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Plastics present a major threat to today's society and environment. Though mankind has awoken to this threat and responded with
developments in creating degradable bio plastics, there is still no conclusive effort done to repair the damage already caused. In this
regard, the catalytic depolymerization studied here presents an efficient, clean and very effective means of removing the debris that we
have left behind over the last several decades. By converting plastics to fuel, we solve two issues, one of the large plastic seas, and the
other of the fuel shortage. This dual benefit, though will exist only as long as the waste plastics last, but will surely provide a strong
platform for us to build on a sustainable, clean and green future. The paper presents results of density, viscosity, cetane number, ignition
temperature of 100% synthetic fuel and this fuel’s mixture with the diesel oil. The quality of the fuel-air mixture formation is best charac-
terized by the SMD parameter — Sauter's average diameter of spray drops, and its value in analytical studies depends on the physical
parameters of the fuel (density, viscosity, surface tension). The results of laboratory tests will be developed in terms of the use of the
measured parameters of a synthetic fuel mixture to calculate SMD values and to correct analytical equations taking into account the

actual SMD values measured by laser diffraction laboratory tests.
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1. Introduction

Over the past 150 years, plastics have enabled innova-
tion and contributed to the development of society and the
growth of its prosperity. Thanks to plastics, the society can
meet challenges of the 21st century. Only 4 to 6% of the
world oil production is consumed for its production. Plas-
tics are the material commonly used for the production of a
wide variety of products that are applicable in practically all
areas of life. As a consequence, the share of these wastes in
the municipal waste stream is increasing, which is a serious
environmental problem. Due to the value of the raw materi-
al, all plastics waste should be recovered — either by recy-
cling or by energy recovery. One way to utilize and use
them is to convert them into liquid synthetic fuel.

2. Alternative fuels

Selected physicochemical properties of the fuel have
been determined, which have a decisive influence on the
correct operation of the internal combustion engine, its
performance and the cleanliness of the exhaust gases emit-
ted into the environment. The primary raw material for the
production of engine fuels is crude oil, whose consumption
has steadily increased over the recent years. Increasing
demand for liquid fuels with scarce resources, rising oil
prices and tougher environmental regulations has led to the
need for new alternative energy sources.

Alternative fuels are divided into gaseous and liquid
fuels. Synthetic fuel is classified as liquid fuel and obtained
by chemical synthesis [1].

The fuel used to supply the internal combustion engines
should be characterized by specific parameters that deter-
mine the proper operation of the engine. Values of these
parameters are given in the relevant normative documents:
specifications, technical conditions, industry standards for
compliance with the given state standards, common stand-
ards for associated countries (e.g. EU), international organ-
izations' directives (e.g. World Fuel Charter).
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Fig. 1. Division of alternative fuels [3]

3. Polymer materials

Thanks to polymer materials we have the opportunity to
create new products. They allow greater technological pro-
gress than any other material. Plastics thanks to the econo-
my of raw materials and materials are one of the most effi-
cient products. Only small part of the world's crude oil
resources is used for their production.

More than 50 years ago the potential of these materials
was discovered, but their era is only now beginning. Thanks
to their properties, plastics are used in packaging, construc-
tion, automotive industry, aerospace industry, agriculture,
sport, medicine. In 2015, the demand for plastics in Europe
amounted to 49 million tons [6].

However, when plastic products cease to fulfill their
utility functions and their life cycle ends, they must be
appropriately recovered.

Plastic waste is dominated by polyolefins, i.e. polymers
containing carbon and hydrogen, which are extracted di-
rectly from crude oil. Polyolefins are durable, rigid and
abrasion-resistant. In addition, they have good dielectric
properties, are resistant to water, have high gas permeabil-
ity and low for water vapor. On the other hand, they are not
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resistant to strongly oxidizing substances and atmospheric
conditions cause their aging. Polymers include: polyeth-
ylene (PE), polypropylene (PP), polystyrene (PS), and acry-
lonitrile-butadiene-styrene (ABS). The first one is odorless
and physiologically indifferent, but easy to burn. We can
distinguish high density polyethylene (PEHD) and low
density (PELD). PEHD is more mechanically resistant, has
higher melting points and hardness and degree of crystallin-
ity. Polypropylene allows to obtain transparent products
with low absorbency and water permeability, and also im-
pervious to gases [2].

mt

=

Latvia |
Estonia |
Cyprus & Malta

Greece 8
Croatia ||

Poland ¥
Belgium & Lux. |§
Austria |§
Finland
Norway f
Lithuania ||

Ireland [
Slovenia f§

Netherlands |§
Sweden [§
Portugal [

Switzerland I
Romania |8
Denmark [§
Slovakia |§
Bulgaria |

o
3
3
a
9
@
=
S
1
N
o}

United Kingdom [§

W2013 W 2014 M2015

Fig. 2. Demand for Polymeric Plastics in Europe 2013-2015 [6]

Plastics account for about 10% by weight and 40% by
volume of the household waste. The main source of plastic
waste is packaging, which accounts for 55% of post con-
sumer waste from plastics.

Waste from polymeric plastics can be utilized by:

— mechanical recycling,

— raw material recycling,

— energy recovery,

— processing into liquid synthetic fuel.

According to the National Alternative Fuel Infrastruc-
ture Development Plan, synthetic fuels are fuels obtained
by chemical synthesis using various methods and raw mate-
rials. Synthetic fuels can be divided by the raw material
used: 1. Fuel obtained from natural gas, so called, Gas to
Liquid (GTL), 2. Fuel from coal, so called, Coal to Liquid
(CTL), 3. Fuel obtained from biomass, 4. Fuel obtained
from plastics (municipal waste) [4].

As a result of chemical processes, synthetic gasoline or
synthetic diesel is produced. As a rule, the use of synthetic
fuels does not entail the need to build new fueling facilities
for vehicles powered by synthetic fuels, these fuels can be
used by vehicles running on traditional fuels.

4. Research

The tests of physicochemical properties of synthetic fuel
and its mixtures have been carried out at the research labor-
atory of the Research Center for Fuels, Working Fluids and
Environmental Protection of the Faculty of Mechanical
Maritime Academy.
The tests used:
— DMA 4500/5000 for density determination
— TV 2000 viscometer for determining kinematic viscosity

Cetane ID 510 for determining a cetane number
— Device for determining the flash point

Fig. 3. DMA 4500/5000 for density determination and TV 2000 viscome-
ter for determining kinematic viscosity

Fig. 4. Cetane ID 510 for determining a cetane number and Device for
determining the flash point

Selected physicochemical properties of the fuel have
been determined, which have a decisive influence on the
proper operation of the internal combustion engine, its
performance and the cleanliness of the exhaust gases emit-
ted into the environment.

For studying physico-chemical properties, the liquid
fuel was used, which is a mixture of waste made of PE and
PP plastics and is produced in an installation that enables to
recycle the largest group of plastic waste, i.e. polyethylenes
(PE), polypropylenes (PP) and polystyrenes (PS).

The installation processes plastic waste mixed in any
proportions of PP to PE or PS, which can come directly
from landfills or waste sorting plants.

The plastic waste can be dirty and damp with a different
texture and thickness, and may have different colored
prints. The recycling process involves catalytic depolymeri-
zation. The waste that goes into the plant is converted into a
gaseous form which, after cooling and filtration, is the final
product of liquid fuel.

One of the main parameters determining the suitability
of fuel for the supplying diesel compression engines is the
cetane number. The CN determination is based on a com-
parison of the ignition properties of the test fuel with the
analogous properties of standard fuel mixtures with known
cetane numbers.

When using fuel in the engine, the effects of incomplete
combustion appear in the form of deposits on the atomizers
(injectors) and their amount depends on the fuel contents.

However, the cetane number is not a sufficient criterion
for the correct combustion process (complete and total
combustion). With both synthetic and fossil fuels, the in-
complete combustion can occur, despite the cetane number
appropriate for the given ignition engine, and despite the
fact that all the parameters of the combustion formation
(injection pressure, compression pressure) are correct.
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Additionally, the process of creating a combustible mix-
ture is closely related to the spraying process affected by
other physical parameters of the fuel. The density, viscosi-
ty, and surface tension of the fuel play a decisive role in the
formation of turbulent flow in the spray nozzles, providing
proper atomization. The initial phase of supplying fuel to
the combustion chamber, consisting of spraying the fuel, is
crucial for further processes of preparing the fuel-air mix-
ture, its ignition and combustion. The quality of the fuel-air
mixture formation is best characterized by the SMD param-
eter — Sauter's average diameter of spray drops, and its
value in analytical studies depends on the physical parame-
ters of the fuel (density, viscosity, surface tension).

Table 1. Calculation formulas for determining the mean diametre of a drop [5]

Equation Author
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SMD = 2362d,°°?0x"*" 0F Apg and Kadota

5. Conclusions

The results obtained of testing selected physico-
chemical properties were related to the requirements set by
PN-EN 590+A1:2011 standard. Fuels for motor-vehicles —
Diesel oils — Requirements and test methods [7].

Firstly, pure synthetic polymer fuel and pure diesel were
tested and the results compared. Pure synthetic fuel meets
the standard only for the cetane number. The parameter that
most differs from the norm is the flash point (Table 2). It
was therefore reasonable to carry out a fuel mixtures tests
with 7% and 20% share of synthetic fuel.

In the case of mixtures, we see that the 20% addition of
synthetic fuel slightly changes the density, viscosity and
cetane number. However, the flash point is still incompati-
ble with the standard requirements for ON to supply inter-
nal combustion engines. By analyzing the results of the 7%
mixture, we find that all the parameters tested are similar to
the ON fuel parameters and meet the requirements set by
the standard.

Table 2. Selected physico-chemical parameters of synthetic fuel and

diesel oil
Test Unit Synthetic Diesel Requlrgments
parameter fuel for diesel
density [kg/m’] 795 834 820-845
viscosity [mm?s] 1.76 2.768 2.00-4.5
cetane num- -] 64.4 55.8 min 51
ber
ignition [°C] 30 65 <55
temperature

Table 3. Selected physico-chemical parameters 7% and 20% synthetic fuel
mixture and diesel oil

20% Require-
) _

Test Unit 7 /0 synthe synthetic | ments for
parameter tic fuel fuel diesel
density [kg/m’] 831 828 820-845
viscosity [mm?%s] 2.672 2.456 2.00-4.5
cetane number [-] 56.9 57.4 min 51
ignition tempera- o
ture [°C] 55 45 <55

The studies of physicochemical properties conducted
will allow to develop a methodology for determining the
possibility of using liquid synthetic fuels in compression
ignition engines.

In the current standards, the only property of distillation
fuels for diesel engines, directly referring to combustion,
and reflecting their ignition characteristics, is the cetane
number (CN). However, as shown by the analysis of scien-
tific literature on fuels other than petroleum oils, the CN is
not a sufficient parameter to evaluate its usefulness in diesel
engines.

As a result of the studies, it was found that both, 100%
synthetic fuel and its 20% share in diesel fuel did not meet
the minimum ignition temperature limit, while the limit
value of this parameter is met by the mixture of diesel oil
with 7% synthetic fuel. Currently, the laboratory tests are
being developed with regard to the use of measured viscosi-
ty, density and surface tension values for a mixture of syn-
thetic fuels (up to 7% and petroleum oils), SMD calculation
and analytical equations corrections taking into account the
actual SMD values measured by laser diffraction method
during the laboratory tests. The further direction of research
is related to the definition of the operating and environmen-
tal parameters of a diesel engine fuelled with diesel oil with
7% synthetic fuel.
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