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Abstract: Currently, most plastic waste stems from packaging materials, with a large proportion of 

this waste either discarded or used to derive fuel. Accordingly, there is growing interest in the use 

of pyrolysis in the context of chemically recycling non-recyclable (i.e., via mechanical means) plastic 

waste into petrochemical feedstock. The aim of this study is to use kinetic analyses to elucidate the 

pyrolytic properties of solid recovered fuel (SRF) produced using two types of reactors, namely, 

fixed bed and fluidized bed reactors. From the kinetic analysis, the activation energy corresponding 

to the rate of pyrolysis reaction conversion was obtained. In conclusion, we found that the pyrolysis 

occurs more vigorously in fluidized bed reactors compared to fixed bed reactors. 
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1. Introduction 

The past few decades have seen a continuous increase in the production and demand for plastics. 

This trend can be attributed not only to the diverse physiochemical properties of plastics, which allow 

for their wide applicability, but also to their low cost. However, this surge in plastic usage has not 

been without consequences, with one being the increase in plastic waste. For example, it has been 

reported that plastic waste constitutes more than 50% of waste produced by the average household 

[1]. Therefore, in light of the long-term persistence of plastic in the environment, recycling plastic 

waste has been highlighted as a crucial step in the context of the large-scale establishment of a circular 

economy to attain carbon neutrality [2]. However, approximately 40% of all plastic waste is generated 

from packaging materials, whereas approximately 60% of this waste is neither recycled nor reused, 

instead, it is channeled toward energy recovery or disposed of [3]. Unlike biomass, these waste 

plastics do not biodegrade, instead, if unaided, they undergo a decomposition that can take more 

than four centuries to reach its conclusion. In addition, this decomposition does not occur 

uneventfully, as it has been linked to the accumulation of wide-reaching pollutants in landfills [4,5]. 

Plastics mainly consist of LDPE (Low-density Polyethylene), HDPE (Low-density Polyethylene), PP 

(Polypropylene), PS (Polystyrene), PET (Polyethylene Terephthalate), and PVC (Polyvinyl Chloride). 

Among these constituents, PE, PP, and PS make up 50-70% of most plastics [6,7]. To facilitate the 

optimal recycling of plastic waste, it first has to be sorted based on its physiochemical make. 

However, considering the mixed nature of plastic waste, the processes currently used to sort it are 

plagued by numerous limitations; this is a serious issue, especially considering the fact that the 

efficiency of mechanical recycling for material reuse is highly dependent on the effectiveness of the 

sorting processes used to scan for contaminants [8]. However, in a situation in which the sorting or 

separation of intrinsically heterogeneous plastic waste is not optimal, another layer of inefficiency is 

introduced in the already-disorganized, wasteful plastic recycling industry. Additionally, since 

mechanical recycling typically tends to be accompanied by the degradation of plastic, alternative 

methods to conventional mechanical recycling must be considered, especially in the context of 

ensuring the sustainable use of plastics in a circular economy [9]. Plastics, as materials derived from 

petrochemical feedstocks, are a mosaic of hydrocarbon compounds; these properties manifest 

themselves in plastics containing an inherent wealth of recoverable chemical energy [6,10]. Thus, 
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chemical recycling through pyrolysis is gaining attention as one of the options for recycling plastic 

waste into petrochemical feedstocks. Pyrolysis is a reaction that decomposes high molecular weight 

compounds with long-chain structures into low molecular weight compounds; this process occurs 

via heat application in an anaerobic environment, with its yields being char, oil, and gaseous 

substances [11]. Pyrolysis addresses a major drawback of traditional mechanical recycling—the 

inability to allow for continuous recycling—by offering the opportunity to recover otherwise non-

recyclable waste plastics [12]. It has been shown that the calorific value of pyrolysis-derived oil 

produced from plastic waste is comparable to conventional diesel fuel, allowing it to serve as a robust 

replacement. Moreover, the materials generated post-pyrolysis can be reused in existing 

petrochemical processes, making them an excellent alternative in the energy market [13-18]. 

In South Korea, a specific recycling rate is mandated for plastic packaging materials by the 

Extended Producer Responsibility (EPR) system. Accordingly, this waste is either mechanically 

recycled or used as solid recovered fuel (SRF). Therefore, this study aimed to investigate the pyrolytic 

properties of SRF produced from plastic waste, specifically plastic that was once used as packaging. 

To achieve this aim, we used both batch fixed bed and continuous fluidized bed reactors. We then 

comprehensively compared the SRF produced through the two types of reactors, with the 

comparison largely centered on its yield and pyrolytic properties. Additionally, using kinetic 

analyses, we determined the activation energy required for the pyrolysis of SRF in the context of the 

abovementioned reactors. 

2. Results and Discussion 

2.1. Kinetic Analysis 

Figure 1 shows the TG (thermogravimetric) and DTG (derivative thermogravimetric) curves, 

illustrating the heating rates under a nitrogen atmosphere for kinetic analysis of the pyrolysis of the 

SRF. The TG curve in Figure 1a shows that the decomposition temperature rises as the heating rate 

increases, likely due to thermal transfer lag caused by the increased heating rate. Additionally, Figure 

1b's DTG curve shows more than two peaks, confirming that the SRF used in this study is a 

heterogeneous mixture of different plastics. The SRF used in this study is primarily made from plastic 

packaging waste composed of PP and PE. Generally, PP begins to undergo pyrolysis at 400℃ , 

whereas PE does so at a higher temperature [19, 20]. Therefore, the peak at ~400℃ in the DTG curve 

is likely due to the pyrolysis of PP, and the subsequent peak (between 450–500℃) is likely due to PE. 

The activation energies for each conversion rate were determined by applying the differential method 

described in Equation (2), and these are presented in Figure 2. Figure 2b shows that the activation 

energy increases (from 59.9 to 116.3 kJ/mol) as the conversion rate rises up to 0.35, after which it 

remains fairly constant (between 112.9 and 131.3 kJ/mol). This trend can be attributed to the SRF 

sample used in this study being a composite of plastics mostly made of PE and PP; the initial 

conversion rates are primarily due to PP, while subsequent rates are influenced by the pyrolysis of 

PE. 

 

Figure 1. TG (a) and DTG (b) curves of SRF across various heating rates in pure nitrogen. 
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Figure 2. Application of differential method (a) and activation energies (b) over a range of 

conversion. 

Figure 3 shows the outputs of the integral methods, encapsulated in Equations (10) and (11), to 

obtain activation energies at various heating rates. The range of conversion rates for obtaining 

activation energy at each heating rate in Figure 3 was set based on the peaks observed in the DTG 

analysis in Figure 1b, and was applied in two stages. Figure 3 shows that when using the integral 

method, the activation energies appear to be lower than those elucidated via the differential method 

(Figure 2). However, the tendency for the activation energy to be lower in the initial stages of 

pyrolytic conversion remained consistent with the results obtained using the differential method. 
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Figure 3. Activation energies at various heating rates of 20℃/min (a), 30℃/min (c) and 40℃/min (c), 

as determined using the integral method. 

Table 1 shows a comparison of the activation energies for the pyrolysis reaction of SRF obtained 

from the different kinetic analysis methods we applied. We found that in the context of the pyrolysis 

reactions of PP and PE, the activation energy for the pyrolysis of PP appears to be lower than that of 

PE [21]. Therefore, although there were differences in the activation energy values based on the 

kinetic analysis methods, PP was the first to decompose, followed by PE in subsequent stages. This 

confirmed the validity of the kinetic analysis method used, as the activation energy for the initial 

pyrolysis of PP is lower than that for the later stages of PE decomposition. 
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Table 1. Activation energy of pyrolysis of SRF used in this work. 

Differential Method Integral Method 

Conversion (α) 
Activation Energy 

(kJ/mol) 
Heating Rate Conversion (α) 

Activation Energy 

(kJ/mol) 

0.20≤a<0.40 59.94 ~ 116.32 
20℃/min 

0.07≤a<0.28 85.41 

0.28≤a<0.94 92.43 

30℃/min 
0.10≤a<0.35 41.93 

0.40≤a<0.85 112.47 ~ 131.32 

0.35≤a<0.92 62.30 

40℃/min 
0.11≤a<0.30 44.97 

0.30≤a<0.92 89.75 

2.2. Product Analysis 

2.2.1. Fixed Bed Reactor 

Figure 4 shows the changes in yield for each product based on the pyrolysis reaction temperature 

when SRF is pyrolyzed using a fixed bed reactor. As the pyrolysis reaction temperature increases, the 

yield of liquid products such as heavy oil and light oil decreases (Figure 4). This is likely because the 

gasification reactions become more active, increasing the yield of gaseous products. Additionally, 

while the solid residue showed a slight decrease in yield when the reaction temperature exceeded 

550℃, the temperature-dependent changes it underwent were minimal. 

 

Figure 4. Product yields of SRF pyrolysis using fixed bed reactor across different temperatures. 

Figure 5 displays the characteristics of the liquid products' carbon number obtained from GC-

MS analysis of SRF pyrolysis using a fixed bed reactor. Figure 5 shows that heavy oil mostly consists 

of components with carbon numbers greater than C21, culminating in the impact of the pyrolysis 

reaction temperature on its composition being minimal. Heavy oil also contains components in the 

C5–C10 range, suggesting that a more refined condensation process could potentially increase the 

yield of light oil. On the other hand, light oil mostly consists of components in the C7 –C8 range. As 

the reaction temperature increased, there was a noticeable increase in lower molecular weight 

components, especially at 650℃, culminating in all the components having carbon numbers of C8 or 

less. This is likely because the pyrolysis reactions become more intense as the reaction temperature 

increases. However, temperatures that are too high can yield liquid products due to the 

corresponding increase in the yield of gaseous products. Therefore, selecting the optimal pyrolysis 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 October 2023                   doi:10.20944/preprints202310.1691.v1

https://doi.org/10.20944/preprints202310.1691.v1


 6 

 

reaction temperature for SRF should entail considering the yield changes for each product in Figure 

4. 

 
(a) (b) 

 

Figure 5. Compounds according to the carbon number of heavy (a) and light oil (b) obtained from 

fixed bed reactor. 

Figure 6 shows the gas chromatogram for liquid products at a reaction temperature of 600℃. 

Heavy oil evidently has components whose heterogeneity is greater than those of light oil. 

 
(a) 

 
(b) 

Figure 6. Gas chromatogram of heavy (a) and light oil (b) obtained from a fixed bed reactor at a 

reaction temperature of 600℃. 

2.2.2. Fluidized Bed Reactor 

Figure 7 shows the changes in yield for each product based on the pyrolysis reaction temperature 

and the fluidized gas flow rate when SRF is pyrolyzed using a fluidized bed reactor. 
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Figure 7. Product yields of SRF pyrolysis using fluidized bed reactor according to temperatures and 

fluidized gas flow rate. 

Figure 7 shows that compared to ouputs obtained via a fixed bed reactor, as the reaction 

temperature increases, the yield of gaseous products significantly increases, substantially decreasing 

the yield of heavy oil. Fluidized bed reactions are known to enhance material and heat transfer 

compared to fixed bed reactions in the pyrolysis of waste plastics [22]. Therefore, we believe that the 

increase in material and heat transfer due to the fluidized gas results in fluidized bed reactors 

facilitating a more thorough decomposition of SRF. This trend is further confirmed by the increase in 

gaseous products as the fluidized velocity increases. Additionally, compared to the fixed bed reactor, 

the fluidized reactor produced a greater yield of gaseous products; this is because fluidized reactors 

inherently facilitate a decomposition (i.e., into smaller molecular weight components) that is more 

intensive than that seen in fixed bed reactors. On the other hand, in the case of light oil, while a slight 

decrease is observed as the reaction temperature increases in fixed bed reactions, an increase is noted 

in fluidized bed reactions. Therefore, as previously mentioned, we confirmed that SRF decomposes 

into lower molecular weight components more readily in fluidized bed reactions compared to fixed 

bed reactions. For the solid residues, temperature-driven changes were nearly negligible, similar to 

those in fixed bed reactions. 

Figure 8 shows the characteristics of the liquid products’ carbon number obtained from GC-MS 

analysis of SRF pyrolysis using a fluidized bed reactor. Figure 8 suggests that, similar to fixed bed 

reactions, components with a carbon number of C21 and above are most prevalent in heavy oil. 

However, the proportion of these high-carbon components is higher in fluidized bed reactions, 

especially at 650℃ , where they are produced in substantial amounts. This could be due to the 

pyrolysis of SRF in fluidized bed reactors, progressing more rapidly than in fixed bed reactors. As a 

result, the hydrogen content in the liquid products decreases, leading to the formation of oils with 

higher molecular weights, and higher C/H ratios. Also, in the case of light oil, components ranging 

from C7–C8 predominate, similar to fixed bed reactions. We observed that lower molecular weight 

components increase as the reaction temperature and fluidized gas velocity increase. 
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Figure 8. Compounds according to the carbon number of heavy and light oil obtained from fluidized 

bed reactor at reaction temperatures of 550 (a), 600 (b), and 650℃ (c). 

Figure 9 exemplifies the gas chromatograms of heavy and light oil obtained at a reaction 

temperature of 600℃ and a fluidized gas flow rate of 1.0L/min. This trend shows that the composition 

of heavy oil is more diverse than that of light oil, consistent with the outputs of the fixed bed reactor. 
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(a) 

 
(b) 

Figure 9. Gas chromatogram of heavy (a) and light oil (b) obtained from a fluidized bed reactor at a 

reaction temperature of 600℃ and a gas flow rate of 1.0L/min. 

3. Materials and Methods 

3.1. Materials 

In this study, SRF produced mainly from packaging waste consisting of PP and PE was used as 

the pyrolysis feedstock. The characteristics of the SRF samples used in this study are shown in Table 

2. The composition of the resultant output was then analyzed using an elemental analyzer (EA) (Flash 

2000, UK). These results are tabulated in Table 2. Specifically, Table 2 shows that the resultant 

material primarily consists of carbon and hydrogen, with nitrogen and oxygen attributed to the 

presence of trace amounts of ABS (acrylonitrile butadiene styrene) and PET (polyethylene 

terephthalate) in the plastic waste. The fact that most of the packaging used is made of plastic is 

reflected in the high amount of volatile matter (i.e., 90.6%) that was detected, while the fixed carbon 

and ash were recorded at 6.07% and 3.33%, respectively. 

Table 2. Properties of SRF used in this work. 

Elements (wt%) 

C 63.1 

H 9.8 

N 0.6 

O 16.4 

S 0 

Other 10.1 

Volatile (%) 90.60 

Fixed Carbon (%) 6.07 

Ash (%) 3.33 
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3.2. Experimental Methods 

The schematic diagrams of the fixed bed and fluidized bed reactors used in this study's pyrolysis 

experiments are shown in Figure 10. The fixed bed reactor (Figure 10a) consists of a quartz tube with 

a diameter and length of 60 and 550 mm, respectively. The pyrolysis products were collected through 

a two-stage cooler using cooling water and dry ice. For the fixed bed pyrolysis experiment, an initial 

15g sample was loaded into a ceramic boat and inserted into the reactor. Heating was controlled by 

a PID controller until predetermined reaction temperatures of 550, 600, and 650℃ were reached. 

Nitrogen was introduced at a rate of 0.1L/min, and the experiment continued until the SRF was fully 

pyrolyzed. The resultant liquid recovered from the cooler and solid residues were then analyzed. The 

yield of gaseous products was calculated based on the initial sample weight and the amounts of liquid 

and solid residues. The fluidized bed reactor (Figure 10b) is designed to allow continuous sample 

injection, unlike the fixed bed reactor. It consists of a stainless steel tube, with a lower section that has 

a diameter and length of 62 and 370 mm, respectively, whereas its upper section has a diameter and 

length of 26 and 730 mm, respectively. Like the use of the fixed bed reactor, the pyrolysis products 

were collected through a two-stage cooler using cooling water and dry ice. In addition, 50g of sand 

with a diameter of 125-180 µm was used as the fluidizing medium for the fluidized bed reaction. The 

fluidized bed pyrolysis experiments were conducted at nitrogen flow rates ranging from 0.75 –1.5 

L/min, allowing for optimal fluidization; these flow rates were adjusted at an interval of 0.25 L/min. 

Upon reaching the set reaction temperature, samples were continuously injected at a rate of 0.5-

0.7g/min for one hour. Like in the case of the fixed bed reactor, pyrolysis was also set to occur at 550, 

600, and 650℃, and these temperatures were controlled using a PID controller. Finally, yields of the 

liquid products were analyzed once products recovered from the cooler were collected. The amount 

of solid residue was analyzed by weighing the solid material remaining in the reactor and the initial 

sand used as the fluidizing medium after the experiment. The yield of gaseous products was 

calculated similarly to the fixed bed experiments, based on the initial SRF sample weight and the 

amounts of liquid and solid residues. 

 
(a) 
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(b) 

Figure 9. Schematic diagram of fixed (a) and fluidized (b) bed reactors used in this study. 

The composition of the liquid products recovered through the fixed and fluidized bed reactors 

was analyzed using gas chromatography mass spectrometry (GC-MS) (GCMS-QP2010 Ultra, Dong-

il SHIMADZU, Japan). The conditions under which the GC-MS was operated are presented in Table 

3. Additionally, for the kinetic analysis of the pyrolysis reactions, thermal mass changes were 

analyzed using thermo gravimetric analysis (TGA) (Pyris 1 TGA, USA) at heating rates of 20, 30, and 

40℃/min in a nitrogen atmosphere. 

Table 3. Conditions under which the gas chromatography mass spectrometry (GC-MS) was used. 

Item Conditions 

Column Over Temp 40.0℃ 

Injection Temp 250.0℃ 

Injection Mode Split 

Flow Control Mode Linear Velocity 

Pressure 60.1 kPa 

Total Flow 234.1 mL/min 

Column Flow(He) 1.15 mL/min 

Linear Velocity 38.6 cm/sec 

Purge Flow 3.0 mL/min 

Split Ratio 200.0 

3.3. Kinetic Analysis  

The reaction rate equation for the conversion rate of pyrolysis can be represented by the 

following Arrhenius equation (1). Differential and integral approaches are widely used toward the 

kinetic analysis of a pyrolysis reaction using TGA results [23]. ୢ஑ୢ୲ = Aeି ಶೃ೅(1 − 𝛼)௡          (1) 

where,  A : pre-exponential factor(min-1) 

E : apparent activation energy(kJ/mol) 

n : apparent order of reaction 

R : gas constant(8.3136J/mol·K) 
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T : absolute temperature(K) 

t : time(min) 

α : degree of conversion 

3.3.1. Differential Method 

This method utilizes the following logarithmic differential equation derived from equation (1). ln ቀ𝐝𝛂𝐝𝐭ቁ = lnሼA(1 − α)୬ሽ − ୉ୖ୘         (2) 

For fixed, the first term on the right-hand side of Equation (2) is constant. Therefore, plotting 1/T 

against 𝛂 allows for the determination of the activation energy E from the slope. 

3.3.2. Integral Method 

By rearranging Equation (1) using the linear heating rate β (K/min), Equation (3) can be derived; 

Equation (3) can then be further rearranged to yield Equation (4). ୢ஑ୢ୘ = ୅ஒ eି ಶೃ೅(1 − α)୬        (3) ୢ஑(ଵି஑)౤ = ୅ஒ eି ಶೃ೅dT         (4) 

Both sides of Equation (4) can be approximated through integration, as shown below [24]: ׬ ௗఈ(ଵିఈ)೙  ≈  ଵି(ଵିఈ)೙ଵି௡ఈ଴     n ≠ 1      (5) = − ln(1 − α)   n = 1       (6) 

and A/β ׬ 𝑒ିா/ோ்𝑑𝑇 ≈  ஺ோ்మఉா (1 − ଶோ்ா )𝑒ିா/ோ்଴்      (7) 

Additionally, taking the logarithm of Equations (5) to (7) yields Equations (8) and (9). ln ቄଵି(ଵିఈ)భష೙்మ(ଵି௡) ቅ = 𝑙𝑛 ஺ோఉா ቀ1 − ଶோ்ா ቁ − ாோ்   n ≠ 1   (8) ln ቄି ୪୬(ଵିఈ)భష೙்మ ቅ = 𝑙𝑛 ஺ோఉா ቀ1 − ଶோ்ா ቁ − ாோ்   n = 1   (9) 

Therefore, after assuming each reaction order, the activation energy values can be determined 

from the slopes of the plotted relations. Y = − ln ቄଵି(ଵିఈ)భష೙்మ(ଵି௡) ቅ 𝑣𝑠 ଵ்
   n ≠ 1     (10) Y = − ln ቄ− ୪୬(ଵିఈ)்మ ቅ 𝑣𝑠 ଵ்

  n = 1     (11) 

Using Equations (10) and (11), the reaction orders n can be determined for the cases that best fit 

a straight line, and the activation energies can be obtained from the slopes of those lines. 

4. Conclusions 

We conducted a kinetic analysis study on the pyrolysis reaction of SRF made from plastic waste; 

the pyrolytic properties of the SRF were investigated using two reactors, namely, fixed bed and 

fluidized bed reactors. Based on the kinetic analysis of the pyrolytic reactions using differential and 

integral methods applied to the TGA results, we found that the activation energy is lower in the initial 

stage of pyrolysis, mainly due to the decomposition of PP components, compared to later stages in 

which PE decomposes. Using a fixed bed reactor, we found that as the reaction temperature increases, 

gasification becomes more vigorous, resulting in an increase and decrease in the yields of the gas and 

liquid, respectively. Via the fluidized bed reactor, we confirmed that, similar to the case of the fixed 

bed reactor, the gas yield increases as the reaction temperature increases and also rises as the flow 

rate of fluidizing gas increases. Overall, fluidized bed reactions result in a more active decomposition 

of SRF. The relatively superior performance of this reactor can be attributed to the increased material 

and heat transfer effects caused by fluidizing gases, which result in greater gas yields. Regarding the 

characteristics of liquid products generated during pyrolysis, fluidized bed reactions exhibited SRF 

decomposition more rapidly than that seen in the fixed bed reactor; compared to the outputs of the 

fixed bed reactor, these trends culminated in an increase in gas products and a corresponding 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 26 October 2023                   doi:10.20944/preprints202310.1691.v1

https://doi.org/10.20944/preprints202310.1691.v1


 13 

 

decrease in the hydrogen content in heavy oil, resulting in a higher C/H ratio and the production of 

heavier molecular components. 
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