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• A novel thermal balance with wireless 
power enabled the in-situ mass 
measurement. 

• Kinetics of waste tire fast pyrolysis was 
analyzed to overcome the TGA 
limitation. 

• The extremely increased heating rate 
reduced the apparent activation energy. 

• High heating rates greatly reduced the 
occurrence of secondary reactions. 

• High heating rates favored the release of 
trimer isoprene from waste tire.  
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A B S T R A C T   

Fast pyrolysis is commonly used in industrial reactors to convert waste tires into fine chemicals and fuels. 
However, current thermogravimetric analyzers are facing limitations that prevent the acquisition of kinetic in-
formation. To better understand the reaction kinetics, we designed a novel thermo-balance device that was 
capable of in-situ weight measurement during rapid heating. The results showed that the reaction rate sub-
stantially increased, with significant reductions in reaction time and apparent activation energy compared to 
slow pyrolysis. The change of reaction mechanism from the reaction order model to the nucleation and growth 
model was responsible for the increase in the degradation rate. Fast pyrolysis led to the generation of more 
trimers of isoprene as primary pyrolytic volatiles, which we further supported through density functional theory 
calculations. The findings suggested that fast pyrolysis has a higher chance of overcoming the high energy barrier 
to form trimers of isoprene. This comprehensive and in-depth understanding of fast pyrolysis kinetics and 
product distribution could reveal a more realistic process of waste pyrolysis, which benefited the industry.  
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1. Introduction 

Since the 21st century, with the explosive growth of the population 
and economy, the number of vehicles has been growing continuously 
worldwide [1]. A study surveyed 51 nations encompassing 90% of ve-
hicles all around the world, stating that there were approximately 26 
million tons of waste tires (WTs) coming to the end [2]. What is worse is 
that WTs are non-biodegradable [2] and adversely affect the ecosystem 
[3]. Hence, there is a need to develop an environment-friendly tech-
nique to tackle the associated environmental concerns caused by the 
massive amount of WTs. Various thermo-conversion techniques [4–6] 
have been adopted to convert WTs into valuable products. Therein, 
pyrolysis [7–9] is regarded as one of the most promising technologies as 
there are less hazardous gas emissions (e.g., CO and SO2) and more high 
calorific value gaseous products (e.g., H2 and CH4) due to the absence of 
oxygen [10]. Also, pyrolytic oil consists of various high-value chemical 
products [11], and pyrolytic char can be used to produce carbon 
nanomaterials[12] and electrodes [13]. Thus, pyrolysis has raised 
extensive research attention by many researchers. 

Due to the simple design, the fixed-bed reactor has been widely used 
for waste tire pyrolysis. However, poor heat transfer in the fixed-bed 
reactor combined with the batch operating mode often requires long 
residence time and iterative cooling/heating. To address these issues, 
alternative reactors have been investigated, such as fluidized-bed and 
molten-bed reactors, which allow for high heating rates and continuous 
feeding. Nevertheless, the thermal history of feedstock in the fixed-bed 
and fluidized-bed behaved very differently. A study [14] reported that 
at the same pyrolysis temperature, the raised heating rate could decrease 
the gas and char yields but increase the oil yield. Even at the high 
temperature of 1000 ◦C, high oil yield could still be observed which was 
opposite to what was observed at a low heating rate. As discussed above, 
fast and slow pyrolysis could lead to very different pyrolysis processes 
and significantly impact product yields. Therefore, an in-depth study on 
WTs fast pyrolysis at high heating rates is necessary to gain a deeper 
understanding of the reaction mechanism and provide valuable insights 
for the industry. 

Thermal kinetic analysis is an effective method to investigate and 
simulate the thermal degradation process of solid organic wastes. The 
kinetic analysis using the data obtained by a thermogravimetric (TG) 
analyzer could be critical for the design of industrial reactors. Previous 
studies [15–17] focused on the pyrolysis kinetics at low heating rates 
(<1000 ◦C min− 1) with few studies reporting the kinetics of waste py-
rolysis at high heating rates. Exploring pyrolysis kinetics at high heating 
rates (>1000 ◦C min− 1) is essential for two main reasons. Firstly, high 
heating rates can induce significantly differing pyrolysis behaviors. 
Secondly, reaction rate, heat, and mass transfer interact with each other 
in fluidized-bed reactor simulations, and inadequate kinetics may result 
in inaccurate computational fluid dynamics (CFD) model predictions. 
Thus, an in-depth study of the pyrolysis kinetics of wastes at high 
heating rates is necessary, both for the enhanced understanding of the 
process and for accurate reactor design and modeling. Commercial TG 
analyzers are limited to achieving a heating rate of only 1000 ◦C min− 1 

at most, such as the STA 449 F1 Jupiter, which is much slower than the 
heating rates required in fast pyrolysis experiments. To overcome this 
limitation, Zhang et al. [18] designed and employed a self-made wire--
mesh reactor with a liquid nitrogen cooling unit to achieve ex-situ mass 
measurement after the sample temperature dropped to − 196 ◦C. 
However, this technique had some limitations in terms of the accuracy 
and reproducibility of mass measurements, as well as insufficient data 
points, which in turn limited the kinetic analysis of the reaction. 
Therefore, in-situ mass measurement methods such as TG analysis with a 
much higher heating rate are crucial in investigating the behavior of fast 
pyrolysis. 

With the use of our designed wire mesh reactor employing in-situ TG 
measurement, we were able to establish the kinetics of fast pyrolysis. 
Additionally, an updated cracking mechanism of WTs polymer was 

proposed based on both experimental investigations and theoretical 
calculations. The kinetic and product distribution studies conducted 
thoroughly the differences between fast and slow pyrolysis of WTs, 
which could provide valuable guidance to industries in designing large- 
scale reactors for WTs pyrolysis. 

2. Materials and methods 

2.1. Materials 

To minimize the effect of heat transfer, the WTs powder was sieved 
by a 200-mesh screen to keep the particle diameter less than 0.075 mm. 
The proximate analysis and ultimate analysis of WTs were reported in 
our previous study [19]. 

2.2. Pyrolysis experiments 

The schematic diagrams of the novel thermo-balance device and wire 
mesh reactor are depicted in Fig. 1. The physical diagrams are shown in 
Fig. S1. 

The novel thermo-balance device consisted of a mass acquisition 
unit, a wire mesh heating system, and an infrared (IR) temperature 
measurement module. The mass acquisition unit was composed of a 
precision electronic balance with an accuracy of 0.01 mg and a mass 
data collection module with a collection frequency of 50 Hz. This 
allowed for real-time mass acquisition during heating. In the heating 
system, the sample was placed on a wire mesh and could be heated at a 
considerably high heating rate due to the small heat capacity of the wire 
mesh. Both ends of the wire mesh were connected to the secondary coil 
(the blue part of 3 as shown in Fig. 1a) which was powered wirelessly via 
the electromagnetic coil, allowing for the mass variation recording 
without interference from cables. The IR temperature measurement 
module consisted of a commercial IR thermometer with an accuracy of 
0.1 ◦C and a temperature recording module with a recording frequency 
of 1000 Hz. After the calibration, the device was capable of in-situ 
weight measurement at high heating rates (>500 ◦C min− 1). The pa-
rameters of each experiment are listed in Table S1. 

A wire mesh reactor was constructed with a tar trap (Fig. 1b) filled 
with silica wool as a heat transfer medium. Liquid nitrogen was used as 
an efficient cooling agent in the space between the inner and outer 
tubes. To maintain consistent thermal conditions, a wire mesh with the 
same size and current was used. 

The WTs pyrolysis experiments at low heating rates were also con-
ducted using a commercial TG analyzer (Netzsch STA2500) and a fixed- 

Fig. 1. The schematic diagrams of the novel thermo-balance device and wire 
mesh reactor. a Thermobalance device. 1-Infrared thermometer; 2-AC power; 3- 
Electromagnetic coil; 4-Wire mesh; 5-Analytical balance; 6-Plexiglass shell. b 
Wire mesh reactor. 1-Gas outlet; 2-Oil trap; 3-Liquid nitrogen; 4- Power supply; 
5-Wire mesh; 6-Quartz glass shell. 
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bed reactor. All experiments were reduplicated three times to ensure the 
reproducibility of results. Details of the experimental conditions can be 
found in the Supplemental Information (SI) file. 

2.3. Products analysis 

The yields of solid, gas, and liquid products were defined by Eq. 
(1~3). 

Fig. 2. TG data obtained from fast and slow pyrolysis. a TG and b conversion rate curves of WT slow pyrolysis. c TG and d conversion rate curves of WT fast pyrolysis. 
e TG and f conversion rate curves with the same temperature of 600 ◦C in fast and slow pyrolysis. 
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YSolid =
mSolid

mFeedstock
× 100% (1)  

YGas =
mGas

mFeedstock
× 100% (2)  

YOil = 100% − YSoild − YGas (3)  

where, YSolid, YGas, and YOil represented the yield of solid, gas, and liquid 
products, and mSolid and mGas were the mass of solid and gas products. 
The methods to compute mSolid and mGas are detailed in the Supple-
mentary Information. 

The pyrolysis products were characterized by a Micro Gas Chroma-
tography (GC), Gas Chromatography-Mass Spectrometry Analyzer (GC/ 
MS), in-situ Pyrolysis Electron Ionization/Vacuum Ultraviolet Photo-
ionization Time-of-Flight Mass Spectrometer (Py-EI/VUVPI-TOF-MS), 
Elemental Analyzer, Fourier Transform Infrared Spectrometer (FTIR), 
N2 Physi-sorption analyzer, Scanning Electron Microscope (SEM) and 
Raman Spectrometer (Raman). Further details about the characteriza-
tion can be found in the Supplementary Information. 

2.4. Kinetic method 

The kinetics study is to parameterize the process rate as a function of 
state variables (e.g., reaction time t, reaction conversion α, and the 
temperature T), so that it can predict any combination of these variables 
and provide insights into the reaction mechanisms. Arrhenius empirical 
equation was employed to describe the thermally stimulated process 
[20]. 

dα
dt

= Aexp
(
− E
RT

)

f (α) (4) 

E was the apparent activation energy. For a complex reaction 
(polymer thermal degradation), it was discovered that there was a 
dependence between the conversion and apparent activation energy. To 
obtain this dependence, the temperature dependence of the iso- 
conversional rate was needed by performing a series of runs at 
different temperature programs. Thus, E could be obtained by the 
mathematical calculation (The detailed derivation is shown in the SI). 

Eα = −
[∂ ln(dα/dt)]
∂
[
(RT)− 1] (5) 

Pre-exponential factor A and reaction model f(α) can be obtained by 
compensation effect [20,21]. On the macro level, the value of reaction 
model f(α) denoted the driving force of the reaction and its expression 
depended on the reaction mechanism. 

3. Results and discussions 

3.1. TG analysis of WTs fast and slow pyrolysis 

The profile of WTs slow pyrolysis was studied using a TG analyzer.  
Fig. 2a-b present TG and conversion rate curves at three different 
heating rates of 10, 20, and 30 ◦C min− 1, respectively. As shown in 
Fig. 2a, the temperature range corresponding to the main decomposition 
process was from 200◦ to 500◦C with a residual mass fraction of 
approximately 36%, consisting primarily of pyrolytic char and ash. This 
observation was consistent with the results of our reported proximate 
analysis of WT samples [19]. A total weight loss of 55.4% was observed 
in this stage within the temperature range between 300 and 450 ◦C. The 
mass fraction of volatile matter from the reported proximate analysis 
was 63.3%, and almost 87.5% of the volatile was produced from this 
stage. This could be ascribed to the thermal decomposition of natural 
rubber (NR) and butyl rubber (BR) [22]. The finding could also be 
supported by the primary peak and followed by a shoulder peak as 
shown in Fig. 2b. It was commonly recognized that the primary peak 

corresponds to the decomposition of NR with the corresponding tem-
perature range of 300–410 ◦C [23]. The following shoulder peak is 
corresponding to the decomposition of BR at the temperature between 
410 and 450 ◦C [24]. 

To investigate the WTs fast pyrolysis behaviors, WT samples were 
heated from room temperature to target temperatures (400, 450, 500, 
550, and 600 ◦C) at different high heating rates (~4500, ~6600, 
~7800, ~10,800, and ~13,800 ◦C min− 1). Moreover, a comparison of 
TG data obtained from various fast pyrolysis experiments was per-
formed, and reaction time t was employed as an independent variable in 
the curves of TG and conversion rate. 

Fig. S2 depicts the curves of TG and temperature with different 
respective target temperatures (400, 450, 500, 550, and 600 ◦C) and 
different heating rates (~4500, ~6600, ~7800, ~10,800, and 
~13,800 ◦C min− 1). Obviously, there were non-isothermal pyrolysis 
stage (stage I) and isothermal pyrolysis stage (stage II) in the thermal 
degradation process. According to the above analysis of WTs slow py-
rolysis, the whole thermal degradation process intensively occurred in a 
temperature range between 200 and 500 ◦C. Thus, at 400 and 450 ◦C, 
minor weight loss occurred during the isothermal pyrolysis stage. The 
most of volatiles were released from the solid phase reaction region in 
the isothermal pyrolysis stage. However, an opposite trend was found 
that major thermal decomposition happened in the non-isothermal py-
rolysis stage at 500, 550, and 600 ◦C. As presented in Fig. 2c, with the 
increase in heating rate, the mass fraction of the residual decreased from 
37.6% at 400 ◦C to 26.2% at 600 ◦C which indicated that the increase in 
heating rate promoted the pyrolysis of WTs to produce more non-solid 
products. In Fig. 2d, the variation of the conversion rate curve was 
minor and spanned a wide time range at 400 ◦C. By contrast, the main 
weight loss peak shifted to the lower temperature with the increased 
heating rate, which suggested a higher heating rate could trigger an 
earlier initiation of the pyrolysis reaction. 

To better illustrate the difference between the slow and fast pyrolysis 
behaviors, the TG and conversion rate curves of pyrolysis at a target 
temperature of 600 ◦C were compared under two conditions, as shown 
in Fig. 2e-f. A significant increase in heating rate resulted in a sharp 
reduction in reaction time by 2–3 orders of magnitude (~2750 s → ~5 s) 
indicating that the heating rate played a decisive role in changing WTs 
pyrolysis behaviors. The mass fraction of pyrolysis residual was 
decreased from ~36% to ~26.2% while the heating rate was increased 
from 10 to ~13,800 ◦C min− 1. From Fig. 2f, compared with the reaction 
rate curve of slow pyrolysis, the shape of fast pyrolysis dα/dt was nar-
rower and sharper, which indicated WTs fast pyrolysis needed less re-
action time and proceeded much faster. Also, a primary weight loss peak 
and a shoulder peak were still evident, which indicated there was a clear 
boundary between the pyrolysis of NR and BR regardless of heating 
rates. 

3.2. Comparison of apparent activation energies of fast and slow pyrolysis 

The apparent activation energies of the WTs fast and slow pyrolysis 
processes were determined from the Arrhenius plots of Friedman’s dif-
ferential iso-conversional method [25], as shown in Fig. 3a. The 
apparent activation energy distributions for both fast and slow pyrolysis 
processes varied with the increase in conversion, suggesting that WTs 
pyrolysis involved complex and competitive chemical reactions. The 
apparent activation energy range for WTs slow pyrolysis increased from 
119 to 306 kJ mol− 1. The lower apparent activation energy at the con-
version stage of 0.05–0.10 was caused by the decomposition of limited 
light volatile organic matter with low-boiling points. In the conversion 
stage of 0.1–0.6, which was dominated by the thermal decomposition of 
NR, the variation range of apparent activation energy was about 
220–230 kJ mol− 1. In this stage, the apparent activation energy was 
relatively stable at ~225 kJ mol− 1, consistent with Seidelt’s study [24]. 
In the stage corresponding to 0.75–0.95, the thermal degradation of BR 
occurred, and the apparent activation energy was almost constant 

B. Qu et al.                                                                                                                                                                                                                                       



Journal of Hazardous Materials 460 (2023) 132494

5

(~284 kJ mol− 1). The difference in apparent activation energies indi-
cated that BR has more stable complex chemical structures compared 
with NR [26]. 

For fast pyrolysis, there was a significant drop in the apparent acti-
vation energy of the entire WTs pyrolysis process. In Fig. 3a, an 
increased apparent activation energy followed by a decrease with con-
version was observed. In general, the pyrolysis apparent activation en-
ergy of NR was close to BR. In the NR pyrolysis stage (0.1 < α < 0.6), 
unlike the variation trend of apparent activation energy for WTs slow 
pyrolysis, WTs fast pyrolysis showed an increasing trend followed by a 
decreasing trend. 

Thermal degradation kinetics was indispensable for the design and 
optimization of industrial reactors. Pyrolysis kinetics defined the 
required conditions for thermal decomposition to occur and provided 
information on the reaction rate and time requirement to complete the 
thermal degradation. The reaction model was a theoretical function that 
reflected the process of pyrolysis. Thus, in order to obtain the complete 
reaction kinetics, apparent activation energy, reaction models, and pre- 
exponential factors were indispensable. 

Based on the solid reaction physical models listed in Table S2, 15 
pairs of activation energies and logarithms of pre-exponential factors 

were calculated to derive the compensation line and the reaction model 
[25]. According to the characteristics of the compensation effect be-
tween activation energies and pre-exponential factors, 15 pairs of E and 
lnA were fitted on a straight compensation line as shown in Fig. S3. The 
equation of the compensation line for WTs slow pyrolysis was: 

ln Aα = 0.1948Eα − 6.4748 (6)  

and for WTs fast pyrolysis was: 

ln Aα = 0.149Eα − 0.8497 (7) 

The reaction models of WTs fast and slow pyrolysis were presented in 
Fig. 3c. In slow pyrolysis, the overall trend of the f(α) curve was a 
monotonical decrement. The rapid decrease of f(α) in the initial stage 
(0.05 < α < 0.1) of slow pyrolysis was consistent with the 2D diffusion 
model (D2) curve at a low conversion range, corresponding to the 
elimination of moisture and light volatile organic matter with low- 
boiling points. In this stage, less volatiles were generated and released 
from the solid phase. There was almost no obvious pore structure in the 
residue. Thus, the mass transfer of volatiles from solid phases might be 
the limiting step of WTs in this stage. After that, NR and BR acted as the 

Fig. 3. Kinetics and model evaluation for fast and slow pyrolysis. a The apparent activation energy distribution. b The logarithm of pre-exponential factors and c 
computed reaction models of WT fast and slow pyrolysis. d The comparison of the computational conversion rate which calculated WT fast pyrolysis process based on 
kinetics parameters of fast and slow pyrolysis and experimental conversion rate. 
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main reactants with large amounts of hydrocarbon production and a 
notable decrement in the solid mass fraction. As the previous diffusion- 
limiting step did not form sufficient voids for the hydrocarbon diffusion, 
some hydrocarbons still had the possibility to be trapped in the solid. 
This part of the volatile had been collected as oil, but eventually altered 
to solid products. It took a while to form sufficient voids. Once the 
diffusion rate was high enough, the limiting step was no longer diffu-
sion. During the processes of NR and BR pyrolysis, the reaction mech-
anism could be described by an order-based model with an order 
between 2 and 3. A noteworthy aspect of the reaction order model is that 
the reaction rate is proportional to the remaining concentration of the 
reactants. This implied that the overall trend of the pyrolysis rate 
decreased as the reaction proceeds, due to the reduction in the con-
centration of reactants [27]. 

As depicted in Fig. 3c, a clear distinction in the f(α) values was 
observed between fast and slow pyrolysis. Unlike slow pyrolysis, fast 
pyrolysis exhibited increased f(α) values followed by a decrease in 
conversion. These results highlighted the dominant role of exceptional 
heating rates in the pyrolysis process of WTs. In the stage of NR 
decomposition (0.1 < α < 0.6), the kinetic model was altered from the 
reaction order model (F2–3) to the random nucleation and nuclei growth 
model (A2). Due to the high heating rate, the upcoming degradation 
reaction was triggered in a high-temperature environment, and volatiles 
were released abruptly to form a structure with pores which proved the 
limiting step was no longer diffusion. Moreover, due to the high- 
temperature environment, the degradation was accompanied by the 
generation of solid chars. It indicated the kinetic model was changed 
into A2 which could be regarded as a transformation from rubber to char 
via nucleation and nuclei growth. 

According to the nucleation and nuclei growth model, the WTs 

pyrolysis could be regarded as a transformation from rubber to char. 
During fast pyrolysis, new nuclei quickly formed due to the rapid release 
of volatiles from the solid phase, which could act as nucleation seeds for 
the further formation of char. The increment in the nucleus size and the 
nuclei number led to a higher char formation rate. This nucleation and 
growth process was supported by the increased reaction rate. Since the 
energy barrier of nucleus growth was generally lower than that of nu-
cleus generation, this could explain why the apparent activation energy 
increased at the beginning. 

Fig. S4 depicts the comparison of the predicted conversion obtained 
by kinetic parameters and the corresponding experimental conversions 
of slow pyrolysis. The comparison of fast pyrolysis conversions predicted 
by the kinetic model and experimental conversion data at different final 
temperatures is shown in Fig. S5. However, if the slow pyrolysis kinetic 
parameters were used to fit the fast pyrolysis experimental conversions, 
the kinetic model would fail. 

As demonstrated in Fig. 3d, there was a huge difference between the 
conversion rates calculated from slow pyrolysis kinetic parameters and 
those measured from fast pyrolysis. But the kinetic parameters derived 
from our mesh-wire reactor could accurately predict both conversions 
(Fig. S5) and conversion rate (Fig. 3d) during the fast pyrolysis process. 
This finding suggested that using kinetic parameters derived from 
commercial TG analyzers to represent fast pyrolysis is inappropriate. 
This was because the extremely different thermal history could alter the 
pyrolysis mechanism in terms of apparent activation energy, pre- 
exponential factor, and reaction models. 

3.3. WTs fast and slow pyrolysis characteristics 

The distributions of gas, liquid, and char from WTs pyrolysis at 

Fig. 4. Product distribution and gas products analysis for fast and slow pyrolysis. The product distributions of a fast and b slow WT pyrolysis. The gas compositions of 
c fast and d slow pyrolysis gases. 
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different final temperatures from both slow and fast pyrolysis are pre-
sented in Fig. 4a-b. The char yield did not vary too much at different 
temperatures for slow pyrolysis of WTs. During slow pyrolysis, the 
production of gaseous products increased progressively at higher tem-
peratures due to enhanced cracking. As a result, the yield of liquid 
products decreased because of the further cracking of the liquid into 
gaseous products. 

The product distributions varied a lot with the significant increase in 
the heating rate. The char yield reduced from 37.81% at 400 ◦C to 
26.21% at 600 ◦C. The drastic increment in the heating rate led to a 
higher decomposition of the main organic components. Thus, the dif-
ference between the pressure inside and outside a WT particle during the 
fast pyrolysis resulted in an abrupt release of volatiles within an 
extremely short period[14]. Due to the short residence time of volatiles 
inside the particle, fewer secondary gas-solid interactions occurred, 
which caused more volatiles to be released. Also, the short residence 
time of volatiles caused fewer secondary cracking reactions which 
indicated more volatiles were remained as oil/liquid. As discussed 
above, the kinetic model was changed from D2 to A2 which indicated 
diffusion was no longer a limiting step. There were enough diffusion 
channels in the solid residual for the volatiles to be released rather than 
trapped or re-condensed. Therefore, the change in the reaction model 
could explain the lower char yield and higher volatiles yield observed 
during the pyrolysis process. 

Fig. 4c-d display the yields of main gas components from WTs slow 
and fast pyrolysis. With an increased temperature from 400◦ to 600◦C, 
the total gas yields increased from 12.75 to 31.35 ml g− 1 for fast py-
rolysis and 31.19–183.22 ml g− 1 for slow pyrolysis. Meanwhile, 
compared with the gas yields of all pyrolysis experiments at the same 
final temperature but different heating rates, the yield of gaseous 
products in fast pyrolysis was much lower than that in slow pyrolysis. 
The WTs fast pyrolysis inhibited volatile dehydrogenation reactions (e. 
g., aromatization and cyclization reaction), thus generating less H2 and 
CH4. A previous study reported that with the increase of aromaticity in 
tar, H2 gradually became a major product because of the volatile sec-
ondary reaction[28]. A higher heating rate led to less generation of CH4 
due to less time for volatile cracking[29]. At the same time, less volatile 
residence time caused C3~C4 to become the main gaseous components 
in fast pyrolysis. 

Fig. 5a-b illustrate the distribution of aliphatic and aromatic com-
pounds from WTs slow and fast pyrolysis. In the fast pyrolysis, the 
contents of aliphatic and aromatic compounds were constant at ~90.5% 
and ~7.5%, respectively at elevated temperatures. As discussed before, 
the sharp increase in heating rates could inhibit the secondary reaction 
of volatiles. The nearly constant distribution of aliphatic and aromatic 
compounds demonstrated that the oil obtained from the fast pyrolysis 
was mainly primary pyrolytic fragments. However, in the slow pyrolysis, 
with the increase in final temperature, the aliphatic compound compo-
sitions decreased from 77.79% to 30.38%, but the aromatic compounds 
increased from 20.16% to 68.64%. The low heating rate and long resi-
dence time led to the severe aromatization reaction under the synergistic 
effect of high temperature. That could be the main reason resulting in 
the gradual increase in aromatic compound compositions. Moreover, the 
product distribution also implied that the property of oil generated at 
the high heating rate could well represent the structure and composition 
of the primary volatiles. 

C10, C15, and C15+ aliphatic hydrocarbon compounds were the main 
components in the aliphatic compounds in both fast and slow pyrolysis. 
As observed in Fig. 5d-e, the contents of C15+ aliphatic hydrocarbons in 
the fast pyrolysis were higher than those in the slow pyrolysis at all 
temperatures. C15+ compounds were mainly derived from the primary 
cracking of bonds in the solid phase. Compared with slow pyrolysis, the 
increase in heavy carbonaceous substances (C15+) indicated that a high 
heating rate promoted bond rupture in the macromolecular network to 
generate more heavy components. Furthermore, the reduced residence 
time resulted in minimal secondary cracking of C15+ compounds, 

leading to their conversion to smaller molecules. The higher contents of 
C10 aliphatic hydrocarbons in the fast pyrolysis indicated that the high 
heating rate facilitated the cleavage of NR and inhibited the occurrence 
of further cleavage reaction due to the shorter residence time. Also, a 
dramatic difference in the contents of C15 aliphatic hydrocarbon 
(C15H24) could be discovered in the fast pyrolysis, which indicated high 
heating rates favored the formation of trimers of isoprene (Fig. 5f). The 
difference also indicated the change of chemical bond breakage progress 
with the increase in heating rate during the WTs pyrolysis, which would 
be further investigated by density functional theory (DFT) method in the 
section of DFT calculations. 

In order to determine the composition of primary pyrolytic volatiles 
in the slow pyrolysis, in-situ Py-EI/VUVPI-TOF-MS was employed 
(Fig. 5c). In Py-EI/VUVPI-TOF-MS system, unlike other in-situ detection 
systems (TG-MS, TG-GC/MS), the distance between the pyrolysis region 
and the ionization region was only 2 cm, and the whole system was 
operated in a high vacuum environment (~10− 5 Pa). The above two 
designs enhanced the mean free path of primary volatiles to inhibit the 
secondary reactions. Moreover, an EI source (70 eV) to ionize organic 
matter with low ionization energy was employed in the system to solve 
the identification difficulties resulting from fragment ions. This system 
used a VUVPI source (10.6 eV) to effectively eliminate fragment ions by 
near-threshold ionization. Thus, this novel method could minimize the 
fragmentation and identify most primary pyrolytic volatiles[30,31]. The 
gases mainly consisted of water (m/z = 18), C2H4/CO (m/z = 28), H2S 
(m/z = 34), C4H6 (m/z = 54) and C4H8 (m/z = 56). Importantly, the 
analysis revealed minimal detection of H2 and CH4 which demonstrated 
they were mainly generated from the volatile secondary reactions (e.g., 
cleavage, aromatization, etc.). Other organic primary volatiles were 
identified i.e., C5H8 (m/z = 54), C7H12 (m/z = 96), C8H13⋅(m/z = 109), 
C9H14 (m/z = 122), C10H16 (m/z = 136) and C15H24 (m/z = 204). 
Herein, isoprene, C5H8 was the monomer of NR, while C10H16 and 
C15H24 were the dimer and trimer, respectively. The integration of 
isoprene and ethylene generated C7H12. C9H14 was formed by the 
combination of isoprene and butadiene. Isoprene and propene radicals 
formed C8H13⋅. Since isoprene was the monomer of NR and involved in 
the formation of many pyrolysis products as shown in Fig. 5c, a DFT 
study was carried out in the section of DFT calculations to demonstrate 
the evolvement of NR, monomer, dimer, and trimer of C5H8. 

3.4. Analysis of WTs fast and slow pyrolytic char 

To provide a comprehensive understanding of the WTs pyrolysis 
kinetics, the analysis of solid products is essential. The results of the 
ultimate analysis are listed in Table S3. In general, C content increased 
from 77.55% to 80.72% in the slow pyrolysis at elevated temperatures. 
However, a totally different variation trend was observed that C content 
was reduced from 75.26% to 71.88% in the fast pyrolysis. Besides, the 
values of C/H ratio in fast pyrolysis were lower than those in slow py-
rolysis except for 400 ◦C. The lower C/H ratio observed in the slow 
pyrolysis process suggested that more unsaturated heavy carbonaceous 
materials were likely left in the solid product, due to an increased 
occurrence of secondary gas-solid reactions prior to volatile release from 
the solid phase. Moreover, 400 ◦C was too low to fully decompose the 
WTs. The quicker completion of fast pyrolysis resulted in a lower H 
content than that in slow pyrolysis because the completed decomposi-
tion in fast pyrolysis led to relatively more intensive dehydrogenation. 

The evolution of the pore structure of char is depicted in Fig. 6a-b via 
the N2 adsorption-desorption method. At the same pyrolysis tempera-
ture of 600 ◦C, the specific surface area gradually increased from 54 to 
115 m2 g− 1 with an increase in the heating rate from 0.17◦ to 230◦C s− 1. 
The explosive release of volatiles caused a quick increment of pressure 
inside WT particles, leading to much less residence time of volatiles in 
the solid phase, which reduced the chances of the recombination re-
actions for char generation[32]. Thus, more volatiles were generated, 
leading to a higher surface area and total pore volume. Moreover, the 
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Fig. 5. Liquid products analysis for fast and slow pyrolysis. The aliphatic and aromatic distributions in oil products of a fast and b slow pyrolysis. c EI-MS and VUVPI- 
MS spectra of primary volatiles from WT slow pyrolysis (Condition: room temperature to 600 ◦C at a heating rate of 10 ◦C min− 1). The distribution of C10, C15, and 
C15+ aliphatic hydrocarbon compounds of d fast and e slow pyrolysis based on the GC/MS analysis. f The schematic diagram of comparison of fast and slow pyrolysis. 
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porous structure facilitated the diffusion of volatiles, which also proved 
that diffusion was no longer the limitation step in the discussion of 
kinetics. 

The functional group information of the pyrolytic char (fast pyroly-
sis) surface is depicted in Fig. 6c. The functional groups at 2930 cm− 1 

and 1440 cm− 1 were caused by the asymmetric bending and stretching 
vibration corresponding to the C-H from -CH2- and -CH3. As the tem-
perature rose, the intensity decreased gradually, indicating dehydroge-
nation reactions had occurred. The characteristic peaks at 1630, 794, 
and 671 cm− 1 were clearly identified as the functional groups (C––C and 
C-H) of the aromatic compounds. In the slow pyrolysis, these peaks 
could also be identified. Nevertheless, compared with fast pyrolysis, the 
intensity increased evidently, indicating low heating rates favored the 
formation of unsaturated aromatics, and high heating rates enhanced 
the dehydrogenation. 

In order to demonstrate the change of reaction mechanism from F2–3 
to A2 arose from the increase in heating rate, the Raman test was carried 
out (Fig. 6e). Generally, the D band represented the defects and disorder 
in the carbon layers[33]. The G band represented the graphitization 
degree of carbon structure, which was caused by the in-plane stretching 
vibration of sp2 hybridization[34]. The defective degree of the carbon 
materials could be reflected by the intensity ratio of the D band over the 
G band (ID/IG) [35]. The values were 0.95 (F600) and 0.86 (S600). The 
increased ID/IG values implied more defective sites were generated for 
the char produced at 600 ◦C through fast pyrolysis to facilitate the 
nucleation and nuclei growth[36]. 

The microscopic morphologies of F600 and S600 are depicted in 
Fig. 6f-g. The rougher surface of F600 could provide more nuclei to 
facilitate the occurrence of nucleation and nuclei growth. 

3.5. DFT calculations of WTs pyrolysis processes 

For an in-depth understanding of WTs fast and slow pyrolysis pro-
cesses, a DFT analysis was carried out. The degradation mechanism was 
discovered at the m06–2x/6–311 g(d,f) level by using the Gaussian16 
software package[37]. Intrinsic reaction coordinate (IRC) analysis was 

also performed to verify the obtained transition state that linked the 
designated reactants and products. According to the characteristics of 
kinetics and products, the thermal degradation of polyisoprene was 
dominant in the pyrolysis processes. Thus, the difference in the cracking 
mechanism of polyisoprene between the two distinct thermal histories 
was important. Moreover, C15H24 (trimer) was the biggest unit of 
isoprene which had been identified by the Py-EI/VUVPI-TOF-MS. Thus, 
trimer, dimer, and monomer of isoprene could be released as volatiles 
through the decomposition of the solid WTs samples, but tetramer or 
larger polymer could not be released in terms of volatiles. Furthermore, 
it was assumed that the thermal degradation of all polymers followed 
the random bond-breaking principle. 

In the case of dimer breaking into two monomers as shown in Fig. 7 
(DP=2), the energy barrier was noticeably higher indicating it was more 
difficult to produce monomers from dimer than from larger polymers 
(DP>2). When DP> 2, there were many different possibilities to break 
the polymer. In the case of DP= 3, the random bond scission could form 
a monomer and a dimer; in the case of DP= 4, the cleavage had two 
possibilities, forming a monomer and a trimer, or forming two mono-
mers. The black, red, blue, and green curves were corresponding to the 
pathways to form monomers, dimers, trimers, and tetramers (A more 
graphical explanation of the pathways and the structures of the transi-
tion states are depicted in Fig. S6-S7). It was obvious that for DP> 2, the 
uneven breakage forming a monomer together with a larger polymer 
(DP= n-1) was easier to occur due to the lower energy barrier. Rupture 
at more central positions was less likely owing to the higher free energy. 
When WTs were heated slowly, only low-energy-barrier reactions could 
occur. This implied the monomers were ruptured off one by one. How-
ever, the degradation reaction had already been in a high-temperature 
environment (Fig. S8) due to the rapid heating rate for fast pyrolysis, 
which increased the possibility of triggering high-energy-barrier re-
actions. During fast pyrolysis, more bond locations were available to 
break compared with slow pyrolysis, and the total degradation rate was 
higher than that in slow pyrolysis. The multi-isoprene polymer units 
could continue the cleavage reaction under the same mechanism until 
the polymerization of units was less than or equal to three. Thus, in WTs 

Fig. 6. Pyrolytic char characteristics in the fast and slow pyrolysis. The N2 adsorption-desorption isotherms and pore size distributions of a fast and b slow pyrolytic 
char at 600 ◦C. The FTIR spectra of c fast and d slow pyrolytic char. e The Raman spectra of fast and slow pyrolytic char at 600 ◦C. The SEM micrographs of f fast and 
g slow pyrolytic char at 600 ◦C. 
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fast pyrolysis, the content of isoprene trimer was higher than that in the 
slow pyrolysis as observed in Fig. 5d-e. Two different cracking processes 
of the rubber polymer were discovered through the DFT analysis. 

As mentioned above, higher heating rate and pressure difference 
caused fewer occurrences of cracking reactions, leading to less cleavage 
of trimer into monomer/dimer. The apparent activation energy has no 
practical physical meaning in the microscopic sense, and it is the alge-
braic sum of activation energies of each elementary reaction. Since there 
were more occurrences of the elementary reaction in the slow pyrolysis 
process, it exhibited higher apparent activation energy. Moreover, the 
volatile release could be expressed as sample weight loss at a macro-
scopic perspective. The rapid release of the volatiles and fewer cracking 
reactions in the fast pyrolysis process were responsible for the significant 
increase in the degradation rate. Overall, both experimental observa-
tions and theoretical calculations indicated that WTs fast pyrolysis 
tended to produce more isoprene trimers. 

4. Conclusion 

To investigate the fast pyrolysis kinetics and product distributions of 
waste tires (WTs), a novel thermo-balance device was developed. The 
results revealed that increasing the heating rate had a significant impact 
on the pyrolysis kinetics and product yields. The accelerated heating 
process led to a substantial portion of WTs pyrolysis taking place during 
the isothermal stage, which increased the formation of trimer isoprene 
and led to a decrease in the apparent activation energy. Moreover, the 
change of the reaction model from F2–3 to A2 was supported by the 
discovery that more detects and rougher surfaces were formed on the 
pyrolytic char due to the significant increment of the reaction rate. From 
the perspective of pyrolytic products, high heating rates led to a rapid 
thermal decomposition so that more volatiles and interspace were 
generated. Hence, secondary polymerization and cracking reactions 
were inhibited. Even at 600 ◦C, there was still a considerable yield of 
pyrolytic oil which surpassed conventional wisdom that rising temper-
ature favored the cracking reaction of oil into gas. Isoprene and its 

Fig. 7. Free-energy diagrams of the pyrolysis processes. a The polymer with different degrees of polymerization. The cleaved units were monomer (black line), dimer 
(red line), trimer (blue line) and tetramer (green line), respectively. b The schematic diagram for the polyisoprene scission. 
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polymers were identified as the primary pyrolytic volatiles of WTs, and 
density functional theory calculations confirmed that trimer isoprene 
formation was easier during fast pyrolysis. Additionally, the significant 
pressure difference between the inside and outside of the WTs particles 
led to faster release of volatiles, reducing the potential for trimer 
cracking into monomer or dimer in the solid phase, which favored the 
release of trimer isoprene and ultimately contributed to the change in 
the WTs pyrolysis reaction mechanism. These findings offered valuable 
insights for the development of WTs and other organic waste pyrolysis 
technologies in the industry. 

Environmental Implication 

Fast pyrolysis has emerged as an effective method in reducing the 
environmental risks associated with waste tires. However, the limita-
tions of heating rates in commercial thermogravimetric analyzers (TGA) 
have hindered the analysis of fast pyrolysis behavior in industrial re-
actors. In this study, we propose an approach to investigate the fast 
pyrolysis kinetics and product-formation mechanisms during waste tire 
pyrolysis under extremely high heating rates. Our novel approach pro-
vides a new perspective for the development of waste tire pyrolysis 
technologies and represents a significant contribution to the field. 
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