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Abstract
Different types of plastic wastes have caused serious environmental problems. Co-pyrolysis and separation techniques are 
being widely used because of the complex components of plastic wastes. In this study, Thermogravimetric Analysis for mixed 
plastics with different compositions (Polypropylene/Polyvinyl chloride and Polypropylene/Polyvinyl chloride/Polystyrene 
mixtures) was carried out under three heating rates. Aiming at the complex pyrolysis reaction process of mixed plastics, a 
model-free method and a model-fitting method were combined to obtain the complete kinetics, which makes the results more 
reliable. The activation energy of the mixture pyrolysis process was carried out by the model-free method, and two stages of 
pyrolysis mechanism functions were summarized in the model-fitting method. Verification test proves that the mechanism 
function of this research can be reliable to express the pyrolysis reaction process. This research can provide support for the 
optimization of pyrolysis process parameters and the design of pyrolysis reactors for chlorine-containing mixed plastics.
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Introduction

In 2018, the global output of plastic reached nearly 360 mil-
lion tons [1]. The wide use of plastic products provides con-
veniences for everyday life and industrial production [2, 3]. 
However, some single-use plastic products, especially those 
used in the delivery and e-commerce industries, degrade 
very poorly when they become scrap, posing a huge poten-
tial threat to the survival of marine organisms and human 
health unless some method can be found for processing 
them [4–7]. As a major producer, consumer and recycler of 
plastic, China’s annual consumption ranks first in the world. 
Although China’s output of plastic products slowed to 60.42 
million tons in 2018 due to the impact of the ban on trash 
import, the recycling rate of plastic is still only 30%, accord-
ing to the National Bureau of Statistics [8].

Plastics are made primarily from petroleum, a non-renew-
able resource. In the long run, the recycling of waste plastic 
has great potential for countries poor in oil resources [9, 

10]. Traditional methods of disposal of plastic waste, such 
as incineration and landfilling, have been banned because 
of their low recycling efficiency and their tendency to cause 
secondary pollution [11, 12]. Mechanical recycling is a treat-
ment where waste plastics are extruded and blended with 
virgin polymers, but the quality of the reprocessed product 
is very sensitive to the type of virgin polymers. Chemical 
treatment methods involve chemical and thermal agents to 
alter the polymeric structure of the finished product [2]. 
Pyrolysis as a more environmentally friendly and efficient 
recycling technology decomposes plastic into three valu-
able fractions: gas, crude oil, and solid residue at relatively 
moderate temperatures ranging between 770 and 920 K, with 
tars yields ranging between 75 and 80wt% [13, 14]. These 
valuable fractions can be obtained in different proportions 
by the appropriate choice of thermal treatment, degradation 
temperature, type of plastics, degradation time, and catalyst 
type, which has become the research direction of plastic 
waste treatment [15–17].

During the pyrolysis process of PVC and chlorine-con-
taining mixed plastic, the release of PVC has a toxic HCL 
to corrode the instrument. The chlorine element stays for a 
long time in the high-temperature environment of pyroly-
sis, which can result in the formation of unwanted chlorine 
organic compounds [18]. It largely restricts the application 
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of pyrolysis technology in the treatment of chlorine plastic. 
Therefore, in the pyrolysis process, a special dechlorination 
process is inquired, so that the chlorinated product will be 
collected and treated in time, thereby reducing the corro-
sion of the reactor, improving the quality of the reaction 
product. Further, properly ensure that the reactor works in 
the micro-negative pressure to effectively avoid poisonous 
gas leakage [19].

At present, the pyrolysis processing of single plastics and 
specific proportions of mixed plastics has been studied fairly 
thoroughly. However, because there have been variations in 
the sources of the raw materials, the heat transfer limits and 
the data processing methods, the activation energy values 
obtained by different scholars have also varied greatly [20, 
21]. Besides, the kinetic results of the same reaction pro-
cess can vary, depending on the experimental conditions. 
Similarly, processing the kinetic data of thermal analysis at 
different heating rates can cause the activation energy results 
to be off by as much as 6%, even while using the same pro-
cessing method (K-A-S) [22].

Plastic consumption also varies from region to region, 
and separating mixed plastics into individual ones requires 
high precision and efficient operation of the separation 
equipment, increasing the recycling costs. The complexity 
of waste plastic components prevents the wide application 
of pyrolysis because the technology and equipment are not 
always suitable for a particular type of plastic. Therefore, it 
is critical to fully research the kinetic parameters of waste 
plastic mixtures during the pyrolysis process. The ther-
mal degradation of the mixture depends on the composi-
tion, structure and temperature of the individual polymer 
components, and the degradation is a mixture of series and 
parallel reactions rather than a superposition of component 
reactions [23].

A study of the pyrolysis process of PP and PVC mixtures 
has found that the activation energy required increases with 
the proportion of PVC. Generally, the addition of PP can 
hinder the dechlorination rate of PVC. Furthermore, the heat 
treatment process for chlorine-containing waste mixtures is 
more difficult than that for PVC [24, 25]. Many previous 
studies have focused mainly on the activation energy of the 
pyrolysis process while ignoring the influence of the pre-
exponential factor and mechanism functions of the process. 
Under a high heating rate, the pyrolysis mechanism of PP 
can be described by a shrinking ball model. The pyrolysis 
mechanism of PVC, by contrast, is two-dimensional nuclea-
tion in the first stage and three-dimensional diffusion in the 
second stage [26]. However, higher heating rates cannot be 
applied in industrial production. Therefore, more research on 
the pyrolysis mechanism of mixed plastic components still 
needs to be carried out.

Model-free method and model-fitting method are com-
monly used to calculate the kinetic parameters of polymer 

pyrolysis process, wherein the kinetic parameters include 
activation energy, pre-exponential factor, and mechanism 
function. The activation energy can be easily obtained by the 
model-free method in the reaction process, but pre-exponen-
tial factor and mechanism functions are not easily obtained 
this way [27]. For the model-fitting method, a hypotheti-
cal response model is needed, if complete reaction kinetic 
parameters are desired [28]. Correspondingly, the solution 
process is relatively cumbersome and the basis for logical 
judgment of the mechanism function is sometimes insuffi-
cient. Therefore, in this study, a model-free method was used 
to determine the average activation energy of the reaction, 
as one of the bases for determining the statistical criterion 
for the mechanism functions. Furthermore, the results of 
the model-fitting method are comprehensively considered, 
to calculate complete kinetic parameters that can accurately 
express the reaction process. The solution process of the 
kinetic parameters of the mixture pyrolysis process is shown 
in Fig. 1.

Polystyrene (PS), often used for foam and fast-food con-
tainers, is one of the ingredients often found in plastic waste. 
In this study, a PP/PVC mixture and a PP/PVC/PS mixture 
were taken as samples of plastic wastes to be subjected to a 
pyrolysis process. Based on the actual production of plastic 
products, the kinetic parameters and pyrolysis principles of 
the two mixtures (PP/PVC and PP/PVC/PS) were compared 
and analyzed. In brief, a sustainable method of processing 
mixed plastic wastes is discussed here, and the article pre-
sents some ideas for solving the difficult problem of clas-
sification, sorting, and treatment of complex plastic wastes. 
It also provides theoretical support for the optimization of 
pyrolysis process parameters and the design of pyrolysis 
reactors for chlorine-containing mixed plastics.

Materials and methods

Materials and sample preparation

The three samples of plastic particles (PP, PVC and PS) 
used in the experiment were first purchased from the Branch 
Corporation of China Petroleum and Chemical (Yanshan, 
Beijing). The PP, PVC and PS plastic raw materials were 
dried at 105℃ for 12 h to remove the water contained in 
the materials and were crushed in a Huangdai 800Y high-
speed multifunctional crusher (Zhejiang, China). Then, the 
powdered samples with a diameter of 80 mesh were used for 
Thermogravimetric Analysis (TGA). The mixed plastic sam-
ples were composed of the main components of typical Chi-
nese plastic products—PP, PVC and PS. The ratio of each 
component in the sample is determined according to actual 
yield (Mass). The samples were weighed on a Precisa XB 
220A balance (Switzerland). They were then mixed well, in 
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proportion (PP: PVC = 7:6.2; PP: PVC: PS = 7:6.2:1), and 
put into a centrifuge tube for later use.

Characterization by Thermal Gravimetric Analyzer 
(TGA)

The pyrolysis was carried out in TG 209F3 from NETZSCH 
(Germany) under 99.9999% high-purity nitrogen. The flow 
was set to 50 ml/min with 20 ml/min nitrogen purge gas 
turned on. An aluminum crucible was used for the reaction 
vessel. Before the experiments, the machine was run for 2 h. 
After the standby device was stabilized, nitrogen purge gas 
was passed into the machine for 10 min. The experimental 
temperature was increased from 40 ℃ to 700 ℃, at heating 
rates of 10, 15 and 20 K/min. The mass of each sample in 
the experimental process was strictly controlled at 10 mg, 
which belongs to the optimal measuring range of TG equip-
ment. Each group of experiments was repeated more than 
3 times to obtain an average, to eliminate the interference of 
weather or human factors and ensure the reproducibility of 
the experimental curve.

Kinetic models

For the analysis of the pyrolysis kinetics of solid-phase 
systems, the iso-conversional method is a commonly used 
one. Multiple TG curves, which can determine the change 
in activation energy concerning conversion rate by the 
equal conversion rate method, were measured with ther-
mogravimetric experiments, to reveal the complex nature 

of the reaction [29]. Using the data at the same conversion 
rate on multiple TG curves measured at different heat-
ing rates, a more reliable activation energy value can be 
obtained without involving the kinetic model.

In the thermogravimetric analysis of a solid pyrolysis 
process, the conversion rate is defined as Eq. (1):

The kinetic equations of non-isothermal reactions 
commonly used in pyrolysis reactions can be described 
as follows:

The relationship between k and reaction temperature T 
can be explained by the Arrhenius equation:

Incorporating Eq. (3) into Eq. (2), the kinetic equation 
under non-isothermal conditions is obtained:

where, α is the conversion rate, %; mo, mt and mf are the ini-
tial mass, the mass at time t, and the mass at the end of the 
sample, respectively, (mg); β is the heating rate, (K·min−1); 
A is the pre-exponential factor; R is the gas constant, chosen 
as 8.314 J·mol−1·K−1; Eα is the apparent activation energy, 
(kJ·mol−1); T is the temperature of the reaction, (K); f(α) is 
the mechanism function in differential form.

(1)� =
(
mo − mt

)/(
mo − mf

)

(2)
d�

dt
= k(T)f (�)

(3)k = A exp (−E�∕RT)

(4)
d�

dT
=

A

�
exp(−E�∕RT)f (�)

Fig. 1  Flow chart of the solution process of pyrolysis kinetic parameters of the mixture
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Model‑free method

The data processing method of the thermal analysis 
curve is divided into the integral method and the differ-
ential method. The integral method is represented by the 
Flynn–Wall–Ozawa (F–W–O) method, while the Kiss-
inger–Akahira–Sunose (K–A–S) and the Starink method 
are often taken as representative in the differential method 
area[30–34]. The combination of the two methods could 
lead to more reliable kinetic parameters. The equations of 
these three analysis methods could be expressed by General 
Eq. (5):

where U = 2, B = 1,  C2 = ln[A·R/Eα·G(α)] in the K–A–S 
equation; U = 1.8, B = 1.0037,  C1.8 = ln[A·R/Eα·G(α)] in the 
Starink equation; U = 0, B = 1.052,  C0 = ln[A·Eα/R·G(α)] in 
the F–W–O equation; G(α) is the mechanism function in 
integral form.

Model‑fitting method

In non-isothermal kinetic analysis, the kinetic parameters 
of the same substance summarized by different research-
ers under the same experimental conditions often show 
large deviations. It is very important to choose a reason-
able mechanism function logically because the selected 
mechanism function form might not fully explain the actual 

(5)ln

(
�

TU

)
= CU − BE�∕RT

kinetic process [29]. In this study, the method of combining 
Coats–Redfern (C-R) and Malek was used, to avoid the trou-
ble of trying the mechanism functions one by one [35, 36].

The Malek method compares the degree of fit between the 
experimental data curve and the standard theoretical curve, 
to determine the kinetic reaction mechanism of the pyrolysis 
process [37].

From the reaction rate Eqs. (2), (3) and the C–R Eq. (6)

Obtained

Putting α = 0.5 into Eq. (7) and performing the division 
operation, the expression of the function y(α) can be defined:

Values of conversion change with time at conversion α, 
(dα/dt)αi, and temperature at conversion αi, Tαi, have been 
calculated at nine conversion values (αi = 0.1, 0.2, …, 0.9). 
Thus, the left-hand side of Eq. (8) which was calculated 
from the experimental data was compared to the right-hand 
side term, defined according to the 19 kinetic functions 
described in Table 1 at the considered conversion levels. 

(6)

�

∫
0

d�

f (�)
= G(�) =

1

�

ART2

E�
exp(−E∕RT)

(7)G(�) =
d�

dt

R

�

T2

E�

1

f (�)

(8)y(�) =

(
T

T0.5

)2
d�∕dt

(d�∕dt)0.5
=

f (�)G(�)

f (0.5)G(0.5)

Table 1  Solid pyrolysis kinetic 
functions commonly used

Reaction mechanism Code f(α) G(α)

Power law 1 P2 α1/2 2α1/2

2 P3 α1/3 3α2/3

3 P4 α1/4 4α3/4

Nucleation growth model 4 A1/2 [ − ln(1 − α)]2 1/2(1 − α)[ − ln(1 − α)]−1

5 A1 − ln(1 − α) (1 − α)
6 A3/2 [ − ln(1 − α)]2/3 3/2((1 − α))[ − ln(1 − α)]1/3

7 A2 [ − ln(1 − α)]1/2 2((1 − α))[ − ln(1 − α)]1/2

8 A5/2 [ − ln(1 − α)]5/2 2/5((1 − α))[ − ln(1 − α)]3/5

9 A3 [ − ln(1 − α)]1/3 3((1 − α))[ − ln(1 − α)]2/3

10 A4 [ − ln(1 − α)]1/4 4((1 − α))[ − ln(1 − α)]3/4

Reaction order model 11 F3/2 2(1 − α)−3/2 (1 − α)−1/2

12 F2 (1 − α)−1 (1 − α)2

13 F3 (1 − α)−2 1/2(1 − α)3

Shrinking core model 14 R2 1 − (1 − α)1/2 2(1 − α)2/3

15 R3 1 − (1 − α)1/3 3(1 − α)1/2

Diffusion model 16 D1 α2 1/2α−1

17 D2 α + (1 − α)ln(1 − α) [ − ln(1 − α)]−1

18 D3 [1 − (1 − α)1/3] 2 3/2(1 − α)2/3[1 − (1 − α)1/3]−1

19 D4 1–2/3α − (1 − α)2/3 3/2[(1 − α)2/3–1]−1
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Using this procedure, we found that many kinetic functions 
can describe the experimental data.

Reorganizing C–R Eq. (6) obtains:

For the pyrolysis temperature range and activation energy 
of plastics, ln{A·R/[β·(Eα − 2RT)]} is close to a fixed con-
stant [20]. Hence, Eq. (9) can be treated as a linear equation 
y = ax + b, where, a = 1/T, b = ln{A·R/[β·(Eα-2RT)]}.

Results and discussion

Thermodynamic analysis

Figure 2a, b shows the TG curves of the PP/PVC and PP/
PVC/PS mixtures at heating rates of 10, 15 and 20 K/min. 
The pyrolysis reaction occurs into two steps, which are 
mainly related to the molecular structure of each compo-
nent in the mixture. There is a gentle temperature plateau 
between the two steps. As the heating rate increases, the 

(9)ln

[
G(�)

T2

]
= −

E�

RT
+ ln

[
A

�

R

(E� − 2RT)

]

pyrolysis reaction moves to the high-temperature zone, 
and the plateau temperature section between the two reac-
tions of the TG curve is shortened [29]. It can be seen 
from Table 2 that the separation of the multi-step pyrolysis 
reaction process of the mixture was facilitated in the slow 
heating rate stage. Meanwhile, the segmented collection 
and detection of gas-phase products produced in different 
reaction stages can be improved. Therefore, it is best to 
design the pyrolysis equipment for the pyrolysis of waste 
plastic mixtures with multi-stage reactions as a two-stage 
reactor, adopting a slow heating rate (10 K/min) in the first 
stage of the pyrolysis process and increasing the heating 
rate (20 K/min) in the second stage. In addition, the pla-
teau temperature phase between the two reaction steps can 
be extended by 27.8%, thus avoiding the reaction lag phe-
nomenon caused by entering a higher temperature range 
before the previous reaction has been completed [29]. The 
products of the two-stage pyrolysis reaction can be sorted 
and collected expeditiously. The pyrolysis process of the 
two mixtures is completed in two stages, depending mainly 
on the PVC content in the mixture [19]. When the heating 
rate is 10 K/min, the mass loss of the PP/PVC mixture in 
the first stage (531.95–588.75 k) is 24.54%, and it reaches 

Fig. 2  TG curves of two mixtures under non-isothermal conditions

Table 2  Two-stage pyrolysis behavior of PP/PVC and PP/PVC/PS mixtures

Sample Heating rate Pyrolysis temperature interval Residual mass

1st stage 2nd stage

β(K/min) To1(K) Tp1(K) Tf1 (K) S1(%) To2 (K) Tp2(K) Tf2(K) S2(%) C(%)

PP/PVC 10 531.95 562.25 588.75 24.54 717.65 737.85 750.55 41.68 4.99
15 540.85 571.55 597.15 24.56 724.45 746.95 759.35 42.10 5.15
20 549.75 578.15 604.55 24.84 730.15 749.25 764.85 42.98 5.23

PP/PVC/PS 10 532.85 564.75 591.25 22.35 702.85 733.75 750.05 46.36 4.81
15 541.65 574.35 600.35 22.57 712.45 743.45 759.25 45.39 4.83
20 547.35 580.75 607.15 23.16 716.95 749.15 766.65 44.70 4.87
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41.68% in the second stage (717.65–750.55 k). The pyroly-
sis residual mass for the whole pyrolysis process is 4.99%. 
Correspondingly, the mass loss of the PP/PVC/PS mixture 
is 22.35% in the first stage of pyrolysis (532.85–591.25 k) 
and reaches 46.36% in the second stage (702.85–750.05 k) 
with a 4.81% residual mass for the whole pyrolysis process. 
In the first stage of the pyrolysis, the only dechlorination 
of the PVC occurs, producing a large amount of hydrogen 
chloride gas [38]. The second stage of the reaction process 
is more complicated, because of the fracture of the poly-
ene conjugate structure and the crosslinking, isomerization 
and aromatization of pyrolysis products[12, 39]. Moreover, 
the dehydrochlorination seems to be complete before the 
decomposition of the other polymers begins and it appears 
that there are no reactions of hydrogen chloride with the 
second polymer [40]. However, the results show that the 
chlorine release of the PP/PVC/PS blend was postponed, 
indicating an antagonistic effect during the pyrolysis. PS 
appears to be responsible for the shift of TG curves of poly-
olefins towards low decomposition temperatures while PS 
itself in the mixture is stabilized [41]. This may be because 
the addition of PS increases the dispersion of PVC aggre-
gates in the mixture, and the thermal conductivity of PS is 
worse than that of PVC, which weakens the heat transfer 
effect between the mixtures and hinders the progress of the 
dechlorination reaction (the thermal conductivity of PS and 
PVC are 0.08 and 0.16 W/m·k, respectively). Furthermore, 
intermolecular hydrogen transfer might be the predominant 
reaction between components of the polymer mixtures [42]. 
The addition of PS has a synergistic effect on the second-
stage pyrolysis of the mixture, which causes the pyrolysis 
reaction of the mixture to proceed earlier. Comparing the 
heating rates of 15 and 20 K/min, the mass loss ratio in 
the first stage increases and the pyrolysis temperature range 
widens with the increase of the heating rate, while the mass 
loss in the second stage decreases and the residual mass 
increases slightly.

When the heating rate is 10 K/min, the two-peak pyroly-
sis rates of the PP/PVC mixture are 5.89 and 16.53%/min, 
while for the PP/PVC/PS mixture, the rates are 5.09 and 

12.94%/min. The comparison of the two mixtures shows that 
the addition of PS will slow down the pyrolysis rate of the 
two stages. Specifically, the peak rate of the dechlorination 
process in the first stage was reduced by 16%, and the peak 
pyrolysis rate in the second stage was reduced by 27.7%, 
which was related primarily to the heat transfer effect and 
interaction between the internal components of the mixture. 
The dechlorination reaction is gradual in the first stage, and 
the best dechlorination temperatures for the two mixtures are 
562.25 K (PP/PVC) and 564.75 K (PP/PVC/PS). The mac-
romolecular chain scission reaction process is more violent 
in the second stage; 737.85 K (PP/PVC) and 733.75 K (PP/
PVC/PS) are better pyrolysis temperatures. In addition, the 
peak pyrolysis rate of the two-stage reaction keeps rising 
with the increase in the heating rate (Supplementary Infor-
mation Fig. S1).

Kinetic analysis

Model‑free methods

The thermogravimetric data of the three heating rates were 
substituted into Eq. (5), the ln (β/T2), ln (β/T1.8) and ln (β) 
VS 1/T curves were plotted in the Origin software at equal 
conversion rate (αi = 0.1, 0.2…, 0.9), and then the least 
square method was used to perform linear fitting treatment 
on the curves. Finally, the activation energy was calculated 
according to the slope of the fitting line, the relevant parame-
ters are shown in Fig. S2 of the Supplementary Information.

Previous studies have shown that in some binary mixtures 
an interaction can occur between the components, resulting 
in variations in each composition kinetic parameter. Under 
nitrogen atmosphere, retardation of PP in PVC/PP mixtures 
was observed by compared apparent activation energies of 
binary mixtures [43, 44]. Comparing the calculation results 
for average activation energy (AV) of the two mixtures from 
Table 3, it can be found that the addition of PS has little 
effect on the activation energy of the first-stage pyrolysis 
reaction. However, it significantly reduces the activation 
energy of the second-stage reaction because the pyrolysis 

Table 3  Kinetic parameters obtained by model-free methods (K–A–S, Starink and F–W–O) at different heating rates

Sample Segmented K-A-S Starink F-W-O

Ei Ai Ei Ai Ei Ai

PP/PVC 1st stage Range 109.4–116.1 3.76E + 06–2.20E + 07 109.9–116.7 1.63E + 07–8.85E + 07 112.8–119.8 1.85E + 15–1.14E + 16
AV 113.4 1.26E + 07 116.7 8.85E + 07 116.7 6.36E + 15

2nd stage Range 216.8–226.0 9.88E + 11–4.56E + 12 217.3–226.4 4.54E + 12–2.08E + 13 218.1–226.6 8.72E + 20–3.91E + 21
AV 220.3 2.26E + 12 220.7 1.04E + 13 221.7 1.97E + 21

PP/PVC/PS 1st stage Range 108.1–116.2 2.58E + 06–2.17E + 07 108.7–116.8 1.14E + 07–8.03E + 07 111.5–119.8 1.25E + 15–1.01E + 16
AV 112.8 1.17E + 07 113.4 4.66E + 07 116.2 5.59E + 15

2nd stage Range 178.0–191.1 1.69E + 09–1.83E + 10 178.6–191.8 7.75E + 09–8.16E + 188.0–193.7 5.01E + 18–1.56E + 19
AV 188.5 1.34E + 10 189.0 5.80E + 10 192 1.18E + 19
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temperature intervals of PP and PS may not overlap with 
those of the PVC dechlorination process. In the second 
stage of the pyrolysis process, a complex reaction occurs 
among PP, PVC and PS. The activation energy among the 
three components is {PVC}2 > PP > PS (the subscript 2 for 
PVC refers to the second stage of pyrolysis). The activa-
tion energies obtained by the three methods are relatively 
stable during the two stages of the pyrolysis reaction, but 
the average activation energy between the two stages of the 
reactions is quite different, a result that also verifies that the 
pyrolysis process of the mixture is carried out in two steps. 
The average activation energy ranking of the step reaction is 
F–W–O > Starink > K–A–S, which is consistent with conclu-
sions drawn in the literature [45]. The molecular structure 
is an important factor affecting activation energy. PS has a 
higher degree of branching, so the energy required for chain 
scission in mixtures containing PS is reduced thereby reduc-
ing the overall activation energy of the mixture. Moreover, 
the interaction between the mixed components may also 
play an important role. However, the fracture of the polyene 
conjugate structure and the crosslinking, isomerization and 
aromatization of pyrolysis products, in terms of activation 
energy, is beneficial to the pyrolysis of the mixture. The 
analysis results are also consistent with the analysis results 
of the pyrolysis behavior of the mixture. A recent work by 
Knumann and Bockhorn reported no significant interaction 
between mixtures of PVC with polyolefins compared with 
TG/DTG theoretical curves based upon the behavior of indi-
vidual polymers.

Model‑fitting methods

The experimental data curve and the standard data curve are 
drawn in the Origin software, and the equation that can make 
the experimental data curve consistent with the standard 
data curve is screened out from the 19 equations in Table 1, 

these mechanism functions will be further confirmed by the 
Eq. (9). As shown in Fig. 3a, b, comparing the experimental 
and theoretical curves of the pyrolysis reaction data, it can 
be found that the first-stage pyrolysis reaction of the PP/PVC 
and PP/PVC/PS mixtures is more suitable for the function 
numbered 4, 5, 6, 7, 8, 9, and 10.

When the mass loss is 10–80%, the second stage is also 
close to the mechanism function of these equations, which 
belong to the Random nucleation and subsequent growth. 
However, when the mass loss exceeds 80%, it inclined to the 
function numbered 15 and 18, which appertain to the three-
dimensional diffusion(D3) and the phase boundary reaction 
Shrinking sphere(R3). However, the theoretical curve with 
the higher fit of the two-step reaction data corresponds to 
multiple equations, making it impossible to determine the 
applicable function equations and requiring further research.

The statistical criterion of mechanism function G(α): (1) 
The mechanism function which can obtain the higher coef-
ficient of determination by fitting curves in C–R equation; 
(2) The mechanism function which can obtain the similar 
activation energy by model-free method (C–R) and model-
free method (K–A–S, Starink and F–W–O). The G(α) which 
can satisfy the above two requirements is the most probable 
mechanism function of the reaction process. The specific 
procedures are as follows: The undetermined integral func-
tion form G(α) of the Malek method and thermogravimetric 
experimental data can be plugged into the C-R equation. The 
ln[G(α)/T2] VS 1/T curves were drawn with Origin software, 
and the curves were fitted with the least squares.

As presented in Table 4, the model-fitting (C–R) method 
was applied at the heating rate of 10 K/min to determine the 
values of the activation energy and the degradation mecha-
nism of two mixtures.

It is clearly shown that there is no significant difference 
in the coefficient of determination  (R2) under different 
mechanism functions. However, when the mechanism for 

Fig. 3  Comparison curve of thermogravimetric data and theoretical data of the two-stage reaction for the mixture
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{PP/PVC}1 and {PP/PVC/PS}1 degradation is proposed to 
be  A3/2 type (The subscript 1 for PP/PVC and PP/PVC/PS 
refers to the first stage of pyrolysis), the calculated activa-
tion energy of this mechanism was around 116.1–119.2 kJ/
mol using C–R method, which was similar to the aver-
age activation energy obtained by the model-free method 
(113.4–116.7 kJ/mol). Therefore, random nucleation fol-
lowed by growth  (A3/2) is the most probable mechanism 
function of two mixtures in the first pyrolysis stage. The 
nucleation mechanism represents the formation of new prod-
uct phases at certain, reaction points (nucleation sites) in the 
reactant lattice [46]. Obtained model of the dechlorination 
stage also resembles the reaction models reported by Wu and 
Xu et al. However, for the second phase of PVC pyrolysis, 
the conclusion of the reaction mechanism is still inconsist-
ent [26, 41].

The second pyrolysis stage of the chlorine-containing 
mixture is very complicated, it can be driven by the domi-
nant reactions between the degradation products from 
{PVC}2 and PP. From the DTG curves of two mixtures, 
only one pyrolysis peak is found in the second stage of 
each pyrolysis process, indicates that the complex reaction 
is close to a dominant reaction, although it may be jointly 
promoted by multiple reaction mechanisms. When the 
dominant reaction is strong enough to be close to the actual 
reaction process, the dominant reaction can be used as the 
degradation mechanism. When the mechanism function of 
{PP/PVC}2 is proposed to be  A5/2, the calculated activa-
tion energy of this mechanism was around 215.6 kJ/mol 
using the C-R method, while the average activation energy 
obtained by the model-free method (220.3–221.7 kJ/mol). 
The deviation range of the activation energy value under 

the two methods is completely acceptable. Similarly, the 
thermal degradation mechanism of {PP/PVC/PS}2 is pro-
posed to be of  A2 type. (The subscript 2 for PVC, PP/PVC 
and PP/PVC/PS refer to the second stage of pyrolysis). 
In the mechanism code ‘A3/2 and  A5/2’, ‘A’ refers to the 
mechanism of random growth after fluvial formation, and 
subscript ‘3/2 and 5/2’is kinetic indices.

Figure 4a, b shows the fitting results of experimental 
data and the most probable mechanism function in the 
first stage of pyrolysis, and c, d shows the fitting results 
of experimental data and the most probable mechanism 
function in the second stage of pyrolysis.

Mechanism model verification

Two approaches were applied to verify the accuracy of 
the kinetic model above mentioned. The first approach 
involved a comparison of the experimental TG/DTG curve 
with a calculated curve. The second approach involved 
a comparison of the kinetic parameters determined by 
model-free and model-fitting methods. Thermogravimet-
ric experiments of the two mixtures were carried out at 
a heating rate of 30 K/min under the same experimental 
conditions. The experimental data and the determined 
mechanism function G(a) were substituted into the C–R 
equation, and the kinetic parameters obtained were shown 
in Table 5.

For the two samples of this research, the integral 
form of mechanism functions can be expressed as: 
f (a) = (1 − a)n

Equation (6) upon integration becomes:

Table 4  Kinetic parameters of 
the two mixtures under different 
mechanisms were obtained by 
the C–R method (10 K/min)

Reaction stage Mechanism 
code

PP/PVC PP/PVC/PS

Ei Ai R2 Ei Ai R2

1st stage A1/2 376.2 5.96E + 31 0.988 366.9 4.91E + 31 0.987
A1 183.5 5.24E + 13 0.988 178.8 1.35E + 14 0.987
A3/2 119.2 4.16E + 07 0.987 116.1 1.56E + 09 0.986
A2 87.1 3.35E + 04 0.986 84.7 2.24E + 07 0.985
A5/2 67.8 4.40E + 02 0.985 65.9 1.52E + 05 0.984
A3 54.9 2.34E + 01 0.984 53.4 1.28E + 02 0.983
A4 38.9 5.50E − 01 0.982 37.7 3.31E + 00 0.981

2nd stage A1/2 1126.6 1.09E + 77 0.989 755.2 7.93E + 51 0.995
A1 557.1 2.99E + 36 0.989 371.5 1.92E + 24 0.994
A3/2 367.4 7.57E + 22 0.989 243.7 9.97E + 14 0.994
A2 272.5 1.10E + 16 0.988 179.7 2.06E + 10 0.994
A5/2 215.6 8.22E + 11 0.988 141.4 3.03E + 07 0.994
A3 177.6 1.40E + 10 0.988 115.8 3.75E + 05 0.993
A4 130.1 4.55E + 06 0.987 83.8 1.44E + 03 0.993
D3 483.7 4.45E + 30 0.967 322.7 1.47E + 20 0.976
R3 1002.7 1.29E + 67 0.977 673.0 7.45E + 44 0.986
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where x = Eα/(RT). It is assumed that To is low enough 
for the lower limit to be negligible.

For n ≠ 1:

To calculate p(x), we have chosen to use Lyon’s 
approximation:

(10)

�

∫
0

d�

(1 − �)n
=

A

� ∫
Tf

Tf

e−E�∕RTdT =
AE�

�R
p(x)

(11)
(1 − �)1−n − 1

1 − n
= −

AE�i

�R
P(x)

(12)P(x) =
ex

x(x − 2)

Fig. 4  The fitting curve of 
experimental data and the most 
probable mechanism function 
in the two-stage of pyrolysis 
(10 K/min)

Table 5  Kinetic parameters for 
two mixtures at a heating rate of 
30 K/min

Sample 1st stage 2nd stage

Eα(kJ·mol−1) A  (min−1) n r(%) Eα(kJ·mol−1) A  (min−1) n R(%)

PP/PVC 122.8 8.78E + 07 1.5 37.06 201.5 2.26E + 11 2.5 32.53
PP/PVC/PS 120.4 4.41E + 07 1.5 62.94 214.3 8.2E + 11 2 67.47

The simplest way to model the TG curves is to consider the two 
weight loss stages involved in the degradation as an independent. 
Therefore, the overall rate of conversion is given by [47]:

In this expression, ri is the yield coefficient of the ith 

weight-loss stage with ri < 1 and 
2∑
i=1

ri = 1

The activation energies of the two verification tests 
under the mechanism function are in good agreement 
with the results of the model-free method. Moreover, the 
results of the final kinetic models along with the original 
TGA data are given in Fig. 5. A good agreement with 

(13)
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2�
i=1

ri�i

= 1 −

2�
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experimental data demonstrates that the mechanism mod-
els are valid representations of the underlying physics.

With the mechanism function determined, the pre-expo-
nential factors of the three model-free methods (K–A–S, 
Starink and F–W–O) were calculated; thus, the complete 
kinetic parameters were presented in Table S1 of the sup-
plementary information. It can be seen that the exponen-
tial pre-factors of the two-step reactions obtained by the 
K–A–S and Starink methods are highly similar, while the 
pre-exponential factors obtained by the F–W–O method 
are noticeably higher.

Conclusion

Thermogravimetric experiments were performed on two 
mixtures—PP/PVC and PP/PVC/PS—under non-isothermal 
conditions. Pyrolysis characteristics and kinetic parameters 
of the mixtures were studied by the multiple rate scan-
ning method. From the thermogravimetric curve, it can be 
found that the pyrolysis process of the two mixtures can be 
divided into two stages. The dechlorination temperature can 
be reduced and the temperature plateau between the two 
reactions can be extended, when combining low heating 
rates with high heating rates for the separation of pyrolysis 
products. Three model-free methods (K–A–S, Starink and 
F–W–O) were carried out to obtain the two-stage stable acti-
vation value of the mixture’s pyrolysis processes. The aver-
age valves of activation energy for the two-stage pyrolysis 
reaction of the PP/PVC mixture were 114.7 kJ/mol in the 
first stage and 220.9 kJ/mol in the second stage, while the 
corresponding values for PP /PVC/PS were 114.7 kJ/mol and 
189.8 kJ/mol, respectively.

Model-free and model-fitting methods are taken as 
the logical bases for determining the pyrolysis principle. 
Varying pyrolysis characteristics for the two mixtures are 
obtained when the heating rate is 10 K/min: for both {PP/
PVC}1 and {PP/PVC/PS}1, the pyrolysis mechanism is ran-
dom nucleation followed by growth  A3/2; for {PP/PVC}2, 

the pyrolysis mechanism is random nucleation followed 
by growth  A5/2; for {PP/PVC/PS}2, the pyrolysis mecha-
nism is random nucleation followed by growth  A2. Moreo-
ver, the pre-exponential factor of the model-free method is 
determined under the guidance of the mechanism function. 
The comparison results of the two mixtures show that the 
additional PS causes some changes to pyrolysis regularity. 
Although there is no obvious influence on the activation 
energy or pyrolysis characteristics in the first phase, the acti-
vation energy in the second phase is reduced. For practical 
application, however, more research on the pyrolysis process 
of mixed plastic wastes is still needed, to improve the opera-
tional efficiency.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10163- 021- 01271-y.
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