550

	
3–9

	
Classical laws of kinetics

	
Paper: 83–86; LDPE: 128; HDPE: 278; PS: 121; PVC: 123–299;

	
[30]




	
Paper, plastic

	
N2

	
50

	
650

	
20

	
Model-fitting: 1st order reaction

	
Cellulose: 105–109; Hemicellulose: 141–142; Lignin: 153–154; PE: 281; PP: 236; PS: 211;

	
[6]




	
Paper, plastic

	
He

	
100

	
1000

	
20

	
Independent parallel, first order kinetics

	
Cellulose: 211; Hemicellulose: 131; Lignin: 30–48; PVC: (R1) a 183; (R2) 177; (R3) 378; (R4) 181;

	
[8]




	
Hemicellulose, Cellulose, Lignin, Plastics

	
Air

	
1000

	
1000

	
10–30

	
FWO

	
Cellulose: 48; Hemicellulose: 40; Lignin: 44; PS: 62; PVC: 46; PET: 76;

	
[13]




	
RDF (textile, paper, plastic, sawdust)

	
Air

	
-

	
800

	
10–30

	
Model-fitting: 1st order reaction

	
(R1) 77; (R2) 21;

	
[31]




	
MSW

	
Air

	
100

	
1000

	
20

	
Model-fitting: nth order reaction

	
(R1) 138; (R2) 80; (R3) 155;

	
[32]




	
Paper, textile, plastic

	
Air

	
30

	
900

	
10

	
Non-isothermal analysis method

	
Paper: 60–65; Textile: 51–56; Plastic: 5–92;

	
[33]








– a (R1, R2, R3, R4) are different reaction steps.
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Table 2. Proximate analysis, ultimate analysis, and calorific values of the samples.
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	Proximate (wt%, as Received)
	RDF
	Plastic
	Paper
	Textile





	Moisture
	1.5
	0.8
	2.6
	1.2



	Volatile matter
	86.7
	87.3
	85.7
	86.7



	Ash
	8.2
	8.7
	8.5
	4.0



	Fixed carbon
	3.6
	3.2
	3.2
	8.1



	Ultimate (wt%, and dry ash free)
	
	
	
	



	Carbon
	66.5
	83.5
	46.8
	47.8



	Hydrogen
	9.9
	13.0
	6.4
	6.1



	Nitrogen
	0.6
	0.5
	0.6
	1.3



	Sulfur
	0.2
	0.3
	0.1
	0.2



	Oxygen *
	22.8
	2.7
	46.1
	44.6



	Gross Calorific value (MJ/kg) **
	23.4
	32.6
	16.4
	20.1







* by difference; ** measured by bomb calorimeter.
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Table 3. Differential thermogravimetry (DTG) peak characteristics of paper, plastic, textile, and RDF samples during combustion.
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Sample

	
Paper

	
Plastic

	
Textile

	
RDF






	
Heating rate (°C/min)

	
10

	
20

	
30

	
10

	
20

	
30

	
10

	
20

	
30

	
10

	
20

	
30




	
DTG1 (%/min)

	
9.4

	
19.9

	
26.1

	
5.5

	
8.1

	
9.7

	
7.3

	
14.8

	
19.7

	
7.3

	
13.8

	
23.3




	
Temperature at DTG1 (°C)

	
320

	
329

	
326

	
312

	
326

	
340

	
328

	
347

	
344

	
309

	
319

	
326




	
DTG2 (%/min)

	
3.9

	
5.5

	
7.1

	
3.2

	
7.8

	
16.2

	
4.1

	
7.2

	
11.4

	
3.0

	
5.8

	
7.3




	
Temperature DTG2 (°C)

	
434

	
458

	
471

	
424

	
450

	
451

	
424

	
429

	
434

	
417

	
426

	
440




	
DTG3 (%/min)

	
0.4

	
0.5

	
0.9

	
5.1

	
6.7

	
8.5

	
3.3

	
6.4

	
7.8

	
2.6

	
4.6

	
6.7




	
Temperature at DTG3 (°C)

	
640

	
662

	
679

	
476

	
495

	
500

	
502

	
504

	
531

	
457

	
478

	
471




	
DTG4 (%/min)

	
-

	
-

	
-

	
0.3

	
0.9

	
1.2

	
0.2

	
0.4

	
0.7

	
0.4

	
0.7

	
1.0




	
Temperature at DTG4 (°C)

	
-

	
-

	
-

	
614

	
671

	
678

	
607

	
631

	
663

	
645

	
672

	
663
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Table 4. Kinetic parameters of RDF fraction by Flynn–Wall–Ozawa (FWO), Kissinger–Akahira–Sunose (KAS), and Friedman methods.
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α

	
FWO

	
KAS

	
Friedman




	
A (min−1)

	
Ea (kJ/mol)

	
R2

	
A (min−1)

	
Ea (kJ/mol)

	
R2

	
A (min−1)

	
Ea (kJ/mol)

	
R2






	
0.1

	
1.10 × 1035

	
365.27

	
1.00

	
4.88 × 1035

	
375.13

	
1.00

	
7.47 × 1029

	
331.47

	
1.00




	
0.2

	
1.55 × 1021

	
236.04

	
0.98

	
2.55 × 1021

	
238.74

	
0.98

	
7.58 × 1017

	
215.22

	
0.99




	
0.3

	
1.71 × 1018

	
208.55

	
0.94

	
2.06 × 1018

	
209.57

	
0.94

	
2.41 × 1015

	
191.04

	
0.95




	
0.4

	
8.90 × 1016

	
197.52

	
0.87

	
9.17 × 1016

	
197.74

	
0.85

	
2.47 × 1014

	
182.18

	
0.87




	
0.5

	
2.66 × 1016

	
195.28

	
0.69

	
2.54 × 1016

	
195.11

	
0.66

	
1.46 × 1014

	
182.41

	
0.68




	
0.6

	
7.94 × 108

	
111.15

	
0.27

	
2.14 × 108

	
106.17

	
0.23

	
1.61 × 107

	
102.72

	
0.25




	
0.7

	
4.78 × 1015

	
203.62

	
0.81

	
4.06 × 1015

	
202.83

	
0.80

	
6.84 × 1013

	
193.26

	
0.81




	
0.8

	
2.69 × 1012

	
169.23

	
0.67

	
1.40 × 1012

	
166.09

	
0.96

	
6.57 × 1010

	
159.3

	
0.97




	
0.9

	
7.52 × 109

	
140.31

	
0.98

	
2.37 × 109

	
135.00

	
0.97

	
3.69 × 108

	
131.11

	
0.98




	
Mean

	
1.22 × 1034

	
203

	

	
5.42 × 1034

	
202.93

	

	
8.30 × 1028

	
187.63

	




	
SD

	
3.67 × 1034

	
71.63

	

	
1.63 × 1035

	
76.16

	

	
2.49 × 1029

	
63.99
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