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Abstract: Research on the synergistic high-value reuse of waste tires and used catalysts in spent fluid
catalytic cracking (FCC) catalysts was carried out in this study to address the serious ecological and
environmental problems caused by waste tires and spent FCC catalysts. The experiment, in which
a spent FCC catalyst was applied to the catalytic cracking of waste tires, fully utilized the residual
activity of the spent FCC catalyst and was compared with a waste tire pyrolysis experiment. The
comparative experimental results indicated that the spent FCC catalyst could improve the cracking
efficiency of waste tires, increase the output of light oil in pyrolysis products, and improve the quality
of pyrolysis oil. It could also be used for the conversion of sulfur compounds during cracking. The
content of 2-methyl-1-propylene in catalytic cracking gas was found to be up to 65.59%, so a new
method for producing high-value chemical raw materials by the catalytic cracking of waste tires with
spent FCC catalysts is proposed.

Keywords: used tires; spent FCC catalysts; catalytic cracking; sulfur-containing material conversion;
chemical raw materials

1. Introduction

The tire is a kind of product which requires high safety performance. In order to ensure personal
safety, tires must possess high strength, wear resistance, stability, and aging resistance. As a result, tires
cannot degrade naturally for a long time (hundreds or even thousands of years) after abandonment. It is
estimated that the number of used tires has exceeded 13 million tons in China and will continue to rise
along with the rapid growth of the automobile industry [1,2]. Traditional ways of solid waste disposal
such as landfills are not suited to used tires because they occupy a significant amount of land [3–5].
Thus, removing this “black pollution” has become a worldwide problem. Due to environmental
pressure, some countries in Europe have banned waste tire burning, landfilling, and piling since
January 2014. Pyrolysis is one of the ways to process used tires and is considered the most effective
and thorough treatment [6–9].

In the process of pyrolysis, adding a catalyst can reduce the activation energy and make the
pyrolysis reaction more rapid and thorough [10–12]. It can also improve the quality of pyrolysis oil
and help enterprises specializing in cracking waste tires increase their economic benefits. However,
the catalyst is disposable, as it cannot be separated from black carbon, making it extremely expensive to
use catalysts. Therefore, the cost of catalysts has always been a bottleneck for the further development
of the industry, and it also has become a particularly attractive field of research for scholars at home
and abroad.

Fluid catalytic cracking (FCC) is the core process in petroleum processing [13–16]. It can effectively
crack heavy oil and residue into small molecules and high-value products. In order to ensure a fast
and efficient reaction in FCC, some catalysts must be replaced over time. These replaced catalysts are
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called spent FCC catalysts. A large quantity of waste catalysts (spent FCC catalysts) is produced every
year. If there is no treatment of the spent catalyst for a long time, it will not only occupy valuable land
resources but also cause serious pollution. It also poses a huge threat to human health [17].

The disposal of waste catalysts has also attracted the attention of the Chinese government.
In the 2016 edition of the National Hazardous Waste List, waste catalysts produced in the process
of petroleum catalytic cracking were included, which greatly increased the cost of the disposal of
waste catalysts. Spent FCC catalysts are still capable of high catalytic activity, although they cannot
meet the requirements of petroleum catalytic cracking. New attempts have emerged at exploring the
application of spent catalysts in waste tire pyrolysis. Using spent FCC catalysts for waste tire pyrolysis
will improve the pyrolysis speed of waste tires and improve the quality of pyrolysis products. Research
on spent FCC catalysts used for waste tire catalytic pyrolysis has not been published in the domestic
and foreign literature.

In this study, relevant experimental research on the industrial application of spent FCC catalysts
for the catalytic cracking of waste tires was carried out to solve the serious environmental problems
caused by spent FCC catalysts and waste tires. By comparing the experimental results between waste
tire pyrolysis and spent FCC catalysts for catalytic cracking, we have examined the feasibility of
applying spent FCC catalysts in the cracking process of waste tires to realize the low-cost operation
of waste tire catalytic cracking. At the same time, the treatment problem of spent FCC catalysts
was solved.

2. Materials and Methods

2.1. Main Materials

A used KUMHO tire (215/65R16 98H) was the main material of our research. Spent FCC catalysts
were provided by the Sinopec Jinan branch (Jinan, China) and its microactivity was 63.5% (following
the Chinese Test Standard NB/SH/T 0952-2017). The other relevant characterization data of the spent
FCC catalysts are shown in Tables 1 and 2.

Table 1. Brunauer-Emmett-Teller (BET) analysis.

BET Surface Area
(m2/g)

Matrix Surface
Area (m2/g)

Micropore Surface
Area (m2/g)

Total Pore Volume
(cc/g)

Micropore
Volume (cc/g)

104 52 52 0.128 0.025

Table 2. X-ray fluorescence semiquantitative analysis.

Component Content (wt %) Component Content (wt %)

Na2O 0.226 CaO 0.7
MgO 0.42 TiO2 0.25
Al2O3 51.7 V2O5 0.246
SiO2 38.4 Fe2O3 1.12
P2O5 0.55 NiO 0.854
SO3 0.832 Sb2O3 0.245
K2O 0.252 La203 2.73

2.2. Experimental Device and Methods

2.2.1. Experimental Device

A pyrolysis furnace of DN1000 (Figure 1) was made in our laboratory. It consisted of (a) a heating
burner, (b) a gear drive, (c) water seal protection, (d) condensable gas combustion, (d) exhaust gas
treatment, and so on. The cracking equipment could achieve a two-stage separation of the pyrolysis
oil grade according to the oil condensation temperature. In the A tank, the cracking oil had a lower
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condensation temperature, which was defined as the light oil, and the cracking oil at the B outlet had a
higher condensation temperature, which was defined as the heavy oil.
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Figure 1. The pilot test device for industrial cracking of DN1000: (1) the main structure, (2) the gear
drive, (3) the condensable gas combustion, and (4) the exhaust gas treatment.

2.2.2. Analytical Instrument

The element analysis of the pyrolysis carbon black was tested by a VARIO MACRO element
analyzer and the high calorific value of pyrolysis carbon black was tested by a C5000 calorimeter.
The element of sulfur in pyrolysis oil was tested by an X-ray fluorescence sulfur meter. The ultimate
analysis of the pyrolysis gas was characterized by gas chromatography–mass spectrometry (GC–MS).

2.3. Experimental Method and Design

2.3.1. Experimental Method

By comparing the experimental results between the pyrolysis of waste tires and the spent FCC
catalysts for catalytic cracking, the feasibility of applying spent FCC catalysts in the cracking process of
waste tires could be verified. Considering that the residual activity of spent FCC catalysts has only
about half of that of new catalysts, the ratio of spent FCC catalysts to the waste tire was set as 3:100 in
the catalytic cracking process. In the subsequent experiment, the pyrolysis of waste tires was defined
as I, and the spent FCC catalyst for the catalytic cracking of waste tires was defined as II.
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2.3.2. Experimental Process

(1) The well-cleaned waste tire was put into the pyrolysis furnace. (2) spent FCC catalysts were
added into the pyrolysis furnace by the given ratio. (3) The pyrolysis furnace speed was set to 2 rpm.
(4) At the beginning of the experiment, the emptying valve of the furnace was opened and run at the
heating rate of 60 K/h to 120 ◦C. The aim was mainly to exhaust the air in the cracking furnace. (5)
Then, the emptying valve was closed and the furnace was heated to 400 ◦C at 120 K/h and maintained
at 400 ◦C until the end of the experiment.

3. Results and Discussion

3.1. Experimental Phenomena

The pyrolysis of waste tires is a complex physicochemical reaction process involving many
interlacing reactions, including bond breaking, molecular rearrangement, hydrogen transfer,
and various condensation reactions. The reaction mechanism is complicated [18–20]. There are
both endothermic and exothermic reactions in the pyrolysis process, and these reactions exhibit
different reaction phenomena.

(1) In Experiment I, the pyrolysis gas was ignited at 170 ◦C and the flame lasted for 10 min.
At 250 ◦C, the pressure in the pyrolysis furnace started to increase significantly, and the pyrolysis gas
was ignited again. The pyrolysis gas continued to burn until the end of the experiment.

(2) In Experiment II, the pyrolysis gas was ignited when the temperature reached 140 ◦C, but it
could not burn continuously. At 250 ◦C, the pressure in the pyrolysis furnace began to rise and the
pyrolysis gas could be burned continuously. At 360 ◦C, the pressure in the pyrolysis furnace rose
sharply (the rising rate was faster than that in Experiment I). With the pressure increasing, the pyrolysis
gas was burned continuously, and the total combustion time was obviously shortened.

Experimental phenomena were different between Experiments I and II. From the aspect of reaction
degree, Experiment II intensively reacted vigorously in the temperature range of 350–400 ◦C, during
which the furnace pressure rose rapidly. From the aspect of reaction temperature, Experiment II
was intense and concentrated at about 380 ◦C, while the temperature of Experiment I was between
250–400 ◦C, which was a large span. From the aspect of reaction time, the continuous combustion time
of pyrolysis gas in Experiment II was obviously shorter than that of Experiment I.

3.2. Proximate Analysis of Material Balance

The essence of the waste rubber pyrolysis process is that organic macromolecular chains are
broken into small molecules by heating [7]. The main products include pyrolysis oil, pyrolysis gas,
and pyrolysis carbon black. The yield of pyrolysis oil and pyrolysis carbon black has become one of
the main indexes by which to evaluate the performance of the pyrolysis process and the equipment,
as they are easy to transport and have high economic value. Table 3 gives the detailed experimental
data of the material balance of the two experiments.

As can be seen in Table 3, the yield of pyrolysis oil in Experiment II decreased slightly compared
with Experiment I, the yield of pyrolysis gas increased slightly, and the yields of carbon black and steel
wire changed slightly. A tire is composed of multiple parts, such as the tread, sidewall, and belt. The
quality of each component cannot be guaranteed to be exactly the same during the preparation process.
At the same time, used tires have different degrees of wear. These reasons caused the yield changes of
carbon black and steel. The main reasons for the different yields of pyrolysis oil and pyrolysis gas
were that the addition of spent FCC catalysts made the waste tire pyrolysis process more intense,
the breakage of macromolecular chains more thorough, and the production of small molecular gases
increase. Thus, the pyrolysis gas increased and the yield of pyrolysis oil slightly decreased. The
proportion of light oil in Experiment II is 11.25% higher than that of Experiment I. The spent FCC
catalysts had a certain amount of influence on improving the quality grade of the pyrolysis oil.
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Table 3. Proximate analysis of feedstock.

Category Item Ӏ II

Sample Waste Tires (kg) 41 42
Spent FCC Catalyst (kg) 0 1.2

Product

Pyrolysis Oil (kg) 1 17.5 17.1
Including: Light Oil A (kg) 1 2.9

Heavy Oil B (kg) 16.5 14.2
Carbon Black (kg) 14 14.75

Steel Wire (kg) 5.2 5.25
Pyrolysis Gas (kg) 2 4.3 4.9

Yield 3

Pyrolysis Oil (%) 42.68 40.71
Carbon Black (%) 34.15 35.12

Steel Wire (%) 12.68 12.50
Pyrolysis Gas (%) 10.49 11.67

Light Oil A/Pyrolysis Oil (%) 5.71 16.96
1 Pyrolysis Oil (kg) = Light Oil A (kg) + Heavy Oil B (kg); 2 Pyrolysis Gas (kg) = Waste Tires (kg) − Pyrolysis Oil (kg)
− Carbon Black (kg) − Steel Wire (kg); 3 Yield = Product (kg)/Waste Tires (kg)·100%.

3.3. Property Analysis of Pyrolysis Oil

Pyrolysis oil is a complex multicomponent mixture and has a wide distillation range [21–23]. Its
chemical composition is complicated. The physical and chemical properties, distillation characteristics,
and oil appearance charts of the cracking oil were taken as the main indicators for evaluating the oil in
the experiments. The relevant data are shown in Table 4.

Table 4. Pyrolysis oil related index.

Item
I II

Standard
Heavy Oil B Light Oil A Heavy Oil B Light Oil A

Kinematic Viscosity (50 ◦C) mm2/s 5.556 0.8497 5.461 0.7917 GB/T11137-1989(2004)

Density (20 ◦C) g/cm3 0.9308 0.844 0.9415 0.8364 SH/T0604-2000

Sulfur Content % 0.765 0.72 0.808 0.79

Distillation Range GB/T9168-1997(2004)

Initial Boiling Point 105 101 79 47.5
5% Recovered Temperature/◦C 162 112 160 93.5

10% Recovered Temperature/◦C 178 118 179 104.5
20% Recovered Temperature/◦C 216 124.5 210 119.5
30% Recovered Temperature/◦C 252 132.5 245 129.5
40% Recovered Temperature/◦C 283 138.5 277 141.5
50% Recovered Temperature/◦C 310 148.5 314 152.5
60% Recovered Temperature/◦C 345 157.5 345 165.5
70% Recovered Temperature/◦C 404 170.5 375 182.5
80% Recovered Temperature/◦C 449 191.5 417 239.5
90% Recovered Temperature/◦C 286.5 457 314.5

Temperature Intervals of Initial
Boiling Point ~80% Distillation

Range/◦C
344 90 338 191.5

205 ◦C Recovered volume/% 17.1 82.4 18.5 75.2
365 ◦C Recovered volume/% 63.5 66.8

From the experimental data, it can be seen that the kinematic viscosity of oil in Experiment II
decreased and the density increased. This was mainly because the spent FCC catalysts could reduce the
activation energy of cracking, and at the same cracking temperature, the longer molecular chains could
be broken. Thus, the hydrocarbon chain in the heavy oil tank was much longer and the oil density
increased. In addition, under the action of the catalysts, polymer chain breakage was more severe,



Processes 2019, 7, 335 6 of 10

which reduced the proportion of cyclization compounds and aromatic hydrocarbons in oil and gas and
increased the proportion of the chain structure, which led to a decrease of oil kinematic viscosity.

As can be seen from the distillation data of pyrolysis oil in Experiment II, for heavy oil B,
the temperatures at the initial distillation point and most recovery volumes were lower than that
of Experiment I, which indicates that under the catalysis of spent FCC catalysts, the fracture of the
molecular chain is more violent, and the molecular chain structure of oil in the same distillation range
is simpler. It can also be clearly seen from the comparison chart of oil appearance in Figure 2, with
spent FCC catalysts, the heavy oil pyrolysis oil was much darker than that of ordinary pyrolysis oil,
which was in contrast to the light oil. It also shows that there were more large molecular chains in
heavy oil B, and the cracking was more thorough under the same conditions in the Experiment II.
From another point of view, it also shows that spent FCC catalysts can feasibly be used for the catalytic
cracking of waste tires.
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3.4. Data Analysis of Pyrolysis Carbon Black

In the pyrolysis process of waste tires, due to the continuous high temperature and complex
pyrolysis environment, the pyrolysis carbon black has poor activity and more impurities. It needs
further processing to reapply it as filler in tire manufacturing. Thus, reusing pyrolysis carbon black
to manufacture tires is highly dependent on technology. Presently, further research work is still
needed [24,25]. The metal elements, such as nickel and vanadium, contained in spent FCC catalysts
can be conducive to combustion, and they also can improve the combustion performance of coal water
slurry. The pyrolysis carbon black combustion properties are listed in Table 5, which provides the basic
preliminary research for the preparation of coal water slurry by mixing pyrolysis carbon black.

Table 5. Pyrolysis carbon black combustion properties.

Category C/% H/% Ad 1/% S/% Q 2/MJ·kg−1

I 82.02 1.12 19.6 2.69 27.91
II 82.16 0.84 22.62 2.5 26.05

1 Ad is content of ash dry basis; 2 Q is gross calorific value.

From the experimental data in Table 5, it can be seen that the contents of carbon and ash dry
base in Experiment II were slightly higher than those in Experiment I, while the hydrogen content,
sulfur content, and high calorific value were lower. This was mainly due to the catalysis of the spent
FCC catalysts, which made the cracking process of the waste rubber molecular chain more intense.
The degree of the dehydrogenation reaction was intensified, and the cracking reaction was relatively
sufficient. Thus, the combustion value was reduced and the ash content was increased.

3.5. Detection Data of Pyrolysis Gas

The composition of pyrolysis gas is complex. In the industrial pyrolysis process of waste tires,
pyrolysis gas is usually burned directly [26], which provides the heat required for the pyrolysis reaction.
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Therefore, it is critical to determine if there are sulfur, nitrogen, and other elements which can cause
serious air pollution in pyrolysis gas.

In the experiment, GC–MS was applied to analyze the combustible gas collected by air bags. The
instrument used was an Agilent 7890-5975c GC–MS, and the chromatographic column was a DB-5
(30 m × 0.25 mm × 0.25 um). The gas phase conditions were as follows: inlet temperature was 250 ◦C;
split ratio was 5:1; starting temperature of heating program was 40 ◦C; and heating was to 250 ◦C at
8 ◦C/min. The mass spectrometry conditions were as follows: full scanning mode; scanning range was
30–400; ion source temperature was 230 ◦C; and quadrupole rod temperature was 150 ◦C. The relevant
experimental data are shown in Tables 6 and 7.

The abovementioned GC–MS data clearly shows that gas from the pyrolysis reaction was mainly
composed of hydrocarbon gas. The gas composition in Experiment II was significantly less than
that of Experiment I. Meanwhile, in Experiment II, the gas component fragment was mainly C4H8

(2-methyl-1-propene), accounting for 65.59% of the total gas. This was mainly due to the catalytic effect
of spent FCC catalysts, which made the cracking intermediate active material convert to propylene
and reduced the occurrence of other side reactions. Therefore, a new method is proposed that uses
spent FCC catalysts for the catalytic cracking of waste tires to produce chemical raw materials. The
feasibility of this method will be further verified in subsequent experiments.

Table 6. Pyrolysis gas components and content in Experiment I.

Number Matches Name CAS Number Molecular
Formula Proportion

1 Propene 000115-07-1 C3H6 2.04%
2 Isobutane 000075-28-5 C4H10 1.31%
3 1-Methylcyclopropene 003100-04-7 C4H6 48.07%
4 Cyclopropane, 1,1-dimethyl- 001630-94-0 C5H10 0.90%
5 Butane, 2-methyl- 000078-78-4 C5H12 0.56%
6 1-Butene, 3-methyl- 000563-45-1 C5H10 4.29%
7 1,3-Butadiene, 2-methyl- 000078-79-5 C5H8 19.34%
8 Cyclopropane, 1,1-dimethyl- 001630-94-0 C5H10 14.08%
9 1,4-Pentadiene 000591-93-5 C5H8 0.18%

10 1,3-Cyclopentadiene 000542-92-7 C5H6 0.52%
11 Cyclopentene 000142-29-0 C5H8 1.13%
12 2-Pentene, 4-methyl-, (Z)- 000691-38-3 C6H12 1.07%
13 Thiirane 000420-12-2 C2H4S 0.21%
14 1-Butene 000106-98-9 C4H8 0.25%
15 4-Pentenal 002100-17-6 C5H8O 0.23%
16 Pentane, 3-methylene- 000760-21-4 C6H12 0.48%
17 2-Pentene, 3-methyl-, (Z)- 000922-62-3 C6H12 0.62%
18 2-Pentene, 3-methyl-, (Z)- 000922-62-3 C6H12 0.61%
19 Hydroperoxide, hexyl 004312-76-9 C6H14O2 0.22%
20 1,3-Pentadiene, 2-methyl-, (E)- 000926-54-5 C6H10 0.20%
21 4-Methyl-2-pentyne 021020-27-9 CH3CH(CH3)C≡CCH30.38%
22 trans-1,4-Hexadiene 007319-00-8 C6H10 0.16%
23 Cyclopentene, 3-methyl- 001120-62-3 C6H10 0.27%
24 Benzene 000071-43-2 C6H6 0.36%
25 3-Hexene, 2-methyl-, (E)- 000692-24-0 C7H14 0.09%
26 1,3-Cyclohexadiene 000592-57-4 C6H8 0.09%
27 Cyclohexene 000110-83-8 C6H10 0.25%
28 Heptane, 2,2-dimethyl- 001071-26-7 C9H20 0.10%
29 Methyl Isobutyl Ketone 000108-10-1 C6H12O 0.17%
30 Toluene 000108-88-3 C7H8 0.17%
31 Pentane, 2,2,4,4-tetramethyl- 001070-87-7 C9H20 0.02%
32 Methyl ethyl disulfide 020333-39-5 C3H8S2 0.02%

Note: After gas chromatography–mass spectrometry (GC–MS) detection, there were 53 fragments in the pyrolysis
gas collected by ordinary pyrolysis. As there were multifarious components, only part of the data is listed in the
table, and all the unlisted data are hydrocarbon fragments.



Processes 2019, 7, 335 8 of 10

Table 7. Pyrolysis gas components and content in Experiment II.

Number Matches Name CAS Number Molecular
Formula Proportion

1 Propylene 000124-38-9 C3H6 18.11%
2 Isobutane 000075-28-5 C4H10 1.68%
3 1-Propene, 2-methyl- 000115-11-7 C4H8 65.59%
4 1-Butene, 3-methyl- 000563-45-1 C5H10 0.39%
5 Butane, 2-methyl- 000078-78-4 C5H12 0.76%
6 2-Pentene, (E)- 000646-04-8 C5H10 2.45%
7 1,4-Pentadiene 000591-93-5 C5H8 2.16%
8 Cyclopropane, 1,1-dimethyl- 001630-94-0 C5H10 3.70%
9 3-Penten-1-yne, (E)- 002004-69-5 C5H6 0.20%
10 Cyclopentene 000142-29-0 C5H8 0.55%
11 Cyclopropane, 1-ethyl-2-methyl-, cis- 019781-68-1 C6H12 0.63%
12 1-Hexene, 4-methyl- 003769-23-1 C7H14 0.11%
13 1-Butene 000106-98-9 C4H8 0.26%
14 Hexane 000110-54-3 C6H14 0.21%
15 2-Pentene, 4-methyl-, (Z)- 000691-38-3 C6H12 0.41%
16 2,4-Hexadiene 000592-46-1 C6H10 0.28%
17 2-Pentene, 3-methyl-, (Z)- 000922-62-3 C6H12 0.26%
18 1-Pentene, 2-methyl- 000763-29-1 C6H12 0.29%
19 2,4-Hexadiene, (E,E)- 005194-51-4 C6H10 0.06%
20 2-Hexen-4-yne 014092-20-7 C6H6 0.12%
21 1-Butene 000106-98-9 C4H8 0.15%
22 1,4-Hexadiene 000592-45-0 C6H10 0.57%
23 Benzene 000071-43-2 C6H6 0.27%
24 2-Hexenal, (E)- 006728-26-3 C6H10O 0.08%
25 Ethylidenecyclobutane 001528-21-8 C6H10 0.06%

26 Propanoic acid, 2,2-dimethyl-, methyl
ester 000598-98-1 C6H12O2 0.06%

27 2-Hexyne, 4-methyl- 020198-49-6 C7H12 0.05%
28 2,5-Heptadiene, (E,E)- 039619-60-8 C7H12 0.09%
29 Diphosphoric acid, diisooctyl ester 072101-07-6 C16H36O7P2 0.17%
30 2-Pentene, 2,4,4-trimethyl- 000107-40-4 C8H16 0.04%
31 Methyl Isobutyl Ketone 000108-10-1 C6H12O 0.10%
32 Cyclobutane, (1-methylethylidene)- 001528-22-9 C7H12 0.06%
33 Toluene 000108-88-3 C7H8 0.07%

3.6. Equilibrium Analysis of Sulfur Elements

The sulfur content in tires is 1–2% [27]. Several studies have focused on the migration and
transformation of sulfur elements during the pyrolysis process [28–30]. From the above experimental
data analysis, it can be seen that the sulfur content in pyrolysis gas was negligible. The sulfur content
in the experimental products and the distribution of sulfur elements in the products are detailed in
Table 8.

Table 8. Sulfur content in products.

S→Oil 1

(%)
Oil
(kg)

S→Carbon 2

(%)
Carbon
(kg)

S→Gas 3

(%)
Gas
(kg) S 4 (kg) S→Oil

s (%) 5 S→Carbon
S (%) 6

I 0.76 17.5 2.69 14 0.12 4.3 0.5148 25.84 73.15
II 0.8 17.1 2.5 15.4 0 4.9 0.5218 26.21 73.79
1 S→Oil: Sulfur content in the oil; 2 S→Carbon: Sulfur content in carbon black; 3 S→Gas: Sulfur content
in cracking gas; 4 S = S→Oil(%)·Oil(kg) + S→Carbon(%)·Carbon(kg) + S→Gas(%)·Gas(kg); 5 (S→Oil)/s(%) =
S→Oil(%)·Oil(kg)/S(kg); 6 (S→Carbon)/S(%) = S→Carbon(%)·Carbon (kg)/S(kg).

Table 8 shows that the sulfur in pyrolysis carbon black accounted for about 73% of the total sulfur
in waste tire raw materials and about 26% of that in pyrolysis oil. The sulfur element content in oil
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increased in Experiment II because the sulfur bond breaks first in a vulcanized rubber system. The C–H
bond energy was 414 kJ·mol−1, C–C bond energy was 347 kJ·mol−1, C–S bond energy was 310 kJ·mol−1,
and S–S bond energy was 270 kJ·mol−1, which decreased in turn, with sulfur bonds breaking first.
Under the action of the catalysts, the intermediate active substance containing sulfur bonds reacted
violently. Thus, the sulfur content increased in pyrolysis oil and decreased in carbon black.

4. Conclusions

1. Catalytic cracking of waste tires with spent FCC catalysts improved pyrolysis efficiency and the
quality of cracking oil and reduced the content of sulfur and nitrogen in pyrolysis gas, which proves
that the application of spent FCC catalysts in the pyrolysis of waste tires is effective.

2. When spent FCC catalysts were used in the catalytic cracking of waste tires, the yield of
oil decreased slightly, but the proportion of light oil increased obviously and the quality of oil
was improved.

3. A new idea was proposed to use spent FCC catalysts in the catalytic cracking of waste tires to
produce high-value chemical raw materials.

4. The S element in pyrolysis carbon black accounted for about 73% of the total S elements in
waste tires and about 26% of that in pyrolysis oil.

5. The distillation of pyrolysis oil has a wide range.
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