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In the paper, the results of the study on a laboratory process of thermal and pressure destruction of waste
polyolefins in the presence of tetralin as a model hydrogen donor are presented.

Waste polyolefins were termally cracked in the presence of a catalyst and hydrogen donor (tetralin) in a
closed autoclave (volume: 1 dm3) in the anaerobic atmosphere. The process temperature was maintained
400–500 ◦C. The pressure at the end of process, depending on the feed composition, was 10–15 MPa. As
olyolefins
ydrogen transfer
ydrogen donor
uel components

a result, a desirable liquid fraction was obtained. A product of waste polyolefin decomposition in the
presence of tetralin is a complex mixture of hydrocarbons. The analysis of products has shown satisfactory
decomposition of polymer chains as well as hydrogenation of unsaturated structures. Low sulphur and
chlorine contents in the obtained fractions constitute a highly positive effect, especially in a fuel aspect.
A significant disadvantage here is a considerable number of tetralin conversion reactions. The use of this
hydrogen donor for technological purposes is not possible as the final fraction must be cleared from

cts o
disproportionation produ

. Introduction

Polyolefins constitute a group of commonly applied polymers
hat are used in almost all fields of both economy and daily life.
very year their worldwide production grows together with the
ncrease in their consumption and the amount of waste. Therefore,
he use of recycled polyolefins and the focus on utilization of used
ackages should constitute a priority.

The most effective recycling process should be an area of interest
or both manufacturers and the recipients of polymers – not only for
urely ecologic, but also economic reasons. The method and kind of
ecovery are usually determined by the quality of processed waste.
hermal or catalytic cracking of waste polyolefins is an accepted
nd best described method of their processing. Scission of polymer
hains at elevated temperature of 400–430 ◦C results in a mixture of
ow molecular weight hydrocarbons. Liquid fractions are the main
roduct of this process which can be further directed to either cat-
lytic cracking or olefin pyrolysis with other petroleum fractions
r hydrorefining. The basic aim of the presented conception is to

btain, with maximum efficiency, either recycled materials of poly-
er synthesis or products which could be used as components of

asolines and diesel oils or at least heating oil [1–12].

∗ Corresponding author. Tel.: +48 32 237 27 29; fax: +48 32 237 22 77.
E-mail address: izabela.baraniec@polsl.pl (I. Baraniec-Mazurek).
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r hydrogen donor decomposition products.
© 2010 Elsevier B.V. All rights reserved.

Obtaining highly valuable fuel components from waste by
means of simple technologies is extremely difficult due to strict
quality criteria for fuel substitutes regarding the presence of unsat-
urated and aromatic compounds as well as chlorine and sulphur
compounds. Fuel properties depend on base material for its produc-
tion. Fuel fractions, resulting from the pyrolysis of plastics, show
low stability. It is a random process of a polymer chain decom-
position into shorter segments which may lead to liquid fraction
generation.

A typical process of thermal destruction of polyolefins proceeds
according to the mechanism proposed by Lattimer and leads not
only to production of alkenes, but also alkadienes [13]. Generally,
three main groups of components are produced in this process: n-
paraffin, �-olefin and �,�-diene. The relative proportion of these
components depends on the thermal degradation operating condi-
tions. The presence of such unstable systems (about 50%) [6] in
a degraded mixture of low molecular weight hydrocarbons is a
crucial and still unsolved problem for this technology. Due to gen-
erating such excessive amounts of olefins in destruction processes,
the application of obtained fractions directly in fuels is impossible.
Olefin hydrocarbons demonstrate low stability and, therefore, they
tend to undergo various chemical reactions as polymerization or

oxidation. A result of their contact with atmospheric oxygen would
be dark-brown resins in the mixture which could precipitate from
fuels. The presence of these in the engine inlet system has a nega-
tive effect on its performance and exhaust gas purity. On the other
hand, in slower olefin polymerization reactions, polymer formation

dx.doi.org/10.1016/j.cej.2010.07.066
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:izabela.baraniec@polsl.pl
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Table 1
Donor indexes of model hydrogen donor solvents [21].

Structure of the model compounds Name of the model compounds Donor index

Tert-butylbenzene 0.09

1-methylnaphthalene 0.13

1,2,3,4-tetrahydronaphthalene 0.27
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In

s possible – enhanced by prolongation of fraction storage. Unsat-
rated structures also has a higher combustion temperature than
hat of saturated hydrocarbons and intensify NOx formation in the
ombustion process. Emission of olefins alone from the supply sys-
em is also dangerous due to their high reactivity that contributes
o tropospheric ozone generation and, as a result, photochemical
mog formation. Therefore, unsaturated hydrocarbons are unde-
ired as gasoline components. The products of polyolefin pyrolysis
ould be their components, but only after hydrogen processes that
ead to total elimination of unsaturated components.

There are many methods of polyolefin cracking, but the prior-
ty of our work is selecting the methods leading to a mixture of
aturated hydrocarbons with a greater chemical stability. An effec-
ive way of eliminating undesired unsaturated systems from crude
roducts of polymer degradation and concurrent enriching hydro-
arbon fractions is hydrocracking – cracking of polymers in the
resence of a catalyst and at hydrogen pressure [1,2]. The process
nables saturation of multiple bonds and obtaining saturated, more
hemically stable hydrocarbons. Hydrogenation can also be con-
ucted with liquid cracking products requiring enrichment that are
btained with the use of another method. This version is a separate
nd last stage of fraction refinement [4,5]. The process is conducted
atalytically in the presence of Pt/Al2O3 or Pd/Al2O3, and elevated
ressure (at least 2 MPa) as well as the temperature of approxi-
ately 230–340 ◦C are required. Under these conditions, up to 90%

f sulphur can be removed and the content of components that are
ulphonated – both unsaturated and aromatic – does not exceed
everal percent.

Widely known and described methods for obtaining liquid
ydrocarbon fractions in the process of thermal degradation of
olyolefins allow for rational management of waste plastics, espe-
ially polyethylene and polypropylene which constitute over 70%
f municipal wastes. Many reports concerning the subject matter
efer to a series of possible applications of plastics pyrolysis prod-
cts as crude components of liquid fuels. There are several methods
hat describe the direct procedure of obtaining high-value fuels
rom waste. An example is Alka Zadgaonkar’s process in which fuel
s obtained directly from waste plastics. The process was invented
nd patented by Alka Zadgaonkar [14]. It is carried out in a specially
esigned reactor in the absence of oxygen and with Zadgaonkar’s
pecial catalytic additive. The reaction temperature is up to 600 ◦C.
adgaonkar uses almost all kinds of plastic, e.g. polypropylene, low
ensity polyethylene, high density polyethylene, polyvinyl chloride
r any other plastics or plastic combination and plastic products
bags, old raincoats and broken buckets. These products can be

onverted into fuel-range liquids: gasoline, kerosene and diesel

ractions – with a higher yield and high quality as well as coke
nd LPG range gases. These distillates contain no sulphur or lead.

An interesting solution is co-decomposition of polyolefins and
rganic liquids, hydrocarbon mixtures or petrochemical materials
uch as gasolines, petro- and other oils [15]. The process runs at the
hydrophenanthrene 0.31

0.35

elevated temperature (up to 400 ◦C) and increased pressure. The
obtained liquid products can be used either for further petroleum
processing or olefin pyrolysis – in the case of naphthas, but not
as fuel components. A negative aspect of the method is the risk of
introducing undesired compounds into the hydrocarbon mixture,
e.g. sulphur compounds (even 0.5–1.0%).

An important element of proecological policy and an attractive
method of waste management is production of fuels with the use of
components obtained from plastics recycling. In Poland, this solu-
tion was even more attractive because, according to the Excise
Tax Act of 23 January 2004, diesel oils and gasolines produced
with the use of established amounts of these components were
exempt from the excise duty. The relief of excise duty was valid
until 31 December 2006. In that period, thermocatalytic decom-
position of polymers was performed on an industrial scale. For
the presented conceptions, several patents were also developed
[16–18]. In Poland, in 2005, at least 30 thousand tons of liquid or
solidifying crude fuel fractions were produced which, after sepa-
ration, were further processed into gasoline, diesel oil and heating
oil fractions with emphasis on the maximum efficiency of diesel
oil fraction (approximately 50%). Further possibilities of obtained
gasoline fraction refining are zeoforming or olefin pyrolysis, but
they were never put into practice. The products were used for raw
material recycling in fuel (gasoline) economy. In the case of diesel
oils, hydrogenation with the use of gaseous hydrogen was applied
in typical catalytic processes at elevated pressure. That way, a high
quality diesel oil component was obtained. A significant problem
for this technology was hydrogen availability for hydrorefining pro-
cesses.

It is advantageous if co-decomposition of polyolefins is con-
ducted with organic liquids that are hydrogen donors. The
hydrogen transfer reaction has been known since the turn of the XIX
and XX centuries when Knoevenagel first observed that dimethyl
1,4-dihydroterephthalate disproportionated into dimethyl tereph-
thalate and cis-hexahydroterephthalate [19,20]. The effect of
hydrogen donor solvents has been extensively investigated for coal
liquefaction. Considering the issue of material conversion, the most
common organic compounds with a high hydrogen donor activity
are as follows: dihydrophenantrene, dihydroanthracene, dihy-
dropyrene, tetrahydronaphthalene, methylnaphthalene, indane
and others. In Table 1, several model hydrogen donor solvents
applied in these processes are presented. Many studies focus on
the mechanism of hydrogen transfer from hydroaromatic hydro-
carbons to coals, which so far has not been fully clarified. One reason
of different results is the heterogeneity of structures and compo-
sitions of coals used in the studies [21–24]. A generally accepted

pathway for hydrogen transfer from a donor solvent was summa-
rized by Chawla et al. [25].

Hydrogen transfer reactions are also applied in selective
reduction of various organic compounds with characteristic func-
tional groups (such as carbonyl, epoxy or nitro groups) where
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Table 2
Selected properties of the material.

Selected properties

Density (g/cm3) 0.8089
Average molecular mass (g/mol) 197.5
86 I. Baraniec-Mazurek, A. Mianowski / Chem

liphatic alcohols or n-alkanes are used as hydrogen donors
26–29].

In the literature, there is also some information about the effect
f hydrogen donors on thermal degradation of various polymers.
irst of all, polymers show high viscosity, which complicates the
rocess due to impediment of the heat and mass transfer. To solve
his problem, solvent additions are used. A hydrogen donor ability is
he second important property of this liquid. The use of solvents has

any other advantages, e.g. it may decrease the required tempera-
ure and increase the yield of liquid fraction, facilitate obtaining

ore specific products; certain solvents can modify the plastic
egradation mechanism and can be easily separated after the reac-
ion [30–32].

The thermal decomposition of polymers is influenced by the
resence of hydrogen donors. Depending on the particular poly-
er: LDPE, HDPE, PP, PS, PVC, hydrogen donors may increase or

ecrease the degradation rate.
Most of works have been focused on the thermal degradation of

olystyrene. Sato studied the thermal degradation of polystyrene
t 300–450 ◦C with the use of following solvents: tetralin and 9,10-
ihydroanthracene, which are hydrogen donors, phenol, 2-naphtol
nd diphenylamine. A lower styrene yield was obtained in the pres-
nce of typical hydrogen donors [31].

Other papers describe the thermal degradation of polystyrene
aste at 400 ◦C in a pressure autoclave with various groups of

olvents: aliphatic, cyclic and aromatic, using their most simple
epresentatives: n-pentane, cyclohexane and toluene [32]. Cyclo-
exane caused the highest conversion of polystyrene into liquid
nd gas, and the lowest yield of solid residue. The use of solvents
lmost doubled the liquid yield and reduced the solid residue to
ess than 5%.

The thermal degradation of polystyrene and poly(�-methyl-
tyrene) was studied in several solvents: 1-methylnaphthalene,
etralin and phenol, in the temperature range of 250–450 ◦C [33,34].
he conversion of these polymers into low molecular weight prod-
cts depended on the type of solvents. This is explained by a
echanism that includes hydrogen transfer from the solvents to

ntermediate polymer radicals.
Madras et al. investigated the effect of hydrogen donors on poly-

er degradation [35]. The authors proposed a model for chain
cission degradation reactions according to radical mechanisms of
nitiation–termination, H-abstraction, degradation and repolymer-
zation reactions. The objective of other papers was to investigate
he effect of hydrogen donor solvents on the degradation of
oly(styrene-allyl alcohol) in a solution [36]. The degradation
xperiments were carried out at high pressure and in the presence
f tetralin. All the degradation products are dissolved in solution
nd no repolymerization reactions occur. Tetralin is essential for
olymer degradation. The specific rate coefficients are higher by
early an order of magnitude than the rate coefficients obtained
ithout tetralin.

The degradation of polyvinyl chloride with solvent has been
idely studied [37,38]. Kamo and Sato were interested in the role of

olvent in the PVC decomposition and removal of chlorine [37,38].
significantly high yield of oil was observed in the PVC degrada-

ion process at 440 ◦C with the use of a hydrogen donor solvent,
uch as tetralin [37]. Tetralin was effective for the increase in the
il yield as well as reduction in the total chlorine content in the oil.
he presence of appropriate hydrogen donors (e.g. tetralin) pre-
ents condensation reactions and promotes the PVC degradation.
he physical properties of decalin that facilitate dissolution and dis-

ersion of polymer are the most important factors in case of this
olvent [38].

In the literature, there are also several examples regarding the
hermal degradation of polyolefins in the presence of various sol-
ents. Karaduman et al. studied the thermal degradation of low
Iodine number (g I2/100 g) 63.2
Sulphur content (mg/kg) 500
Chlorine content (mg/kg) 200

density polyethylene LDPE waste, using cyclohexane in the tem-
perature range of 375–450 ◦C [39]. The solid residue decreased
whereas the liquid yield and the total conversion increased. In
other similar papers, Karaduman and Şimşek studied the mech-
anism of thermal degradation of low density polyethylene LDPE
plastic wastes in cyclohexane at 400 and 425 ◦C [40]. Four reac-
tion mechanisms have been proposed and tested. The best model
suggests that gas and liquid are formed directly from the solid.

Aguado et al. studied the effects of hydrogen-donating sol-
vents on the thermal degradation of HDPE at 400 ◦C [30,41]. The
presence of poor hydrogen-donating solvents, e.g decalin or 1-
methylnaphthalene, results in gaseous hydrocarbons (C1–C4) and
linear hydrocarbons, mainly �-olefins (C5–C20). The presence of
these solvents improves heat and mass transfer rates during the
thermal degradation and plastic conversions as well as the yields
of hydrocarbon products. When the reaction was carried out with
good hydrogen-donating solvents, e.g. 9,10-dihydroanthracene or
tetralin, the selectivity to n-paraffins was very high (even 97.5%).
In this case, the degradation mechanism includes hydrogen trans-
fer reactions from the solvents to HDPE radicals which prevent
production of �-olefins.

Hydrogen donor ability will be an important factor in the selec-
tion of a practical solvent for an industrial scale waste plastics
recycling.

Regarding the pyrolysis of plastics in the presence of some sol-
vents, a lot of papers are available [30–41]. In the present work, we
have investigated the thermal and pressure degradation of waste
polyolefins with the use of tetralin in order to determine the effect
of this solvent. The priority of work was to determine a possible use
of the hydrogenation method for highly unsaturated products that
are crude fractions of polyolefin thermal destruction – obtained
from an industrial installation. Tetralin is a classic organic solvent
from the hydronaphthalene group with hydrogen donors of high
activity (donor index: 0.27). Tetralin donates the hydrogen atoms
from its C1–H, C2–H, C3–H and C4–H bonds. This model reagent dis-
tinguishes from other hydrogen donors with its reactivity and high,
advantageous in the case of polymer dissolution processes, boiling
temperature (207.5 ◦C; ∼0.1 MPa).

2. Experimental

2.1. Polyolefin material

In order to examine the validity of the method of C C bond
reduction in the presence of a model hydrogen donor (in order to
obtain highly valuable saturated systems from waste plastics), a
crude product CP obtained from the initial thermal destruction of
polyolefins was used as the analysis material in the preliminary
study. The sample was collected from an industrial installation of
waste polyolefin thermocatalytic decomposition (mainly polyethy-
lene and polypropylene) on an industrial scale. In Table 2, selected
properties of the material are presented. The complex chemical

structure of raw material was determined with the use of the 1H-
NMR (Fig. 1). This technique enabled determination of complex
chemical structure of the material through identification of protons
in the methyl (0.8–1.0 ppm), and methylene groups (1.2–1.4 ppm)
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stirring system as well as the electronics and software intended
for data collection and analysis and for controlling and monitoring
the basic parameters, including: requested power (%), reactor tem-
perature RT (◦C), zone temperature ZT (◦C), pressure P (MPa) and
time t (min). Fig. 2 presents the experimental set-up, composed of a
Fig. 1. 1H-NMR spectra for the product of waste polyolefin degradation. Olefinic re

s well as naphthene and methyne groups (1.4–2.2 ppm). The
epresentative region for olefin compounds is also seen (4.7,
.0, 5.4 and 5.8 ppm). The analysis shows three possible types
f unsaturated systems that are typical products of polyolefin
egradation: �-olefin (RCH CH2), internal olefin (RCH CHR) and
,1-disubstituted olefin (RRC CH2). There are slight peaks in the
reas typical of aromatic compounds (6.8–7.2 ppm). This may occur
ue to the fact that the waste plastic mixture may also contain
olystyrene, which mainly affects the yield of aromatic hydrocar-
ons in the pyrolysis.

The chemical composition of raw material was determined with
he use of the GC–MS method. The product is a complex mixture of
ydrocarbons. It contains both saturated and unsaturated hydro-
arbons (both linear and branched) as well as a certain amount of
romatic compounds. The average composition of the group is as
ollows:

n-paraffins: 11%,
iso-paraffins: 38%,
unsaturated hydrocarbons: 49%,
aromatic hydrocarbons: 2%.

Another specific issue for waste material is the presence of small
mounts of heteroatoms (approximately 500 mg of sulphur/kg of
aste and 200 mg of chlorine/kg of waste). A source of sulphur

ompounds in the waste stream is probably pollution or some
dditives used in the polymer production. A rapid reduction in per-
issible levels of sulphur compounds in gasolines and diesel oils,
inimized to the sulphur-free fuel limits of <10 mg/kg according

o valid standards (since 1 January 2009) must be considered [42].
eduction in contents of sulphur and its compounds in fuel is sup-
orted by the argument that they have a negative effect on catalytic
xhaust gas purifying systems and corrosive engine wear as well
s emissions of SOx compounds into the atmosphere. Waste poly-
lefins, as mixtures of waste, normally contain trace amounts of
his element, which results in chlorine content of approximately
00 mg/kg in degradation products even despite prior segregation.
his level is unacceptable for gasolines as specified by quality stan-
ards for liquid fuels (<100 mg/kg). During fuel combustion in the

ngine, chlorine releases and reacts with water vapor. As a result,
ydrochloric acid is produced, causing corrosion of the engine and
ther elements of the combustion system. This fact confirms the
equirement of hydrorefining of polyolefin products for their use
s fuel components – due to the negative aspect of unsaturated
�-olefin 5.0 and 5.8 ppm; internal olefin 5.4 ppm; 1.1-disubstituted olefin 4.7 ppm.

compounds and also in regard to reduction in sulphur and chlorine
content in gasolines and diesel oils as required.

2.2. Solvent

Tetralin was used as a solvent.

2.3. Catalyst

One type of catalyst was applied in these experiments:
CoMo/Al2O3, containing 16% MoO3, 3.6% CoO/Al2O3, 0.1% SiO2.
It is a commercial and industrial catalyst (G3 symbol). The
cobalt–molybdenum catalyst G3 was developed and produced in
the Synthos Dwory Sp. z o.o. in Oświęcim (Poland). The catalyst G3
was introduced in refinery and petrochemical plants. It is used in
hydrotreating and hydrodesulfurization of gasoline and petroleum
distillates.

2.4. Reaction equipment

Co-decomposition of waste material and tetralin was performed
in a closed pressure autoclave (1 dm3) provided with a mechanical
Fig. 2. The experimental set-up.
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The curves presented in Fig. 3a and b show in detail the reactor
temperature RT and pressure P distributions over process duration
times t.
88 I. Baraniec-Mazurek, A. Mianowski / Chem

tainless steel autoclave surrounded by a furnace with an electrical
eater and a temperature and pressure control unit. The reactor lid

s fitted with a pressure indicator to follow the reaction progress
nd to maintain the pressure below 35 MPa.

.5. Experimental procedure

The reactions were conducted with with different plas-
ic:solvent mass ratios. A blank reaction of solvent (tetralin in
he absence of polyolefin material) was also carried out. The
aste material and tetralin were weighed and placed in the

utoclave. A part of the experiments (No. 3 and the blank reac-
ion) were carried out with addition of the G3 catalyst (5 wt.%
n relation to the weight of the plastic). In Table 3, detailed
ata of the performed experiments (feed composition, mass ratio,
utoclave filling degree Vo, final reaction temperature RT, final
ressure P and reaction time t) are presented. For the mixture of
rganic liquid and polyolefin material, argon blow was applied
nd subsequently the autoclave was closed, maintaining atmo-
pheric pressure. The degradation experiments were carried out at
00–500 ◦C for 180 min before cooling down to the room tempera-
ure. The heating rate of the autoclave was approximately 2 K/min.
he pressure obtained during the process depended on the mixture
omposition and volume, and it was the result of vapour pres-
ures of the mixture reagents in phase and chemical reactions.
n completion of the process, the autoclave was left until it com-
letely cooled down to the room temperature. The gas products
ere then collected in order to measure the volume and deter-
ine the chemical composition. After the autoclave lid was opened,

he obtained liquid mixture was weighed and distilled in order
o remove residual tetralin. The obtained crude hydrocarbon frac-
ions were analysed for physicochemical properties and chemical
omposition.

.6. Product analysis

The gas products were analysed for their chemical composi-
ions with the use of the gas chromatography method: an HP
890 gas chromatograph equipped with FID and TCD. The carbo-
phere column (1.8 m × 3 mm) and TCD were used for separation
nd detection of H2, whereas the aluminia column (1.8 m × 3 mm)
nd FID were used for separation and detection of C1–C4 (C5, C6)
ydrocarbons.

The liquid product analyses were performed by means of the
aturn 2100T GC–MS analytical system developed by Varian which
onsisted of a capillary gas chromatograph GC coupled on-line
ith an ion trap mass spectrometer MS – with electron ionization

t 70 eV. The chromatograph was equipped with a Varian chro-

atographic VF-5 ms capillary column, 30 m × 0.25 mm, stationary

hase of 0.25 �m.
The 1H-NMR spectroscopy (300 MHz, DMSO, CDCl3) was used

or further determination of the complex chemical structure of the
aterial.

able 3
rocess conditions in the preliminary studies.

Experiment 1 2 3 4

Feed composition
Raw material CP CP CP CP
Solvent Tetralin Tetralin Tetralin Tetralin

Mass ratio 1:30 1:30 1:8 1:1
Autoclave filling degree Vo (%) 62 62 45 12
Final reactor temperature RT (◦C) 418 447 450 477
Final pressure P (MPa) 13 13 15 10
Cracking time t (h) 3 3 3 3
ngineering Journal 163 (2010) 284–292

The chlorine content in liquid products was measured by means
of a modified method consistent with British standards: standard
methods for testing tar and its products, Second edition 1938, Serial
No.: C.T. 5–38.

Other measurements of liquid fractions were performed accord-
ing to Polish Standard Methods:

• Normal distillation according to PN-81/C-04012 (ISO 3405).
• Average molecular mass (g/mol) according to PN-64/0530-02

(ASTM D2224-78).
• Iodine number (g I2/100 g) according to PN-67/C-04068 (ISO

3961).
• Content of sulphur (mg/kg) using Grote–Krekeler method consis-

tent with PN-80/C-97078 (DIN 51400-2).
• Density (g/cm3) according to PN-90/C-04004 (ISO 3675).

3. Results

3.1. The correlation between reaction temperature, pressure and
process time
Fig. 3. Relationships between: (a) reactor temperature and (b) pressure versus reac-
tion time for the preliminary studies. Autoclave filling degree: 62% (processes No. 1
and 2), 45% (process No. 3) and 12% (process No. 4).
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autoclave. The main compounds, identified in the liquid prod-
ucts under argone with the G3 catalyst at 450 ◦C, are shown in
Fig. 6. The product comprises not only naphthalene as a product
of tetralin dehydrogenation, but also at least 20 other structures.
ig. 4. Relationship between reaction pressure and reactor temperature for the pre-
iminary studies. Autoclave filling degree: 62% (processes No. 1 and 2), 45% (process
o. 3) and 12% (process No. 4).

In the initial phase of experiments, the autoclave was heated up
o obtain the temperature 400–500 ◦C. Reaching that temperature,
hose reaction conditions were maintained for 3 h. Fig. 4 presents
he relationship between the process pressure and temperature.
or non-catalytic reactions, at up to 200 ◦C, the pressure remained
t a relatively steady level. When the temperature exceeded 250 ◦C,
slow increase in the pressure was observed, resulting from the

apour pressures of the mixture reagents (at that temperature
ainly from tetralin partial pressure).
The analysis of the basic thermodynamic parameters, such as RT

nd P, is extremely important from a scientific point of view. For
he initial conditions of experiments (20 ◦C; ∼0.1 MPa), which are
kind of baseline, an additional parameter was assumed: a degree
f the autoclave filling with the reagents Vo.

There are close relationships between the autoclave filling
egree Vo, reactor temperature RT and autoclave inner pressure P.
he system behaviour is well worth a detailed consideration. After
oading and closing the autoclave, it starts heating up. The greater
mounts of reagents, the slower reactor temperature growth is
bserved (Fig. 3a).

With the reactor temperature raise, the autoclave inner pres-
ure also increases (Fig. 4). The pressure mainly depends on the
oiling temperature of applied solvent, its vapour pressures, crit-

cal temperature and critical pressure. The higher reactor inner
emperature, the higher inner pressure is demonstrated.

Furthermore, the pressure is determined by the amounts of
eagents (Fig. 3b). The higher autoclave filling degree Vo, the greater
hanges in the discussed parameter are noticed, resulting from the
apour pressures of the mixture reagents in phase transitions and
hemical reactions. For the least amount of reagents (12%), the
lowest pressure growth is observed. For a process with an inter-
ediate autoclave filling (45%), but due to a significant role of the

atalyst, degradation of the reagents is the fastest.
Having reached the determined optimal process temperature, it

s maintained for a specific period of time necessary for obtaining
he highest efficiency, and subsequently the reaction products are
eft to cool down.
.2. Material balance

Four experiments of waste material cracking in the presence of
solvent were carried out. They were performed with the use of

arious process parameters which strongly influence the outcomes
Fig. 5. Distribution of cracking products, gases, liquid and solid carbon residue for
applied reactor system for the preliminary studies.

of cracking tests. The results of experiments, in the form of material
balance, are presented in Fig. 5. The highest yield of liquid products
was obtained in the tests No. 1–3 with a significant excess of tetralin
in the reaction mixture. On the contrary – in example No. 4 – the
lowest yield of liquid fraction was received, while the highest yield
– of the gas product. In this experiment, the reaction mixture was
composed of tetralin and the waste material with the mass ratio of
1:1.

3.3. Blank reaction of solvent in absence of polymer material

The blank reaction was carried out with the use of solvent and no
polymer material in order to determine the solvent stability under
the operating conditions (450 ◦C). The results of this reaction show
that tetralin undergoes significant conversion. The main compo-
nent of gas mixture from blank reaction is hydrogen. Additionally,
a slight degradation of the tetralin ring occurs, identified by the
presence of C1–C3 hydrocarbons in the mixture obtained as a result
of the experiment performed for a pure solvent without polyolefin
material. Detailed contents of products are as follows: hydrogen:
99.28%, and then methane: 0.23%, ethane: 0.36% as well as propane:
0.13%.

It was demonstrated that at elevated temperature, many paral-
lel or successive conversion reactions of hydrogen donor cannot
be avoided. This fact was confirmed by the presence of various
hydrocarbons in the liquid fraction following the process in the
Fig. 6. Yields of the main identified compounds in the liquid product after blank
reaction.
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Table 4
Compositions of hydrocarbons and other components in gas products.

Experiment 1 2 3 4

Composition of gas products (%)
Hydrogen 94.66 89.22 92.80 69.92
Methane 3.57 7.46 3.23 17.25
Ethane 1.23 2.51 2.65 7.04
Propane 0.35 0.60 0.99 3.89
Butane 0.09 0.11 0.28 1.81
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Table 5
Selected properties of liquid hydrocarbon products.

Experiment 1 2 3 4

Liquid product density (g/cm3) 0.799 0.794 0.792 0.787
Average molecular mass (g/mol) 191.2 147.2 139.6 121.7
Ethylene 0.03 0.01 0.01 0.03
Propylene 0.09 0.04 0.01 0.02
Butylene 0.00 0.06 0.02 0.02
Butadiene 0.00 0.00 0.02 0.02

aphthalene, 1- and 2-methylindane, butylbenzene and decalin
ere formed from tetralin by dehydrogenation, isomerisation,
ydrocracking and hydrogenation, respectively (Fig. 7). Decalin was
roduced also by disproportionation of tetralin.

.4. Degradation of waste material in the presence of a solvent

The main component of gas mixture from polyolefin co-
ecomposition in the presence of tetralin is hydrogen (Table 4).
uch a great amount of the component (up to 94.7% in test No. 1)
s mainly explained by dehydrogenation of tetralin to naphthalene

hich occurs at elevated temperature and pressure.
A scission of bond at the ends of polymer chains generates pro-

uction of light hydrocarbons such as methane and ethane as well
s, to a smaller extent, propane and butane. The thermal stabil-
ty of polymer bonds decreases with the temperature growth. As

xpected, the increase in the cracking temperature from 418 ◦C
process No. 1) to 447 ◦C (process No. 2) generates a higher amount
f volatile hydrocarbons – mainly C1–C3.

In the case of cracking, in the absence of hydrogen in the mixture,
certain amount of olefins was found, mainly ethylene. A small

Fig. 7. Main paths of te
Iodine number (g I2/100 g) 9.0 3.7 5.6 3.1
Sulphur content (mg/kg) 50 <50 <50 0
Chlorine content (mg/kg) 20 0 0 0

amount of light olefins (C2–C4 alkenes and alkadiene – butadiene)
in our experiments may occur due to the presence of hydrogen in
a gas product. As a result, primarily light saturated hydrocarbons
(C1–C4) were identified.

The liquid mixture obtained in the experiments was mainly
composed of tetralin residues and depolymerization products. The
tetralin residue was removed through distillation. Three fractions:
a fraction with the boiling point below 207 ◦C, tetralin residue
and a fraction with the boiling point above 207 ◦C were obtained.
Based on the amounts of residual tetralin after the reaction and the
amount of tetralin in the reaction, a conversion degree of solvent
was determined: 39.6% (in test No. 1), 43.5% (in test No. 2), 49.2%
(in test No. 3) and 77.6% (in test No. 4). This value depends on the
process parameters which strongly influence the outcomes of tests.
The results show that tetralin undergoes significant conversion and,
therefore, this solvent has a low stability in high temperatures.

The obtained liquid mixtures of hydrocarbons – after removal
of tetralin – was characterized by the density, average molecular
mass, iodine number, heteroatoms: chlorine and sulphur (Table 5).

The priority of the study system using a model reagent was the

determine a possible enrichment of the unsaturated hydrocarbon
mixture – concerning reduction of both unsaturated bonds, sulphur
and chlorine compounds. Co-decomposition of polyolefins at ele-
vated pressure in the presence of tetralin results in a hydrocarbon
product of desired liquid character. The degradation of polyolefins

tralin conversion.
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and 7.2–8.0 ppm that are attributed to, respectively: the pro-
ig. 8. Effect of the reaction in the presence of solvent on the paraffin, olefin,
romatic and naphthene yields for the hydrocarbon fraction (crude polymer prod-
ct/solvent; temperature: 418–477 ◦C; final pressure: 10–15 MPa).

esulted not only in higher liquid product yields, but also in lower
lefin contents. The iodine number – as an indicator of olefin
ontents – decreased from 63.2 g I2/100 g (in a crude polyolefin
roduct) to 9.0–3.1 g I2/100 g, depending on the process parame-
ers. Sulphur and chlorine contents are significantly reduced and,
n many cases, even eliminated.

The compositions of the liquid fractions are presented in
ig. 8. They contained both paraffins (ranged 58.7–79.3%), naph-

henes (ranged 4.5–7.8%) and smaller content of olefins (ranged
.2–6.8%) as well as some quantity of aromatic hydrocarbons
ranged 9.3–34.6%). Such a system results from many complex,
arallel and successive reactions during thermal degradation of

Fig. 9. 1H-NMR spectra of the crude product before hydrog
ngineering Journal 163 (2010) 284–292 291

hydrocarbon material as well as reactions in the presence of a
hydrogen donor. It is suggested that in this method, two main but
separate reactions occur simultaneously within the autoclave. The
first reaction is a random scission of polymer bonds which results
in low molecular weight hydrocarbons whereas the other reac-
tion is hydrogenation of emerging unsaturated structures. This is
explained by the mechanism of hydrogen transfer from solvents to
intermediate polymer radicals. The obtained substitutes meet the
quality standards specified for liquid fuels in regard to the content
of unsaturated compounds.

It was found that main aromatic products were BTX (benzene,
toluene and xylenes) hydrocarbons as well as polyaromatic hydro-
carbons – mainly naphthalene and its derivatives. A large amount
of aromatic hydrocarbons in liquid mixtures is found mainly due to
the conversion of hydrogen donor. The analysis of the experiment
conducted under comparable conditions for a pure solvent with-
out polymer explained the main source of aromatic hydrocarbons
and depicted the disadvantages of the conception of using tetralin
in polyolefin processing (Fig. 6). The increase in temperature from
418 to 447 ◦C during comparable processes (nos. 1 and 2) generates
a higher aromatics content in liquid products.

For the discussed liquid fractions, control 1H-NMR spectra were
performed. The results for all samples are comparable. Fig. 9
presents selected 1H-NMR spectra of the final product after and
before hydrogenation, for comparison. It is consistent with the
GC analysis results and the low iodine number and means that
almost no olefins are contained in the liquid fractions. Within
the ranges typical of olefin compounds (ı: 4.7, 5.0, 5.4, 5.8 ppm),
only slight signals occur. The representative regions for the pro-
tons of methyl (0.8–1.0 ppm), methylene (1.2–1.4 ppm), methyne
and naphthene groups (1.4–2.2 ppm) are seen. There are clear
proton signals, however, within the ranges of 1.7–3.4, 6.8–7.2
tons of methyl groups, the protons of methylene groups in the
� position to the aromatic ring, the protons linked to carbon in
the aromatic ring and the protons in condensed aromatic struc-
tures.

enation (a) and final product after hydrogenation (b).
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. Conclusions

In the paper, a potential for tetralin adoption as a model organic
olvent with a hydrogen donor ability for both transformation
f multiple carbon–carbon bonds and reduction of sulphur and
hlorine compounds in order to obtain highly valuable saturated
ystems to be applied as liquid fuel components (including engine
uels) were considered.

A thorough study on the products of waste polyolefin thermo-
atalytic degradation obtained under industrial conditions showed
possible use of hydrocarbon hydrogen donors for dissolution and
ydroconversion of polymer materials requiring enrichment.

Liquid fractions, obtained with the method of co-decomposition
f polymers and tetralin, contain reduced amounts of unsaturated
ompounds. Also, a positive aspect is a complete elimination of
hlorine and sulphur in most cases.

A significant disadvantage of the presented conception is the fact
hat, at elevated temperature and pressure, many parallel or succes-
ive tetralin conversion reactions cannot be avoided. The result is a
ide range of by-products belonging to various groups of chemical

ompounds and demonstrating different properties. Furthermore,
aphthalene readily form permanent adducts.

Therefore, the application of hydrogen donors from the hydron-
phthalene group for obtaining fuel components from waste
olyolefins is not possible. The main problem necessary purifi-
ation of the final fraction from the products of hydrogen donor
onversion. Another disadvantage is a high price of the model
eagent.

Studies on the system of hydrogen donor and crude unsatu-
ated polymer products will be continued. The preliminary results,
ith the use of a model reagent, show a real potential to apply this

onception, which is a different solution to hydrorefining of prod-
cts meant to be fuel components. Through selection of a proper
ydrogen donor solvent, it is possible to eliminate the disadvan-
ages of the presented experiments as well as expand the possible
pplications of organic liquids using cheap and easily available
eagents.
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