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Abstract: The use of pyrolysis oil can be seen as an alternative fuel for maritime transport. However,
pyrolysis oil from tires must be desulfurized for this. Recently, this can be done by hydrodynamic
cavitation. This process does not require oxidation chemicals but only water, a cavitation generator,
and a pump to drive it. In the literature, this concept has been successfully tested on model fuels.
In this study, the cavitation generator for the desulfurization of waste tire pyrolysis oil was printed
from polylactic acid-based on simulations of the optimal design, which allows for much cheaper
production and easy replacement in case of wear or testing of alternative designs. After 60 min of
treatment at 5 bar inlet pressure, a desulfurization of almost 33% was achieved. Furthermore, an
interaction analysis showed that only from a pyrolysis oil content of 5.5 to 6% does hydrodynamic
cavitation have an effective effect on desulfurization.

Keywords: pyrolysis oil; used tires; fluid dynamics simulations; hydrodynamic cavitation

1. Introduction

A significant proportion of world trade is conducted via maritime transport [1], and
according to [2], it is arguably the most cost-effective way to transport goods around the
world. In 2018, the International Maritime Organization (IMO) announced ambitious
plans to reduce greenhouse gases emissions from international shipping by half by 2050
compared to 2008 levels [3]. The decarbonization of shipping can be achieved in a number
of ways: through the use of alternative fuels, solar and wind energy, through technological
tools that help increase energy usage efficiency, through improving activity, e.g., more
accurately regulating vessel speeds, creating more accurate routings, etc. Alternative fuels
have the potential to reduce carbon dioxide (CO;) emissions and, in some cases, depending
on what they were from, can even have zero emissions [4,5]. Nevertheless, any alternative
fuel must comply with a series of criteria to become perspective in the future. The most
important criterion is reducing emissions in the whole life cycle of the fuel. After evaluating
alternative fuel potentials to reduce greenhouse emissions, it was determined that reaching
wanted levels of decarbonization is very difficult with the currently available alternatives.
Certain alternatives, such as liquified natural gas (LNG), reduce the greenhouse emissions
in no significant way, while hydrogen does not emit greenhouse gas during use, but after
assessing the whole life cycle, greenhouse emissions during the production phase are to
be taken into account. Therefore, there is no unilateral solution, and the search for new
alternatives is very important [6].

Pyrolysis oil, e.g., from tires, could be an environmentally friendly and economical fuel
for the propulsion of maritime transport [7]. In the European Union (EU), landfilling of used
tires has been banned for several years [8] and is, therefore, problematic [9]. Nevertheless,
used tires in the EU still end up in landfills or are otherwise disposed of illegally. Globally,
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this problem is far greater [10,11]. Tires made of rubber cannot be melted to be reused due
to the thermally irreversible cross-linking by sulfur [11,12].

Current literature mostly focuses on high temperatures and heating rates in laborato-
ries and powdery feedstock, thus simplifying the highly complex pyrolysis process [13].
However, pyrolysis processes are rather uneconomical, dangerous and they can also pro-
duce highly toxic gases that require treatment before being discharged into the atmosphere.
In pyrolysis processes for larger quantities, furnaces with very different designs are usually
used so that part of the feedstock is thermally degraded under different conditions [14]. To
increase the production of high-quality liquid products (fuel), the concept of slow pyrolysis
can be applied. Slow pyrolysis is traditionally used to produce charcoal, whereby the
vapors are either released into the atmosphere or burnt. The product yield depends in
particular on the composition of the starting material [15], the dimensions of the starting
particles [16], the heating rate, the final temperature [17], and the total reaction time. A few
plants recover a limited number of chemicals from liquid by slow pyrolysis, such as acetic
acid from the Chemviron plant in Germany [18,19]. However, recent developments in the
field of slow pyrolysis show that especially the long duration of heat transfer, better control
of inlet, and outlet flow rates (controlled product collection) can be an advantage of slow
pyrolysis over fast pyrolysis to increase the production of high-quality liquid products [20].

Pyrolysis of waste tires would be a more environmentally friendly option [21-23]
and has good characteristics for its valorization [24]. Used tires are an attractive source
of alternative energy due to their long hydrocarbon chains with high calorific value [25],
and material recycling is preferable to thermal recycling [26,27]. The use of tire pyrolysis
oil in diesel engines as an alternative fuel has already been tested [28,29]. However,
the condensed pyrolysis oil from used tires contains a relatively high amount of sulfur
compounds (usually a few percent by weight) [11,30,31], which is not suitable for use in
internal combustion engines according to European Union restrictions [25]. The general
sulfur limit for fuels in European seas has dropped from 3.5% previously to 0.5% since the
beginning of 2020. Fuel used in the Baltic Sea, the North Sea, and the English Channel—the
so-called Sulphur Emission Control Areas (SECAs) of Europe- meet a sulfur limit of 0.1%
(before 2015, it was allowed to be 1%). The limits can be met by using cleaner fuels or
technologies such as scrubbers [3,32].

Various methods are used for desulfurization:

- Catalytic hydrodesulfurization is most commonly used in industry for the desulfur-
ization of fuels. Catalysts based on Co-Mo or Ni-Mo are used at high temperatures
and high pressures. In this way, sulfur contents of about 350 ppm are achieved, with
special catalyst improvements even less [33];

- Oxidative methods, on the other hand, allow mild reaction conditions using oxygen
or peroxides as well as catalysts [34], which, however, require a high loading with the
oxidant;

- Extractive methods [35] use special solvents for sulfur-containing compounds in
which non-sulfur hydrocarbons are less soluble as well as unconventional methods;

- Furthermore, there are special methods such as biological desulfurization, electro-
chemical treatments, desulfurization with metallic sodium, treatment with caustic
solutions, etc. [36].

A detailed overview of the different desulfurization methods for oil is shown in [37].

A novel approach to the deep desulfurization of fuels is desulfurization by means of
hydrodynamic cavitation [38]. According to [39,40], hydrodynamic cavitation is capable
of providing economical, efficient, and environmentally friendly chemical, ecological and
biological applications. A theoretical background is given, for example, in [41-43]. In
this work, a modified system according to [38] is used, which employs a vortex diode
to accelerate the flow velocity of the fluid based on water and fuel. At the output of the
vortex, the diode is a Venturi tube which, in conjunction with the high flow velocity, creates
cavitation bubbles in the center of the vortex. When the bubbles implode, high temperature
and high pressure are generated, which lead to the formation of hydroxyl radicals [38,44,45].
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Under these locally extreme conditions, the hydroxyl radicals remove the sulfur from the
organic phase without any catalyst, and additional oxidation compounds; [38] used a
model fuel of n-octane or commercial diesel, thiophene, and n-octanol and was able to
achieve almost complete desulfurization. The cavitation system only requires water as
an additional chemical to the fuel (the use of additional oxidants as in [46] is currently
excluded for technical implementation by the US patent [47]), with energy input only via
the pump.

For this study, used tires were pyrolyzed into a sulfurous oil. The pyrolysis oil, which is
immiscible with water, was treated for desulfurization using hydrodynamic cavitation. For
this purpose, a plant was constructed according to [38]. To determine the optimal geometric
parameters of the Venturi tube of the cavitation tool, a fluid dynamic simulation was carried
out with the SOLIDWORKS software. With the geometric parameters for maximum steam
yield determined in this way, a Venturi tube was printed, and the desulfurization effect
of the cavitation system on the pyrolysis oil was investigated under different process
conditions.

2. Materials and Methods
2.1. Numerical Simulation of Fluid Dynamics

In a preliminary study, the entire cavitation tool was designed accordingly [48] and
3D printed after. It turned out that the Venturi tube does not work as efficiently as [38]
describes. Therefore, using numerical simulations, we performed a geometric optimization
based on the simplest form of Bernoulli’s equation as given in [41,42] to achieve a higher
cavitation rate.

The numerical modeling of turbulent flow with hydrodynamic cavitation presence
was realized using software SOLIDWORKS (Dassault Systemes SolidWorks Corporatio,
Waltham, MA, USA), which employs the finite volume method to domain discretization.

The cavitation conditions depend on the ratio of the diameter of the axial tube D to the
height of the chamber d, where the height of the chamber is also equal to the diameter of
the entrance to the chamber. In the work of [49], it was deduced that the optimal value D/d
is in the range 4.0~4.5. Following these recommendations, a model of vortex diode was
created (Figure 1), and a numerical simulation of hydrodynamic cavitation was performed.
In this work, geometrical parameters were changed: the pipe length L, throat tube diameter
d, tube diameter D, rounding radius R of the throat influence were investigated as also
being the influence of inlet pressure p and flow rate Q.

@D
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Figure 1. Schematic of vortex diode.
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Initial data required for modeling are pressure p,—entering the cavitator, initial flow
rate Q at entering the cavitator, and leaving the cavitator.

The simulation results show the part of the mass vapor m, due to cavitation as well as
the expansion of the vapor volume in the tube when the tube diameter downstream of the
throat of the Venturi tube is equal to D again.

2.2. Materials

Pyrolysis oil from waste tires (pyrolysis data are not included in this paper) with a
total sulfur content of 10538 ppm was used for the desulfurization study. The water was
deionized with GenPure Water Purification Systems (Thermo Fisher Scientific, Waltham,
MA, USA).

2.3. Hydrodynamic Cavitation Setup

Vortex Venturi type tube hydrodynamic cavitation reactor system was printed using
polylactic acid (PLA) based on the simulation results, which allow for much cheaper
production and easy replacement in case of wear or testing of alternative designs. The
Venturi tube is exchangeably integrated into the housing behind the vortex diode. The
hydrodynamic cavitation system was made of a centrifugal pump (Italy E-Tech, Model
EH5/09 1022 T5 EO IE3; stainless steel, Qmax 117 L min—!, 2.29 kW, 3 phase, 50 Hz motor,
2.29 kW), a holding tank equipped with a cooling system to maintain the temperature,
and measuring devices (temperature, pressure). The system was designed to be capable
of regulating pressure through a bypass line and manual valves on each branch. All
piping was constructed to withstand 10 bar pressure, with pressure measured continuously
with a pressure measurement device placed at the entrance of the cavitation tube. The
hydrodynamic cavitation reactor system is depicted in Figure 2.

Figure 2. Details of experimental setup involving hydrodynamic cavitation system.

The liquid mixture is led from the tank container to the pump, which returns it at a
certain pressure via the hydrodynamic cavitation reactor system. Additional mixing takes
place in the tank to prevent the separation of the two phases.

2.4. Performing Desulfurisation

The three independent variables, process pressure, pyrolysis oil content in oil-water
mixture, and process time, were studied for the effect of desulfurization. The ranges of
the variables were established as such: process pressure of 3, 4, and 5 bar; pyrolysis oil
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content in an oil-water mixture of 2.5, 5.0, and 7.5% and process times of 10, 20, 30, 40, 50,
and 60 min, respectively.

For each experiment, 15 L of oil and water mixture were used. During the reaction
stage, the temperature was kept at 40 & 5 °C through the cooling system because, according
to [50], cavitation decreases with increasing temperatures. Samples were taken periodically
without stopping the process in the reactor. The samples were separated from the water
by centrifugation at 3000 rpm for 15 min to separate water and oil phases. The total
sulfur content of the waste tires pyrolysis oil and treated samples were determined using
Energy Dispersive X-ray Fluorescence (EDXRF) elemental analyzer (Rigaku NEXQC, Japan)
according to the ASTM D4294. Sulfur removal was calculated based on the initial and final
obtained sulfur content according to Equation (1):

Extent of Desulfurization (%) = (Sinitial — Sfinal)/ Sinitial X 100 1)

3. Results and Discussions
3.1. Numerical Modeling and Analysis of the Cavitation Phenomenon in Vortex Tube

Numerical simulations were performed using the software SOLIDWORKS to select
the conditions under which the cavitation process occurs. The parameters were changed
during the simulation:

(a) geometric parameters of the tube length L from 25 to 40 mm, the throat diameter 4
from 7 to 12 mm, the tube diameter D from 22 to 28 mm, and the rounding radius R
from 8 to 20 mm.

(b) working modes: pressure p from 3 to 12 bar and flow rate Q from 1.5 to 4 m3 h~1.

About 360 simulations were performed. The simulation results of the several cases are
presented in Table 1.

As we can see from the data presented in the table, the process is sensitive to changes
in pressure and flow. Few examples of the simulation results are presented in Figures 3-6
based on the data in Table 1. The simulation results showed that cavitation does not excite
at pressure 5 bar and a flow rate of 2.5 m3 h~!, when L—40 mm, A—11 mm, D—26 mm,
R—16 mm. Figures 3 and 4 show the results when a cavitation phenomenon occurs at the
same pressure of 5 bar and when changing the flow rate (3.0-3.5 m® h~1); this indicates the
mass fraction of vapor .
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Figure 3. Cavitation in vortex diode, when p—5 bar, Q—3.0 m3/h.
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Table 1. Results of numerical simulation.

Geometrical Parameters of Vortex Diode Working Modes Cavitation
prghothe e Pimagoflentl  RowdingRadusol PSS D  metpesorep mar IMetIowmieQ  Mass ractionof Vapor, et o Coviatn
and the Throat L, mm mm mm Throat Lcav, mm

40 11 16 26 5 2.5 0 0
40 11 16 26 5 3 0.0005124 120
40 11 16 26 5 32 0.0005166 135
34 10 12 26 6 2 0 0
34 10 12 26 6 2.5 0 0
34 10 12 26 6 3 0.0006797 90
34 10 12 26 6 3.2 0.0007837 100
34 10 12 26 4 2 0 0
34 10 12 26 4 2.5 0.0006159 110
34 10 12 26 4 3 0.0006117 150
34 10 14 26 6 2.5

34 10 14 26 6 3 0.0005085 90
34 10 14 26 6 32 0.0007664 130
34 10 10 26 4 2 0 0
34 10 10 26 4 25 0.0006278 100
34 10 10 26 4 3 0.0006433 150
34 10 10 22 6 2.5 0 0
34 10 10 22 6 2.7 0.000004 51
34 10 10 22 6 3 0.0005485 90
35 12 12 26 6 2.5 0 0
35 12 12 26 6 3 0.0002774 90
35 12 12 26 6 35 0.0006468 150
40 11 14 26 4 23 0 0
40 11 14 26 4 2.5 0.0002098 130
25 7 8 20 3 2.4 0.0011306 150
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Figure 5. Cavitation in vortex diode, when p—4 bar, Q—2.5 m3/h.

Similar results we can see after changing geometrical parameters [—34 mm, —10 mm,
D—26 mm, R—10 mm. When pressure p is 4 bar, and flow rate Q is 2.0 m3 h~1, cavitation
does not excite. However, if the flow rate is increased to 2.5-3.0 m3 h~—! at the same pressure
of 4 bar, cavitation occurs again (Figures 5 and 6).

As we can see from the simulation results, the change in flow rate Q has a greater
effect on the excitation of the cavitation; therefore, there is no need to develop high pressure
on the cavitation tool to extract cavitation conditions. The dependence of the mass fraction
of vapor in m, on pressure p and flow rate Q is presented in Figure 7.

The results of numerical simulation showed that the cavitation phenomenon is excited
in the pressure range 3-6 bar and flow rate range 2.5-4 m> h~1.

Investigation of the vortex diode has shown that the optimal geometric parameters
at which the highest mass fraction of steam in m, is at the lowest energy consumption of
3 bar pressure and a flow velocity of 2.2 m® h~!. The geometrical parameters of the Venturi
tube are then L—25 mm, d—7 mm, D—20 mm, and R—8 mm.
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Based on these parameters, a Venturi tube with these geometric parameters was 3D

printed for further experimental investigations.

3.0000000e-06
2.7857143e-06
2.5714266e-06
2.3571429e-06
2.1428571e-06
1.9285714e-06
1.7142857e-06
1.5000000e-06
1.2857143e-06
1.0714286e-06
8.5714286e-07
6.42857140-07
4.28571430-07

2.14285718-07

0
Mass Fraction of Vapour [] |c|,|tPLg11 Masirmum I
CutPiot 1: contours [#ass Fraction orvapour|0.0006433 |

Figure 6. Cavitation in vortex diode, when p—4 bar, Q—3.0 m3/h.

au 10dRA 10 uoTRes) SRR

Hl > 0.0006
B < 0.0005
< 0.0003
[ ] <0.0001

Figure 7. 3D contour plot of the mass fraction of vapor my against the flow rate Q and the pressure p

3.2. Desulfurisation of a Pyrolysis Oil

After inserting the optimized Venturi tube into the cavitator of the plant (see Figure 2),
three different cavitation conditions with different oil-water mixing ratios were tested.
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For the developed process, the effects of parameters such as pressure drop, process
duration, and oil volume fraction are believed to be most crucial, and the results pertaining
to these are given in Figures 8-10. There was a tendency for desulfurization efficiency to
increase with increasing inlet pressure (Figures 8-10). When the tire pyrolysis oils were 2.5%
in the oil-water mixture and the inlet pressure of 3 bar, the desulfurization efficiency was at
5.43%. Increasing the inlet pressure to 4 bar increased the efficiency to 6.75%, and increasing
it to 5 bar further increased the efficiency to 7.46%. The same trend was obtained when
the oils were 5.0 and 7.5% in the oil-water mixture. Maximum desulfurization efficiency
was determined at 5 bars inlet pressure when the oil was 5.0% in the maximum efficiency
was 9.87% and at 7.5% of oil, respectively 32.29%. The overall efficiency is empowered by
the amount of vapor, including water and tire pyrolysis oil, that diffuses into the cavity,
increases with the larger expansion of the bubbles where the cavitation zone is developed.
This provides an enlarged active volume for oxidation reaction [51]. This leads to the
intensification of the radical formation reactions and to the formation of a fine emulsion,
which facilitates the oxidation phase [46].
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Figure 8. Effect of desulfurization at 2.5% tire pyrolysis oil volume.
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Figure 9. Effect of desulfurization at 5.0% tire pyrolysis oil volume.



J. Mar. Sci. Eng. 2021, 9, 876

10 of 15

35

<30 -

=

a 25 .

on

R=

3

-qdé 20

s —e— 3 bar

S 15 1 —O— 4 bar

—v— 5 bar

10 T T T T T T

10 20 30 40 50 60
Sampling time in continuous process, min
Figure 10. Effect of desulfurization at 7.5% tire pyrolysis oil volume.

At a higher inlet pressure of 6 bar, no further increase could be achieved. It is probably
present as described by [46]. Following the increase in pressure, the cavitation zone is
excessively filled with a large number of cavities. Herein, the cavities containing kerosene
and/or water vapor molecules coalescence to form a cavity cloud. This large cavity cloud
escapes the reactor without enduring collapses. As a result, decay in overall intensity
occurs via the incomplete or cushioned collapse of the cavities.

The process duration of the treatment is another major challenge of oxidative desulfu-
rization that directly affects the efficiency and the most economic aspects of the process.
The effect of the treatment time within the interval of 10-60 min at various hydrodynamic
cavitation inlet pressures (3-5 bar) can also be determined by comparing Figures 8-10.
In all experiments, a tendency to increase the desulfurization efficiency with increasing
treatment time was observed. This is attributed to the improved interaction of the two
immiscible phases of tire pyrolysis oil and water (more hydroxyl radicals are formed).
This results in the progression of the oxidation reaction and facilitates the transfer of polar
oxidized sulfur compounds to the aqueous phase [46]. However, this trend slows down
for further treatment time (from 30 min). Assessing the duration of the process, the data
we obtained have the same trend as [46] but contradict the report of [52], who observed a
decay in sulfur removal with an increase in duration time beyond a certain limit.

3.3. Interactive Effects Analysis

The results obtained from the analysis of desulfurization as a function of the indi-
vidual parameters of exposure time, inlet pressure, and oil/water ratio do not seem to be
describable by simple analytical relations. Rather, interactive effects or dependencies of
the parameters seem to exist. Therefore 3D dimensional response plots were developed.
Surface plots were used, with only the two parameters in Figure 11a—c shown in 2D. The
extent of desulfurization was color-coded, and the numerical extent was given in percent.
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Duration time, min
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Figure 11. (a—c) Response surface 2D graph; the interactive effect of pressure, oil content in oil-water

mixture, and duration time on desulfurization.
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The interaction effect of the pressure and oil content in the oil-water mixture can be
estimated from Figure 11a. The beneficial effect of increasing both parameters in parallel
is achieved to the maximum value. The observed trend can be related to the increased
oxidation intensity due to the physical action of hydrodynamic cavitation by stirring the
chip and the formation of a large intercellular area between the tire pyrolysis oil and the
water mixture. The results show that the effect of inlet pressure was found to be rather
negligible at low values of oil to aqueous phase volume ratio (2.5 and 5.0%). More than 30%
of the sulfur is removed at the same time as setting the inlet pressure above 4.5 bar with
7.5% oil in a mixture of oil and water. Thus, based on observations and modeling results,
in order to maximize sulfur oxidation, not only the oil content of the oil-water mixture but
also the contribution of inlet pressure needs to be considered.

Figure 11b depicts the mutual effect of inlet pressure and duration time with the effect
of desulfuring. Accordingly, the extent of sulfur oxidation is less sensitive to changes
in pressure at a shorter duration time. Only with increasing reaction times does the
sensitivity to changes in the input pressure increase. This means that the reaction time
can be shortened by increasing the inlet pressure to remove the sulfur content. Achieving
>30% sulfur removal is possible in oxidation time 55 min, setting the inlet pressure within
the range of 4.4-5 bar. However, this conclusion was also found in the single parameter
analysis in Section 3.2, so that there is probably no strong interaction between the input
pressure and duration time parameters with regard to their effect on desulfurization.

The interaction of tire pyrolysis oil in oil-water mixture and duration time is described
in Figure 11c. The diagram shows that the effect of process time is almost imperceptible up
to an oil content of 5.5% in the oil-water mixture. Only at higher oil contents does the extent
of desulfurization increase significantly. The maximum effect of sulfur removal occurs
at an oil content of 7.0%, which contrasts with [38], who found a maximum effect with
only 2.5% organic content. However, [38] was able to achieve quantitative desulfurization
with that low organic content after 60 min [38]. Other studies, such as [53], explain that
the mechanism of desulfurization by hydrodynamic cavitation is very complex due to the
many technical parameters and their influence on the chemical-physical properties of the
water-oil mixture, which differs from the mechanisms of the sister technology of acoustic
cavitation. As [38,53] conclude, an additional cosolvent or other additives could increase
the desulfurization yield, which is the subject of further investigations by the authors.

4. Conclusions

In this study, a cavitation system was constructed, and the core of the system, the
Venturi tube, was modified based on simulation calculations and printed from PLA. The
results of the numerical simulation showed that the cavitation phenomenon is excited in
the pressure range of 3-6 bar and in the flow range 2.5-4 m3 h~!, whereby the flow rate has
a greater influence on cavitation than the inlet pressure. However, the simulation only took
into account the vapor pressure of the water as the only medium. Furthermore, instead
of “simple”, chemically homogeneous alkane mixtures such as diesel fuel or paraffin, a
pyrolysis oil from used tires was used, which is typically characterized by a high reactivity
and an associated low storage stability. As was found during these investigations into the
desulfurization of pyrolysis oil from used tires, the maximum working pressure of the
cavitation system is limited by the pyrolysis oil to less than 6 bar. After a 60-min treatment
at a pressure of 5 bar before the cavitation tool, almost 33% of the oil could be desulfurized
with the help of the cavitation system. Shorter treatment times and an inlet pressure of less
than 4 bar resulted in smaller desulfurization yields. Furthermore, the interaction analysis
showed that only from a pyrolysis oil content of 5.5 to 6% the hydrodynamic cavitation has
an effective effect on the desulfurization.
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