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Abstract. Chemical recycling of waste polymers is one of the possible routes of their utilization. On the
other hand these materials have reusable energy content. Several cracking processes are proposed for waste
plastics, the long alkyl chains of the polyolefins can be degraded and transformed into lighter and valuable
hydrocarbons.

In this paper results obtained in mild cracking processes with polyolefin wastes under different conditions
are presented. The influence of the raw material composition on the properties of the cracked products was
studied. A horizontal tube reactor was applied as cracking reactor. It was found that the cracking parameters
(e.g. type of waste polymers and residence time) affected not only the yields but also the composition of
products. The olefin content of the fractions and the distribution of the double bonds were determined by gas-
chromatography and infrared spectroscopy. The gas and liquid products had significant content of unsaturated
hydrocarbons, mainly olefins. The fuel like liquids had low sulfur and nitrogen content.
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Introduction

Plastic materials play an important roll in human life in the
modern society e.g. the total plastic consumption was 150Mt in
2000 worldwide and only in Europe 45Mt.

According to responsible estimates it will be 66 Mt in 2010.
The amount of plastic wastes made from them was 25Mt, which
will reach 35Mt in 2010 [1]. However, the utilisation of enor-
mous quantities of wastes from environmental and energetic
aspects is not solved yet. The problem is global and not divided
by borders among countries. On the other hand some directives
exist to reduce it. One of them suggests a minimal percent of
the recyclable level of all waste, which could be minimum 60%
of gross wastes amount in 2005 [2]. In the member countries of
the EU recycle of 20% of plastic wastes is aimed at 2005, and
30% in 2010. Nowadays the amount of recycled waste plastics
is less than 10%. Recycling is one of the three ways for utiliza-
tion and minimalization of the huge amount of wastes. The oth-
ers are landfilling and incineration with or without energy re-
covery. Neither landfilling nor incineration can solve the grow-
ing problem of huge amount of wastes, e.g. directives exist to
maximalize the mass of the deponable wastes. In 2005 it wills
be 40% of the total amount of wastes arisen in 1990 [3-4]. End
gases with high content of toxic and harmful compounds can
be arisen in case of incineration, therefore incinerators need
special filter system with high efficiency, which can only de-
crease their concentration, but not eliminate. The slug of incin-
eration containing toxic ash as well, which can also cause envi-
ronmental problems.

Several methods have been suggested for solving the prob-
lem of waste plastics, but some of them are still in their initial
stages, or produce further environmental pollution. One of the
prospective ways of the utilisation of the waste polymers is

chemical (thermal) treatment — which is named tertiary recy-
cling in the literature — where long alkyl chains are broken into
a mixture of lighter hydrocarbons. Further utilization of these
hydrocarbons has also not been solved yet. One possibility of
their utilization is fuel like application or blending in fuel as
mixing components. Many researchers study their application
as fuel. This hydrocarbon mixture having high olefin content
can be saturated with hydrogen, and perhaps isomerized by the
use of catalysts. These steps result in a high quality synthetic
diesel fuel, with high cetane number, and theoretically these
fuels are free from sulphur, nitrogen and metals. The treatment
might be only thermal or catalytic. Cracking reactions are en-
dothermic, and have need energy. The required heat and tem-
perature can be reduced with catalysts, but the disposal and the
activation loss or regeneration of the catalysts could cause some
problems [5-9].

Several researchers investigate the thermal recycling of waste
polymers under different catalytic and thermal circumstances
[10-15]. Their experiments were carried out at laboratory sizes
(1-500g) using clean and not waste polymers. On the other hand,
the effect of the cracking temperature on the properties of prod-
ucts is well demonstrated in the literature not only for batch
reactor but also in continuous cracking. It was found earlier
that the changing of the process parameters could modify both
yields and the structure of the products. At higher temperatures
gas and coke yields are higher, and the liquid fraction has sig-
nificant aromatic and cyclic hydrocarbon content. At lower tem-
peratures products mainly consist of liquid compounds. The
other important parameter for waste polymer degradation is the
residence time.

In our experiments the thermal cracking behaviour of
a polypropylene, a polyethylene and the effect of residence time
of product properties were investigated in a horizontal tube re-
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actor. Mainly the change of olefin and paraffin content and
their distribution were investigated in function of cracking pa-
rameters, because these properties mainly affect the further uti-
lization of the liquid fractions. Liquid fractions were separated
into two fractions, and their application possibilities as fuel
were studied.

Experimental

Raw Materials. A commercial polyethylene (PE), and a poly-
propylene (PP) was used as raw materials. The polyethylene waste
was obtained from agricultural foil of the plastic bags, and the
polypropylene from packaging waste. Their main properties are
summarized in Table 1.

Table 1. The properties of waste polymers

Properties PE PP
Grain size, mm 4-6 4-5
Density, g/em’ 0.932 0.853
Ash content, % 0.67 0.61
Humidity content, % 0.13 0.28
Metals, ppm

Ca 206 222

Zn 38 261

Ti 593 103

Each polyolefin waste has Ca, Ti, Zn content from filler mate-
rials and pigments such as CaCO,, TiO, and ZnO.

Cracking apparatus. For studying the cracking of greater
amounts of waste polyolefins a horizontal tube reactor has been
chosen for these experiments. The cracking apparatus is shown
in Figure 1. The waste polymers with suitable grain size (4-7mm)
were fed in by an extruder, which was directly connected to the
reactor. Both the extruder and the reactor were heated with elec-
tric heater and for the control of the temperature fitted with
thermometers. After the extruder the preheated polymers were
driven into the reactor, where they were melted, and the long
polymer chains cracked into smaller fragments. The tempera-
ture inside the tube reactor was kept at 525°C. Reaction prod-
ucts (liquid and gases) got into a separator of vapours and

Volatile
products to

separator Heater

residue. Volatile products obtained from the separator were

partially condensed with cooling water at 20 °C and the liquid

fraction was separated from the gases in another separator.

Each product was further analysed.

Analysis of products. In the present work the change of
product properties was studied as function of cracking param-
eters. Gas and liquid products formed in cracking reactions were
analyzed using the following methods:

m classical determination of olefin content with iodine-bromine
I/Br number (ASTM-D 149-60),

m liquid density measurement (MSZ EN ISO 12185),

determination of Engler distillation curve (ASTM-D 1078),

m determination of the ~CH,—/~CH, ratio in liquid fractions
with IR spectroscopy,

m determination of the olefin double bond distribution with
SHIMADZU IR-470 type spectrometer,

m gas analysis using a Carlo Erba Vega Series GC 6000 gas-
chromatograph (GC) provided with a 50 m x 0.32 mm fused
silica column with AL,O,/KCI coating, at 40 °C,

m liquid analysis using a TRACE GC gas-chromatograph pro-
vided with a 30m x 0.32mm Rtx®-1 (Crossbond® 100% Dim-
ethyl-polysiloxane) column. The temperature program of
analysis started at 40 °C (2 min.), then the temperature aris-
ing with 7°C/min. to 330°C,

m determination of sulfur and nitrogen content of liquids
(ASTM D 6428 99).

Results and Discussion

Yields. The cracking behaviour of a waste polyethylene
and polypropylene was investigated in a horizontal tube reac-
tor at 525°C cracking temperature, using different residence
time (t = 0.6, 0.9, 1.2h). In cracking reactions three different
products were formed: gas, liquid and residue, which consist of
hydrocarbon chains of different length. The yields of formed
products after cracking are shown in Figure 2. It was found,
that the yields of volatile products are increased with residence
time in case of both polymers. This might be due to the thermal
stability of carbon chain. At a residence time 1.2h the melted
polymer was for a longer time under the thermal degradation
effect. It is well known, that the number of the cracking of the
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Figure 1. Cracking apparatus for cracking of waste polyolefins
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Figure 2. The yields of products in the cracking process

carbon chain increase with increasing the time of thermal effect,
therefore forcible degradation conditions result lighter hydro-
carbons with shorter carbon chain. It could cause the growing
amount of the volatile products. From the wastes in case of PP
could be observed higher yield of liquids (32.7, 35.5, 38.2%) in
contrast to the PE waste (12.4, 15.1,21.9%, resp.).

This fact can be explained with the difference in activation
energy of two polymers. PP has lower activation energy than
PE, because carbon chain of PP polymer contains tertiary car-
bon atoms, which have considerably lower resistance against
degradation. Therefore at the same circumstance (cracking tem-
perature, residence time etc.) the PP can be degraded easier
than PE, therefore the cracking of PP could result higher amount
of liquids and gases.

Structure of products. Gases. According to previous papers
[14-18] the gas composition did not change with cracking tem-
perature at mild cracking conditions. The change of composi-
tion of gases with different residence time is compared in Fig-
ures 3-4. Differences are not observed between various gas
compositions obtained with different residence time, but the
chemical structure of waste polymers significantly affected this
property. Gases formed in the degradation of PP contained high
amounts of C, hydrocarbons (propane and propene), in con-
trast to PE waste, where the C, and C, compounds were the
main fractions.

The chemical structure of raw materials been blamed for
this phenomenon too. It is known that the thermal degradation
of polymers take place by radical mechanism and results mainly
in monomers and oligomers. PP has branched carbon chain
from monomers of three carbon atoms (propylene), but the car-
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Figure 3. The composition of gases after cracking of PP waste
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Figure 4. The composition of gases after cracking of PE waste

bon chain of PE built up from monomers of two carbon atoms
(ethylene). The carbon chain of PP cracked in highest likeli-
hood in the ramification of its, because the tertiary carbonium
ion has the lowest thermal stability, therefore was mainly pro-
pylene in gases. On the other hand polyethylene consists of —
(CH,-CH,)— monomers, which cracked into statistically deter-
mined fragments, e.g. ethane, ethane or butane, butane. The
possible scheme of the degradation is shown in Figure 5.
Liquid fractions. The liquids formed in the condensation
steps of the degradation process were analyzed by TRACE GC.
The used column was a 30m x 0.32mm, coated with dimethyl-
polysiloxane. This apparatus under the applicated circumstanc-
es separated the hydrocarbons according to polarity. Typical
gas-chromatograms of liquid fractions are shown in Figs 5, 6. In
case of PE the cracking of the carbon chain were determined
only statistically, because it has not distinguished part, where

Initiation R;-K-K-R, = R;-K- + ‘K-R,

Propagation R;-K- + R;-K-K-R, = R;-K + RI-K-K'-RZ intrermolecular hydrogentrasfer
R3-(K),-K-K-K-(K),-K: = R;-(K)n-K-K -K~(K),-K  intramolecular hydrogentrasfer
Ry-(K)-K-K-K-(K),-K = a-olefin + Ry-(K),-K+  PB-scission
R;-(K),-K-K -K-(K),-K = a-olefin + K-(K),-K+ B-scission

Termination Rs-K- + ‘K-Ry = Rs-K-K-Ry

Where K =  —(CH,-CH,)— or —(CH,-CH(CH;))—

Rl; RZ; R3; R4) RS = alkyl group
K-= radical from K

Figure 5. The scheme of cracking of polyolefin wastes
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Figure 5. The gas chromatogram of liquid formed
after the cracking of PE waste

the stability opposite to the thermal degradation might be lower
then the other part of the carbon chain. Therefore fragments
(n-alkane and n-alkene) arisen from C, to C,, in all carbon num-
bers. In the gas chromatogram of liquid fraction formed after
the cracking of PE waste there are doublets for each carbon
number, one peak represents a n-olefin and the other a n-paraf-
fin with the same carbon atom number.

According to Figure 5 the thermal cracking of PE produced
hydrocarbons with mainly straight carbon chain. The main dif-
ference in the cracking of PP was the branched carbon chain of
the polymer containing ~CH, groups. Therefore cracking of PP
resulted in fractions containing components with three carbon
atoms sequences (C,, C,, C,,, C . etc.). Naturally components
with other carbon numbers were obtained as well but in the
products, but these represented far lower concentrations. The
gas chromatogram of liquids formed in the cracking of PP waste
consists of no doublets but more splitted peaks of a given
carbon numbers. I.e. wide distribution of isomer compounds is
formed.

The composition of liquids has some differences as function
of raw materials and residence time (Figures 7, 8). The residence
time of the polymers affected the carbon atom distribution of
products. In case of both polymers the liquid products became
lighter with increasing residence time, the concentration of C, -
hydrocarbons is increasing, while the concentration of C, +
hydrocarbons when the residence time is increased from 0.6 to
1.2h is decreasing. At higher residence time the carbon chain
was exposure more forceful thermal degradation effect, because
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Figure 6. The gas chromatogram of liquid formed
after the cracking of PP waste
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Figure 7. The yields of composition of liquid fractions obtained

by cracking of PE
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Figure 8. The yields of composition of liquid fractions obtained
by cracking of PP

it was longer time in the reactor. This fact could occur the
change of the distribution of the hydrocarbons.

The average molecular weight of the liquid fractions was
calculated from the distribution of the carbon number of com-
ponents in the liquids (Figure 9). Both the chemical type of the
waste polymers and cracking parameter had an effect on the
molecular weight.

The olefin content and its structure distribution of the liquid
fractions are also very important properties for their potential
use. The olefin concentration of liquid fractions and the distri-
bution of double bonds were measured with the determination
of I/Br number and measured by infrared technique. The I/Br
numbers is shown in Figure 10. The residence time affected
neither the olefin content nor the distribution of the olefins.
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Figure 9. The average molecular weight of liquids
at different residence time
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produced by cracking of PP. It was found that the chemical type
of the raw material has a significant effect not only on the yields,
but on the distribution of the olefin double bonds, as well. The
concentration of o-olefins was significant in case of each poly-
mer, but the ratio of the vinyl and vinylidene bonds consider-
ably depends on the type of the feed polymers.

The vinyl double bonds have two significant IR adsorption
band at 910 and 990cm! while vinylidene and internal type dou-
ble bonds have peaks at 890 and 956 cm’, resp. As Fig. 11
shows some differences could be observed between the two
types of polymer. The analysis of liquid products after degra-
dation gave intensive adsorption band at 720cm™!, which is pro-
portional to the length of the carbon chain (n>3). The most
intensive band were found in case of PE, because it has rather
straight carbon chain, which was exempt from ramification. The
main differences were observed in the olefin =CH deformation
vibrations. In the R-CH=CH, compounds the vinyl group has

MENELIHGTH. o

Figure 11. The IR spectra of liquids

a significant adsorption band at 910 and 990cm™!, which were
more intensive in case of PE, and less notable in PP. The signif-
icant adsorption band from the deformation vibration of the
vinylidene group in RR’C=CH, compounds at 890cm' was more
intensive in case of PP and less in case of PE.

The liquid fraction and residues obtained in the cracking
reactions were measured and analyzed also as fuel like prod-
ucts. For the sake of investigation of this possibility, after ther-
mal degradation the liquid products from the waste polymers
and their residue were mixed and handled together. These mix-
tures were further separated with atmospheric and vacuum dis-
tillation into three fractions: white spirit like F1, diesel like F2
fractions and residue (F3). Table 3 represents the properties of
each fraction in case of PP and PE wastes.

Table 3. The properties of fractions after distillation

PP PE
Fraction F1 F2 F3 F1 F2 F3
Yield 19.9 25.3 48.5 9.5 29.0 56.4
Density, g/cm? 0.748 0.809 - 0.718 0.795 -
Composition
C;-Cq 18.9 0.0 - 25.3 0.0 -
C:-Cy 64.3 6.0 - 73.0 3.5 -
C190-C12 18.6 13.1 - 1.7 20.3 -
C13-C 5 7.2 45.3 - 0.0 30.6 -
C16-C 13 0.5 16.9 - 0.0 32.4 -
C19-C 1 0.5 9.4 - 0.0 8.3 -
C1,-C oy 0.0 5.8 - 0.0 4.5 -
C,5-C 55 0.0 3.5 - 0.0 0.5 -
Groups in average molecule
-CH; - 6.4 10.0 - 7.6 15.0 -
-CH; 5.1 6.0 - 2.0 2.0 -
Olefin content
Vinyl 3.5 5.5 - 46.9 39.1 -
Vinylidene 55.1 34.5 - 4.5 2.9 -
Internal 3.0 6.3 - 3.7 3.0 -
VK, mm?/s - 4.9 - - 4.5 -
VK g, mm?/s - - 11.9 - 10.7 13.3
Pour point, °C Under -50 -13 - -41 -17 -
Flash point, °C - 77 239 - 98 229
Corrosion test Group 1. Group 1. - Group 1. Group 1 -
S content, ppm 12 43 - 15 23 -
N content, ppm 3 4 - 7 12 -
Boiling range, °C 39-209 181-309 - 41-201 179-307 -
M, g/mol 105 211 - 107 213 -

() The yield applies to the weight of the raw material
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The yield of the lighter liquid fractions (F1, F2) was 15-45%
obtained in the cracking process (Figure 3). Some differences
were observed between the characteristics of the two fractions
(white spirit like F1 and diesel like F2). Thus F1 consists mainly
lighter hydrocarbons C.-C , and the F2 C . The chemical struc-
ture of waste polymers affected the composition of each frac-
tion. In case of PP the F1 fraction contains a significant amount
of components C-C, besides C_-C, content in case of the PE,
the same fraction has rather C -C; and C, -C,, content. Never-
theless the PP degradation has higher yields in the F1 and F2
fractions. On the other hand residue of PP cracking products
was softer consistence than PE cracking.

The number of ~-CH,— and —CH, groups were determined by
IR technique in the range of 2800-3100cm’, i.e., in the C-H
stretching vibration range of hydrocarbons. The number of the
—CH_~ groups is proportional to the intensity of asymmetric
stretching vibration band at 2927 cm™ and the number of the —
CH, groups to that of asymmetric stretching vibration band at
2958 cm. The change of -CH,—and —CH, groups in the liquid
phase fraction molecules is shown in Table 2. It was found, that
PP waste degradation products have significantly higher ~-CH,
content, because of the chemical structure of PP. The F1 frac-
tion of PP has higher sum of the carbon atoms of -CH_—and —
CH, groups were, t0o, as the average molecular weight shows.
From the other hand, the pour point of F1 from PP was lower
that of F1 from PE, have because of ramification. The flash
point of PP cracking products was lower too, because branched
molecules have lower boiling point and greater volatility.

Also the F1 fractions have higher olefin content than F2 frac-
tions. It is remarkable, because one possible way of the utiliza-
tion of these products is the use as fuels. F2 is a diesel like
liquid, which need rather saturated hydrocarbons, than olefins.

Each F2 fraction has higher sulfur and nitrogen content, than
the F1 fractions. It was supposed, that polymers containing
heteroatoms with additives (flame-retardant, antismoke addi-
tive) were degraded, the volatile decomposition products with
sulfur and nitrogen content condensed in the fraction of heavi-
er hydrocarbons.

Conclusions

The degradation of a waste polyethylene and polypropylene
was investigated in a horizontal tube reactor. The yields and the
structure of the products were determined. It was found that the
cracking parameters — both the chemical type of wastes and res-
idence time of cracking — have a significant effect both on the
yields and structure of products. Higher yields of volatile prod-
ucts were observed in case of PP waste and longer residence
time. Mainly propane and propene arose in cracking reactions of
PP while C, and C, hydrocarbons formed in case of PE. In liquids
branched hydrocarbons were observed in case of PP and ali-
phatic compounds in cracking of PE. By distillation further valu-
able liquid products could be separated from the residues. These
products had favorable properties for fuel like application.
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