
����������
�������

Citation: Larionov, K.; Kaltaev, A.;

Slyusarsky, K.; Gvozdyakov, D.;

Zenkov, A.; Kirgina, M.; Bogdanov, I.;

Gubin, V. Steam Pyrolysis of Oil

Sludge for Energy-Valuable Products.

Appl. Sci. 2022, 12, 1012. https://

doi.org/10.3390/app12031012

Academic Editor: Janusz Lasek

Received: 4 December 2021

Accepted: 17 January 2022

Published: 19 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

applied  
sciences

Article

Steam Pyrolysis of Oil Sludge for Energy-Valuable Products
Kirill Larionov 1,2,3,*, Albert Kaltaev 2 , Konstantin Slyusarsky 1,2,3, Dmitriy Gvozdyakov 1,2, Andrey Zenkov 2,
Maria Kirgina 2, Ilya Bogdanov 2 and Vladimir Gubin 2

1 Laboratory of Catalysis and Conversion of Carbonaceous Materials to Obtain Useful Products, Gorbachev
Kuzbass State Technical University, 650000 Kemerovo, Russia; konstantinsv@tpu.ru (K.S.);
dim2003@tpu.ru (D.G.)

2 School of Energy & Power Engineering, National Research Tomsk Polytechnic University, 634050 Tomsk,
Russia; azk2@tpu.ru (A.K.); avz41@tpu.ru (A.Z.); mkirgina@tpu.ru (M.K.); bogdanov_ilya@tpu.ru (I.B.);
gubin@tpu.ru (V.G.)

3 Laboratory of Catalysis and Processing of Hydrocarbons, National University of Science and Technology
“MISIS”, 119049 Moscow, Russia

* Correspondence: larryk@tpu.ru; Tel.: +7-3822-70-1777 (ext. 1609)

Abstract: Experimental studies of the steam pyrolysis of oil sludge were performed using a flow-
type pilot plant with 300 kg/h capacity (raw material) to obtain energy-valuable products, such
as liquid hydrocarbons (30.4 wt%), semi-coke (39.6 wt%), non-condensable gas-phase compounds
(26.5 wt%), and bitumen (3.5 wt%). The pyrolysis process was conducted at a temperature of 650 ◦

C and with a steam flow rate of 150 kg/h. Liquid hydrocarbons were considered a target product.
Comprehensive studies of their physicochemical characteristics, atomization process, droplet ignition,
and combustion were carried out. The studied sample had physicochemical characteristics similar
to traditional fuel oil (calorific value—42.6 MJ/kg, sulfur content—0.8 wt%). The jet spraying angle
was 25◦ in view of the improved rheological properties of the test sample, with a homogeneous
jet structure and a predominant droplet diameter of no more than 0.4 mm. The flame combustion
process was accompanied by the formation of microexplosions, the frequency and intensity of which
depended on the temperature of the air (Tg = 450–700 ◦C). This study, in view of its applied nature, is
of interest in the design of new installations and technological systems for hydrocarbon pyrolysis.

Keywords: oil sludge; steam pyrolysis; semi-coke; non-condensable gas; liquid hydrocarbons;
spray; combustion

1. Introduction

Oil is one of the most abundant energy resources worldwide [1]; its extraction, trans-
portation, storage, and processing are associated with the formation of a significant amount
of waste, including oil sludge (OS) [2–7]. This type of high-hazard waste comprises water,
oil, mineral impurities, and different deposits (sand, clay, silt, etc.) [8]. The ratio of these
components varies within a wide range, depending on the type of oil and the way it is stored
and processed. According to [3,4,9], the annual amount of OS formation is about 60 million
tons. Because of the lack of resource-efficient and environmentally friendly approaches to
sustainable OS management, their long-term accumulation can cause global environmental
problems, such as the large-scale pollution of soil, atmosphere, and groundwater, that
endanger human health.

One of the most effective and promising methods of OS processing is its thermal
conversion (pyrolysis, gasification, combustion) [2–4,10]. The OS combustion method can
be unstable due to the instability of the component composition of this material [8]. This
can subsequently lead to the violation of the operating mode of boiler burners, which
will reduce their efficiency and reliability. In addition, the OS combustion process is
accompanied by the release of toxic and harmful gases [11,12]. In contrast to combustion,
pyrolysis and gasification methods provide a wider variability of the energy-valuable
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products obtained at 500–600 ◦C [13]. The resulting liquid hydrocarbons (the main product
of OS pyrolysis) can be used as fuel or feedstock for the petrochemical industries. In turn,
non-condensable gas and carbon residue can be returned to the OS thermal processing cycle
as a secondary energy source, since the pyrolysis predominantly proceeds in an allothermic
mode [14]. According to [15,16], the solid residue can be used in the construction industry.

The thermal conversion of hydrocarbons in the superheated steam medium (at 500–
700 ◦C) can have a number of environmental and technological advantages, such as the
neutralization of harmful compounds formed in the steam–gas mixture [17,18] and the
improvement of the quality indicators of the condensed liquid hydrocarbons (reduced
content of sulfur compounds, ash, changed molecular weight of light hydrocarbons) [19].
In addition, the use of superheated steam as a hydrocarbons conversion agent increases
the H2 content in the resulting synthesis gas: C + H2O→ CO + H2, CH4 + H2O→ CO +
3H2 and CO + H2O→ CO2 + H2 [20–23]. Efika et al. [24] reported that the use of steam as
an additional agent for biomass conversion increases the hydrogen concentration in the
composition of gas-phase products by 30%. A similar trend was described by Motlang
et al. [25] based on numerical studies of the effect of water vapor added in OS thermal
conversion. In turn, Chu et al. [5] revealed five stages of steam pyrolysis of OS proceeding
in the temperature range of 30–669 ◦C: drying of external moisture, volatilization of light
components, cracking of heavy components and steam reforming, the coking process, and
the subsequent inorganic mineral decomposition.

According to [26], liquid hydrocarbons yielded by steam pyrolysis of OS show energy
characteristics (combustion heat of 38 MJ/kg, water content of 8 wt%, sulfur content of
1.9 wt%, density of 920 kg/m3) comparable with conventional residual fuel and can be used
as heating oil at power facilities. At the same time, an analysis of the literature data shows
no currently available comprehensive studies into energy products obtained by thermal
conversion methods (in particular, steam pyrolysis).

This paper presents the results of comprehensive studies of the physical and chemical
characteristics of energy products yielded by steam pyrolysis of OS using an experimen-
tal setup. The experimental results are provided for the main energy product—liquid
hydrocarbons: spray, ignition, and combustion.

2. Materials and Methods
2.1. Oil Sludge

An oil sludge sample was extracted from oil separation facilities and cleaning systems
for pipelines and oil tanks by Industrial Transport Corporation (Irkutsk, Russia). The
average values of the mass content of hydrocarbons, water, and mechanical impurities
were 51.9, 19.7, and 28.4 wt%, respectively. Before steam pyrolysis, OS was stored in an
open-type sludge collection basin.

2.2. Methods Structure

Figure 1 shows the methods structure of the study, which contained two stages.
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Figure 1. Methods structure of the study.

At the first stage, pilot tests of the OS pilot plant for steam pyrolysis were carried
out. Based on the results of this stage, liquid hydrocarbons, semi-coke, non-condensable
gas-phase compounds, and bitumen were obtained. Composition of non-condensable
gas-phase compounds was determined. Physicochemical characteristics of the semi-coke
and its mineral residue were determined.

Liquid hydrocarbons were considered a target product. A comprehensive study of
their physicochemical characteristics (with a focus on energy properties), as well as spraying
process, droplet ignition and combustion, using both standard and unique equipment was
carried out.

2.3. Setup for Steam Gasification of OS

Figure 2 shows the configuration of the once-through setup for steam pyrolysis of OS
with a capacity of 300 kg/h from the city of Angarsk (Russia) installed at the production
facilities of the Eco-Friendly Fuel and Energy Company (EFEC, Angarsk, Russia).

Before pyrolysis, OS was loaded into loading unit (1). This component contains a
surface-type heat exchanger for OS heating to reduce viscosity and remove large inclusions.
After that, the heated OS was transported to the transfer chamber of steam pyrolysis reactor
(2) using an injection package. Water steam was generated and superheated using steam
boiler (3) with a combined (by fuel type) burner. Diesel (4) and non-condensable gas
derived from steam pyrolysis were used as fuel. The economic efficiency of the setup can
also be increased with solid fuel (coal, biomass, and semi-coke obtained as a result of oil
sludge processing) used as primary organic fuel.

The resulting steam (with a temperature of 650 ◦C and a flow rate of 150 kg/h) was
supplied to reactor (2) as an agent, which initiated the OS steam pyrolysis. The OS heating
rate was about 50 ◦C/min, which corresponds to the slow pyrolysis process. The maximum
temperature of the OS sample was about 620 ◦C. The pyrolysis process can be generally
divided into two stages: evaporation of external moisture and hydrocarbons with a low
boiling point and thermal decomposition of high-molecular compounds with the formation
of gaseous products. Based on the OS heating rate and the maximum attainable temperature
inside the sample, the time of the active pyrolysis process (the second stage) proceeded on
average for 45 minutes.
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Figure 2. Setup for steam pyrolysis of OS: 1—loading unit, 2—reactor, 3—steam boiler, 4—fuel storage
tank, 5—emergency combustion system, 6—stage I of steam–gas product condensation, 7—stage II
of steam–gas product condensation, 8—accumulator of condensed products (water), 9—scrubber,
10—discharging loader for solid-phase products.

OS transportation in the reactor was performed using a belt conveyor made of heat-
resistant steel with the rotation frequency controlled by the electric drive.

The steam–gas mixture formed as a result of the OS pyrolysis was continuously
removed from the reactor and supplied to condensing devices (6) and (7). During primary
condensation of the steam–gas mixture (6), heavier fractions—bitumen—were separated.
At the second condensation stage (7), the liquid hydrocarbons formed and the water (agent
used) were separated. Next, liquid hydrocarbons as the target product of OS processing
were discharged into a separate container. After that, water from storage tank (8) and non-
condensable gas-phase pyrolysis products were supplied to the burner of steam boiler (3).
Combustion products from the steam boiler entered the heating jacket of steam pyrolysis
reactor (2) and then were removed to a scrubber through a smoke exhauster to absorb dust
and various gas-phase oxides.

The resulting solid-phase products of steam pyrolysis of OS (semi-coke) were re-
moved through the reactor transfer chamber and cooled discharging loader (10) into the
storage tank.

Quantitative composition of the non-condensable gas-phase products of steam pyroly-
sis was assessed using a once-through gas analyzer Test-1 (BONER, Novosibirsk, Russia).

2.4. Study of Semi-Coke Characteristics

Before the study, the produced semi-coke was ground using a ball mill in the following
grinding mode: the material-to-grinding body mass ratio was 1:1, the grinding time was
2 h. After that, the ground sample was sieved to isolate particles of less than 80 µm.

Proximate analysis (moisture, ash, volatile matter content, calorific value) was per-
formed according to standard ISO methods: ISO 589:2008—hard coal. Determination of
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total moisture; ISO 1171:2010—solid mineral fuels. Determination of ash; ISO 562:2010—
hard coal and coke. Determination of volatile matter; ISO 1928:2009—solid mineral fuel.
Determination of gross calorific value and calculation of net calorific value. The elemental
composition was determined using a Flash 2000 CHNS analyzer (Thermo Fisher Scien-
tific, Waltham, MA, USA). Chemical composition of the ash was determined according to
ASTM D4326-21 Standard test method for major and minor elements in coal ash by X-ray
fluorescence. Typical ash melting points were determined according to ISO 540-81—solid
mineral fuel. Methods for determination of ash fusibility. Scanning electron microscopy of
semi-coke was performed using a JSM-6000C scanning electron microscope (JEOL, Japan).

Thermal decomposition of the test semi-coke sample in oxidizing (air) and inert (argon)
atmosphere was performed using a differential thermal analyzer Netzsch STA 449 F3 Jupiter
(Netzsch, Germany). The analysis was performed in a corundum crucible with a perforated
lid up to 800 ◦C at a heating rate of 10 ◦C/min. The gas flow rate was 150 mL/min. The
sample weight was ≈15 mg. All the experiments were conducted under atmospheric
pressure. The parameters of the thermal conversion of the test samples were evaluated
using physical quantities (temperature, time and rate of thermal conversion) calculated
graphically using TG and DTG curves.

2.5. Study of Liquid Hydrocarbon Characteristics
2.5.1. Characterization of Materials

The density and both kinematic and dynamic viscosity values at 50 and 80 ◦C were
determined using a Stanbinger viscometer SVM3000 (Anton Paar, Graz, Austria) according
to ISO 12185:1996 and ISO 3104:1994, respectively. The pour point (Tp) was determined
using a liquid low-temperature thermostat KRIO-T-05-01 (Termex, Kirov, Russia) according
to ASTM D97-17b. The flash point was determined using PE-TVO device (Ekros, Saint-
Petersburg, Russia) according to ISO 2592:2000. The water mass content was determined
from the density difference using a separating funnel and an oil demulsifier. The ash content
of the liquid hydrocarbon sample was determined according to ISO 6245:2001. The calorific
value of the products was found from the results of complete combustion of the samples in
an ABK-1 bomb calorimeter (Russian Energy Technologies, Moscow, Russia). The content of
carbon, hydrogen, nitrogen, and sulfur was determined using a Flash 2000 CHNS analyzer
(Thermo Fisher Scientific, USA). The pH value of the liquid hydrocarbon sample was
determined using a SevenCompact S220 pH meter (Mettler Toledo, Columbus, OH, USA)
with a glass electrode. The fractional composition of the liquid hydrocarbon sample was
determined using ARNS-1E distillation apparatus for oil products (Neftekhimavtomatika,
Moscow, Russia) according to ISO 3405-2013. The sample surface tension was measured
by the ring tearing method (du Nuy method) using a K6 tensiometer (KRUSS, Hamburg,
Germany) at 25 ◦C.

The fractional composition was determined using ARNS-1E distillation apparatus for
petroleum products (Neftekhimavtomatika, Moscow, Russia) according to ISO 3405-2013
«Petroleum products. Determination of distillation characteristics at atmospheric pressure».

Thermal decomposition of the liquid hydrocarbon sample in an inert argon atmosphere
was performed using a Netzsch STA 449 F3 Jupiter differential thermal analyzer (Netzsch,
Selb, Germany). The analysis was carried out in a corundum crucible with a perforated lid
up to 600 ◦C at a heating rate of 10 ◦C/min. The gas flow rate was 150 mL/min. The sample
weight was ≈15 mg. All the experiments were conducted under atmospheric pressure.
The parameters of the sample thermal conversion were evaluated using physical quantities
(temperature, time and rate of thermal conversion) calculated graphically using TG and
DTG curves.

2.5.2. Experimental Study on Atomization Characteristics of Pyrolysis Oil Jet

High-speed visualization of jet characteristics (droplet velocities and spraying angle)
and image processing were performed according to [26]. Image processing was performed
using the ActualFlow software developed by Sigma-Pro (Novosibirsk, Russia) [27]. At the
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moment of the study area illumination with a laser pulse, the jet was recorded using a
digital cross-correlation camera. The camera was installed perpendicular to the laser sheet
plane. Figure 3 presents a schematic diagram of the experimental setup for recording a
liquid hydrocarbon droplet jet after pneumatic spraying.

Figure 3. Schematic diagram of the experimental setup for liquid fuel spray recording.

Liquid hydrocarbons were supplied from the fuel tank using an air-operated di-
aphragm pump. The spraying agent was air supplied by the compressor to a pneumatic
nozzle with internal mixing chamber (Figure 4). The jet of sprayed products was illumi-
nated with a laser sheet.

The pneumatic nozzle for liquid hydrocarbon spraying was made of stainless steel. The
main sizes are shown in Table 1. The nozzle consists of a body with fuel and spraying agent
inlets and two removable heads. They are attached by a thread. Liquid hydrocarbons flow
through the inner channel to the mixing chamber where they are mixed with the spraying
agent. Air flows through the inlet channel and then goes to the mixing chamber through
the annular gap. The obtained fuel–air mixture is sprayed through the nozzle outlet.



Appl. Sci. 2022, 12, 1012 7 of 23

Figure 4. Scheme of the pneumatic injector.

Table 1. Values of geometric characteristics.

Parameter Value, mm

Nozzle outer diameter d1 20
Fuel inlet channel diameter d2 8
Air inlet channel diameter d3 4
Height of the annular gap d4 2

Nozzle outlet diameter d5 2.5

The device for spraying liquid hydrocarbons used in the experiments is typical in
design. The nozzle can be used to spray liquids with different properties (viscosity, density,
etc.) with or without the spraying agent (air).

The pressure in the mixing chamber of a nozzle is a critical parameter [28] that influ-
ences jet characteristics after spraying. The air pressure was set to 0.02 MPa less than the
fuel pressure to prevent its reverse flow through the fuel path. The fuel (Pf) and air (Pa)
pressure for the studied liquid hydrocarbons spraying were Pf/Pa = 0.30/0.28 MPa.

The experiment was performed for 60 s. This time is sufficient for stable jet formation.
The dimensions of the study area were 0.1 by 0.05 m. The experiments were conducted
under the same conditions at a liquid hydrocarbon temperature of 18 ◦C and an ambient
temperature of 20 ◦C, and relative humidity of 65%.

2.5.3. Ignition and Combustion

Droplet ignition and subsequent combustion of liquid hydrocarbons were studied
using the experimental setup with a schematic diagram shown in Figure 5.

The main component of the experimental setup (Figure 5) is a temperature-controlled
furnace (Rusuniversal, Russia) used as combustion chamber, supplied with a digital tem-
perature controller (measurement error ± 1–3 ◦C) 0.012 m3 in volume. The setup also
includes Fastcam SA4 high-speed cam-coder (Photron, USA) with a 1024 × 1024-pixel
(20 µm pixel size) image format, 12-bit color depth, and 500 frames per second shooting
frequency, and the platform of the coordinate mechanism was designed to feed liquid fuel
droplets into the furnace with less than 1 mm movement error. Analysis of the gas-phase
products was performed by once-through gas analyzer Test-1 (BONER, Russia).
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Figure 5. Experimental setup for studying droplet combustion of liquid hydrocarbons.

The study of the ignition and combustion of single liquid hydrocarbon droplets
included several stages. Firstly, the required heating temperature was set in the temperature-
controlled furnace (in the range of 450–700 ◦C, with an intermediate step of 50 ◦C) recorded
by a chromel–alumel thermocouple. These temperatures correspond to the conditions of
sprayed liquid fuels supply to the combustion chamber of modern boilers [29]. Next, a
Lenpipet NOVUS 10–100 µl mechanical dispenser was used to apply a liquid hydrocarbon
droplet to the metal holder (made of steel wire). Then, the coordinates were set by the PC
and the coordinate mechanism fed the sample to the center of the combustion chamber.
Droplet diameter was measured using Tema Automotive software and accounted 1.5 mm
(±0.1 mm).

Video recording started when the movement of the rod with a fuel droplet towards the
combustion chamber began. The resulting gas-phase combustion products (CO, CO2, NOx,
and SO2) were recorded using a once-through gas analyzer. Gas was extracted through a
hollow rod (6 mm inner diameter) with the mechanical holder fixed on it. The resulting
gas-phase products entered directly into its hollow part and then flew into the gas analyzer
by means of a smoke exhauster due to the close rod proximity. The flow rate of gases was
3 L/min. The time period for scanning attained 3 s.

Several parameters were analyzed for comparative assessment of the droplet ignition
and combustion characteristics at different air temperatures. They are ignition delay time,
flame combustion time, and total combustion time recorded by a high-speed camcorder.
The ignition delay time was considered the time from the moment the holder with a liquid
hydrocarbon droplet entered the chamber focus until the start of the visible surface glowing,
which corresponded to the start of combustion. The flame combustion time was recorded
starting from the moment of visible glowing until flame failure. The total combustion time
was determined by the interval from the moment of visible glowing to complete attenuation
of the resulting carbon residue.

All experiments were conducted under the same conditions at room temperature of
20 ± 1 ◦C and relative humidity of 65 ± 3%. The systematic measurement error was less
than 4% when measuring the characteristic droplet size; less than 0.3% when measuring
the ignition delay time and flame combustion time; and ± 3 ◦C when measuring the air
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temperature. Fuel ignition was considered sustainable if an obvious glow (or flame) and
the subsequent complete droplet combustion could be recorded. In this study, at least
10 experiments were conducted for each sample at a fixed air temperature.

3. Results
3.1. Material Balance of the Obtained Products of Steam Pyrolysis

Figure 6 presents the average values of the mass ratio of the products yielded by the
steam pyrolysis of OS in the form of semi-coke, liquid hydrocarbons, and non-condensable
gas-phase products. The figure also shows the composition of non-condensable gas-phase
products of steam pyrolysis.

Figure 6. (a) Material balance of the products yielded by steam pyrolysis of OS and (b) the composi-
tion of non-condensable gas-phase (NCG) compounds.

Figure 6 shows that the target energy product of steam pyrolysis is liquid hydrocarbons
(30.4 wt%) and combustible non-condensable gas (26.5 wt%). In turn, semi-coke (39.6 wt%)
shows a high content of inorganic components due to a high ash content in the original
OS sample. Thus, the market product of steam pyrolysis of OS is liquid hydrocarbons,
and combustible gas-phase compounds and carbon residue are considered as a secondary
energy carrier to compensate for the energy costs of the setup when generating superheated
steam. In turn, bitumen formed from heavy compounds of the steam–gas mixture is a
direct analogue of the additive used in the manufacture and laying of asphalt [30].

Li J et al. [2] found that the yield of gas-phase products grows at increased OS pyrolysis
temperatures. At 700 ◦C, the mass ratio of the obtained liquid hydrocarbons and gas-phase
products was virtually 1:1. This effect is attributed to the secondary cracking of petroleum
hydrocarbons [31].

Non-condensable gas-phase products contain a large number of combustible com-
pounds such as CH4 (17.3 vol%), C2H6 (8.9 vol%), and CO (33.5 vol%) (Figure 6). In this
case, H2 (15.9 vol%) is most likely formed due to the interaction of carbon and vapor (1),
and H2S (3.3 vol%) is formed due to hydrogen and sulfur (2) contained in OS [32].

C + H2O→ CO + H2 (1)

S + H2 → H2S (2)
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Partial imbalance in terms of the content of inorganic components can be due to the
inhomogeneity of the OS sample used and a relatively high productivity (300 kg/h) of the
experimental setup, and a large number of components in the technical system: pipelines,
fittings, and containers, etc.

3.2. Characteristics of Semi-Coke

Table 2 summarizes the characteristics and elemental composition of semi-coke ob-
tained from the steam pyrolysis of OS.

Table 2. Physical and chemical characteristics of semi-coke.

Parameter Value

Humidity Wa, wt% 0.8
Ash content Ad, wt% 63.7

Volatile yield Vdaf, wt% 62.7
Heating value LHV, MJ/kg 14.6

Elemental compositiond, wt%

C 25.3
H 2.0
N 0.3
S 1.7
O 1.0

Elemental composition of the ash residued, %

SiO2 63,4
Al2O3 12.1
Fe2O3 10.4
SO3 2.4
CaO 4.7
MgO 2.9

K2O + Na2O 4.1

Indices: a—analytical mass of the sample, d—dry basis of the sample, daf—dry ash-free basis of the sample.

Table 2 shows that the semi-coke sample exhibits a high ash content (Ad = 63.7 wt%),
which is associated with the origin and storage of the initial OS. In this case, the ob-
tained heating value (LHV = 14.6 MJ/kg) is comparable to that for brown coal [33] and
biomass [34]. The volatile yield in terms of dry ash-free mass is rather high (Vdaf = 62.7 wt%),
which is characteristic of high reactive fuel. A high sulfur content (Sd = 1.7 wt%), which
causes SO2 release during combustion, should be taken into account.

The main ash components include silicon oxide (63.4%), aluminum (12.1%), and iron
(10.4%). The study of ash fusibility characteristics showed that the ash residue obtained
from the combustion of semi-coke is of the medium-melting type (tc > 1250 ◦C).

The content of ash and SO2 formed during combustion can be decreased by mixing
semi-coke with wood wastes [35], which exhibit a low ash content (up to 2 wt%) and no
sulfur [34].

Figure 7 presents the results of the scanning electron microscopy of the semi-coke
sample particles.
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Figure 7. Micrograph of the semi-coke sample.

The semi-coke sample particles are characterized by a spherical shape and inhomoge-
neous uneven surfaces with numerous depressions. A large number of smaller fragments
less than 10 µm in size can be found on the particle surface. The particle sizes did not
exceed 80 µm.

Figure 8 shows the results of thermal analyses in inert and oxidizing atmospheres in
the form of TG and DTG curves.

Figure 8. TG, DTG, and MS data for thermal conversion of the semi-coke sample in oxidizing (air)
and inert (argon) atmosphere. Heating rate is 10 ◦C/min, gas flow rate is 150 ml/min, sample weight
is ≈15 mg.

Due to the high content of volatile compounds (Table 2), the initial temperature Ti and
the final temperature Te of the intensive oxidation attain 248 and 518 ◦C, respectively. The
total mass loss in the oxidation mode is 38.6 wt%.

Generally, oxidation of the sample can be divided into two stages. The first one is
removal of residual volatile compounds (up to 365 ◦C). The second one is subsequent
oxidation of the carbon residue. Moreover, the monomodal DTG profile has an additional
shoulder in the temperature range of 248–365 ◦C. The maximum reaction rate wmax is
3.1 wt%/min at Tmax = 462 ◦C.
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The MS analysis data show that during oxidation of the semi-coke sample, SO2 releases
with the profile that can be determined in the temperature range of 294–497 ◦C. The profile
of CO2 release, the main product of oxidation of combustible matter, is in fact a mirror
image of the corresponding DTG profile.

The mass loss (in the amount of 14 wt%) in an inert atmosphere is due to the removal
of volatile compounds contained in the test sample (Table 2). The initial temperature of
intense decomposition Td attained 223 ◦C. The DTG profile of the thermal decomposition of
semi-coke in an inert atmosphere shows a monomodal curve with a peak in the temperature
range of 189–513 ◦C. The mass spectrometry showed that thermal decomposition of semi-
coke in an inert atmosphere was accompanied by the release of CxHy in the temperature
range of 350–488 ◦C, the reflections of which corresponded to m/z = 57 – C4H9.

It should be noted that the mass loss of semi-coke during its thermal conversion (in
oxidizing and inert atmospheres) occurred in an exothermic mode, which is evidenced by
differential scanning calorimetry.

3.3. Liquid Hydrocarbons
3.3.1. Physical and Chemical Characteristics

The properties and elemental compositions of the test sample of liquid hydrocarbons
are presented in Table 3.

Table 3. Physicochemical characteristics of liquid hydrocarbons obtained after OS steam pyrolysis in
comparison with other types of similar fuels.

Parameter Value

Test Sample Fuel Oil [19]
Pyrolysis Oil from Tires

at 500 ◦C (in Steam
Environment) [19]

Classic Pyrolysis
Oil from Tires at

500 ◦C [36]

Pyrolysis Oil
from Plastic at

500 ◦C [37]

Density, kg/m3

At 15 ◦C 884.2 950.6 928.9 937 734
At 20 ◦C 880.7 - - - -
At 40 ◦C 866.7 - - - -

Dynamic viscosity, mPa·s
At 15 ◦C 13.6 - - - -
At 20 ◦C 10.1 - - - -
At 40 ◦C 4.9 545.7 9.7 - -

Kinematic viscosity, mm2/s

At 15 ◦C 15.4 - - - -
At 20 ◦C 11.5 - - - -
At 40 ◦C 5.6 583.7 10.6 4.7 2.9

Pour point Tp, ◦C 5 10 −52 −11 −3
Flash point Tf, ◦C 89 175 82 31 46
Water content, % 0.2 0.2 0.7 - -
Ash content, % traces traces traces - <1.0

pH 6.8 6.8 6.0 - -
Surface tension, mN/m 31.2 - - - -

Lower heating value
LHV, MJ/kg 42.6 43.9 43.3 42.4 41.3
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Table 3. Cont.

Parameter Value

Test Sample Fuel Oil [19]
Pyrolysis Oil from Tires

at 500 ◦C (in Steam
Environment) [19]

Classic Pyrolysis
Oil from Tires at

500 ◦C [36]

Pyrolysis Oil
from Plastic at

500 ◦C [37]

Fractional composition

10 vol.% 41 ◦C - - - -
20 vol.% 125 ◦C - - - -
30 vol.% 188 ◦C - - - -
40 vol.% 243 ◦C - - - -
50 vol.% 307 ◦C - - - -
60 vol.% 336 ◦C - - - -
70 vol.% 360 ◦C - - - -

Elemental composition, wt.%

C 83.4 87.8 86.2 85.4 -
H 11.4 9.9 11.0 10.1 -
N - 0.2 0.6 1.2 -
S 0.8 1.8 0.8 0.5 -
O 4.4 0.3 1.4 2.8 -

H/C 1.64 1.4 1.5 1.4 -
O/C 0.04 - 0.01 0.02 -

The properties of liquid hydrocarbons affect their characteristics in terms of potential
parameters in the combustion system, storage, transportation, potential emissions, and
distillation range, etc., [38].

Comparison of the physicochemical characteristics of the test sample with other fuel
types (Table 3) shows that liquid hydrocarbons in general have similar characteristics to
classic fuel oil, as well as oils obtained by pyrolysis from various industrial wastes.

The density and viscosity values determine fuel spraying in the combustion cham-
ber. Fuel combustion and evaporation efficiency, as well as the boiler efficiency, depend
on spraying conditions. An increased fuel viscosity decreases its combustion efficiency,
followed by an increase in the specific fuel consumption and smokiness of combustion
products. An increase in temperature from 15 to 40 ◦C led to the density change equal to
17.5 kg/m3. The viscosity values indicate that liquid hydrocarbons yielded by OS pyrolysis
are appropriate for spraying in the burner nozzles of power boilers.

The obtained value of the pour point was 5 ◦C, which indicates the impossibility of it
being used in a cold climate and the need for additional heating or anti-freezing additives,
in particular, diesel fuel that shows a low pour point (−40–−50 ◦C) and high heating value
(44–46 MJ/kg) [39]. The flash point was 89 ◦C, which is comparable to that of other types
of pyrolysis oils [40]. This indicates the presence of a higher content of light fractions in
the composition of liquid hydrocarbons derived from steam pyrolysis of OS in comparison
with conventional fuel oil [41].

Despite the use of superheated steam as a pyrolysis medium, the water content in
the test sample of liquid hydrocarbons attained 0.2 wt%, which is comparable with that in
other conventional liquid fuels [42].

An insignificant amount of ash content was recorded for all the test samples. High ash
content leads to the formation of carbon deposits in tanks and the emission of solid particles
with combustion products. Therefore, low ash content is extremely preferable for such fuel
application. The determined pH value of 6.8 is comparable to that for conventional fuel oil.

The heating value (LHV = 42.6 MJ/kg) is sufficient for energy use and is comparable
to that for diesel fuel (43.3 MJ/kg), gasoline (44.4 MJ/kg), biodiesel (36.8 MJ/kg) [43],
and pyrolysis oils obtained during the processing of tires [44] and plastic [45]. In [43], the
authors reported about a direct correlation between the heating value and the mass yield of
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the product. Ramirez-Canon et al. [46] revealed that an increase in the mass fraction yield
leads to a higher heating value of liquid hydrocarbons due to increased density.

The sulfur content in the test sample was 0.8 wt%, which is an advantage over con-
ventional fuel oil [41]. This undoubtedly is the major advantage of such fuel since its
combustion yields less sulfur oxide, which, in addition to the adverse anthropogenic im-
pact, causes intense corrosion of the metal surfaces of pipes and other elements of boilers.
A relatively high content of hydrogen (H = 11.4 wt%) and oxygen (O = 4.4 wt%) indicates
the presence of light hydrocarbons.

Figure 9 presents the results of the thermal conversion of the test liquid hydrocarbon
sample in an inert argon atmosphere.

Figure 9. TG and DTG curves for evaporation and thermal decomposition of liquid hydrocarbon
samples. Medium—argon 150 ml/min, heating rate—10 ◦C/min, sample weight ≈ 15 mg.

According to TG data, the onset temperature of intense mass loss (decomposition) Td
was 94 ◦C, the value of which correlates with that of the flash point Tf (Table 3). Figure 9
shows that the mass loss of the sample in the temperature range of 25–100 ◦C was about
5%, which is likely due to the boiling of residual moisture and some oil fraction [47], for
which the boiling temperature range was typically equal to 40–100 ◦C. At temperatures
up to 200 ◦C, the mass loss was 35%, which is associated with the boiling and conversion
of gasoline fractions [48]. In the temperature range of 200–300 ◦C, which corresponds
to boiling of the hydrocarbon fraction with an intermediate molar mass (in particular,
kerosene) [48], the mass loss was 49.5%. At temperatures exceeding 300 ◦C, which refer to
boiling of heavier fractions [48], the mass change was about 7%. At temperatures exceeding
340 ◦C, the sample exhibited no mass loss, which is caused by the formation of carbon
residue amounting to about 3.5 wt%.

Figure 9 shows the DTG profile of a monomodal shape, which is determined in the
temperature range of 50–370 ◦C. The maximum reaction rate (wmax = 7 wt%/min) was
recorded at Tmax = 237 ◦C.

3.3.2. Spray

Changes in the droplet velocity values were recorded along the flow. The droplet
velocity decreases in four cross-sections of the jet at distances of 25 mm, 50 mm, 75 mm,
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and 100 mm from the nozzle. In this case, the highest droplet velocity values are found
directly in the center of the jet (along the axial coordinate). Jet expansion and aerodynamic
resistance [49], coagulation of droplets [50], and their rotation and destruction [28] cause
changes, such as decreased velocities of liquid droplets along the axial coordinate during
spraying. In this case, the trajectory of motion of the liquid hydrocarbon droplets in the jet
changes, thus increasing the diameter of the sprayed fuel jet.

Figure 10 shows an approximation curve of the change in the fuel droplet velocity
along the longitudinal axis.

Figure 10. Change in the velocity of liquid hydrocarbon droplets along the longitudinal axis.

The experimental results (Figure 10) showed a decrease by no more than 10% in the
velocity of liquid hydrocarbon droplets at Pf/Pa = 0.30/0.28 MPa after spraying. The
obtained approximation equation estimates the change in the velocities of fuel droplets
as they move away from the sprayer. In addition, Figure 10 shows the droplet sizes and
their number in the characteristic sections of the jet. The experimental results showed that
200–400 µm fuel droplets predominate in the immediate vicinity of the nozzle (at a distance
of 25 mm). Their number attains 35% of the total. In this case, the jet contains rather large
droplets (more than 600 µm). The droplet velocity decreases as the distance from the nozzle
increases. The sizes of fuel droplets also change due to the aerodynamic resistance of the
environment (air). Thus, at a distance of 50 mm from the nozzle, the number of droplets up
to 200 µm and 200–400 µm in size increases by 3 and 6%, respectively. At the boundary
of the study area (100 mm from the nozzle), the number of small droplets (no more than
400 µm) increases by 16% compared to that in the 25 mm section.

The droplets of liquid hydrocarbons collide with each other after spraying and form
new fragments or retain their integrity. The destruction of rather large droplets depends
on the density ratio of air-to-liquid hydrocarbon [51]. High values of the ratio facilitate
the droplet deformation and its subsequent destruction. It is known [50] that the smaller
changes in droplets dimensions occur for a more viscous liquid. These droplets swirl and
transform due to stretching and compression. Therefore, no further destruction occurs since
the droplets are spherical and cannot be separated into smaller parts. Thus, the number of
large droplets is likely to increase.

Figure 11 shows a micrograph illustrating the results of the high-speed recording of
changes in the jet spraying angle of liquid hydrocarbons. In the image, the jet spraying
angle is represented by red lines that indicate the jet boundaries. It is known [52] that
spatial distribution of droplets and their size depend on geometric characteristics of the jet,
including the spraying angle, which affects the conditions of ignition and combustion of
sprayed fuels in the boiler furnaces.
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Figure 11. The jet spraying angle of liquid hydrocarbons.

The experimental value of the jet spraying angle in the study area did not exceed
25◦. It should be noted that this value is significantly affected by the liquid parameters
(viscosity, density, range). For instance, the jet range grows as the sprayed liquid density
increases [53], whereas the stability of fuel droplets deteriorates and they become more
susceptible to destruction as dynamic viscosity decreases [54]. As a result, the number of
small droplets increases, which greatly simplifies their further ignition.

3.3.3. Ignition and Combustion

Figure 12 presents the dependences of the change in the ignition delay time and the
flame combustion process of single droplets of the liquid hydrocarbon sample on the air
temperature (Tg = 450–700 ◦C).

Figure 12. Dependences of the ignition delay and flame combustion time of single droplets of the
liquid hydrocarbon sample on the air temperature of 450–700 ◦C.

The maximum value of the ignition delay time for the liquid hydrocarbon sample
was recorded at Tg = 450 ◦C. At increased air temperature (from 450 ◦C to 700 ◦C), the
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ignition delay time decreased from 19.2 to 1.1 s and exhibited an exponential dependence,
which agrees with the results obtained by other authors [55]. It should be noted that at
the air temperature ranging from 450 to 550 ◦C, the ti parameter was observed to decrease
more intensively. This may be due to the intensification of vaporization and release of
combustible products that induce the gas-phase ignition of the droplet. Starting from
Tg = 600 ◦C, the dynamics of the relative change in the ignition delay time was observed to
decrease.

At increased Tg, the combustion time of a single liquid hydrocarbon droplet in the
flaming mode, the formation of which was recorded at Tg = 500–700 ◦C, tends to increase.
A sharp increase in the air temperature leads to this effect, which can be explained by the
coking of the droplet surface. It hinders the diffusion interaction between the air and the
combustible components of liquid hydrocarbons. The obtained dependence of the flame
combustion time of liquid hydrocarbons on the increased air temperature agrees with the
data reported by other research [19].

Figure 13 presents the results of high-speed video recording (video frames) illustrating
ignition and combustion of single hydrocarbon droplets at Tg = 700 ◦C (Video S1).

Figure 13. Video frames of the drop ignition and subsequent combustion of liquid hydrocarbons at
Tg = 700 ◦C.

The process of droplet ignition and the combustion of liquid hydrocarbons yielded
by steam pyrolysis of OS can be divided into several stages. Stage I involved the inert
heating of a single droplet. Stage II showed the processes of intense evaporation, formation
of volatiles, and the creation of a mixture of combustible gases. Stage III included an
intense chemical interaction between combustible components and an oxidizer in a high-
temperature gaseous medium. Stage IV involved the heterogeneous combustion of the
carbon residue.

During the inert heating (Stage I), the droplet changes in appearance (transition to a
matte color) and size along its longitudinal and cross sections, which is due to evaporation
of light components of hydrocarbons from the near-surface layers. After inert heating,
a vapor cloud with a combustible mixture is formed around the droplet surface (Stage
II). The gas-phase ignition of the mixture (Stage III) occurs when the minimum required
concentration of hydrocarbon vapors is attained at the appropriate temperature.

After the gas-phase ignition, a flame was observed to gradually develop around the
drop, the surface of which changed significantly (Figure 13). This may indicate the primary
evaporation of the fuel (light hydrocarbons) from the droplet surface and the subsequent
concentration of heavier fuel components, which makes the droplet shell more viscous [56].
An exception was the droplet combustion at the air temperature of 450 ◦C, which proceeded
without the formation of a visible flame in the oxidation (smoldering) mode. The flame
formation was recorded at Tg = 500 ◦C.

The droplet combustion is accompanied by periodic microexplosions and, as a con-
sequence, the deformation of its surface with the separation of smaller fragments (com-
panions) with a size not exceeding 0.2 mm. It should be noted that the epicenters of the
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formation of microexplosions are both on the surface and in the bulk of the droplet of liquid
hydrocarbons. Internal microexplosions are caused by the formation of larger bubbles
from microbubbles during vaporization and overheating. Next, the bubbles containing
combustible products approach the near-surface layer of the droplet, and after partial
rupture or disruption of its structure these products are released from the inner part of the
droplet in the form of spark-like satellites.

Figure 13 shows that the combustion front of the droplet expands as the residence
time of the droplet in the combustion chamber volume expires. An increased combustion
intensity, evidenced by an increased size of the flame and its unstable shape (due to
formation of microexplosions), can contribute to the additional heating of the droplet as a
whole. In this case, the liquid core of the fuel is retained in the droplet center. The energy
released in the gas-phase combustion is sufficient to facilitate hydrocarbon evaporation
from the liquid core of the droplet and the propagation of the heterogeneous combustion
front from the droplet surface to its center, until the hydrocarbons are burned out.

A cloud of soot of a fibrous structure is formed during the entire flame combustion
in the immediate vicinity of the droplet. Under microgravity conditions, the formed soot
tends to chaotically move in the combustion chamber volume with subsequent coking in
the air.

After the removal of volatile components, the flame combustion stage is completed
and the obtained coke residue in the form of soot continues to burn in the heterogeneous
mode (Stage IV). Due to the high content of volatile components of liquid hydrocarbons
(Figure 9), this stage is quite short and, at the air temperature of Tg = 700 ◦C, it lasts about
0.5 s.

3.3.4. Analysis of Gas-Phase Combustion Products

Figure 14 presents the results of the analysis of gas-phase compounds (CO, CO2, NOx,
and SO2) formed during the combustion of liquid hydrocarbon droplets at different air
temperatures (Tg = 500–700 ◦C).

As the air temperature increased from 500 to 700 ◦C, the intensity of the CO release
present in the gas-phase products of liquid hydrocarbon combustion is observed to decrease.
This is due to the change in the combustion kinetics (Figure 12) and the oxidation of carbon
monoxide to CO2. For carbon dioxide (the main product of hydrocarbon combustion), an
inverse relationship is expressed by an increased value of the maximum concentration
of CO2 released at an increased Tg. It should be noted that additional CO oxidation can
be associated with microexplosions (Figure 13), the frequency of which increases as Tg
increases. In particular, this is due to the fact that when liquid fuel is heated, water in
microdroplets evaporates first, since it is more volatile than liquid hydrocarbons, which
leads to further microexplosions. This occurs at temperatures much higher than the boiling
point of water. The dispersion of fuel droplets is favorable for mixing the fuel with the air
to intensify the air–fuel interaction. Thus, it enhances the secondary spraying of the fuel
during combustion and causes the formation of flammable gases such as CO and H2.

It should be noted that the total time virtually does not change for almost all the
recorded compounds at increased temperatures Tg. This is likely due to the constancy of
the time interval of the flame combustion in the test liquid hydrocarbon sample (Figure 12).

An increased concentration maximum of NOx released at higher temperatures of the
air can be associated with the additional involvement of molecular nitrogen from the air.
In this case, the pattern of the profiles that describe SO2 release at increased Tg does not
change significantly.
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Figure 14. Concentration profiles of the release of gas-phase compounds CO, CO2, NOx, and SO2

formed in the combustion of liquid hydrocarbon droplets at Tg = 500–700 ◦C.

4. Conclusions

Based on the study results, the operation of the pilot OS steam pyrolysis unit was tested
to obtain energy-valuable products (liquid hydrocarbons, semi-coke, non-condensable gas-
phase compounds, and bitumen) with a subsequent approbation of their physicochemical
characteristics.

The results of determining the material balance showed that the main energy products
are liquid hydrocarbons (30.4 wt%), non-condensable gas-phase compounds (26.5 wt%),
and semi-coke (39.6 wt%). In this case, semi-coke and non-condensable gas-phase com-
pounds are considered as secondary energy carriers for generating thermal energy, which
supports the technological process of pyrolysis.

An analysis of non-condensable gas-phase products showed that the dominant com-
pounds are CO (33.5 vol%), CH4 (17.3 vol%), and H2 (15.9 vol%). The CO2 value was
12.6 vol%.

The semi-coke had a high ash (63.7 wt%) and sulfur (1.7 wt%) content and a calorific
value of 14.6 MJ/kg. In this case, the ash residue belonged to the medium-melting type
(tc > 1250 ◦C) and mainly consisted of SiO2 (63.4 wt%), Al2O3 (12.1 wt%), and Fe2O3
(10.4 wt%).

The target product—liquid hydrocarbons—had low viscosity and a high content of the
light fractions, which was expressed in a relatively low value of the flash point (Tf = 89 ◦C).
The calorific value was 42.6 MJ/kg with a carbon and hydrogen content of 83.4 wt% and
11.4 wt%, respectively. Sulfur content was 0.8 wt%.
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During the spraying of liquid hydrocarbons using a pneumatic nozzle, the droplet
velocity after spraying decreased by no more than 10%. The value of the jet spraying angle
in the process did not exceed 25◦. The number of small droplets (no more than 400 µm)
increased by 16%, whereas the number of large droplets (more than 600 µm) decreased
by 24%.

At the air temperature, Tg increased from 450 to 700 ◦C and the ignition delay time
ti decreased exponentially from 19.2 to 1.1 s. Starting from 500 ◦C, a flame was observed
to form, and its duration increased at increased Tg. At Tg = 450 ◦C, thermal conversion of
the droplet of liquid hydrocarbons occurred in the smoldering mode. Droplet combustion
in the temperature range of 600–700 ◦C was accompanied by the formation of intense
microexplosions, which is explained by the high content of light fractions in this fuel
composition. In addition, the release of CO, CO2, NOx, and SO2 was recorded during
the combustion process. At the same time, the maximum concentrations of the emitted
CO2 and NOx compounds increased by an average of 30% with the Tg increase, which is
associated with the combustion process intensification.

The obtained results of the study, in view of their applied nature, may be useful in the
future for the development of the pyrolysis industry, in particular, for the design of new
types of reactors, and installations in general.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app12031012/s1, Video S1: droplet combustion of liquid hydrocarbons at Tg = 700 ◦C.
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Nomenclature

OS oil sludge
Tp pour point
Tf flash point
ti ignition delay time
TG thermogravimetry
DTG derivative thermogravimetry
Pf fuel pressure
Pa air pressure
PC personal computer
NCG non-condensable gas-phase
Wa humidity
Ad ash content
Vdaf volatile yield
LHV lower heating value
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tc ash melting point
Ti initial temperature
Te final temperature
wmax maximum reaction rate
Tmax maximum temperature
MS mass spectrometry
Tg air temperature
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