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Abstract

In this work an investigation of four different routes for refinement of liquid product from pyrolysis
of waste tyres was carried out. These routes were: 1) Fractionation to light (gasoline fraction) and
heavy pyrolytic oils and two stage hydrotreatment of the gasoline fraction; 2) Hydrotreatment of a
blend of the whole pyrolytic oil with straight run diesel fraction from Russian Export Blend Crude Oil
(REBCO); 3) Processing of the whole pyrolytic oil along with REBCO in a crude distillation unit; 4)
Direct blending of the whole pyrolytic oil with a commodity fuel oil. It was found that during frac-
tionation of the liquid pyrolytic oil in two fractions: light and heavy, the heavy fraction meets the
specification of fuel oil and marine fuel. The light fraction was hydrotreated in a laboratory hydro-
treating unit in two stages and the hydrotreated product contained less than 10 ppm sulphur and
had octane numbers of RON = 88.9 and MON = 77.0 with a loss of 4.7 points of RON and 3.0 points
of MON. The hydrotreatment of a blend of the whole pyrolytic oil with straight run diesel fraction
(SRDF) from REBCO showed that pyrolytic oil inhibited the hydrogenation of the mononuclear aro-
matics and plugged the laboratory hydrotreating reactor when its content in the blend with the
straight run diesel was raised to 20%. The addition of the pyrolytic oil to the crude oil REBCO
improved the yields of distillates in the laboratory atmospheric-vacuum distillation unit, but the
quality of the distillates deteriorated due to the chemical instability of the waste tyre pyrolytic oil
components. The four route allows production of marketable fuel oil by blending of not more than
3% of pyrolytic oil to a commodity fuel oil whose closed cup flash point is not lower than 86°C.

Key words: waste tyre pyrolysis; liquid pyrolytic oil hydrotreatment; blending; fuel oil flash point.

1. Introduction

It is well known that waste tyre disposal presents an environmental concern, because
tyres are extremely resistant to physical, chemical, and biological degradation, and the
possibilities for their reuse and recycling by mechanical or chemical means are very limi-
ted [, It is estimated that 2.5 million tones per year are generated in the European Union,
2.5 million tones in North America and around 1 million in Japan [21. One of the most
investigated technologies to utilize waste tyre is their processing by pyrolysis.

Many studies have been devoted to this technology [*-3°), After tyre pyrolysis, three
phases are obtained: solid, liquid and gas and their composition is related to the tempe-
rature of the thermal treatment. The gas product can be used as a make-up heat source
for the pyrolysis process [2°1, The solid product after demineralization may be used as a
suitable adsorbent [*% 221 It also may be used as a solid fuel in coal fired power station
because its caloric value (28.9 MJ/kg) is close to that of the coal (33.2 MJ/kg). However,
nearly all of the chlorine present in the original tyre ends up in the solid fraction. This should
be taken into account when the solid fraction is to be considered as a fuel, since a gas clea-
ning process should be necessary of the combustion gases [*°1. The liquid product from
the tyre pyrolysis was reported that may be used as fuel oil and diesel fuel & 11-12 151
However, the value of the liquid product flash point (~ 30°C) is much below the speci-
fication for fuel oil and diesel fuel - 60 and 55°C respectively [*¢1, Moreover, it is known
that the liquid pyrolytic product is rich of olefins and di-olefins [* % 311 which make this
product chemically unstable. For that reason it is prone to form gums which can easily
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settle down on process equipment and causes fouling. Equipment fouling by sediments
formed in refining units can lead to enormous financial burdens in terms of increased
costs of operation, maintenance and shutdown. There is still no sufficient data in open
literature about upgradation of the waste tyre pyrolytic oil to finished marketable fuels
which meet the stringent requirements of European directives and norms for quality of
the fuels. We decided to fill this gap by investigating the upgrading of the waste tyre
pyrolytic oil in refining processes: fractionation; hydrotreatment, and blending. The aim
of this study is to discuss the obtained results in this investigation.

2. Experimental

The liquid pyrolytic product was obtained by using proprietary catalytic pyrolysis pro-
cess [32] at following conditions: reaction temperature of 400°C; residence time of 50 mi-
nutes; reaction pressure of 50 Pa. The process used a proprietary catalyst [33! consisting
of 35-50% alumosilicate; 15-30% active aluminum, 10-20% zinc oxide, 5-15% activated
clay; 5-15% kaolin. The catalyst-to-tyre ratio was 5:1000 wt./wt. The yield of products
obtained from the pyrolysis process was following: liquid product = 46%, Carbon black =
38%: Steel = 11%; Gas = 5%. The distillation characteristics of the liquid pyrolytic pro-
duct are given in [, A fractionation of the liquid pyrolytic product was carried out in the
AUTODEST 860 Fisher column that has 15 theoretical trays. The reflux ratio was 10. The
liquid pyrolytic product was fractionated in two fractions: light fraction (IBP-200°C); and
heavy pyrolytic oil fraction (200°C - FBP).

The light fraction (IBP-200°C) was hydrotreated in a trickle bed pilot plant. A detailed
scheme of the pilot plant is presented in Figure 1.
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Figure 1 Schematic diagram of the HDS pilot plant unit

The hydrotreatment was performed in two stages, selective hydrogenation-the first sta-
ge, and full hydrogenation-the second stage. In the selective hydrogenation catalyst PGC-
3S was employed, while in the full hydrogenation catalyst TK-576 was used. The selective
hydrogenation is designed for selective hydrogenation of diolefins to olefins, converting
the light mercaptans and light sulphur compounds in heavier ones and izomerization of
external olefins to internal olefins. The process takes place on Pd-containing PGC-3S cata-
lyst. The full hydrogenation saturates olefins to paraffins along with decomposition of
organic sulphurous-, nitric-, and oxygen-compounds, during which hydrogen sulphide,
ammonia and water are formed respectively. The process takes place on Co-Mo TK-576
catalyst.

The operating conditions of the hydrotreatment experiments were following for the first
stage: reaction temperature - 100°C; reactor pressure -35 kg/cm?; liquid hourly space
velocity (LHSV)-2.0 h'!; treating gas/oil ratio of -380Nm?3/m?>. The treating gas contained
99% hydrogen, for the second stage: reaction temperature - 280°C; reactor pressure -35
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kg/cm?; liquid hourly space velocity (LHSV)-2.0 h'!; treating gas/oil ratio of - 200Nm3/m?>.
The treating gas contained 99% hydrogen.

Then the whole waste tyre pyrolytic oil was also hydrotreated in the trickle bed pilot
plant in blends with a diesel fraction obtained during atmospheric distillation of REBCO.
The blends consisted of 10% waste tyre pyrolytic oil and 90% REBCO diesel fraction, and
20% waste tyre pyrolytic oil and 80% REBCO.

Two blends of crude oil - REBCO and the whole waste tyre pyrolytic oil (5% pyrolytic
oil / 95% REBCO, and 20% pyrolytic oil / 80% REBCO) were also investigated in the
process of atmospheric and vacuum distillation. The distillation of the studied crude oil-
pyrolytic oil blends was carried out in TBP Euro Dist System from ROFA Deutschland
GmbH, designed to perform according to ASTM D2892 requirements. Its fractionation
column is equipped inside with packing, equivalent to 15 theoretical plates and the con-
denser provides the standard’s mandatory reflux ratio of 5:1.

The pressure profile of the analysis for separation the samples into definite narrow cuts
(IBP-EBP) has been tuned according to cuts boiling point intervals as follows: IBP up to
180°C at pressure 760 mm Hg; 180°C - 260°C at pressure 100 mm Hg; 260°C - 320°C at
pressure 10 mm Hg and 320°C - 375°C at pressure 2 mm Hg. The obtained gas fraction
in the debutanization step of the analysis is included in the first narrow cut (IBP - 65°C)
since its quantity is not permanent for a sample and varies with time. The crude oil resi-
due from the TBP laboratory distillation plant is transferred to the Potstill Euro Dist System
where vacuum distillation, according to ASTM D5236 requirements, takes place. Pressure
profile in Potstill apparatus is as follows: the fraction which boils up to 430°C is separated
from the atmospheric residue at pressure 1 mm Hg, and the other narrow cuts (up to
540°C) - at pressure of 0.2 mm Hg. Finally, the results in terms of weight % evaporated
up to definite temperature from both TBP and Potstill plants are combined and a continuous
TBP distillation curve of the evaluated samples is generated.

Blending of commodity heavy fuel oil, produced in LUKOIL Neftohim Burgas refinery,
with the whole waste tyre pyrolytic oil was studied by measuring closed cup flash point of
the heavy fuel and its blends with the whole waste tyre pyrolytic oil in accordance with
ASTM D-93.

3. Results and discussion

The distillation characteristics according to ASTM D 86 methods of both gasoline and
heavy pyrolitic oil fractions are presented in Table 1. The data in Table 1 show that the
light and heavy fractions obtained from the whole pyrolytic oil have distillation charac-
teristics typical for gasoline (the light fraction) and diesel (the heavy fraction) fuels.

Table 1 Distillation characteristic of the waste tyre pyrolytic liquid fractions: the light and
the heavy fractions

Waste tyre liquid pyrolitic

£ ! Light fraction Heavy fraction
raction
Density at 15°C, g/cm? 0.8127 0.937
Distillation ASTM D-86
vol.%
IBP 52 192
5 82 216
10 96 230
20 113 253
30 126 268
50 146 297
60 157 315
70 166 328
80 175 345
90 194 357
95 217 363
FBP 238 390

Recovery, vol.% 98 98
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The data in Table 2 summarizes the physical and chemical properties of both waste
tyre pyrolytic fractions (gasoline and diesel fractions). These data indicate that octane
numbers (research and motor octane numbers = RON and MON) of the pyrolytic gasoline
fraction are relatively high: RON = 93.0; MON = 80.0. However the gasoline fraction high
sulphur content (2000 ppm) does not allow direct blending of this material in the finished
automotive near zero sulphur gasoline (< 10 ppm sulphur). Moreover the relatively high
content of highly reactive diolefinic hydrocarbons (8.4%) makes the waste tyre pyrolytic
gasoline fraction chemically unstable and prone to form undesirable gums. Therefore this
gasoline fraction must be hydrotreated before its use as a component for production of
automotive gasoline grades.

The data in Table 2 also indicate that the waste tyre pyrolytic heavy fraction meets the
specification of the heavy oil products: fuel oil and marine oil. The distillation characteristics
of the heavy waste tyre pyrolysis fraction as was mentioned earlier correspond to those
of diesel fuel. However the low cetane index (25), and high viscosity, as well as high
sulphur content do not allow the use of this material as a component for direct blending
in the process of production of automotive near zero sulphur diesel (<10 ppm sulphur).
Never-theless a hydrotreatment of the heavy waste tyre pyrolytic fraction with refinery
diesel streams may allow the use of this fraction for the production of automotive near
zero sulphur diesel. Without any additional treatment the heavy waste tyre pyrolytic
fraction may be used as finished fuel oil or marine fuel.

Table 2 Properties of both light (gasoline) and heavy pyrolytic oil fraction

Light fraction Heavy fraction
Specified value
Group hydrocarbon Measured for heavy fuel
e wt.% . :
composition value oil and marine
fuel oil
Normal alkanes 4.09 | Bromine number, gBr,/100g 102,9
Iso-alkanes 2.97 | Kinematic visosity at 50°C, mm?/s 6.61 max 380
Cycloalkanes 11.74 | Kinematic visosity at 80°C, mm?/s 3.165 max 115
Normal alkenes 1.14 | Relative viscosity at 80°C, °E 1.24 max 15
Iso-alkenes 7.72 | Sulphur content, wt.% 0.81 max 3.0
Cycloalkenes 18.62 | Pour point, °C -18 max 30
Normal dialkenes 1.49 | Freezing point, °C -20 max 25
Iso-dialkenes 5.5 |Ash 0.015 max 0.15
Cyclodialkenes 1.37 | Flash point in closed cup, °C 77 min 60
Arenes 35.6 | Flash point in opened cup, °C 92 min 110
ini Water, vol.% 0.1 max 0.5
Oxygen contzlnlng % 0
compounds Lower heat content, MJ/kg 41.363 min 39.8
Methylisobytyl ketone 0.7 | Water soluble acids and basis absent absent
Sulphur containing % Water and sediments, vol.% 0.4 max 1.0
compounds
Al, ppm 8 Al+Si = max 80
Mercaptane sulphur 0.2 |Si, ppm 11
2- Methylthiophene 0.3 |V, ppm 13 max 600
Unidentified compounds 10 | Cetane index 25.35 max 60
Octane numbers of
waste tyre pyrolysis
gasoline
RON 93.6
MON 80.0
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The main problem with hydrogenation of oil fractions having high olefins content is the
high reactor AT, because the hydrogenation reaction is exothermic. As a result of the exo-
thermic hydrogenation reaction in the reactor of the pilot plant it was recorded AT of the
inlet and outlet of the reactor = 38°C for the first stage and 28°C for the second stage.
In order to estimate the AT in a commercial hydrotreating unit, which consists of two con-
secutive reactors for selective hydrogenation and full hydrogenation of gasoline fraction
(IBP-200°C), we used the relationship developed in [3*! between the content of olefins in
the feedstock and the heat of the commercial reactor. The calculations were based on the
data for the bromine number, the molecular weight of the gasoline fraction (molecular
weight was calculated based on the data for density and Tso) and the correlation of Goo-
sens [351, Calculations showed that during the two-stage hydrotreating of the waste tyre
pyrolytic gasoline fraction in an industrial reactor, it could be expected a total temperature
difference of the reactor block in an order of 226°C. The reason for the much higher tem-
perature difference of the industrial hydrotreating reactor is the significantly lower heat
losses, compared to the pilot plantreactor. Temperature of 66°C in a pilot plant reactor
would correspond to 226°C in an industrial reactor. In order to prevent excessive tempe-
rature increase in a commercial hydrotreating unit the waste tyre pyrolytic gasoline frac-
tion should be processed in a mixture with another petroleum fraction, or using a reactor
with a sectionated catalyst with intermediate cooling or using a recycle of hydrotreated
pyrolytic gasoline to regulate the temperature difference of the process within reasonable
limits.

After the two stage hydrotreatment of the waste tyre pyrolytic gasoline fraction a loss
of 4.7 point RON, and 3.0 MON was registered. The hydrotreated gasoline fraction had
sulphur level below 10 ppm and octane numbers RON = 88.9 and MON = 77.0. These
octane numbers are very low and do not allow the use of the hydrotreated waste tyre
pyrolytic gasoline fraction as finished automotive gasoline. Therefore blending with higher
octane number gasoline compounds is obligatory to obtain finished automotive gasoline
that meets EN-228 requirements.

The second option for refining of the pyrolytic oil investigated in this work was its hydro-
treatment with SRDF obtained from crude oil - REBCO. Properties of the REBCO SRDF
and its blends with the whole pyrolytic oil are presented in Table 3. It is evident from these
data that the addition of 10 and 20% of the whole pyrolytic oil to the REBCO SRDF leads
to a reduction of the SRDF cetane index from 55.9 to 49.8 due to the higher aromaticity
of the pyrolytic oil. The data in Table 3 indicate that the hydrotreatment of 100% REBCO
SRDF and the blend 90% SRDF/10% whole pyrolytic oil increases the cetane index by 5
points of both feeds. The pyrolytic oil seems to inhibit the hydrogenation of most difficult
to hydrogenate mono nuclear aromatics. While the total aromatics content of the hydro-
treated 100% REBCO SRDF was reduced from 28.6 to 19%, that of the hydrotreated 90%
REBCO SRDF / 10% Pyrolytic oil dropped marginally from 27.8 to 27.3%. The hydrotreat-
ment of the easier to hydrogenate polynuclear aromatics was not affected by the waste
tyre pyrolytic oil. During the hydrotreatment of the blend 80% REBCO SRDF / 20% Pyro-
lytic oil the pilot plant reactor was plugged due to excessive coke formation. It deserves
mentioning here that the waste tyre pyrolytic oil did not blend well with the SRDF and
layered during prolonged stay. It could be concluded based on these data that the whole
waste tyre pyrolytic oil is not suitable as a feedstock for hydrotreatment because of its
chemical instability which can cause reactor plugging.

The third option for refining of the pyrolytic oil investigated in this work was to blend
the whole pyrolytic oil with crude oil - REBCO and fractionate the blend in the laboratory
TBP atmospheric and vacuum distillation, simulating commercial crude distillation unit
operation. The REBCO was blended with 5 and 20% waste tyre pyrolytic oil and then frac-
tionated in the ROFA TBP Euro Dist System Figures 2-4 present photographs of bottles
that contain wide fractions (light naphta, heavy naphtha, kerosene, diesel, vacuum gas
oil, and vacuum residue) obtained from TBP distillation of 100% REBCO, 95% REBCO /
5% waste tyre pyrolytic oil, and 80% REBCO / 20% waste tyre pyrolytic oil.
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Fig. 2 Photograph of appearance of the wide fractions obtained during TBP distillation of
100% REBCO

Fig. 3. Photograph of appearance of the wide fractions obtained during TBP distillation of
the blend 5% waste tyre pyrolytic oil / 95% REBCO

Fig. 4. Photograph of appearance of the wide fractions obtained during TBP distillation of
the blend 20% waste tyre pyolytic oil / 80% REBCO

These pictures clearly show that the wide fractions obtained from the crude blends that
contain pyrolytic oil change their colours. For example the REBCO fractions light naphtha
(IBP-110°C), heavy naphtha (110-180°C), and kerosene (180-240°C) are colourless, while
the heavy naphtha and the kerosene obtained from the crude blend containing 5% pyro-
lytic oil have yellow colour, and the heavy naphtha and the kerosene obtained from the
crude blend containing 20% pyrolytic oil have brown colour. The change in the colour of
the fractions obtained from the crude blends that contain pyrolytic oil suggest these frac-
tions are chemically unstable and are prone to oxidation. After performing the experiments
the laboratory column should be cleaned due to formation of gums inside the packing.
Table 4 presents data of yields of wide fractions obtained during TBP distillation of REBCO
and its blends with the pyrolytic oil.



T. Tsaneva, D. Stratiev, M. Mitkova/Petroleum & Coal 57(6) 676-686, 2015 684

Table 4 Wide cut yields from TBP distillation of REBCO and its blends whit whole waste
tyre pyrolytic oil

o) o) (o) o)
Fractions 100% REBCO 95%REBCO/5% 80%REBCO/20%

Pyrolytic Oil Pyrolytic QOil

Gas 1.0 1.0 1.0
IBP-70 3.0 3.0 3.0
70-110 3.0 3.0 3.3
110-180 9.0 10.2 11.2
180-240 10.0 9.0 9.0
240-360 22.4 21.0 22.0
360-540 28.6 30.4 30.0

>540 23.0 22.3 20.5

Total 100.0 100.0 100.0

These data indicate that the addition of the pyrolytic oil to REBCO increases the yields
of heavy naphtha and vacuum gas oil and decreases the yields of kerosene, diesel, and
vacuum residue. The simulated distillation characteristics and densities of the heavy
naphtha, kerosene, diesel and vacuum gas oil obtained from the three crudes are given
in Table 5. These data indicate that Tsy of the heavy naphtha increases from 143°C for
the 100% REBCO to 150°C for the blend 80%REBCO / 20% Pyrolytic oil. Tsq of the
kerosene drops from 199°C for the pure REBCO to 191°C for its blend with 20% pyrolytic
oil. Tso of the diesel decreases from 279°C for the pure REBCO to 257°C for its blend with
20% pyrolytic o0il.Tsg of the vacuum gas oil diminishes from 436°C for the pure REBCO to
421°C for its blend with 20% pyrolytic oil. These data suggest that the pyrolytic oil
contains lower molecular weight components boiling in the range of the kerosene, diesel,
and vacuum gas oil than the crude oil REBCO. In contrast the heavy naphtha from the
pyrolytic oil may contain higher molecular weight components than the crude oil REBCO.
The densities of the wide fractions from the crude blends containing pyrolytic oils are
lower due to their higher content of lower molecular components. Kw characteristic
factors of the wide fractions from the crude blends containing pyrolytic oils are lower
than those of the pure REBCO fractions, which supports the statement that the lower
densities of the wide fractions from the crude blends containing pyrolytic oils are due to
higher content of lower molecular components.

As a whole the addition of the pyrolytic oil to the crude oil REBCO improves the yields
of distillates, but the quality of the distillates deteriorates due to the chemical instability
of the waste tyre pyrolytic oil components. Processing of the waste tyre pyrolytic oil in a
crude oil distillation unit may create problems with plugging of trays or packing due to
the chemical instability of the pyrolytic oil.

100
90
80
70
60 -
50 -
40 -
30
20 4
10

Flash poilt, °C

0 5 10 15 20 25
Waste tyre pyrolytic ail, vv. %

Fig. 5 Dependence of flash point of blends with petroleum fraction

The fourth option for refining of the pyrolytic oil investigated in this work was to blend
the whole pyrolytic oil with a commodity fuel oil. Commodity fuel oil taken from LUKOIL
Neftohim Burgas refinery with a closed cup flash point of 86°C was blended with 3, 6, 10,
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15, and 20% of waste tyre pyrolytic oil. The closed cup flash point of the blends was
measured in accordance with ASTM D-93 and the dependence of the fuel oil flash point
on the content of the waste tyre pyrolytic oil is presented in Figure 5. It is evident from
these data that the addition of the pyrolytic oil decreases the fuel oil flash point. It falls
from 86°C at 0% pyrolytic oil to 27°C at 20% pyrolytic oil in the fuel oil. The specification
of minimum 60°C flash point for the fuel oil can be met if the content of the pyrolytic oil
is not more than 3%.

4. Conclusions

The liquid product from pyrolysis of waste tyres was investigated to refine by four differ-
ent routes. 1) Fractionation to light (gasoline fraction) and heavy pyrolytic oils and two
stage hydrotreatment of the gasoline fraction; 2) Hydrotreatment of a blend of the whole
pyrolytic oil with straight run diesel fraction from REBCO; 3) Processing along with REBCO
in a crude distillation unit; 4) Direct blending with a commodity fuel oil.

The first route can provide production of commodity fuel oil from the heavy pyrolytic
oil fraction and hydrotreated gasoline with octane numbers of RON = 88.9 and MON =
77.0, which requires blending with higher octane number gasoline compounds to obtain
finished automotive gasoline with octane numbers RON = 95 and MON = 85.

The second route is questionable due to the chemical instability of the pyrolytic oil that
can cause plugging of the hydrotreating reactor, a fact that was registered during processing
of a blend of 80% REBCO straight run diesel and 20% pyrolytic oil after only of one day
of operation of the laboratory hydrotreating unit.

The third route is also questionable due to the same reason as that described above.
The addition of the pyrolytic oil to the crude oil REBCO improves the yields of distillates,
but the quality of the distillates deteriorates due to the chemical instability of the waste
tyre pyrolytic oil components. Processing of the waste tyre pyrolytic oil in a crude oil dis-
tillation unit may create problems with plugging of trays or packing due to the chemical
instability of the pyrolytic oil.

The four route allows production of marketable fuel oil by blending of not more than
3% of pyrolytic oil to a commodity fuel oil whose closed cup flash point is not lower than
86°C.
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