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Abstract  
Waste plastics (e.g., polyethylene, polyvinyl chloride, polypropylene, polystyrene) and petroleum sludge (i.e., main residual 
from the petroleum industry) pose a severe threat to the environment and human health. These materials are basically non-
biodegradable, and it is difficult to realize the recycling of them and resources via traditional treatment methods. Catalytic 
pyrolysis as a new recycling treatment method has the characteristics of high efficiency, environmentally benign, no 
secondary pollution and high product utilization value. This paper mainly reviews the research progress of catalysts used in 
the catalytic pyrolysis of waste plastics and petroleum sludge. They include molecular sieves, transition metals, metal oxides, 
clays and activated carbons used for the recycling of plastic, and molecular sieves and M-series catalyst (M=Al, Fe, Ca, Na, K) 
for treating petroleum sludge. The mechanism of catalytic pyrolysis is also elucidated in this paper. In addition, the challenges 
faced by catalytic pyrolysis of waste polymers and the future development prospects are also presented. 
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1. Introduction 

The discovery and exploitation of petroleum have greatly 

promoted the progress of human civilization. Fuel, plastics, 

rubber, paint and medicine that are produced from the 

processed petroleum are widely used in various fields of 

human life.[1] Among them, as one of the great inventions of 

modern society, plastic products greatly enrich the daily life 

of human beings.[2] The exploitation and deep processing of 

petroleum (such as synthetic plastics) is accompanied with the 

production of petroleum sludge. Both petroleum sludge and 

waste plastics have potential recycling value.[3] 

The mass production and use of plastic products has 

brought many problems while promoting the economic 

growth and improving living standards of the people. The 

plastics used in the industry and daily life are mostly synthetic 

polymer materials such as polypropylene (PP), polyethylene 

(PE), polystyrene (PS) and polyvinyl chloride (PVC).[4] Huge 

quantities of plastics have been discarded after the use. Waste 

plastics cannot be easily decomposed in the natural 

environment. They cause serious pollution to the atmosphere, 

soil and water environment, as well as the waste in the form of 

resources and energy.[5,6] In particular, disposable plastic bags 

and agricultural plastic films used in our daily life are 

discarded and cause visual pollution, that is “white pollution”. 

On one hand, these “white pollution” seriously affects the 

growth of crops, the reproduction of fish and even make some 

rare marine species endangered. On the other hand, the diet 

containing food with plastic residue will cause serious health 
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problems.[7] In June 2018, National Geographic magazine used 

a photo titled “Planet or plastic?” as the cover image, it called 

on the society to pay attention to the plastic crisis and pointed 

out that one of the biggest environmental problems facing 

human beings in this era was plastic pollution.[8] 

As the main raw material of polymer products, petroleum 

is inevitably mixed with soil or other impurities to form 

petroleum sludge due to accidents, natural precipitation and 

other reasons in the processes of exploitation, storage and 

transportation, refining and tank cleaning.[9] When the 

petroleum sludge enters into the ground, it destroys the 

physical and chemical properties of soil deteriorating the soil 

quality and causing damage or death to vegetation. When 

petroleum sludge enters the river, it destroys the balance of 

water ecosystem, also cause the concentration of petroleum 

hydrocarbons in the water increase exceeding the standard and 

pollute the groundwater.[10] In addition, petroleum sludge 

contains polycyclic aromatic hydrocarbons that can also 

release a lot of harmful gases and dust,polluting the 

environment and threatening human health.[11] 

As can be seen from Fig. 1, the traditional treatments for 

waste plastics and petroleum sludge are landfill and 

incineration. However, landfill requires a large amount of 

space and sufficient soil to fully seal and prevent the leaching 

of harmful compounds, which not only seriously waste land 

resources but also pollute groundwater resources and cause 

landfills to become soft foundations.[12] Although incineration 

greatly reduces the volume and mass of waste plastics and 

petroleum sludge, a large amount of toxic and harmful gases 

(e.g. nitrogen oxides, HC1, HCN, etc.) are generated during 

the incineration process, which has a negative impact on the 

environment and causes secondary pollution.[13] To some 

extent, waste is a misplaced resource, which hides great 

potential value. Therefore, in addition to these two commonly 

used direct disposal methods, the third method is recycling 

treatment. It includes physical/mechanical recycling and 

chemical recycling.[14] The physical or mechanical recycling 

method has high standard requirement for waste plastics and 

petroleum sludge, single type or no impurities. Therefore, it 

needs a large amount of pre-processing works such as sorting, 

which greatly limits the scope of application.[15] In contrast, the 

chemical recycling method has the low requirement for waste 

materials and can process various types of mixed plastics and 

petroleum sludge. It is environmentally friendly with low 

pollution and low emissions. Most importantly, it is widely 

accepted for the high utilization rate of the processed object 

and high value-added products.[16] 

 

 
Fig. 1 Various treatment methods for waste plastics and petroleum sludge.
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Fig. 2 The Process for catalytic pyrolysis of organic polymers (1: 

reactor; 2: water cooler; 3: separator; 4: gas meter; 5: filter). 

 

Pyrolysis and catalytic pyrolysis are two relatively mature 

and efficient chemical recycling methods. Pyrolysis refers to 

placing raw materials in a pyrolysis reactor and heating them 

directly in an oxygen-free or anoxic atmosphere.[17] Under high 

temperature conditions, C-C bonds and C-H bonds in the 

polymer are broken to obtain hydrocarbons with different 

lengths, and then fuel oil is obtained after further 

fractionation.[18] The catalytic pyrolysis method is to 

simultaneously add the reaction materials (waste plastics or 

petroleum sludge) and catalysts into the pyrolysis kettle. The 

specific process is shown in Fig. 2. In the presence of catalyst, 

the unstable carbocations are broken and the linear molecules 

is significantly reduced, while non-linear molecules are 

greatly increased.[19] Compared with the direct pyrolysis 

method, the catalytic pyrolysis method offers the advantages 

of fast reaction rate, short reaction time, low reaction 

temperature, and higher quality value-added product sat low 

cost.[20, 21] 

Despite there have been many reports on the pyrolysis and 

catalytic pyrolysis of waste plastics and petroleum sludge, 

there is few comprehensive systematic review available. This 

work briefly summarizes the main chemical composition of 

cracked waste plastics and petroleum sludge, as well as a 

detailed overview of the research progress of different 

catalysts in catalytic pyrolysis of waste plastics and petroleum 

sludge. 

 

2.The main compositions and pyrolysis of waste plastics 

2.1 Low-density polyethylene (LDPE) 

Low-density polyethylene (LDPE), also called high-pressure 

polyethylene, is formed by high-pressure polymerization of 

ethylene and a small amount of olefin.[22] The molecular 

structure is mainly composed of linear main chain and 

contains many short-chain branches, which has low 

crystallinity and is easy to be heated and formed.[23] Therefore, 

it is widely used as packaging plastic bags, disposable garbage 

bags, etc. in daily life. LDPE waste is accumulated over time 

and is recognized as the second largest type of plastics in 

municipal solid waste. The thermal cracking of LDPE into 

petroleum products as a method of recycling energy and 

reducing waste of resources has now received extensive 

attention. 

Yan et al.[17] conducted a pyrolysis study of LDPE in an 

atmospheric nitrogen semi-batch reactor by a modified Coats-

Redfern method. At the temperature of 420-460 °C, the 

content of gasoline (C6-C12) fraction in cracked product 

reached 21.30 wt%, and the content of diesel (C13-C22) fraction 

reached 67.76 wt%. 

 

2.2 High-density polyethylene (HDPE) 

High-density polyethylene (HDPE), also called low-pressure 

polyethylene, has a highly regular molecular structure with 

high crystallinity, melting point and density and few and short 

branches in its molecules.[24] HDPE is commonly used in the 

manufacturing of container bottles and toys, based on high 

strength characteristics. At room temperature, HDPE is 

insoluble in any organic solvent and has high corrosion 

resistance to acids, bases and salts. In municipal solid waste, 

it is the third largest plastic type.[25] 

Al-Salem et al.[26] have carried out pyrolysis of HDPE in a 

new fixed bed (intermittent) reactor to produce the gasoline 

range hydrocarbon oils. The optimum temperature for 

obtaining the maximum oil yield (70 wt%) in the presence of 

inert carrier gas nitrogen was 550 °C. The research found that 

the recovered pyrolysis oil products contained a higher 

proportion of aliphatic hydrocarbons, a lower proportion of 

aromatic hydrocarbons, and the carbon content of the 

pyrolysis oil increases with increasing temperature. 

 

2.3 Polyvinyl chloride (PVC) 

Polyvinyl chloride (PVC) is a unique thermoplastic derived 

from polyethylene. The addition of chlorine gives PVC 

excellent fire resistance and electrical insulation.[27] For 

general-purpose plastics, PVC is largely used. It is widely used 

in wire and cable insulation materials, building materials, 

automotive interiors, credit cards, synthetic leathers when 

mixed with various additives. Although PVC has a wide range 

of applications, there are few literatures on its pyrolysis due to 

the release of harmful gases upon heating.  

Miskolczi et al.[28] studied the effects of PVC content on 

the yield and properties of products (gases, gasoline, light and 

heavy oil) by placing PVC-containing municipal solid waste 

in a horizontal tubular reactor and treating them at 530 °C for 

25 minutes. The results show that the mixed plastic waste 

samples with different PVC content can be converted into 

gasoline and light oil with a yield of 36.9-59.6%, and the 

decomposition conversion rate increases significantly with the 

increase of PVC concentration. 
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2.4 Polypropylene (PP) 

Polypropylene (PP)is polymerized from propylene and has 

good chemical and heat resistance due to the presence of 

methyl side chains in the structure. PP is lower in density than 

HDPE, but higher in hardness and rigidity. PP does not melt 

at temperatures below 160 °C, which making it popular in the 

plastics industry and widely used in washbasins, buckets and 

carpet materials, etc.[29] It is counted as the largest amount of 

plastic found in municipal solid waste. The demand for PP has 

increased year by year. 

Ahmad et al.[30] studied PP pyrolysis fuel products at 

temperatures ranging from 250-400 °C. As a result, it was 

found that the product yield was highly correlated with the 

change in temperature and the total conversion at the 

temperature of 300 °C was as high as 98.66% (69.82% of 

liquid, 28.84% of gases and 1.34% of residue). By Fourier 

transform infrared spectra (FT-IR) and Gas chromatography 

coupled with mass spectrophotometry (GC-MS)analysis of 

liquid product fractions, the findings suggest that the liquid 

fractions consist of a wide variety of hydrocarbons distributed 

in C6-C16. 

 

2.5 Polystyrene (PS) 

Polystyrene(PS) is a high molecular weight polymer 

synthesized by free radical polymerization of styrene 

monomer. It is usually colorless and transparent, and its 

transmittance can reach more than 90%. It has good electrical 

insulation performance, good processing fluidity, heat 

resistance, chemical corrosion resistance, and is easy to color. 

They have been widely used in the fields of disposable foam 

lunch boxes, food packaging and household appliances.[31] 

There is a large amount of PS waste in the accumulated 

municipal solid waste every year. Unfortunately, PS cannot be 

properly classified and recycled in urban life. Therefore, in 

order to avoid waste of resources, it is of great significance to 

use pyrolysis to convert into more valuable petroleum 

products.  

Onwudili et al.[32] performed a pyrolysis experiment on PS 

under an inert nitrogen atmosphere in a closed batch reactor to 

study the effect of reaction temperature on pyrolysis products. 

From the experiment, they found that the liquid fuel oil yield 

was as high as 97.0 wt% when the pyrolysis temperature was 

425 °C, and the obtained liquid oil was almost entirely 

composed of aromatic compounds, especially toluene, 

ethylbenzene and styrene. 

 

3. The main compositions and pyrolysis of petroleum 

sludge 

Petroleum sludge mainly contains the chemical compositions 

of alkanes, cycloalkanes, aromatic hydrocarbons and so on. 

The recycling of petroleum sludge is mainly realized by heat 

treatment of the heavy oil components. Under the action of 

pyrolysis, hydrocarbons undergo complex chemical reactions 

mainly including endothermic pyrolysis reaction and 

exothermic condensation reaction. During the reaction, heavy 

oil generally begins to decompose at around 370 °C, and the 

condensation reaction accelerates as increase of pyrolysis 

temperature.[33] 

The pyrolysis of alkanes in petroleum sludge mainly 

includes the formation of small molecular alkenes and 

secondary alkanes after the C-C bond is broken and the 

formation of alkenes with a constant carbon number after the 

C-H bond is broken. The general formula can be expressed 

as:[34] 

R-CH2CH2-R' → R-CH=CH2 + R'H                (1) 

R-CH2CH3→ R-CH=CH2 + H2            (2) 

The pyrolysis of cycloalkanes is mainly a process of 

fracturing alkyl ring and alkyl side chain, in which the ring of 

cycloalkane is broken and form smaller molecular olefins or 

alkadienes, and the alkyl side chain is broken to form smaller 

molecule alkanes or olefins. Since aromatic hydrocarbon is 

relatively stable, the aromatic ring cannot be broken at low 

temperature. At high temperature, the dehydrogenation 

condensation reaction is carried out to form another aromatic 

hydrocarbon with larger number of rings and finally form coke. 

The complexity of the pyrolysis reaction of petroleum sludge 

is that some of the obtained intermediate products undergo 

cracking reaction with heating, but all the reactions follow the 

free radical reaction mechanism of chain initiation, chain 

growth and chain termination.[35, 36] 

Shen et al.[37] conducted a pyrolysis experiment of 

petroleum sludge in a fluidized bed. It was found that when 

the temperature was 525 °Cand the gas phase residence time 

was 1.5 s, the maximum oil production was 30% of the total 

sludge weight. Moreover, the oil yield gradually decreases as 

the residence time of gas phase increases. The reason is that 

the chemical bond cleavage of various organic substances in 

the petroleum sludge is caused by the temperature. When the 

temperature is higher than 450 °C, the heavy oil generated by 

pyrolysis undergoes the second chemical bond cleavage to 

generate light oil, and the gas phase residence time also 

increases. When the temperature is higher than 525 °C, the 

amount of light oil and gaseous hydrocarbons is increased, and 

the amount of non-condensable gas generated is also increased, 

so that the amount of carbon generated is reduced. When the 

temperature continues to rise, the dehydrogenation becomes 

easier and the amount of H2 produced also increases. 

 

4. Application of different catalysts in catalytic pyrolysis of 

waste plastics 

Catalyst accelerates the chemical reaction without changing 

the result. Therefore, it is widely used in industry and research 

to optimize product distribution and improve product 

selectivity. Catalytic pyrolysis shows greater efficiency in 

turning plastic waste into liquid oil compared to pyrolysis and 

has higher consistency at lower temperatures and reaction 

times.[38, 39] The catalytic pyrolysis process has the following 

advantages: 
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(1) With the participation of the catalyst, the activation 

energy required for the reaction is reduced, and the catalytic 

pyrolysis is carried out at a lower temperature, thereby 

increasing the conversion rate of the polymer.[40] 

(2) The presence of the catalyst enhances the selectivity of 

the waste plastic conversion product, so that by appropriately 

selecting the acidity and pore structure of the catalyst, it is 

possible to control the different yields of the desired product 

(such as gases, gasoline or diesel).In addition, the 

development of undesirable products can be inhibited by an 

acceptable catalyst (such as chlorinated and brominated 

hydrocarbons).[41] 

In the past few decades, researchers all over the world have 

carried out many works on the catalytic degradation of plastics 

and researched the catalytic efficiency and mechanism of 

various catalytic systems. The catalysts commonly used in 

catalytic pyrolysis of waste plastics mainly include: 

mesoporous molecular sieve catalysts, transition metal 

catalysts, oxide catalysts, clay mineral catalysts and other 

catalysts.[42, 43] 

 

4.1 Mesoporous molecular sieve catalysts 

Mesoporous molecular sieves refer to a class of materials with 

ordered pore structure in the range of 2-50 nm，which have 

advantages of pore size can be varied in a wide range, large 

specific surface area, variable mesoporous morphology, 

optional pore wall composition and properties, and high 

thermal stability.[44] As a new class of dielectric and functional 

materials developed under the framework of green chemistry, 

it mainly includes MCM-41, HZSM-5, SBA-15,Y zeolite, and 

has been successfully used in many chemical reactions, 

especially catalytic degradation of polymer materials.[45] 

 

4.1.1 MCM-41 

MCM-41 is a new type of nanostructured material. Unlike the 

traditional zeolites or other molecular sieves are synthesized 

by a single small organic molecule or metal ion as 

template,MCM-41 is based on a macromolecular surfactant as 

template.[46] Jin et al.[47] used post-Mg-extraction Sepiolite as a 

raw material to synthesize a highly ordered MCM-41 

mesoporous molecular sieve after hydrothermal reaction in a 

solution (pH 12) at 100 °C for 24 hours. In the catalytic 

pyrolysis of PS, MCM-41 exhibits high catalytic activity and 

strong selectivity for C5-C12 aromatics. In addition, the yield 

of styrene produced (50.7%) by PS pyrolysis with the 

participation of catalyst MCM-41 is much higher than that 

under non-catalyst condition (32.1%).The catalytic activity of 

MCM-41 can be increased by the incorporation of protons or 

other transition metal ions. Saha et al.[48] found that Al-MCM-

41 synthesized by sol-gel method is superior to hydrothermal 

synthesis in the catalytic cracking of PP, and Al-MCM-41 

(sol–gel) has good recycling property. 

 

 
Fig. 3 Catalytic pyrolysis by HZSM-5 and ordinary pyrolysis 

mechanism of LDPE, reproduced with permission from [51], 

Copyright@Elsevier BV. 

 

 

Fig. 4 Product yields (wt%) in the batch reactor in different conditions (a) and the catalytic decomposition mechanism by HZSM-5 

(b), (reprinted with the permission from [52], Copyright@Elsevier Ltd.
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4.1.2 ZSM-5 and HZSM-5 

ZSM-5 is a new type of zeolite molecular sieve synthesized by 

using tripropylamine ion as a template. The stable five-

membered ring structure and high silicon-aluminum ratio 

determine its high thermal stability.[49] HZSM-5 is an H-type 

molecular sieve obtained by ZSM-5 after repeated ammonium 

ion exchange treatment.[38] ZSM-5 and HZSM-5 molecular 

sieves have the characteristics of unique shape selection, good 

hydrothermal stability, acid resistance and strong carbon 

deposition resistance. They are widely used in catalytic 

processes such as selective cracking, isomerization, alkylation 

and aromatization.[50] 

It has been found that the fixed-bed reactor with the 

participation of ZSM-5 have higher polymer conversion rate 

and liquid yield for LDPE catalytic pyrolysis than 

conventional cracking. As shown in Fig. 3, the reason is that 

it is easier for LDPE to generate carbocations under the 

catalytic action of ZSM-5 than ordinary thermal 

decomposition to produce carbon radicals.[51] 

Sebestyén et al.[52] conducted a catalytic thermal 

decomposition study of HZSM-5 on a mixture of plastics 

(composed of PE, PP and PET) and biomass (composed of 

newspapers, cardboard and pine chips). In a batch reactor, the 

use of HZSM-5 catalyst can significantly increase the yield of 

volatile gases in a relatively short period of time (Fig. 4a); 

Aromatization or directed isomerization of the catalyst can be 

observed by pyrolysis-gas chromatogra-phy/mass 

spectrometry (Py-GC/MS) analysis (Fig. 4b). 

 

4.1.3 Al-SBA-15 

SBA-15 is mostly synthesized by using neutral surfactants and 

neutral inorganic precursors. Since there is almost no 

electrostatic repulsion between them, the thick pore wall can 

be formed inside SBA-15, which improves the thermal 

stability of the molecular sieve skeleton structure. SBA-15 has 

a strong L acid center and a weak B acid center, which 

determines that it is mainly used for polymer polymerization 

and dehydrogenation processes.[53] The B acid center mainly 

acts on the catalytic cracking reaction, a large number of 

studies have shown that Al-SBA-15 obtained by incorporating 

an appropriate amount of Al can significantly increase the B 

acid center of SBA-15.[54] 

Socci et al.[55] synthesized a series of Al-SBA-15 catalysts 

with different Al contents and used them with ZSM-5 for 

catalytic cracking of LDPE. It can be seen from the derivative 

thermogravimetric analysis that the use of catalysts greatly 

reduces the thermal decomposition temperature of LDPE (Fig. 

5a). In addition, Al-SBA-15 with different Al content has 

overcome the diffusion limitation of ZSM-5 in pyrolysis 

LDPE and exhibits high selectivity to gasoline compounds 

(Fig. 5b). 

 

4.1.4 Y zeolite 

The molar ratio of SiO2/Al2O3>3 in Y zeolite, and the 

molecular structure has a large cavity and a three-dimensional 

12-element ring pore system, which can enable a variety of 

organic polymers to enter the cavity and undergo catalytic 

reaction. The primary components of waste electrical and 

electronic devices are high-impact polystyrene (HIPS) and 

acrylonitrile butadiene styrene (ABS) (WEEE).[56,57] 

Muhammad et al.[58] used Y zeolite and ZSM-5 catalysts to 

catalytic pyrolysis HIPS and ABS. As shown in Fig. 6, 

compared with ordinary pyrolysis, the yield of oil obtained by 

catalytic pyrolysis is reduced by 5-10%, and the gas yield is 

correspondingly increased. 

 

4.2. Oxide catalysts 

4.2.1 SiO2-Al2O3 

SiO2-Al2O3 is a commonly used acid-catalyzed reaction 

catalyst. Due to its large pore size, it is widely used in the 

catalytic cracking reaction of waste plastics.[59] Some studies 

have shown that the main products of amorphous SiO2-Al2O3 

catalytic cracking LDPE are mainly gasoline (C5-C12) and 

intermediate fractions (C13-C22) and the main products of 

catalytic cracking of PS are benzene, ethylbenzene and 

isopropyl benzene.[60] Uddin et al.[61] used SiO2-Al2O3 to 

catalytic degradation of polyethylene with different structures 

to refine fuel oil. All the polyethylene was cracked to produce 

a large number of liquid products (77-83%), and the carbon 

number was mainly distributed in C5-C12. 

 
Fig. 5 Derivative thermogravimetric analysis plot of the thermal and catalytic degradation of LDPE (a) and the relative abundance 

of identified products from the thermal and catalytic cracking of LDPE analysed by Py-GC/MS (b), (reprinted with the permission 

from [55], Copyright@Elsevier BV.  
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4.2.2 Alkali metal oxide catalyst 

Alkali metal oxides are widely used in the catalytic cracking 

of PS. The mechanism of catalytic cracking of PS by basic 

catalysts is different from that of acidic catalysts. The protons 

of acidic catalysts attack the benzene ring and then cleave to 

form benzene and toluene. The alkaline metal oxide catalyst 

removes protons from the carbon chain to form carbanions, 

which then undergo beta-cleavage to form styrene.[62] 

 
Fig. 6 Product yield from the pyrolysis and catalytic pyrolysis of 

HIPS and ABS plastics with zeolite Y and ZSM-5 catalysts, 

(reprinted with the permission from [58], Copyright@Elsevier 

BV. 

 

Park et al.[63] demonstrated the catalytic pyrolysis of PS at 

130 °C using various alkali metal oxides, the catalytic 

pyrolysis exhibited improved conversion and oil yield 

increases in catalytic pyrolysis (Table 1) in the following order: 

BaO > ZnO > ZrO2 > Al2O3 > Fe2O3 > thermal. 

Table 1 The total oil yield and the time required to reach the total 

oil yield of catalytic pyrolysis PS by different alkali metal oxide 

catalysts at 130 °C. 

Catalysts 
Total oil yield 

(wt %) 

Time 

(min) 

BaO 73.20 ∼92 

ZnO 53.80 ∼128 

ZrO2 34.24 ∼131 

Al2O3 29.73 ∼120 

Fe2O3 28.73 ∼90 

thermal 24.32 ∼97 

4.2.3 Fly ash catalyst 

Fly ash is produced by blowing pulverized coal into the boiler 

at high speed with air. Among the main chemical components 

of fly ash, SiO2, Al2O3, Fe2O3 and FeO account for more than 

80%, and other components include CaO, MgO, SO2, Na2O 

and K2O. Fly ash is used as a catalyst for catalytic cracking or 

catalytic upgrading of waste plastics, which can realize the 

comprehensive recycling of waste plastics and fly ash.[64, 65] 

Gaurh et al.[66] used fly ash (FA) as raw material to 

synthesize catalysts (FA, FA-600, FA-700, FA-800 and FA-

900) at different temperatures. The catalyst effectively 

produced valuable aromatic hydrocarbons such as benzene, 

toluene, ethyl benzene and xylene (BTEX) from waste PE. 

Catalytic thermal decomposition results indicate that FA-800 

exhibits excellent selectivity to BTEX, which may be 

attributed to FA-800 having a larger specific surface area and 

a larger Si/Al molar ratio (Table 2). 

Table 2 Surface area, pore volume and (Si/Al) ratio of FA based 

catalysts. 

Catalysts 
Surface area  

(m2/g) 

Pore volume 

(ml/g) 
Si/Al 

FA 1.74 2.25 2.18 

FA-600 10.98 14.19 3.32 

FA-700 25.95 19.34 5.22 

FA-800 310.40 43.95 16.03 

FA-900 5.78 59.28 1.43 

 

4.3 Transition metal and metal-based catalysts 

4.3.1 Transition metal catalyst 

Transition metals such as Fe, Co and Ni etc. are not only 

widely used in the field of inorganic catalysis, but also have 

great value in the field of organic polymer catalytic 

pyrolysis.[67] Miskolczi et al.[68] studied the catalytic pyrolysis 

of waste plastics in municipal solid waste by using Ni-Mo 

catalyst and zeolite at 500 °C. The results show that the 

product of the zeolite catalyst is mainly olefin, and the Ni-Mo 

catalyst has a significant promoting effect on the formation of 

cyclic hydrocarbons. 

Mishra et al.[69] used metal Ni as catalyst to prepare high-

value carbon nanotubes (CNTs) by catalytic cracking of waste 

PP at 600-800 °C by chemical vapor deposition. The results 

show that the prepared CNTs have an average diameter of 

about 20 nm, a length of 10-100 μm, and a yield of about 

20wt %. The prepared CNTs can transmit up to 85% of visible 

light at 550 nm, which indicating that it can be used in 

optoelectronic devices. 

4.3.2 Metal-based catalysts 

The metal-based catalyst enhances the catalytic effect of the 

original catalyst by means of metal doping. Miskolczi et al.[70] 

modified ZSM-5 and Y-zeolite with different metals. During 

the degradation of domestic plastic waste, as shown in Fig. 7, 
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it was found that the catalyst can reduce the activation energy 

of thermal decomposition, and the activation energy of ZSM-

5 and Y-type zeolite catalysts could be reduced in the same 

order: Cu < Ce < Mg < Ni < Fe(III) < Fe(II) < Zn < Sn. It is 

worth mentioning that compared with the ZSM-5 based 

catalysts, the reduction of activation energy by using Y-zeolite 

catalyst is more significant. 

 

4.4. Clay mineral catalyst 

Clay is an important mineral raw material consisting of a 

number of hydrated silicates and a number of alkali metal 

oxides, alumina, and alkaline earth metal oxides, as well as 

mica, feldspar, carbon, sulphide, sulphate, quartz, and other 

impurities.[71] Clay catalyst has mild acidity, which can prevent 

excessive cracking and generate more liquid hydrocarbon 

during catalytic pyrolysis.[72] Manos et al.[73] compared the 

catalytic effect of natural clay and Y zeolite on PE at higher 

temperatures. The results show that the weak acid natural clay 

catalyst exhibits stronger catalytic activity than Y zeolite, and 

its liquid recovery rate reaches 70%. 

 

5. Application of different catalysts in pyrolysis of 

petroleum sludge 

Worldwide, due to the continuous exploitation of crude oil and 

the increasing demand for light fuel oil, the energy crisis is 

more and more prominent. In order to alleviate this problem 

and broaden the production raw materials of low-carbon 

olefins, it has become a research hotspot to develop and utilize 

the heavy oil such as petroleum sludge as raw material and to 

directly produce low-carbon olefins by catalytic cracking 

process.[74, 75] 

 

5.1 Mesoporous molecular sieve catalysts 

The superior physicochemical properties of molecular sieve 

catalysts not only make them commonly used in waste plastic 

catalytic pyrolysis, but also in petroleum sludge catalytic 

pyrolysis.[76] Silva et al.[77] studied the thermal decomposition 

products of petroleum sludge in the presence or absence of Y 

zeolite catalyst. It was found that Y zeolite catalyst can better 

distribute Liquid Petroleum Gas (LPG) products-gasoline and 

diesel at different temperatures (Fig. 8).Though a series of 

experiments, Milato et al. [78] showed that the use of molecular 

sieve catalysts increased the production of light hydrocarbons 

and decreased the production of aromatic compounds from 

petroleum sludge oil in pure pyrolysis oil. 

 

5.2 M-series catalyst (M=Al, Fe, Ca, Na, K) 

Based on domestic and international research, this type of 

catalyst mainly includes iron compounds (Fe, Fe2O3, FeCl3, 

Fe2(SO4)3•nH2O and FeSO4•7H2O), aluminum compounds 

(Al, Al2O3 and AlCl3), calcium compounds (CaO, Ca(OH)2, 

CaCl2, and CaCO3), sodium compounds (such as NaCl, 

Na2CO3 and NaOH) and potassium compounds (i.e. K2CO3, 

KOH, and KCl). Shie et al.[79-85] conducted a comprehensive 

study on the catalytic pyrolysis petroleum sludge of this type 

of catalyst. The results show that the order of influence of 

different catalysts on the quality of pyrolysis oil is Fe2O3 > 

Fe2(SO4)3•nH2O > Al > FeSO4•7H2O > Al2O3 > Fe > FeCl3 > 

AlCl3 > CaO > Ca(OH)2 > CaCO3 > CaCl2 > KOH > KCl > 

K2CO3 > NaOH > Na2CO3 > NaCl. 

 

6. Catalytic cracking mechanism  

The catalysts used for waste plastics and petroleum sludge can 

be basically divided into acidic catalysts and basic catalysts, 

so the catalytic pyrolysis mechanism should also be 

considered from these two aspects.[86] 

(1) The thermal pyrolysis process under the action of solid 

acid catalyst is considered to be a carbocations mechanism.[87] 

The waste polymer materials are first pyrolyzed to produce a 

long carbon chain olefin. The olefin then obtains H+ from the 

catalyst surface to form a carbocation, and the carbocation 

preferentially breaks into a small molecular hydrocarbon 

containing primary and secondary carbon ions at the β position, 

and then isomerized to a more stable tertiary carbon ion.[88] 

Finally, the stable tertiary carbon ion returns H+ to the catalyst, 

and turns itself into an olefin and other more useful 

hydrocarbons.[89] 

 

 
Fig. 7 Catalyst efficiency in apparent activation energy decreasing, reproduced with permission from [70], Copyright@Elsevier 

Limited.
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Fig. 8 Thermal and thermocatalytic degradation of petroleum sludge with (a) or without (b) Y zeolite catalyst, at different 

temperatures and times, reproduced with permission from [77], Copyright 2011, Elsevier.  

 

(2) The basic catalyst mainly acts on hydrocarbons 

containing benzene rings. The catalytic pyrolysis mechanism 

of the basic catalyst is different from that of the acidic catalyst. 

The alkaline catalyst will remove the protons on the carbon 

chain to form negative carbon ions, and then the β-bit breakage 

will occur to form small molecules of hydrocarbons such as 

styrene and other useful hydrocarbons.[90, 91] 

 

7. Concluding remarks and future works 

The extraction and processing of petroleum has brought 

tremendous changes to the world. However, the disposal of 

waste plastics and oily solid waste-petroleum sludge derived 

from it are faced with huge challenges. Many of the plastic 

items discarded are not biodegradable, placing immense 

pressure on the environment and on the government. 

Petroleum sludge contains a large number of malodorous toxic 

substances (such as benzene, phenols, anthracene, pyrene, 

etc.), heavy metals, polychlorinated biphenyls, dioxins and 

other radioactive nuclear elements. Traditional treatment 

methods (such as landfill and incineration) not only waste 

resources and cause secondary damage to the environment, but 

also contradict the concept of green sustainable development. 

Catalytic cracking is currently a relatively mature and 

effective method for the treatment of waste organic polymer 

waste. This work provides a comprehensive overview of the 

relevant catalysts used in catalytic cracking and the current 

research progress.  

Although the world’s research on waste plastics is already 

in a hot stage, there is still a long way to go and still face 

enormous challenges.[92, 93] The further tasks are: 

i) The next step is to continuously optimize the 

experimental conditions of catalytic cracking and achieve the 

double harvest of social and economic benefits on the basis of 

reducing the recovery cost.[94] 

ii) Nowadays, the world is a global village. The treatment 

and use of waste plastics and petroleum sludge for recycling 

is not only a waste disposal problem, but also closely linked to 

energy and the global environment. Communication, 

understanding and collaborative efforts to optimize the climate 

and support future generations should be enhanced by 

countries.[95] 

iii) Future research and technological innovation should be 

taken into comprehensive consideration from the perspectives 

of environmental protection and energy recovery. The 

adoption of harmless and resource-based core treatment 

technologies is the only way for the sustainable development 

of all countries. Therefore, it is necessary to make systematic 

planning and pay more attention to its investment.[96] 
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