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A B S T R A C T   

Co-pyrolysis of biomass with waste tire, a hydrogen-rich material, can both improve the quality of bio-oil and 
mitigate the environmental issue caused by the disposal of waste tires. In this study, co-pyrolysis of corn stover 
and waste tire was firstly performed in a micro pyrolyzer, and positive synergistic effects were observed, pro
moting the production of hydrocarbon compounds. Additionally, the kinetics of co-pyrolysis of corn stover and 
waste tire were investigated. Due to the complexities of the co-pyrolysis process, the global process was divided 
into reactions of seven pseudo-components using the Fraser-Suzuki deconvolution function. The deconvolution 
results presented a good fit with experimental results. The activation energy of each pseudo-component was 
calculated using Kissinger-Akahira-Sunose (KAS), Flynn-Wall-Ozawa (FWO), and Friedman methods. Activation 
energy of each pseudo-component calculated from above mentioned methods did not greatly varied. Pseudo- 
component additives in waste tire with low thermal stability had the lowest activation energy 
(118.21–127.10 kJ/mol), and lignin in corn stover and synthetic rubbers (SR) in waste tire showed high acti
vation energies since they are more thermally stable. The reaction mechanism was then determined using the 
master plot method. The results of the study are expected to provide more accurate basic information for further 
scale-up of the co-pyrolysis process.   

1. Introduction 

Current overwhelming reliance on fossil fuels is the primary cause of 
climate change, posing increasingly severe risks for ecosystems and 
human health. The world thus needs a rapid transition away from fossil 
fuels towards clean and renewable energy to eliminate these risks and 
achieve a sustainable future for the planet. Biomass with an annual 
global production of 220 billion dry tons is considered as one of the most 
promising renewable energy sources to replace fossil fuels [1]. It is 
predicted that biomass energy would contribute approximately 15–50% 
of the global primary energy consumption in 2050 [2]. Among different 
biomass to energy conversion technologies, fast pyrolysis (a rapid 
thermal decomposition of organic matter in the absence of oxygen) has 
attracted more interests for production of liquid fuels with advantages of 
easy storage and transport. 

Bio-oil as the major product from fast pyrolysis of biomass usually 
has high oxygen and water content, high corrosiveness, and low heating 
value, limiting its direct application [1,3,4]. These detrimental 

properties are mainly caused by the low H/Ceff ratio of biomass (< 0.3) 
[5,6]. Co-pyrolyzing biomass with high H/Ceff ratio reactants has been 
proposed as a promising method to improve the quality of raw bio-oil7. 
Waste tire is characterized as low ash content, high volatile content, and 
relatively high H/Ceff ratio (~0.8), making them ideal co-feeding re
actants for biomass pyrolysis [7,8]. Niu et al. [9] studied co-pyrolysis of 
moso bamboo and waste tire in a fixed bed reactor, and found that 
addition of waste tire increased production of bio-oil and decreased 
oxygen content in bio-oil. Farooq et al. [10] also reported positive 
synergistic effects when investigated the co-pyrolysis of wheat straw and 
waste tire. Compared to the bio-oil from pyrolysis of wheat straw, bio-oil 
from co-pyrolysis was more stable with lower oxygen content, higher 
carbon and hydrogen content, and thus higher heating value. Similar 
results were also obtained by Martinez et al. [11] and Cao et al. [12]. 
Roughly 17 million tons of waste tire are produced worldwide yearly, 
and disposal of these waste tire is a challenging task because of their 
high durability, non-biodegradability, and complex compositions[13, 
14]. Waste tire is traditionally disposed of in landfills or in stockpiles, 
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consuming valued space. Combustion of waste tire may also produce 
toxic air pollutants[15]. Thus, usage of waste tire as hydrogen donor in 
biomass pyrolysis process cannot only improve bio-oil quality, but 
recapture energy and mitigate waste management problems [16]. 

Understanding the kinetic features is of great importance to design, 
optimize, and scale up the co-pyrolysis process of biomass and waste 
tire. Thermogravimetric analysis (TGA) has been proven as a powerful 
tool to investigate the pyrolysis kinetics. Model-free method combined 
with isoconversional method has been extensively applied to the data 
obtained from TGA to estimate kinetic parameters of biomass and waste 
tire co-pyrolysis process, because this method can be utilized without 
knowing the pyrolysis mechanism (model) [17]. Söyler and Ceylan [18] 
performed the kinetic analysis of hazelnut shell and waste tire 
co-pyrolysis using model-free Straink, and Flynn-Wall-Ozawa (FWO) 
methods, and found that the activation energy of co-pyrolysis was 
higher than pyrolysis of hazelnut shell or waste tire alone. Rasam et al. 
[19] applied different isoconversional methods including FWO, 
Kissinger-Akahira-Sunose (KAS), Starink (STK), and Vyazovkin (VYA) to 
study the kinetics of pyrolysis of microalgae, bagasse, scrap tire, and 
their binary and ternary mixtures. Activation energies calculated by 
these methods were similar. For binary mixtures pyrolysis, pyrolysis of 
microalgae and bagasse had the lowest activation energy, and the 
addition of scrap tire increased activation energy of ternary mixtures 
pyrolysis. Similar results were also obtained by Azizi et al. [20] when 
investigating the kinetic behaviors of pyrolysis of microalgae Chlorella 
vulgaris, wood, scrap tire, and their blends using FWO and KAS methods. 
The studies mentioned above all considered the pyrolysis process as a 
global process (single-step mechanism) to conduct the kinetic analysis, 
which over simplified the actual reaction processes and may cause 
inaccurate estimations of kinetic parameters. 

Lignocellulosic biomass is a complex biopolymer mainly composed 
of hemicellulose, cellulose, and lignin, and therefore the chemical re
actions involved in its pyrolysis process are very complex, consisting of a 
set of competitive, parallel, and sequential reactions [21]. The 
three-parallel-reaction model combined with model-free method 
(multi-step mechanism), in which pyrolysis of lignocellulosic biomass is 
separated into three reactions of each pseudo-component (i.e. hemicel
lulose, cellulose, and lignin), has been proven to be more suitable to 
precisely estimate the kinetic parameters of lignocellulosic biomass 
pyrolysis process [22–24]. Hu et al. [22] studied pyrolysis kinetics of 
three types of lignocellulosic biomass (i.e. pine wood, rice husk, and 
bamboo) using three-parallel-model, separating the global process into 
reactions of three pseudo-components (i.e. hemicellulose, cellulose, and 
lignin). Activation energies of three pseudo-components were deter
mined by Friedman method. For pyrolysis of all three feedstock, acti
vation energies of their three pseudo-components varied slightly with 
conversion rates, indicating that multi-step mechanism is an appropriate 
approach to accurately estimate pyrolysis kinetic parameters. Like 
biomass, tire is also a complex polymer and a series of complex reactions 
are simultaneously occurring and overlapping during its pyrolysis pro
cess. Therefore, multi-step mechanism has been widely applied to 
analyze the kinetic behaviors of tires [13,25–28]. Leung et al. [25] 
studied the kinetics of scrap tire pyrolysis using two types of multi-step 
methods (i.e. three-component-simulation model and three-elastomer 
simulation model) followed by Coats-Redfern method. In the 
three-component model, tire pyrolysis was treated as the sum of three 
major degradable components pyrolysis processes, while tire pyrolysis 
was separated into three reactions of natural rubber (NR), butadiene 
rubber (BR), and styrene-butadiene rubbers (SBR) in the three-elastomer 
model. Both simulations matched well with experimental data. Lopez 
et al.[29] studied the effect of vacuum on the tire pyrolysis kinetics, and 
separated the pyrolysis process into three pseudo-reactions of tire major 
components (i.e. volatiles, NR, and SBR). Results showed that activation 
energy of each pseudo-component decreased under vacuum. 

Unfortunately, limited research on kinetics of co-pyrolysis biomass 
and hydrogen donor using multi-step mechanism has been reported to 

date. Wang et al. [30], Ephraim et al. [31], and Wen et al. [32] analyzed 
the kinetic behaviors of co-pyrolysis of lignocellulosic biomass and 
plastics via deconvolution procedure. To the best of our knowledge, 
there are no studies so far applied multi-step mechanism to analyze the 
kinetic features of co-pyrolysis of lignocellulosic biomass and waste tire. 
In this work, pyrolysis characteristics and kinetic features of co-pyrolysis 
of corn stover and waste tire were investigated. For kinetic study, 
multi-step method was applied. The overall reaction was first separated 
into several pseudo-reactions using Fraser-Suzuki deconvolution 
method. The activation energy of each pseudo-reaction was then esti
mated using Friedman, KAS, and FWO isoconversional methods, and 
master plots method was used to determine the suitable reaction model 
for the degradation of each pseudo-component. This work aims to pro
vide more precise fundamental information for further development of 
co-pyrolysis process of lignocellulosic biomass and waste tire. 

2. Materials and methods 

2.1. Materials 

The feedstock used in this work are corn stover and waste tire. Corn 
stover was purchased from a farm in Suqian city, Jiangsu Province, 
China. Corn stover feedstock was ground and sieved into a particle size 
of less than 80 mesh. Waste tire powder (~80 mesh) was purchased from 
a tire recycling company in Shanxi Province, China. The ultimate and 
analysis proximate results of them are shown in Table 1. 

2.2. Fast pyrolysis 

A furnace-type pyrolyzer (Py, 2020iD, Frontier Laboratories, Japan) 
was used for the fast pyrolysis experiments. Approximately 0.5 mg 
feedstock was put into the sample cup. For co-pyrolysis, the mass ratio of 
corn stover and waste tire was 1: 1. The sample cup was then dropped 
into the preheated pyrolysis reactor. Pyrolysis temperature was set at 
500 ℃, and the interface temperature was kept at 300 ℃ to prevent the 
product condensation. Helium with a flow rate of 100 mL/min was used 
as carrier gas to sweep the pyrolysis vapors into a downstream gas 
chromatograph (GC, 8860, Agilent Technologies, USA) for analysis. 

The GC was equipped with a three–way splitter that directed the 
pyrolysis vapor stream into three detectors, namely a mass spectrometer 
(MS, 5977B, Agilent Technologies, USA), a flame ionization detector 
(FID) and a thermal conductivity detector (TCD). The GC column was a 
HP-5 capillary column (30 m × 0.32 mm I.D.×0.25 mm film thickness), 
and the GC oven was programmed for a 3 min hold at 40 ℃, and then 
ramped at 5 ℃/min to 300 ℃, after which temperature was held con
stant for 10 min. Pyrolysis volatiles were identified by comparing with 
the NIST mass spectral library and the retention time of the known 
standards. Additionally, semi-quantitative analysis of pyrolysis volatiles 
was performed by recording the peak area percentage to represent the 
concentration of the identified compounds. Replicates were conducted 
in this study to confirm the reproducibility of the experiments. 

Table 1 
Ultimate and proximate analysis of corn stover and waste tire.  

Sample Corn stover Waste tire 

Ultimate analysis (wt%)   
C 34.78 72.62 
H 4.27 5.94 
O 59.19 18.84 
N 1.76 0.85 
S 0 1.75 
Proximate analysis (wt%)   
Moisture 4.52 0.63 
Volatiles 59.09 62.51 
Fixed carbon 23.63 27.18 
Ash 12.75 9.68  
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2.3. Thermogravimetric analysis 

Pyrolysis of corn stover, waste tire, and their mixtures was conducted 
using a TGA/DSC 3 + analyzer (Mettler Toledo Corporation, 
Switzerland) at different heating rates (i.e. 5, 10 and 20 ℃/min). For 
each experiment, about 10 mg oven-dry sample was pyrolyzed under an 
inert nitrogen atmosphere from room temperature to 800 ℃. The ni
trogen flow rate was 100 mL/min. For co-pyrolysis experiment, corn 
stover and waste tire powders were well mixed with a mass ratio of 1: 1. 

2.4. Kinetic study 

The reaction rate of pyrolysis process can be expressed as: 

dα
dt

= k(T)f (α) (1)  

t is the reaction time (min). ƒ(α) denotes the differential form of reaction 
mechanism function, depending on the degree of conversion, α. α is 
defined as: 

α =
m0 − mt

m0 − mf
(2)  

where m0 and mf represent initial and final sample mass (mg), and mt 
denotes the sample mass (mg) at a given time t. 

k(Τ) is the temperature-dependent rate constant. According to the 
Arrhenius equation, k(Τ) can be expressed as: 

k(Τ) = Aexp
(
− E
RT

)

(3)  

where T is the absolute temperature (K), A is pre-exponential factor 
(s− 1), E is apparent activation energy (kJ mol− 1), and R is the gas con
stant (8.3145 J mol− 1 K− 1). 

Substituting Eq. (3) into Eq. (1) gives: 

dα
dt

= A exp
(
− E
RT

)

ƒ(α) (4) 

In the TGA experiments, samples were heated at a constant heating 
rate β, 

β =
dT
dt

=
dT
dα •

dα
dt

(5) 

Combining Eq. (5) into Eq. (4) gives: 

dα
dT

=

(
A
β

)

exp
(
− E
RT

)

ƒ(α) (6)  

2.4.1. Fraser-Suzuki deconvolution method 
The global derivative thermogravimetric (DTG) curves were decon

voluted into curves of several pseudo-components using asymmetrical 
Fraser-Suzuki function in this study. Fraser-Suzuki function is given in 
equation: 

dα
dT

=
∑Nc

i=1
CiHp,iexp

{

−
ln2
A2

s,i
ln
[

1 + 2As,i

(
T − Tp,i

)

Whf ,i

]2}

(7)  

where NC is the total number of pseudo-components, Ci is the proportion 
of ith pseudo-component, and Hp , Whf , Tp and As denotes 
respectively the maximum peak height (K− 1), peak half-width (K), peak 
temperature (K), and asymmetry (dimensionless) of the dα/dT versus T 
profile for the ith pseudo-component. The unknown parameters in Eq. (7) 
were initially guessed and then adjusted by minimizing the deviations 
Dev(%) between calculated and experimental values. Nonlinear least 
squares method was used to calculate Dev(%): 

Dev(%) =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
∑Nd

j=1

[(
da
dT

)

j,e
−
(

da
dT

)

j,c

]2)/

Nd

√

h
× 100 (8)  

where Nd is the total number of data points, subscript j is referred to jth 

experimental data point, h is the maximum value of dα/dT, and 
(dα/dT)j,e and (dα/dT)j,e denote the calculated (sum of all the decon
volution peaks) and experimental DTG data, respectively. 

2.4.2. Estimation of apparent activation energy 
The apparent activation energies of each pseudo-component were 

estimated by three isoconversional methods including Friedman, KAS, 
and FWO methods. 

The Friedman method is the differential based isoconversional 
approach, which can be expressed as: 

ln
(

dα
dt

)

α,i
= ln

[

βi

(
dα
dT

)]

α
= ln[Aαƒ (α) ] − Eα

RTα,i
(9) 

The integral arrangement of Eq. (4) gives: 

g(α) =
∫ α

0

1
ƒ (α)dα =

A
β

∫ T

T0

exp
(
− E
RT

)

dT (10)  

in which g(α)is the integral form of f(α). Table S1 shows the most 
common f(α) functions and corresponding g(α) functions. 

KAS is one of the versatile integral isoconversional method, linear
ising Eq. (10) can obtain its expression: 

ln

(
βi

T2
α,i

)

= ln
(

AαR
Eα⋅g(α)

)

−
Eα

RTα,i
(11) 

FWO is also an integral form isoconversional method. Linearising Eq. 
(10) acquires the following expression: 

ln(βi) = ln
[

AαEα

R⋅g(α)

]

− 5.331 − 1.052
(

Eα

RTα,i

)

(12) 

Tα,i in Eqs. (9), (11), and (12) is the temperature corresponding to the 
given conversion α at ith heating rate. For Friedman, KAS, and FWO 
methods, graphs of ln[βi (dα/dT)]α versus 1000/Tα, ln [β/ Tα

2] versus 
1000/Tα, ln(βi) versus 1000/Tα were respectively plotted, and the 
apparent activation energy was estimated based on the slopes (− Eα/R). 

2.4.3. Determination of reaction model and pre-exponential factor 
The reaction model f(α) of co-pyrolysis of each pseudo-component 

was determined using Malek master plots method[33]. 

Y(α)
Y(0.5)

=
ƒ (α)g(α)

ƒ (0.5)g(0.5)
=

(
T

T0.5

)2
( dα

dt

)

(
dα
dt

)

0.5

(13)  

where T0.5 and (dα/dt)0.5 are the temperature and reaction rate at 
α = 0.5, respectively. The graph between ƒ(α)g(α)

ƒ(0.5)g(0.5) (presented in 

Table S1) versus α gives the theoretical master plots, while 
(

T
T0.5

)2 (dα
dt)
(dα

dt)0.5 

versus α gives the experimental plot. The most suitable reaction model f 
(α) was selected as the experimental plot best matches the theoretical 
master plots. Bringing the determined activation energy and reaction 
mechanism f(α) into Eq. (4), the value of pre-exponential factor can be 
calculated. 
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3. Results and discussion 

3.1. Fast pyrolysis in Py-GC/MS 

Fast pyrolysis of corn stover, waste tire, and their mixtures at 500 ℃ 
was conducted using Py-GC/MS, producing a broad range of volatile 
products, which can be classified into hydrocarbons, oxygenates, and 
other N-containing and S-containing compounds (Tables S2–S4). Fig. 1 
shows the product distribution for individual fast pyrolysis of corn sto
ver and waste tire, and co-pyrolysis of them at mixing ratio of 1: 1. The 
major products from fast pyrolysis of corn stover were oxygenate com
pounds (66.11%) including alcohols, phenols, acids, furans, and car
bonyls, followed by hydrocarbons (32.72%). Hydrocarbon species were 
mainly olefins (29.72%) and alkanes (2.99%). No aromatic compounds 
were detected. Adding 50 wt% waste tire into biomass feedstock 
significantly increased the production of hydrocarbons to 81.93%, while 
decreased the production of oxygenates to 16.53%. For hydrocarbon 
products, olefins were the dominant components (69.58%) followed by 
alkanes (7.00%) and aromatics (5.43%). Fast pyrolysis of waste tire 
mainly produced hydrocarbons (84.91%), among which alkanes, ole
fins, and aromatics respectively contributed 6.9%, 73.7%, and 4.31%. D- 
limonene (27.93%) and isoprene (23.22%) were the two major olefinic 
products. D-limonene was primarily generated by breaking and intra
molecular cyclization of NR, which is a versatile chemical and could be 
widely used in the field of medicine, industry, and agriculture[34]. 

To further quantitatively depict the synergistic effects on product 
distributions for co-pyrolysis of corn stover and waste tire, the peak area 
percentage difference between experimental and theoretical values ΔA 
was defined: 

ΔA = AExp − ACal = AExp − （k1A1 + k2A2） (14)  

where AExp and ACal represent the peak area percentage of corresponding 
products obtained from experiment and theoretical calculation. A1 and 
A2 denote the peak area percentage of corresponding products from 
individual pyrolysis of corn stover and waste tire, and k1 = k2 = 0.5, 
representing the initial mass fractions of corn stover and waste tire 
feedstocks in co-pyrolysis processes. 

Fig. 2 presents the experimental and theoretical product distribution 
for co-pyrolysis and variations between experimental and theoretical 
values. For hydrocarbon production, experimental value was higher 
than theoretical value with ΔA = 23.12%, indicating a promoting effect 
on hydrocarbon production took place during co-pyrolysis. In the 
contrast, in term of oxygenates production, the experimental value was 
lower than the theoretical value with ΔA = − 22.63%, implying an 
inhibiting effect on producing oxygenate compounds in co-pyrolysis 

process. Similar results were obtained by Wang et al. when studied the 
co-pyrolysis of biomass (i.e. rice straw and poplar wood) and waste tire 
[35]. During co-pyrolysis, waste tire as a hydrogen donor had a great 
impact on the product distribution. Increasing addition of waste tire into 
biomass promoted the production of hydrocarbons in fast pyrolysis[35]. 

The reaction process of co-pyrolysis of corn stover and waste tires 
can be described by a free radical mechanism. Water and light volatile 
fractions in corn stover and waste tire samples evaporate first after heat 
exposure. As the temperature further increases, the breakage of oxygen- 
containing functional group bonds in corn stover takes place, releasing 
free radicals that can promote the chain breakage of some components 
in waste tire such as polyisoprene and polystyrene-butadiene[35,36]. 
The hydrogen radicals released from the waste tire can also interact with 
the oxygenated components generated by the pyrolysis of corn stover 
and promote their conversion to hydrocarbon products through 
hydrogen transfer reactions[3,37]. The possible reaction pathway is 
shown in Fig. 3. 

3.2. Thermogravimetric analysis 

Fig. 4(a) showed the TG and DTG profiles of pyrolysis of corn stover 
at heating rates of 5, 10, and 20 ℃/min. The decomposition of corn 
stover occurred in two regions. The first region took place before 150 ℃ 
with little weight loss of 4.68%, mainly attributed to the removal of 
moisture and light volatiles in corn stover. The significant mass loss 
(59.58%) occurred in the second region (> 150 ℃), which corresponds 

Fig. 1. Product distribution for pyrolysis/co-pyrolysis of corn stover and waste tire: (a) total volatile products and (b) hydrocarbon products.  

Fig. 2. Experimental and theoretical product distribution for co-pyrolysis and 
variations between experimental and theoretical values. 
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Fig. 3. Proposed reaction pathway for co-pyrolysis of corn stover and waste tire.  

Fig. 4. TG and DTG profiles of feedstock at heating rates of 5, 10, and 20 ℃/min: (a) corn stover; (b) waste tire; (c) corn stover and waste tire mixtures.  
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to the release of volatile matters in corn stover. Corn stover is classified 
as lignocellulosic biomass, mainly comprised of hemicellulose, cellulose, 
and lignin. As reported in the literatures, hemicellulose degraded at a 
temperature of 220–315 ℃, and cellulose with crystalline structure 
decomposed at a higher temperature range of 280–380 ℃[38]. Due to 
the cross-linked phenolic structure, lignin degraded over a wide tem
perature range (160–900 ℃) at a very slow rate[38]. Therefore, the 
sharp peak shown in second region with a peak temperature of 320 ℃ 
was mainly attributed to the degradation of cellulose, the shoulder on 
the left of this peak (~300 ℃) was mainly because of hemicellulose 
decomposition, and the big tail of the peak (380–550 ℃) was mainly 
caused by the lignin degradation. Fig. 4(b) showed the TG and DTG 
curves of pyrolysis of waste tire at various heating rates. The slight 
weight loss (9.9%) occurred prior to 300 ℃ is probably caused by the 
release of moisture, oil, plasticizer and additives in waste tire, which was 
reported by others[13,25,28]. Over 50% weight loss took place between 
300 ℃ and 500 ℃ with two apparent degradation peaks, primarily 
corresponding to the decomposition of rubbers in waste tire including 
both NR and synthetic rubbers (SR). Cui et al.[39] investigated the 
thermal decomposition behaviors of NR, BR, SBR, and their mixtures, 
and found NR decomposed at around 385 ℃, SBR decomposed at higher 
temperature of 465 ℃, and the decomposition of BR contributed one 
major peak 466 ℃ and a tiny peak at 380 ℃, respectively. However, the 
decomposition temperatures of rubbers can be affected by the content of 
vulcanizing agents in waste tire. Higher vulcanization leads to more 
stable structure, therefore higher decomposition temperature[34]. Thus, 
the peak at 370 ℃ shown in Fig. 4(b) was mainly attributed to the 
decomposition of NR. The peak at 420 ℃ was mainly associated with the 
decomposition of both BR and SBR. Similar results were also reported by 
others[25,26,28]. The peak showed after 600 ℃ was probably caused by 
the decomposition of some inorganic substances in waste tire[34]. 

The TG and DTG results obtained from the co-pyrolysis of corn stover 
and waste tire with the mass ratio of 1:1 were presented in Fig. 4(c). The 
overall process can be divided into three stages. The first stage was 
before 150 ℃, corresponding to the release of moisture and small vol
atiles. The second stage (150–500 ℃) was considered the active pyrol
ysis stage with 56.27% weight loss. According to the discussions on 
individual feedstock pyrolysis above, the second stage mainly involved 
the degradation of major components of biomass and waste tire (i.e. 
hemicellulose, cellulose, lignin, NR, BR, and SBR). The decomposition 
temperature of each component overlapped, forming a DTG curves with 
three pronounced peaks. The last stage (> 500 ℃) was mainly associ
ated with the degradation of carbonaceous materials in the char residues 
and inorganic substances in waste tire. The plateaued TG curve after 
700 ℃ indicated the completion of the co-pyrolysis process with a final 
residue of 37.2%, which was due to the unreacted fixed carbon and ash. 

For both pyrolysis of individual feedstock and co-pyrolysis, heating 
rates did not significantly affect the shape of TG and DTG curves and the 
weight of pyrolysis final residues. As the heating rate increased from 
5 ℃/min to 20 ℃/min, the temperature gradient and difference be
tween the outside and inner core of the feedstock increased[40]. 
Therefore, the heat transfer resistance increased with increasing heating 
rates, leading to a shift of the TG and DTG curves to a higher tempera
ture side at higher heating rates. Similar behavior has also been reported 
in the literatures[24,41,42]. 

To further illuminate the possible synergistic effects occurred during 
degradation for co-pyrolysis of corn stover and waste tire, the mass loss 
difference between experimental and theoretical values ΔW was defined 
as blow: 

ΔW = Wexp − （k1W1 + k2W2） (15)  

in which Wexp denotes the mass loss of co-pyrolysis process, W1 and W2 
denote the mass losses of individual pyrolysis of corn stover and waste 
tire, and k1 and k2 denote respectively the initial mass fractions of corn 
stover and waste tire in co-pyrolysis. In this study, k1 = k2 = 0.5. 

Positive ΔW means actual decomposition mass was greater than the 
theoretical values, indicating promoting effects occurred, while negative 
ΔW implies inhibiting effects occurred during co-pyrolysis. 

Fig. 5 presents the variations of ΔW with degradation temperatures 
at heating rates of 5, 10, and 20 ℃/min. For all heating rates, ΔW was 
not equal to zero at the temperature range of 150–800 ℃, indicating 
interactions existed between corn stover and waste tire. The synergies 
between corn stover and waste tire were possibly caused by three as
pects as follows:1) soften tire could cover corn stover and thus inhibit 
evolution of volatiles; 2) soften tire as coatings could benefit the heat 
accumulation and promote the degradation of corn stover; and 3) 
initiation of tire pyrolysis could consume free radicals generated by corn 
stover and then suppressed pyrolysis of corn stover[43,44]. At the 
heating rates of 5 ℃/min and 10 ℃/min, ΔW was negative at all tem
perature and peaked at around 350 ℃, indicating exhibitions of inhib
itory effects in co-pyrolysis of corn stover and waste tire. At the heating 
rate of 20 ℃/min, positive ΔW with a maximum value of 5% at tem
perature of 400 ℃ was observed, which implies there was positive 
synergy between two feedstocks. Xu et al.[45] also reported higher 
heating rate could enhance the promoting effects in co-pyrolysis of 
polyvinylidene fluoride and pine sawdust. Thus, more apparent positive 
synergistic effects could be observed in fast co-pyrolysis process that has 
much higher heating rates. 

3.3. Fraser-Suzuki deconvolution 

Co-pyrolysis of corn stover and waste tire is a complex process 
involving overlapping reactions. To better understand the kinetic be
haviors, it is essential to apply deconvolution procedure to separate the 
global process into reactions of multiple pseudo-components. Decon
volution can be performed using symmetric functions (e.g. Gaussian, 
Lorentz, and Logistic) or asymmetric functions (e.g. Bi-Gaussian, Wei
bull, and Fraser-Suzuki). Fraser-Suzuki function with an asymmetric 
factor has been reported as an appropriate function to well fit the 
experimental data derived from thermal degradation of biomass and 
polymers[22,46,47]. In order to mitigate the inference of drying step, 
deconvolution was only applied to the process occurred after 150 ℃ 
here. According to the thermal degradation behaviors of corn stover and 
waste tire discussed above, in this study, the DTG curves of co-pyrolysis 
was deconvoluted into profiles of seven pseudo-components using 
Fraser-Suzuki functions. Three of them represented the major compo
nents of corn stover (i.e. hemicellulose, cellulose, and lignin), and four of 
them represented the main constituents in waste tire (i.e. additives, NR, 
SR, and inorganic substances). Fig. 6 shows the deconvoluted curves of 
seven pseudo-components at various heating rates. Comp 1 to Comp 7 
respectively denotes additives, hemicellulose, cellulose, NR, SR, lignin, 
and inorganic substances. For all heating rates, modeling curves derived 

Fig. 5. Variations of ΔW with degradation temperatures at different heat
ing rates. 
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from Fraser-Suzuki deconvolution had a good fit with the curves from 
experiments with small deviations (Dev (%) ≤ 2), indicating the ratio
nality to adopt Fraser-Suzuki deconvolution results to further investi
gate the co-pyrolysis process kinetic features. Fraser-Suzuki 
deconvolution parameters of each pseudo-component are given in  
Table 2, and these parameters were primarily selected depending on the 

pyrolysis characteristics of each component as discussed in Section 3.2. 
Peak height Hp reflects the component degradation rate. For all 
pseudo-components, Hp almost did not change with varied heat rates. 
The highest Hp was observed for Comp 4 (NR) followed by Comp 3 
(cellulose), corresponding to the most apparent degradation peaks in 

Fig. 6. Deconvoluted DTG curves at different heating rates: (a) 5 ℃/min, (b) 10 ℃/min, and (c) 20 ℃/min.  
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co-pyrolysis process. Tp is the peak temperature, indicating the thermal 
stability of each pseudo-component. The thermal stability order of these 
pseudo-components is Comp 1 (additives) < Comp 2 (hemicellulose) <

Comp 3 (cellulose) < Comp 4 (NR) < Comp 5 (lignin) < Comp 6 (SR) <

Comp 7 (inorganic substances). Due to the heat and mass transfer lim
itation, Tp of each pseudo-component shifted to higher temperature as 
heating rates increased. The peak half-width Whf , representing the py
rolysis temperature range. Lignin had the maximum value of Whf 

because of its high thermal stability caused by complex cross-linked 
structure. As is the asymmetric factor. Heating rates did not signifi
cantly impact the trend of both Whf and As. Ci represents the proportion 
of each-pseudo components. Corn stover was composed of about 26.49% 
hemicellulose, 33.63% cellulose, and 25.98% lignin, based on which the 
theoretical Ci values for hemicellulose, cellulose, and lignin in this study 

are 13.24%, 16.82%, and 12.99%[48]. Ci values for 
pseudo-hemicellulose, pseudo-cellulose, and pseudo-lignin obtained 
from Fraser-Suzuki deconvolution were consistent with the theoretical 
values. In terms of the compositions of waste tire calculated from 
Fraser-Suzuki deconvolution, pseudo-NR had the highest proportion of 
24.63% followed by SR. The compositions of tire varied greatly with 
different brands and different formula, however NR and SR were basi
cally the two main ingredients, which agreed with the results obtained 
in this study[28]. 

3.4. Apparent activation energy estimation by isoconversional methods 

Isoconversional method including KAS, FWO, and Friedman were 
applied to calculate the apparent activation energy of each pseudo- 

Table 2 
Fraser-Suzuki deconvolution parameters.  

β (⁰C min− 1)  Comp1 Comp2 Comp3 Comp4 Comp5 Comp6 Comp7 

5 Hp  0.05  0.25  0.42  0.45  0.28  0.06  0.06  
Tp  260.00  289.00  320.00  369.00  425.00  370.00  645.00  
Whf  100.00  44.00  37.00  50.00  70.00  196.00  50.00  
As  -0.30  -0.60  0.30  -0.28  -0.20  0.10  -0.90  
Ci  5.27  13.26  17.08  24.63  21.16  12.55  4.27 

10 Hp  0.04  0.25  0.42  0.45  0.28  0.06  0.06  
Tp  274.00  298.00  329.00  380.00  435.00  378.00  664.00  
Whf  100.00  43.00  37.00  50.00  70.00  203.00  50.00  
As  -0.30  -0.60  0.30  -0.28  -0.20  0.10  -0.90  
Ci  4.27  12.98  17.08  24.63  21.16  12.99  4.27 

20 Hp  0.05  0.25  0.42  0.45  0.26  0.06  0.06  
Tp  288.00  308.00  339.00  390.00  444.00  389.00  683.00  
Whf  100.00  44.00  38.00  50.00  70.00  210.00  50.00  
As  -0.30  -0.60  0.30  -0.28  -0.18  0.10  -0.90  
Ci  5.40  13.29  17.54  24.63  19.6  13.44  4.27  

Fig. 7. The activation energy of each pseudo-component at different conversion rates calculated by three isoconversional methods: (a) KAS, (b) FWO, and 
(c) Friedman. 
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component obtained by Fraser-Suzuki deconvolution (Fig. S1-S7). For 
all cases, high correlation coefficients (R2 > 0.96) were achieved 
(Table S5 in supplementary materials), implying the accuracy and reli
ability of the calculated activation energies. Fig. 7 presents the activa
tion energies of seven pseudo-components calculated from three 
isoconversional methods and their changes with conversion rates. The 
activation energy value of each pseudo-component did not vary signif
icantly with conversion rates with a deviation less than 20%, indicating 
that the degradation of each pseudo-component can be regarded as a 
single-step reaction and confirming the reasonability to deconvolute the 
corn stover and waste tire co-pyrolysis process using Fraser-Suzuki 
function[17]. Moreover, activation energy of each pseudo-component 
estimated by these three methods did not show significant differences. 
Similar results were also reported in literatures. Romero et al.[49] 
calculated the activation energy of three fractions of biomass using KAS, 
FWO and Friedman methods, and found that the activation energies 
obtained from these three methods did not differ significantly. Singh 
et al.[50] reported that activation energies of corn cob, PE and their 
blends calculated using KAS, FWO, starink, FR and Vyaovkin methods 
did not have too many differences. 

Comp 1 represents the additives in waste tire and showed the lowest 
activation energy (118.21–127.10 kJ/mol) due to its low thermal sta
bility[25]. Comp 2 is associated with the degradation of hemicellulose 
and had a low activation energy of 180.32–189.58 kJ/mol. Hemicellu
lose is mainly composed of sugars with a rich branching structure, which 
makes it less thermally stable and requires less bonding energy to form 
the active state compounds. The activation energies of Comp 3 and 
Comp 6 were 212.21–222.32 kJ/mol and 249.41–260.43 kJ/mol, cor
responding to the degradation of pseudo-cellulose and pseudo-lignin. 
Romero et al.[49] investigated the kinetics of three types of biomass 
using deconvolution method, and found activation energies for 
pseudo-hemicellulose, pseudo-cellulose, and pseudo-lignin were 
respectively in the range of 165.1–202.4 kJ/mol, 204.3–238.1 kJ/mol, 
and 214.5–245.0 kJ/mol, which agrees with the results obtained in this 
study. Comp 4 and Comp 5 represent the pyrolysis of NR and SR 
including BR and SBR with the activation energies of 
217.89–228.64 kJ/mol and 273.29–288.16 kJ/mol, which are in 
consistent with the values reported in the literatures. Yang et al.[51] 
studied the kinetics of tire pyrolysis, and the calculated activation en
ergy of NR was 207 kJ/mol and that of BR was 215 kJ/mol. Oh et al.[52] 
investigated the pyrolysis kinetics of SBR and the activation energy of 

SBR was 238–241 kJ/mol. The order of activation energy for each 
pseudo-component was Comp5 > Comp6 > Comp7 > Comp4 >

Copm3 > Comp2 > Comp1. Similar trend was also reported by others. 
Sharma et al.[24] reported that pseudo lignin had the highest activation 
energy (301.62–316.72 kJ/mol) followed by cellulose 
(162.90–165.67 kJ/mol) and hemicellulose (156.25–158.47 kJ/mol) 
when studied biomass pyrolysis kinetics. Rijo et al.[28] studied the ki
netics of waste tire pyrolysis and showed that additives had lowest 
activation energy, and the activation energy of SBR was higher than that 
of NR. 

3.5. Reaction model and pre-exponential factor determination 

Fig. 8 compares the theoretical curves shown in Table S1 with the 
experimental values of each pseudo-component, and the reaction 
mechanism function for each pseudo-component can be determined. 
Comp1, Comp 3, Comp 4, Comp 5 and Comp 6 all followed the Order- 
based model with slight differences on the number of reaction order. 
Comp 2 followed the Geometrical contraction model (R3) and Comp 7 
followed the Diffusion model (D2). Wang et al.[30] investigated the 
kinetics of co-pyrolysis of pine wood with waste plastics and showed 
that hemicellulose followed the Geometrical contraction model, while 
cellulose and lignin followed the Order-based model. Whilst Sharma 
et al.[24] found that the pyrolysis of pseudo-cellulose and hemicellulose 
followed a two-dimensional contraction zone reaction mechanism (R2) 
and a secondary reaction mechanism (O2), respectively. For lignin, no 
exact reaction mechanism was observed. Irmak et al.[53] reported that 
the reaction mechanism of waste tire pyrolysis belonged to the 
Order-based model with the number of orders between 3 and 4. The 
variances on the reaction mechanisms may be caused by the different 
materials and reaction conditions used in each study. 

Based on the obtained reaction mechanism function and the activa
tion energy derived from KAS method, pre-exponential factor of each 
pseudo-component was calculated using Eq. (9) and shown in Table 3. 
So far kinetic model of pyrolysis of each pseudo-component can be 
established by substituting the determined kinetic triplets (i.e. activa
tion energy, pre-exponential factor, and reaction mechanism) into Eq. 
(4), which is the fundamental information needed for further optimi
zation and scale-up of lignocellulosic biomass and waste tire co- 
pyrolysis process. 

It is quite challenging to perform the kinetic analysis of overlapping 

Fig. 8. Master plots of each pseudo component.  
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multi-step reactions such as co-pyrolysis process of corn stover and 
waste tire due to its reaction diversity and complexity. As recommended 
by the International Confederation for Thermal Analysis and Calorim
etry (ICTAC), Frazer-Suzuki function, a mathematical deconvolution 
method, was applied in this study, separating the global process into 
pseudo-reactions of seven major components of the feedstock. Though 
peak deconvolutions conducted here followed the pyrolysis character
istics of individual component strictly and the results greatly fitted the 
experimental data, Frazer-Suzuki function is still a mathematical 
approach disregarding any mutual dependence between the reactions of 
individual component. Its feasibility and accuracy highly depend on the 
knowledge of feedstock characteristics and chemical mechanisms of a 
process. Detailed characterizations of lignocellulosic biomass and tire 
samples, and extensive studies on pyrolysis behaviors of related model 
compounds would be potential future work to better understand the 
chemical mechanism of co-pyrolysis process and provide more funda
mental information for kinetic analysis. Additionally, thermogravi
metric measurements under a broad heating rate range and a wide 
variety of temperature programs combined with evolved gas analysis 
would be necessary to further validate or supplement the results ob
tained in this study. 

4. Conclusion 

In this study, pyrolysis and kinetic behaviors of co-pyrolysis of corn 
stover and waste tire were investigated. Pyrolysis product distribution 
analysis indicated that addition of waste tire into fast pyrolysis of 
biomass could promote the production of hydrocarbon compounds 
production. Thermogravimetric experiments were performed using the 
mixtures at heating rates of 5, 10 and 20 ℃/min. Positive synergistic 
effects between corn stover and waste tire were observed at higher 
heating rate. Due to the complexity of the co-pyrolysis process, the DTG 
curve was divided into seven pseudo-components (i.e. pseudo-additives, 
hemicellulose, cellulose, lignin, NR, SR, and inorganic substances) using 
the Fraser-Suzuki deconvolution method for further kinetic analysis. The 
model obtained after deconvolution fitted well with the experimental 
data with a deviation of less than 2%. Seven pseudo-components were 
subjected to kinetic parameter calculations using the KAS, FWO and 
Friedman isoconversional methods. The results showed that the acti
vation energies calculated by the three methods do not differ signifi
cantly. The activation energy of the pseudo-component is in the order of 
SR (273.29–288.16 kJ/mol) > lignin (249.41–260.43 kJ/mol) 
> inorganic substances (234.22–249.27 kJ/mol) > NR (217.89 
–228.64 kJ/mol) > cellulose (212.21–222.32 kJ/mol) > hemicellulose 
(180.32–189.58 kJ/mol) > additives (118.21–127.10 kJ/mol). The re
action mechanism of each pseudo-component was determined using the 
master plot method. Pseudo-additives, cellulose, NR, SR, and lignin all 
followed the Order-based model with slight differences on the number of 
reaction order. Hemicellulose followed the Geometrical contraction 
model (R3) and inorganic substances followed the Diffusion model (D2). 
The results of this study provide the theoretical basis for the practical 
application of co-pyrolysis process. However, future work on co- 
pyrolysis chemical mechanism study and thermogravimetric measure
ments under a broad condition would be essential to further validate or 
supplement results obtained in this study. 
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N. Sbirrazzuoli, ICTAC kinetics committee recommendations for performing 
kinetic computations on thermal analysis data, Thermochim Acta 520 (2011) 1–19. 
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