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Abstract The thirst of energy is one of the biggest

challenges the world is facing today. The search for new

alternative and renewable source of energy is being studied

worldwide. The emission of harmful gases such as NOx,

SOx, CO and CO2 and other greenhouse gases in the

environment contributes to the global warming and also

causes health related problems. Polyethylenes are sub-

stances which take longer time for its decomposition and

are one of the biggest threats to the environment. The waste

polyethylene was thermally de-polymerized and during

such process the gases recovered were studied. The study

was carried out on low-medium and high-density poly-

ethylene mix. The study of the waste polyethylene into

useful hydrocarbon products provides scope for further

investigation on this field for the production of domestic

fuel. The comparisons of the recovered gases with the LPG

gas components were also studied and there fuel property is

discussed. This paper describes the gaseous hydrocarbon

components recovered during the process of thermal

degradation of polyethylene. The component recovered and

their importance as fuel is also studied.
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Introduction

Solid waste management continues to evolve and much of

the evolution is driven by the adoption of new technologies

that increases the recovery capacity and processing

capacity [1]. Waste polyethylenes, basically LDPE, MDPE

and HDPE type of polyethylenes represents a large amount

of municipal waste every year. Polyethylenes are the non-

biodegradable materials which are generally made up of a

large number of organic resins. Poly bags, plastic toys etc.

are generally made up of these types of organic resins,

these materials are generally low density polyethylenes

(LDPE), medium density polyethylenes (MDPE) and high

density polyethylenes (HDPE). Land filling of poly-

ethylene could result in plastic additives such as phthalates

and various dyes polluting ground water. Incineration is an

alternative to landfill disposal of plastic wastes, but this

practice could result in the formation of unaccept-

able emission of gases such as nitrous oxide, sulfur oxide,

dusts [2]. Polymers made up of long chain carbon atoms

and hydrogen atoms (–CH–)n along with some traces of

oxygen, sulfur and nitrogen. These are generally chain

linking in which large number of repeated units of mono-

mers is binds together.

nCH2 ¼ CH2 ! �CH2� CH2�½ � � n� ð1Þ

Polyethylene, generally have very strong chemical bond that

make it durable and resistant to natural activity. Polyethylene

to hydrocarbon fuel is a de-polymerization process of con-

verting waste polyethylene into useful hydrocarbon prod-

ucts. The process of converting the polyethylene into useful

hydrocarbon product is followed by hydropyrolytic process.

The thermo chemical decomposition of organic material at

elevated temperature in the absence of oxygen is studied in

this paper. The chromatographic study of the gaseous
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products obtained were studied, there properties and use as a

domestic fuel is also studied in this paper. The gaseous

hydrocarbon product obtained in this process range from C1

to C4 with some C5 and C6 components. Unlike mechanical

recycling technique, in which the long polymeric chains of

the plastic are preserved intact, pyrolysis produces lower

molecular weight components. The formation of carbonized

char and a volatile fraction that can be separated into con-

densable hydrocarbon oil and a non-condensable high

calorific value gas. The proportion of each fraction and there

precise composition depends primarily on the nature of the

plastic waste, but also on process condition [3]. The Gas

chromatography study of the gaseous product reflects the

usefulness of the gaseous hydrocarbon product as an alter-

native fuel.

Methodology

Thewaste polyethylene used for this process is LDPE,MDPE

and HDPE type of polyethylene. The polymerization process

of the polymeric material generally follows initiation, chain

propagation and finally chain termination process.

Initiation step: this step involves hemolytic fission of the

radicals.

R - C-C-C - R ! R - C� þ� C-C - R ð2Þ

Chain propagation step: In this step new free radicals were

produced by combining free radicals produced in the above

step with the alkenes molecule

R - C� þ R - C-C-C - R ! R - CHþ R - C�-C-C - R ð3Þ
R - C�-C-C - R ! R - C� þ C = C - R ð4Þ
R - C-C-C� ! R - C� þ C = C ð5Þ

In this step the chain reaction is terminated by combination

or disproportion that is combination or loss of action.

R - C� þ R - C� ! R - C-C - R ð6Þ
R - C� þ� C-C - R ! Dead Polymer ð7Þ

The termination of the step produces unreacted polymer.

The waste polyethylene is difficult to treat due to its

complex nature, composition and structural deterioration of

the polymeric components and the contamination with

various organic, inorganic or biological residues.

In this study the waste polyethylene were degraded by

thermal hydropyrolytic process. The degradation process

mainly follows the mechanism of chain scissions which is

generally caused by increase in temperature and sheer

stress in twin-skew extruders and hence decreases the

molecular weight. Cross linking or chain branching have

opposite effect to chain scission and are caused mainly by

low sheer stress and high residence time in a single skew

extruders. A concurrence occurs between the molecular

enlargement by chain branching and the decrease of

molecular weight by chain scission. The thermal degrada-

tion of the polymers occurs by breaking C–C or C–H

bonds. Degradation depends on the nature such as polar

groups and structure, for example head-to-head or tail-to-

tail weak linkages, double bonds or branching points of the

polymeric chain, on the ingredients in the polymer resin

and on the type of the external stress.

In free radical mechanisms, the degradation of polymers

generally involves the stages of initiation, propagation, chain

transfer and termination. Initiation is the slowest reaction

stage and generates macroradicals by chain scission or end-

chain breaking of the macromolecular backbone or by scis-

sion of the bonds with the pendant groups. The reactivity of

the macroradicals, the R-CH2� radical has a higher reactivity
than the R2CH� and themobility of the hydrogen atoms in the

backbone, the tertiary hydrogen is more reactive than the

secondary and primary one which strongly affects the

mechanism of polymer degradation and decomposition.

A variety of products and applications can been observed

by the thermal depolymerisation of polymeric materials

through hydropyrolytic route. Fuel gases, olefinic gases

useful in chemical synthesis, naphtha and middle distillates,

oil fractions, long-chain paraffin and olefins, coke, etc.

proceeds through a radical mechanism, which generally

involve three different decomposition pathways (i) Random

scission at any point in the polymer backbone leading to the

formation of smaller polymeric fragments as primary

products, (ii) End-chain scission, where a small molecule

and a long-chain polymeric fragment are formed. The

thermal degradation process can be considered as an actual

depolymerization or unzipping process. (iii) Abstraction of

functional substituent to form small molecules. In this case,

the polymer chain may retain its length or the release of the

small molecule may be accompanied by cleavage of the

polymeric chain.

During the thermal degradation of many polymers other

reactions may take place at the same time as the cracking

reactions, e.g. isomerization, cyclization, aromatization,

recombination of species, etc. Thus, an increase in the

degree of branching of the polymeric chains is usually

observed as they are reduced in length by thermal

decomposition. The thermal decomposition of polymers

also involves the formation of volatile species within a

highly viscous polymeric matrix. An important factor in the

formation of gaseous product is the control of the reaction

environment in terms of the components in each phase [4].

Molten polymers are highly viscous fluids with low

thermal conductivity; heat transfer limitations may also be

present, leading to significant temperature gradients. The

steps involved in the hydrothermal de-polymerization of

the polyethylene involves the following steps.
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i. Initiation

Random sussion

-CH2-CHX-CH2-CHX- ! -CH2-CHX� þ� CH2-CHX-

ð8Þ

End chain scission

-CH2-CHX-CH2-CH2X ! -CH2-CHX� þ� CH2-CH2X

ð9Þ

ii. Depropogation

-CH2-CHX-CH2-CHX� ! -CH2-CHX� þ CH2 = CHX

ð10Þ

Hydrogen chain transfer

Intermolecular

-CH2-CHX� þ -CH2-CHX-CH2-CHX-CH2�
! -CH2-CH2Xþ -CH2-CHX-CH = CHXþ� CH2�

ð11Þ

-CH2-CHX� þ -CH2-CHX-CH2�
! -CH2-CH2Xþ -CH2-CX�-CH2� ð12Þ

Intramolecular

-CH2-CHX-CH2-CHX-CH2� ! ��CH2
þ -CHX = CH-CHX-CH3

ð13Þ

b-Cleavage

-CHX-CH2-CH�-CH2� ! -CHX� þ CH2 = CH-CH2�
ð14Þ

Formation of branches

-CH2-CHX. + -CH2-CX.-CH2-                        CHX-CH2-
|

-CH2-CX-CH2- 
ð15Þ

-CH2-CX.-CH2- + -CH2-CX.-CH2                 -CH2-CX-CH2- 
|

                                                                      -CH2-CX-CH2  

ð16Þ

iii. Termination

Bimolecular coupling

-CHX-�CH2þ CHX�-CH2� ! -CHX-CH2-CHX-CH2�
ð17Þ

Disproprotionation

-CH2-CHX-�CH2þ CHX�-CH2-CH2�
! -CH2-CHX-CH3þ CHX = CH-CH2� ð18Þ

Initiation, involves the succession of first bond in the

chain yielding two radicals, which may occur at random or

end chain position. De-prorogation resulting in the release

of the olefinic monomeric fragments from primary radicals.

Hydrogen chain transfer reaction may occur as

intermolecular or intra molecular processes. This leads to

the formation of olefinic species and polymeric fragments.

b-Cleavage of secondary radicals yields end chain olefinic

groups and primary radicals. Branches were observed

between two secondary radicals or between secondary and

a primary radical. Termination process takes place either in

a bimolecular mode, either by coupling of two primary

radicals or by disproportion of radicals.

Experimental

The polyethylene sample were collected and were washed

and dried. Then the dried samples were cut into small

pieces or converted into pellates. These waste polyethylene

pieces or prelates were put into a hopper which is con-

nected with a batch reactor or a vessel. When the reactor or

vessel was filled with the waste polyethylene sample, the

temperature is raised slowly. At a temperature of about

70 �C the gasification of the sample starts. With the

gradual increase in temperature the sample liquefies and

the gasification of the sample increases. The gasified

sample was passed through a condenser and was collected

in a vessel containing de-mineralized water. The temper-

ature of the water is set at 10 �C. The samples get con-

densed in water. The liquid samples were observed on the

surface of the water. The un-condensed gases escape above

the surface of the water. These gases were again transferred

to another vessel (secondary vessel) containing water

temperature maintained at below 10 �C. The gases which

do not get condensed in the chilled water in the secondary

vessel were collected for further analysis. The process

diagram of the hydropyrolytic depolymerization of thre

polyethylene mix is shown in the Fig. 2. The gases

recovered from the secondary vessel (water bath 2) were

collected. The gas chromatographic analysis of the gases

was then carried out. The temperature yield graph is shown

below in Fig. 1.

The temperature yield graph shows the variation of the

yield of the gases at various temperature range. At certain
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elevated temperature maximum amount of gases were

recovered. The gas chromatography analysis of the gaseous

product was carried out using Thermo Fischer GC. The

column used for the purpose was Porapak Q and Molecular

Sheve columns. The capillary column used for the purpose

of FID analysis of gases is Plot Alumina column. Helium

and argon were used as a carrier gas. The gases were

analyzed using duel channel TCD and FID detectors. The

temperature of the column are programmed in the range of

45–180 �C. The Split type of column with ramp tempera-

ture of 5 �C per minute was set [5, 6, 7]. The chromato-

graphic peak with there retention time for the recovered

gases from the hydropyrolytic depolymerisation of waste

polyethylene into gaseous product are shown in Figs. 3, 4
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Fig. 1 Temperature-yield graph of the gaseous product obtained by

the hydropyrolytic depolymerisation of waste polyethylene

Fig. 2 Diagram showing the process of the hydropyrolytic depolymerization of LDPE, MDPE and HDPE polyethylene mix

Fig. 3 Gas chromatography analysis of the recovered gases from hydropyrolysis of waste polyethylene
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and 5. A number of chromatographic experiments were

conducted and the different components of the gaseous

products were collected.

The volatile components were analyzed and compared

with the known standards. The concentration of the gas-

eous components was identified and there concentration on

v/v basis was observed. The Tables 1, 2 and 3 shows the

concentration of the gaseous product recovered by the gas

chromatographic analysis. A number of experiments were

carried out and the different gaseous samples were col-

lected with different sample (LDPE, MDPE and HDPE)

mix.

The gases produced by hydropyrolysis of the poly-

ethylene materials produces more than 80 % of the

hydrocarbon gaseous products and about 11.3, 7.7 and

7.3 % of the Hydrogen respectively. The Hydrogen is

produced during the cracking of the long chain polymeric

chain. This hydrogen plays a crucial part in the formation

Fig. 4 Gas chromatography analysis of the recovered gases from hydropyrolysis of waste polyethylene

Fig. 5 Gas chromatography analysis of the recovered gases from hydropyrolysis of waste polyethylene
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of the gaseous and liquid hydrocarbon products. These

hydrogen atoms get attached with the short chain polymers

and cracked polymer components producing short chain

stable components. The remaining hydrogen remains

unreacted and releases along with the hydrocarbon gases.

This hydrogen can be extracted from the hydrocarbon fuel

to produce fuels and to carry out other chemical reactions.

A small amount of CO2 is also observed in the gas com-

position. Some traces of CO is also observed in the process.

The formation of the traces of the CO and the CO2 is due

to the presence of the local content of the oxygen. The rate

of carbon converted into CO and CO2 increases when the

local oxygen content increases [10]. Along with the C1–C4

hydrocarbons some C5 and C6 component peaks are also

observed, which can be extracted and condensed separately

at lower temperature to produce C5 and C6 liquid

components.

In contrast to the thermal polyethylene cracking products

with straight-chain hydrocarbon structure, the formation of

compounds with branched high prevailing unsaturated

hydrocarbons structure is characteristic for polypropylene. It

corresponds to the analogous free radical degradation

mechanisms and different molecular structure of both

polyalkenes. Due to the polypropylene branched structure

the variety of products is more complex than from poly-

ethylene degradation, and the stereoisomers are formed [8].

It can be deduced that the primary pyrolysis of poly-

ethylene takes place through a free radical transfer that

leads to low yield of gases. Nevertheless the more gases are

obtained from the secondary pyrolysis of waxes at gas

phase can be interpreted as a consequence of the propa-

gation reaction [9].

The gas chromatographic analysis of the above gaseous

products as shown in Figs. 3, 4 and 5 were compared with

Table 1 Components observed by gas chromatography analysis of

the recovered gases from hydropyrolytic depolymerisation of waste

polyethylene mix as per Fig. 3

Hydrocarbon types Components Concentration V/V %

H2 11.3

C1 Methane 15.3

C2 Ethane 15.7

Ethylene 10.7

C3 Propane 13.7

Propylene 16.2

C4 Propadiene 0.1

Iso-Butane 0.1

N-Butane 3.4

Trans-2 Butene 0.2

1-Butene 3.2

Iso-butylene 0.8

Cis-2-Butene 0.3

C5 Iso-pentane 0.2

N-pentane 0.5

C6 C6 components 0.5

CO2 7.8

Table 2 Components observed by gas chromatography analysis of

the recovered gases from hydropyrolytic depolymerisation of waste

polyethylene mix as per Fig. 4

Hydrocarbon types Components Concentration V/V %

H2 7.7

C1 Methane 13.2

C2 Ethane 15.5

Ethylene 13.9

C3 Propane 15.8

Propylene 17.5

C4 Propadiene 0.1

Iso-Butane 0.1

N-Butane 3.4

Trans-2 Butene 0.3

1- Butene 3.7

Iso-butylene 0.8

Cis-2-Butene 0.3

C5 Iso-pentane 0.3

N-pentane 0.6

C6 C6 components 1.1

CO2 5.7

Table 3 Components observed by Gas chromatography analysis of

the recovered gases from hydropyrolytic depolymerisation of waste

polyethylene mix as per Fig. 5

Hydrocarbon types Components Concentration V/V %

H2 7.2

C1 Methane 15.4

C2 Ethane 12.7

Ethylene 16.8

C3 Propane 16.7

Propylene 18.2

C4 Propadiene 0.1

Iso-Butane 0.1

N-Butane 3.8

Trans-2 Butene 0.3

1- Butene 3.6

Iso-butylene 0.7

Cis-2-Butene 0.4

C5 Iso-pentane 0.3

N-pentane 0.6

C6 C6 components 1.2

CO2 1.7
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the Liquefied Petroleum Gas components. The chro-

matography study of one of partially processed Liquefied

Petroleum Gas is shown in Fig. 6. The Liquefied petroleum

gases mainly consist of components of C3 and C4, with

traces of C1, C2 and C5 components.

The component analysis of the typical Liquefied Petro-

leum Gas received from an Oil refinery is given in the

above Table 2. The component analysis of the gases

recovered by the hydropyrolytic depolymerisation of

LDPE, MDPE and HDPE type of waste polyethylene as

described in Figs. 3, 4 and 5; Tables 1, 2 and 3 is compared

with the LPG components as described in Fig. 6; Table 4.

It was observed that the components of the gases recovered

in Table 4. containing mainly Hydrogen, C1, C2, C3, C4,

and C5 components.

The C3, C4 and C5 components are mainly present in

the recovered gases in Tables 1, 2 and 3 which is in

between 38 and 45 %. The percentage of the C3 compo-

nents are found is more in percentage than that of C4

components. The C3 components were observed to be

more than 29 % of the total volume of the recovered gases.

This reveals that, the above recovered gases by depoly-

merisation of waste polyethylene mix have very excellent

fuel property. Propane, Propylene (C3 components) and C4

components can be recovered from the above recovered

gases as domestic fuel (as liquefied petroleum gas) and

industrial purposes.

Conclusion

The process for the extraction of gaseous hydrocarbon

products from the hydropyrolytic depolymerisation of

waste LDPE, MDPE and HDPE mix type of polyethylene

is described in this paper. The experimentation of the

extraction of the gaseous hydrocarbon fuel from waste

polyethylene is carried out on a lab scale basis. The tem-

perature versus yield graph is also described in this paper,

which depicts the increase in the yield of the gaseous fuel

Fig. 6 Gas chromatography analysis of a LPG sample (partially processed)

Table 4 Components observed by gas chromatography analysis of

lpg gas (partially processed)

Hydrocarbon types Components Concentration V/V %

C1 Methane 0.5

C2 Ethane 1.16

Ethylene 1.52

C3 Propane 4.68

Propylene 12.63

C4 Propadiene 1.59

Iso-Butane 11.19

N-Butane 40.39

Trans-2 Butene 6.78

1- Butene 1.41

Iso-butylene 7.21

Cis-2-Butene 6.93

C5 Iso-pentane 1.21

N-pentane 0.98
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with temperature is obtained up to certain temperature, but

at certain higher temperature the yield of the gaseous fuel

decreases. The component analysis of the products with

Gas Chromatographs is carried out and the gaseous

hydrocarbon gaseous products were compared with the

conventional liquefied petroleum gas components. The

paper produces some scope for the possibilities of pro-

duction of C3 and C4 components as useful domestic and

industrial fuel. The chromatographic study, reveal that

more than 29 % of the total volume of the gas component

is C3. This is also evident for the production of higher

calorific value products from the hydropyrolytic process of

depolymerisation of waste polyethylene. The stripping of

the C1 and C2 components from the above gaseous fuel

can be used as a fuel gas in furnaces. The paper also pro-

vides information regarding the percentage of the gaseous

fuel extracted from waste polyethylene. The scope for

generating a source for an alternative fuel is well reveled in

this paper.
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