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The article presents the process of obtaining liquid fuels and fuel gas in the process
of plasma processing of organic materials, including waste plastics. The concept of

plasma pyrolysis of plastics was presented and on its basis a prototype installation
was developed. The article describes a general rule of operating the installation and
its elements in the process and basic operation parameters determined during its start-
up. Initial results of processing plastics and the directions of further investigations are
also discussed. The effect of the research is to be the design of effective technology of
obtaining fuels from gasification/pyrolysis of organic waste and biomass.
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INTRODUCTION

Waste is an inseparable part of human activi-
ties. With the growth of the number of population
and industrial development, the amount of waste
increases, therefore, a problem of their storage
appears. In developed countries annual produc-
tion of municipal waste per one inhabitant is from
400 to 760 kg [16], and global production of mu-
nicipal waste is estimated at 1.2-1.6 billion tons
[3]. In the increasing stream of waste, the share
of plastics which do not decompose in natural
environment increases. This is why plastics are
subjected to recycling or utilisation. The latter
form is also used in case of toxic and hazardous
materials, such as medical wastes [22]. The most
common form of utilisation combustion, howev-
er, due to the fact that the process generates harm-
ful gases, more and more frequently pyrolysis or
gasification is used as alternatives.

The use of plasma for thermal processing
of organic materials may contribute to solving a
serious problem concerning utilisation of waste

that is bacteriologically or chemically contami-
nated — especially with hydrocarbons. In the last
few years research was conducted on the use of
thermal plasma in municipal waste utilisation, in-
cluding hospital and industrial waste, also those
containing harmful organic compounds (phe-
nol, chlorinated biphenyls and dioxins — PCBs,
PCDDs) [2, 8-10, 18, 19, 22]. Plasma technology
is also used in the process of combustion and gas-
ification solid materials (biomass and plastics)
[8-10, 12, 16, 23, 24].

Intensification of research on the use of plasma
techniques for utilisation of wastes is in a harmo-
ny with ecological policy of developed countries,
especially European Union. The research in this
area is aimed at improving the effectiveness and
quality of thermal processing of waste, therefore,
limiting the emission of hazardous pollutants,
including greenhouse gases. The results of pilot
research show that the use of plasma technologies
to produce liquid fuels from biomass and munici-
pal waste may be both effective and safe for the
environment [7]. The use of thermal processing
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of waste is supported by the aspects of rational
and economic energetic management, which re-
sult from the increase of produces waste and in-
creasing demand for energy [16, 18]. Worldwide
increase of crude oil prices and the shortage of its
resources generate interest in alternative systems
of obtaining fuels from gasification of coal and al-
ternative sources of energy, such as plastics, bio-
mass, sewage sludge and organic waste [2, 11, 17,
21]. It is also significant that biomass gasification
generates significant amounts of hydrogen, which
is considered to be the fuel of the future [1].

PLASMA WASTE PROCESSING

Plasma is defined as ionised, to larger or
smaller extend, gas. Many researcher consider
plasma to be the fourth state of matter. In plasma
technologies, plasma is divided into three types:
high temperature plasma(or equilibrium plasma),
thermal plasma (or quasi-equilibrium plasma)
and non-thermal plasma, non-equilibrium plasma
(also cold plasma). The research on the use of
plasma started in 19" c. but their fastest develop-
ment took place at the end of previous century.
The basic and applied research on plasma, which
are going to broaden its use, are still conducted
[2, 10, 20].

Thermal plasma is a high temperature, highly
ionised medium with numerous radicals. In such
conditions chemical substances are quickly de-
composed into liquid or gas products, e.g. CO,
CO,, CH,, CH,, N, H,O. Moreover, under the
influence of plasma thermal dissociation of gases
takes place with the release of radicals (H, O, N,
C, S, CN, OH, NH, CH, CH,...),, what increases
the reactivity of pyrolysate ingredients. The prod-

Plasma
Pretreatment gasification
Organic Residues
matter (ash)

ucts of decompositions are ionised into positive
(C*, H*, N*, CO*, O*, Si*, K* and others) and neg-
ative (O, H,, N- and other) ions, what facilitates
the course of gasification/pyrolysis [9]. For exam-
ple the process of plasma gasification of hospital
waste with cellulose (paper), polyethylene (plas-
tic) and water can be illustrated in a simplified
reaction of gasification, according to the pattern:

celulose C.H, O, + plasma — CH, + 2(CO) +
3(H,0) +3C - n(CO) + mH,
polyethylene (CH,-CH,) + plasma +H,0 —
X(CH,) + z(CO) + radicals — n(CO)+mH,

According to the research presented in [4], in
order to gasify 1 kg of hospital waste consisting
60% of paper, 30% of plastic and 10% water it is
necessary to use c.a. 1 kWh electric energy, and
the synthesised gases containing CO and H, can
be converted into electric energy in the amount
of over 3 kWh — this is the premise to prove eco-
nomic efficiency of the technology. The use of
plasma techniques instead of traditional combus-
tion seems particularly justified in case of utilisa-
tion of waste with significant share of organic
matter. The generated synthesised gas, as a poten-
tial source of energy, lowers the costs of utilisation
[18]. High amounts of hydrogen in the synthesised
gas is an additional argument for the attractiveness
of plasma gasification of alternative fuels.

The installation for plasma processing of
plastic wastes and eventually contaminated bio-
mass into liquid fuels is based on instant pyrol-
ysis. It consists of the following functional ele-
ments: solid fuel preparation for plasma reactor
(grinding, melting), thermal processing (plasma
processing), ultrafast cooling, synthesised fuel
purification (eventually), measurement systems,
fuel container (Fig. 1).

. Clean fuel
Cooling synthesis
Analysis
of the
composition
Caloric Final fuel
testing storage

Fig. 1. A scheme of installation for plasma gasification of organic waste
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In plasma reactors used for biomass and or-
ganic waste gasification, a common source of
plasma is the so called arc plasmotrons, based on
arc discharge in direct electric field DC or alter-
nating current AC, most often at network frequen-
cy, generated between electrodes [2, 9, 10, 18, 19,
21, 23]. In arc plasmotrons plasma generating
agents are such gases as argon, nitrogen, CO,,
water steam or their mixes [6, 9, 10, 19, 21, 23].
Other significant factors include also the method
of placing plasmotrons, place of material feeding
and the place of gas collection [16].

EXPERIMENTAL INSTALATION

The most fundamental element of experimen-
tal installation is the block of plasma gasification.
It is made of a combustion chamber with a spe-
cially designed recess plasmotrons (Fig. 2 and 3).

Due to high temperatures and energy densities
in the plasma canal (in the region of electrodes
that temperatures usually reach a few thousand
K, and in the core of plasma canal — a few dozen

Inspection hole

Ceramical brick

Plasmotron

Band heater
10 kW

Reactor Rotational
connection grate

thousand K) the electrodes in plasmotrons are
cooled with water and average lifespan of elec-
trodes ranges from 100 to 500 hrs in oxidizing
environment and up to 3000 hrs in the atmosphere
of protective gas. Electrode lifespan also depends
on the material of electrodes [10]. On the basis of
own research on the construction of plasmotrons
with cylindrical (recess) electrodes (Fig. 3) it is es-
timated that the time of exploitation at a few dozen
kW for a plasmotron fuelled with air as a plasma
generating agent, is c.a. 120 hrs, and decreases
with the increase of plasmotrons power [5, 13].

In the works on plasma processing of organic
materials to obtain liquid fuels, nitrogen and ar-
gon were used as a plasma generating agent. The
framework of research also assumed the use of
water steam as a plasma generating gasification
agent. The use of enumerated plasma generating
agents should result in extension of plasmotrons
lifespan.

Previous attempts to use arc plasmotrons for
thermal processing of plastics showed certain
technical difficulties at the stage of implement-
ing the material into the area of plasma canal. In

Socket for plas-
motrons attaching

Openings,
inspection hole

Band heater
10 kW

Fig. 2. Reactor for plasma gasification of organic waste

Fig. 3. Cylindrical plasmotrons used in experiments
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authors’ own research the material was fed pneu-
matically (in a grounded form) over the plasma
flame through the upper opening. The material
that left the plasma canal to early was retaken to
the plasma by melting and convectional evapora-
tion. This was done with an electric heater with
the power of 10 kW, located at the lower part of
the reactor (see, Fig. 2).

Other elements of pilot installation for plasma
processing were: power section with micropro-
cessor multifunction analyser, specialised power
packs adapted to power plasma equipment, plas-
motrons fuel section, with electronic mass flow
meter, a system of processing and feeding mate-
rial of gasification with a desktop for monitoring
the amount of material feed (Fig. 4).

Fig. 4. Elements of installation for plasma
processing of waste

The installation was equipped with water ro-
tameters and sensors to control the temperature of
incoming and outgoing water for cooling systems.

RESEARCH METHODOLOGY

In order to analyse the composition of process
gases (H,, CH,, CO, CO,) in a real time, gas ana-
lyser GAS 3000R was used [25]. On the basis of
the composition, the analyser determined the calo-
rific value of the obtained gas. Following its cool-
ing, such a process gas was taken to analysis with a
probe placed in a outlet canal of the cooler and was
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put into the GAS 3000R analyser. The composition
of the process gas was monitored in a constant way
throughout the process of plasma pyrolysis and the
results were recorded in computer memory.

The identification of liquid products was
made in GC 5890 gas chromatograph, coupled
with mass spectrometer MS 5971. In order to
identify the distribution of protons in aliphatic,
olefin and aromatic groups the spectrum of 1H
NMR (1H NMR- proton nuclear magnetic reso-
nance spectroscopy) were recorded. The analysis
was made on BRUKER AVANCE 300 spectrom-
eter at the frequency of 300.13 MHz. Density, ash
content, acidity and moisture content was done
according to standards [26-29]. Group composi-
tion (the content of hydrocarbons and polar com-
pounds) was determined by a method of liquid
chromatography in a silica gel column.

RESEARCH RESULTS

In the first experiment of plastics pyrolytic
processing (eventually with plastics waste as a
target material to be processed) the material to
be pyrolysised was polyethylene (PE) with the
grains smaller than 500 mm. Liquid and gas frac-
tions were obtained (fuel fractions). As a plasma
generating agent nitrogen was used. Before the
proper pyrolysis, the reactor was heated up until
the temperature of outlet gases stabilised at 550 °C.
It was only then that the proper process started. The
parameters of the process are presented in Table 1.

The composition of the obtained process gas
during normal work of the reactor (in stabilised
state) was presented in Table 2. During the pro-
cess, large amounts of hydrogen (also called the
fuel of the future) were generated.

Liquid products of plasma processing of poly-
ethylene were condensed and stored in the cooler.
Then, samples were taken through release open-
ings at the bottom of the cooler in order to analyse
the composition. The products cooled to the tem-
perature of c.a. 20 °C had a consistency similar
to grease/Vaseline and a colour similar to cream.

GC-MS analysis showed that the liquid prod-
ucts of plasma pyrolysis of polyethylene are a
mixture of aliphatic hydrocarbon homologues
with n-alkanes, n-alk-1-enes and alkadienes among
them with the number of carbon atoms from C10
(decane) do C33 (tritriacontane) (Fig. 5). In a
chromatogram the peaks are registered accord-
ing to the increasing number of carbon atoms in
a molecule, yet for similar retention time the elu-
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Table 1. The parameters of plasma process of polyethylene (PE) pyrolysis

Material stream Plasmotron Stream of plasma Temperature Average Temperature of Temperature
(PE) ower eneratin pa ent above temperature gases above of gases after
kg/h] p[kW] 9 [Nm%] 9 plasmotron in reactor reactor cooling

[°C] [°Cl [°C] [°C]
3,0 13,5 9,0 1200 750 530 20

Table 2. Parameters of process gas obtained during plasma pyrolysis of PE

Hydrogen H,
[%]

Methane — CH,
[%]

Calorific value
kJ/Nm?

Carbon oxide — CO Carbon dioxide — CO,
[%] [%]

1.1

2,0

0,3 <0,01 848,5

Fig. 5. Chromatogram of liquid fraction obtained from plasma pyrolysis of polyethylene (PE)

tion was in the order: n-alkane, n-alk-1-ene and
alkadiene with the same number of carbon atoms.
The content of the above groups of hydrocarbons
was decreasing. The largest share in the obtained
liquid was recorded for hydrocarbons from C ; to

Fig. 6. *H NMR spectrum for liquid product of PE plasma pyrolysis

C,, (their peaks were the highest).

Figure 6 presents H NMR spectrum of the py-
rolysis of PE. The interpretation of this spectrum
proved the results of chemical composition analy-
sis. It was found that the main elements of the ex-
amined product are aliphatic groups (-CH,, -CH,,
-CH) and olefin groups, which are giving signals

37



Journal of Ecological Engineering vol. 14(1), 2013

Table 3. Selected properties of liquid fraction of plasma pyrolysis characteristic for diesel fuel and biodiesel

i Group composition
. Density Volatile compounds Ash, F[)o/ m/?n] Acid number
Material [g/cm?] +water content | o0\ ° [mg KOH/g sample
9 [% m/m] ° hydrocarbons |polar compounds 9 9 P
Post-pyrolytic fraction of PE 0,868 6,70 0,290 89,9 4,4 1,52
. 0,2
Diesel fuel 0,800-0,845 - 0,01 - B (for biodiesel*)

* Diesel fuel consisting 20% of methyl esters of fatty acids form rape oil.

in the range of 0.5-2.0 ppm and 4.5-6.0 ppm ac-
counting for 95.87% and 3.99% respectively In
the range 7-9 ppm, characteristic for protons
in aromatic rings, only trace presence of these
groups was recorded (0.15%), and in the range
2.0-4.0 ppm (characteristic or protons grouped
in alpha-CH, in aromatic rings) no signals were
observed, what implies practically non-aromatic
chemical character of the obtained product.
Table 3 presents selected properties of liquid
fraction obtained from plasma pyrolysis of poly-
ethylene (PE) determined according to standards
[26-29] and, for comparison, selected character-
istics of motor fuels (diesel fuel and biodiesel).
In comparison to diesel fuel, the obtained
product of PE pyrolysis contains more higher
molecular weight hydrocarbons (range of the
number of carbon atoms for diesel fuel is C10-
C25 and for pyrolysed PE C10-C33), much
more aliphatic hydrocarbons especially n-al-
kanes, which are the ingredients of diesel fuel,
responsible for its cetane number. Considering
other physical and chemical properties it can be
stated that the obtained product has similar prop-
erties to diesel fuel. However, the obtained lig-
uid fraction does not seem to be a good basis for
motor fuels, due to its solid consistence at room
temperature and the presence of unsaturated hy-
drocarbons, which have negative impact on fuel
stability. On the other hand, the product can be
a component for heating oil, and after hydrogen
improvement, it can be used to produce paraffin.

CONCLUSIONS

It was shown that in the presented prototype
installation plasma processing of plastics in or-
der to obtain liquid fractions of fuels can be done.
During the attempts to process polyethylene (PE)
low-caloric mixture of combustible gases (c.a.
0,85 MJ/Nm?®) and a liquid fraction of similar
consistence to diesel fuel and grease/vaseline
were obtained.

38

The obtained gas contained traces of CO,,
and in the products there were traces of aromatic
components and acid character. Therefore, the
method is more environmentally friendly than
traditional utilisation of plastics by combustion.
Similar chemical character of the liquid product
components, containing almost only homologues
of aliphatic carbohydrates and lack of contami-
nants should facilitate possible further processing
and finding their use (e.g. in chemical synthesis
or petrochemical industry).

In order to develop an effective method of
plasma technology for plastic waste processing,
the following works are anticipated:

e proper selection of conditions and parameters
of plasma processing,

¢ selection and characteristics of the input mate-
rial for research,

¢ analysis of obtained liquid fuels and residues
after plasma pyrolysis,

e modernisation and optimisation of the instal-
lation.

The completion of the above actions should
result in developing an industrial scale technology.
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