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Abstract: Methane pyrolysis is one of the promising methods for producing low-carbon hydrogen,
while one of the main problems of methane pyrolysis technology is soot clogging of the reactor space.
In this work, soot deposits were studied during continuous methane pyrolysis in a corundum tube
with an inner diameter of 50 mm. Experiments were carried out at temperatures of 1000 ◦C, 1050 ◦C,
1100 ◦C, 1200 ◦C and 1400 ◦C with methane flow rates of 1 L/min and 5 L/min. Each experiment
lasted 1 h. The formed soot accumulated inside the reactor (corundum tube) and the connected
filter, where the gaseous product of methane pyrolysis was separated from the soot. The gaseous
product was studied by gas chromatography. The soot was studied by SEM, BET and ICP-MS. With
an increase in the temperature of the pyrolysis process from 1000 to 1200 ◦C, the hydrogen yield
increased from 28.64 to 92.74% and from 1.10% to 72.09% at a methane flow rate of 1 and 5 L/min,
respectively. The yield of soot increased from 1.28 g at 1000 ◦C to 43.9 g at 1400 ◦C (at a methane
flow rate of 1 L/min). With an increase in the flow rate of methane from 1 to 5 l/min, the yield of
soot at 1200 ◦C increased by almost two times to 75.65 g. It was established that in the region of the
reactor where maximum heating occurs, the accumulated soot sinters and forms dense growths. At
1050 ◦C, the particle size of soot varies from 155 to 650 nm, at 1200 ◦C—from 157 to 896 nm, and
at 1400 ◦C—from 77 to 532 nm. The specific surface of soot was 3.5 m2/g at 1000 ◦C and 8.0 m2/g
at 1400 ◦C. The purity of the produced carbon black was about 99.95%. This study is useful in the
selection of materials and technical solutions for a pilot plant for methane pyrolysis.

Keywords: hydrogen; carbon black; methane pyrolysis; thermal decomposition; soot deposits;
corundum tube; natural gas decomposition

1. Introduction

One of the promising methods of hydrogen and carbon black production with reduced
CO2 emissions is the thermal decomposition of methane (so called methane pyrolysis) [1],
the reaction of which is:

CH4 → C↓ + 2H2↑

The development of methane pyrolysis technology is an urgent task, the solution
of which can significantly reduce carbon dioxide emissions into the atmosphere in the
industrial production of hydrogen and carbon black, providing economic efficiency [2,3].

Hydrogen is one of the most in-demand technical gases. Annual consumption of
hydrogen is about 94 million tons [4]. It is used in chemical industry for the synthesis
of many substances, and it is a raw material for ammonia production [5]; methanol and
hydrochloric acids are also produced using hydrogen [6]. Also, hydrogen is used in
metallurgy for the direct reduction of iron [7]. Hydrogen is required for hydrotreatment
of petroleum products, which increases the level of refinement of raw materials and the
quality of products [8]. Hydrogen is also used in medicine [9], the food industry [10] and
the glass industry [11]. In addition, hydrogen is considered a promising energy carrier in
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the stationery and transport energy sectors [12]. Currently, hydrogen is produced mainly
by steam conversion of methane:

CH4 + 2H2O→ CO2 + 4H2,

However, it leads to significant emissions of CO2. Due to the necessity of carbon
dioxide emission reduction in hydrogen production, oxygen-free methane decomposition
may become a sustainable alternative in hydrogen production on the industrial scale [13].

Carbon black is another important substance, which is used in many applications.
Technical carbon is a specially produced industrial carbon black. It strengthens car tires,
improves the mechanical properties of plastics, and determines the distinctive proper-
ties of many other chemical products. The annual production of carbon black is about
13–14 million tons [14]. Carbon black is used in the production of tires [15], rubbers and
plastics, and it is used as a reinforcing component in composite materials [16]. Carbon can
be used in the production of structural materials formed from carbon plastics [17]. Also,
carbon black is used in the manufacture of technical products, plaster and construction mix-
tures, as well as in the paint and varnish industry [18]. High-quality carbon black with the
minimum content of impurities and low emissions of carbon dioxide during its production
is also in high demand. Today, carbon black is mainly produced from raw petroleum [19].
This process intensifies the greenhouse effect by emitting greenhouse gases. In methane
pyrolysis, the formation of CO2 is negligible. The development of this method will help
to normalize the level of greenhouse gas emissions and replace the existing production
process, along with its high emission of carbon dioxide.

Methane pyrolysis can be carried out in several ways. One of these methods is plasma
pyrolysis [20]. The advantage of this method is its low metal consumption due to the
compact plasma-based equipment. Modern plants for plasma methane pyrolysis can be
created without additional transformers or frequency converters; power can be supplied
from an industrial three-phase network. Another basic method is catalytic methane py-
rolysis [21–23]. The main drawback of this method is the neutralization of the catalyst
by carbon deposits, which reduces the catalyst efficiency, and its subsequent destruction
is possible [21]. Another method of methane pyrolysis is the decomposition in a melt of
metals or salts [24–26].

A common method to produce hydrogen and carbon black is the thermal decompo-
sition of methane in an oxygen-free environment. One of the main problems of thermal
methane pyrolysis is a problem of solid soot deposition in the reactor space. The resulting
solid carbon fills the areas, making it difficult for the gas to pass through, which can lead to
equipment failure in a long-term process. A solution for the permanent removal of soot
from the pyrolysis plant is a priority task in this field.

Tubes for the plants for methane pyrolysis can be made of different materials, such
as quartz, carbides, etc. In this work, the methane thermal decomposition tube is made
of corundum, as it is a thermally stable material that is suitable for high temperatures,
chemically inert and durable.

In this paper, a study of the patterns of soot deposition during the continuous thermal
decomposition of methane in a heated corundum tube is described. The paper considers
the dependence of soot deposition dynamics on the process temperature and the rate
of methane flow through the heated corundum tube. In addition, the properties of the
generated soot depending on the pyrolysis process parameters are studied. Illustrative
results are presented, including the mass of soot produced and microphotographs of the
structure of soot particles. The study was carried out for the subsequent search for a
technical solution for the removal of carbon sludge from the pyrolysis plant when creating
a pilot plant for the thermal decomposition of gaseous hydrocarbons.
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2. Experimental Part
2.1. Chemical Reagents

Pyrolysis experiments were carried out using methane grade A (methane volume
fraction 99.99%) produced by the Moscow Gas Processing Plant (Moscow, Russia). Nitrogen
grade 5.0 (volume fraction of nitrogen 99.999%) was used to purge the tube to remove air.

2.2. Experimental Plant
2.2.1. Schematic Diagram of the Experimental Plant

The experiments were carried out using a tube furnace. The diagram of the experi-
mental plant is shown in Figure 1A.
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The experimental plant consists of a 6 kW XINYU SK2-6-17TPB4 tube furnace. A co-
rundum tube with internal diameter of 50 mm is installed within the furnace. The furnace 
heaters are made of molybdenum disilicide and the length of the heating zone is 440 mm. 
The furnace is equipped with a temperature regulator. Nitrogen, as an inert gas, is sup-
plied to the reactor from a tank through a pressure reducer with the flow monitored via a 

Figure 1. (A) Scheme of the experimental plant for methane pyrolysis in corundum tube: 1—tank with
nitrogen, 2—tank with methane, 3—reducers, 4—rotameters, 5—flanges, 6—oven, 7—corundum tube,
8—control unit, 9—filter, 10—needle valves, 11—water trap (bubbler), 12—manometer. (B) Scheme
of the experimental filter for soot separation: 1—lid, 2—plastic bottle with holes, 3—bag, 4—inlet
tubes, 5—bucket.

The experimental plant consists of a 6 kW XINYU SK2-6-17TPB4 tube furnace. A
corundum tube with internal diameter of 50 mm is installed within the furnace. The
furnace heaters are made of molybdenum disilicide and the length of the heating zone is
440 mm. The furnace is equipped with a temperature regulator. Nitrogen, as an inert gas,
is supplied to the reactor from a tank through a pressure reducer with the flow monitored
via a rotameter. Methane is fed to the reactor from a tank connected to a methane ramp
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equipped with a pressure reducer, the flow is also monitored with a rotameter. Changes in
pressure in the tube are monitored with the help of the manometer installed at the inlet of
the corundum tube.

From the corundum tube (reactor), pyrolysis products enter the filter. The inner
diameter of the pipeline between the corundum tube and the filter is 14 mm.

Gas-tight rubber gaskets are used as seals in the flanges. After the furnace, the gas
stream either enters the atmosphere under extraction or is filtered and sampled in a gas
chamber (sampler) for analysis of the chemical composition.

The experimental filter in Figure 1B is a plastic bucket with a tight-fitting lid. It has
two openings for incoming tubes, through which the mixture of soot and gaseous product
of methane pyrolysis enters the filter and the soot-free gas exits. In the bucket, the incoming
gas passes through a fabric bag attached to a plastic bottle, which fixes the bag in place and
prevents the filter from quickly becoming clogged with soot due to the holes in the bag.
The soot is accumulated inside the bag.

2.2.2. Methodology for the Experiments

The furnace is heated to the temperature specified by the conditions of the experiment.
While the furnace is heating, the corundum tube is blown with nitrogen at a rate of 1 L/min.
When the furnace has been heated to the required temperature, the nitrogen supply is
stopped, and methane is injected into the corundum tube. After the start of methane
feeding into the corundum tube, the furnace is purged for 3–15 min, depending on the
initial rate of methane feeding, while the pyrolysis products are discharged from the tube
into the exhaust ventilation system. Then, the outlet from the corundum tube is connected
to the filter in which soot is separated, and after the filter, the hydrogen is passed through a
water trap (bubbler) and is discharged into the exhaust ventilation system. The experiment
is carried out in this mode for 1 h, after which the methane flow is stopped and nitrogen is
fed into the furnace again, and the filter is disconnected from the corundum tube outlet
and the furnace is switched off. While the furnace is cooling down, the corundum tube
is blown with nitrogen. The pressure in the furnace is monitored by means of a pressure
gauge installed at the inlet of the corundum tube. After the furnace has cooled down, the
soot is extracted from the tube and from the filter and weighed separately on a scale.

Experiments were carried out at different process temperatures: 1000 ◦C, 1050 ◦C,
1100 ◦C, 1200 ◦C and 1400 ◦C, with methane flow rates of 1 L/min and 5 L/min. The
pressure inside the pyrolysis reactor was about atmospheric pressure.

At the 5th minute of the experiment, the gaseous product of methane pyrolysis was
taken into a gas sampler for subsequent analysis on a gas chromatograph. The gas sampler
is a rubber chamber (ball), from which air was previously pumped out with the help of a
compressor, then it was attached to the filter outlet and pumped with a gas mixture. The
gaseous product of methane pyrolysis was then fed into a gas chromatograph for analysis
of chemical composition.

2.3. Research Methods
2.3.1. Gas Chromatography

The chemical composition of the resulting gaseous product of methane pyrolysis
was studied on a Chromatec Crystal 5000 gas chromatograph. The general principle of
operation of one of the analytical schemes was used in the analysis of components of a
model gas mixture—H2, O2/N2 (air), CO, CO2, hydrocarbons C1–C5 (paraffin-olefin class
with isomers). The chromatograph comprises three detectors, a set of multiport automatic
taps, 6 chromatographic columns, and the complete analysis takes place in isothermal
mode at 80 ◦C for 20 min. On a single start of the method, a programmable switchover
of taps was carried out and a record was started for all detectors, the pre-columns were
switched and blown out as the analysis progressed. The chromatograph was calibrated
with gas mixtures.
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2.3.2. Microscopy

The microstructure of soot particles was studied on a Nova NanoSem 650 (Riga, Latvia)
scanning electron microscope using a circular backscattered electron detector, which allows
the contrast of the average atomic numbers of the microstructure elements on the relief
surfaces. The samples were attached using electrically conductive tape. The samples were
not coated with a conductive coating to avoid possible screening of nanoscale objects. The
scans were carried out with secondary electrons at accelerating voltages of 2 and 3 kV. In
order to reduce the unavoidable charging of the samples by the electron probe, images
were acquired by multiple scans using a “drift correction” mode.

2.3.3. Low-Temperature Nitrogen Adsorption Method

The structural characteristics of the samples of soot were determined from nitrogen
adsorption isotherms at 77 K, taken on a Nova 2200e surface area analyzer (Quantachrome,
Boynton Beach, FL, USA). Before measuring isotherms, samples were degassed at 200 ◦C
and residual pressure of 10−3 mm Hg for 3 h. The surface area of the samples was calculated
from the BET equation, the total pore volume was determined from the nitrogen adsorption
isotherm at a relative pressure of 0.995.

2.3.4. Inductively Coupled Plasma Mass Spectrometry

Determination of element content was performed using an Agilent 7900 MS-ISP
spectrometer manufactured by Agilent Technologies (Santa Clara, CA, USA) equipped
with a two-way glass spray chamber cooled to 2 ◦C, a MicroMist glass atomizer, a quartz
torch and nickel cones. The analysis results were processed using Agilent Mass Hunter
software v12.0. (Agilent Technologies, Santa Clara, CA, USA).

To homogenize the sample of soot, it was ground on a planetary mono-mill Pulverisette
6 classic line from Fritsch GmbH (Idar-Oberstein, Germany) in a zirconium grinding beaker
at 200 rpm for 5 min.

Conversion of the sample of soot into solution was carried out by acid mineralization
using a Multiwave PRO microwave oven manufactured by Anton Paar GmbH (Austria).
For this purpose, 0.1000 ± 0.0100 g of sample was placed in PTFE TFM reaction vessels
and 3.0 mL of concentrated nitric acid (65%, EMSURE® ISO, for analysis, Merck Millipore
Corporation, Darmstadt, Germany) was added. The PTFE TFM lidded vessels were fixed
in protective ceramic coverslips placed in holders, additional outer coverslips were placed,
and the resulting systems were sealed for decomposition in the 8NXF100 rotor. The samples
were heated according to a two-step program by setting the microwave power: 20 min at
0 to 900 W, 30 min at 900 W. At the end of mineralization and after cooling the vessels to
50 ± 10 ◦C, they were opened, the obtained solutions were quantitatively transferred into
50 mL polypropylene tubes (SPL Life Sciences Co., Ltd., Pocheon, Republic of Korea) and
diluted with deionized water to 30 mL. Deionized water was obtained using an Adrona
B30 Trace water purification unit manufactured by Adrona SIA (Riga, Latvia).

To assess the convergence of the results obtained, three samples of each sample were
subjected to decomposition. The control experiments were carried out similarly according
to the above-described scheme without adding the sample to the vessels.

The concentrations of elements in the solutions obtained in the course of sample prepa-
ration were set using the calibration solutions prepared from the multi-element ICP-MS-68-
A-A standard solution and single-element standard solutions of Pd, Pt (10,000 µg/cm3 each);
Ru, Rh, Ir (100 µg/cm3 each); Te (1000 µg/cm3), produced by High-Purity Standards (North
Charleston, SC, USA), in a matrix of 5 vol.% nitric acid.

3. Results and Discussion
3.1. Composition of Gaseous Product of Methane Pyrolysis

Table 1 shows the volumetric content of the component in the gas sample of the
gaseous product of methane pyrolysis depending on the methane flow rate (1 and 5 L/min)
and process temperature (1000, 1100 and 1200 ◦C).
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Table 1. Volumetric content of the component in the gas sample of gaseous product of methane
pyrolysis depending on methane flow rate (1 and 5 L/min) and process temperature (1000, 1100 and
1200 ◦C).

Component

Volumetric Content of the Component in the Gas Sample Depending on Methane Flow Rate and Process
Temperature, vol.%

1000 ◦C 1100 ◦C 1200 ◦C

1 L/min 5 L/min 1 L/min 5 L/min 1 L/min 5 L/min

H2 28.64 1.10 81.41 52.06 92.74 72.09

CH4 68.25 98.63 16.59 44.82 6.00 23.86

O2 0.05 0.03 0.3 0.001 0.03 0.46

N2 0.10 0.05 0.17 0.02 0.15 1.40

C2H6 0.15 0.04 0.12 0.13 0.09 0.09

C2H4 0.45 0.14 1.15 1.97 0.66 1.17

C2H2 0.02 0.01 0 0.01 0 <10−4

C3H8 0.53 0.01 0.08 0.001 <10−4 <10−4

C3H6 0.56 <10−4 0.44 1.06 0.33 0.93

Table 1 shows that the highest hydrogen yield is obtained at 1200 ◦C and a methane
flow rate of 1 L/min. With temperature increasing, the content of hydrogen increases,
but it decreases with increasing flow rate. These results are in agreement with those of
Hazzim F. Abbas et al. [27] and Maryam Younessi-Sinaki et al. [28], which show that as the
process temperature increases, the hydrogen yield increases at the same methane flow rate.
Hydrogen yield values in this work are close to the maximum theoretical values obtained
in [28] as a result of numerical simulation of the kinetics of the methane pyrolysis process.

3.2. Yield of Soot

Table 2 shows the mass of soot produced in the methane pyrolysis process at different
temperatures and flow rates in different parts of the experimental plant (in reactor tube
and in filter).

Table 2. Mass of soot produced during the methane pyrolysis experiment in different parts of
experimental plant (in reactor tube and in filter).

T, ◦C
Methane Flow Rate,

L/min

Operation Time, min Mass of Soot, g Soot Generation Rate, g/min

Through
Tube

Through
Filter

In the
Tube

In the
Filter Total In the

Tube
In the
Filter Total

1000 1 74 60 1.28 0 1.28 0.017 0 0.017

1050 1 69 60 2.4 0.36 2.76 0.035 0.006 0.041

1100 1 90 78 12.12 6.65 18.77 0.135 0.085 0.22

1200 1 69 60 24.7 8.9 33.6 0.358 0.148 0.506

1400 1 69 60 40.3 3.6 43.9 0.584 0.06 0.644

1200 5 63 60 51.8 23.85 75.65 0.822 0.398 1.22

1200 5 63 60 45.91 25.86 71.77 0.729 0.431 1.16

As can be seen from the results, the amount of soot produced increases with increasing
temperature and methane flow rate. With increasing temperature, the yield of soot increases
significantly, as shown in the table: from 1000 ◦C to 1400 ◦C the mass of soot produced
increased from 1.28 g to 43.9 g. The main part of the soot is accumulated in the reaction
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zone closer to the outlet of the tube, which makes it necessary to find a technical solution for
removing soot from the plant to prevent blockages and equipment failure during operation
at high flow rates and for long periods. It can be noted that as the flow rate increases, the
proportion of soot in the filter increases, indicating the importance of the linear velocity of
the methane flow in the process of soot deposition.

Figure 2 shows the dependence of soot formation on temperature. Figures 3 and 4
show the dense build-up of soot that accumulates at higher temperatures. This is due to the
fact that the soot, in this case, turns out to be a little crumbly and sinters in the tube. It was
noticed that the crust of sintered soot formed after the experiment was easily separated
from the tube. This is due to the fact that the materials have different coefficients of thermal
expansion.
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Separate experiments were carried out at 1200 ◦C for 5 L/min to assess soot formation
as a function of methane flow rate. As a result, the amount of soot produced increased by
two times, with the bulk of the carbon observed in the tube, as shown in Figure 5. Due
to the sintering of soot particles and the formation of build-ups in the reaction zone, the
main part of the carbon is not blown out by the gas flow into the filter and accumulates in
the tube.
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The soot produced is not evenly distributed across the tube, but rather starts in the
middle, i.e., the reaction zone, and ends at the tube outlet, as the incoming gas flow blows
the produced soot further into the filter. Such carbon blockages are one of the key problems
of methane pyrolysis technology. The solution to this problem is an important technical
challenge.

Figure 6 shows the change in pressure in the tube during the experiments. Pressure
surges are caused by blockages in the pipeline between the corundum tube and the filter,
the inner diameter of which is 14 mm. Soot builds up in the constriction and pressure
surges are observed. After reaching a certain pressure, the bottleneck breaks through and
returns to its initial state. It can be seen that at 1000 ◦C, 1050 ◦C and 1400 ◦C, the pressure
in the tube was almost unchanged, indicating that there were no blockages at the outlet of
the tube and the gas flow was free in the whole experimental setup. The greatest number
of carbon plugs occurred at 1100 ◦C (amounting to seven), with the pressure changing by
leaps and bounds due to the penetration of carbon plugs by the incoming gas flow.
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This is due to the fact that carbon accumulates in narrow sections and is knocked out
of the experimental plant under gas pressure, as a result of which the pressure in the tube
drops sharply. The maximum pressure was 100 mm Hg and was observed in experiments
at 1100 ◦C and 1200 ◦C. It should be noted that at temperatures of 1000 ◦C and 1050 ◦C,
soot is obtained in small quantities and is oily. At the same time, at 1400 ◦C, carbon black
is formed in large quantities and sintered into build-ups in the tube. The largest number
of plugs occurs at 1100 ◦C and 1200 ◦C, when soot is still oily, but more is formed than at
1000 ◦C.

3.3. Microstructure of Soot Particles

Figure 7A shows SEM image of soot sampled in the filter produced by methane
pyrolysis at 1050 ◦C and a methane flow of 1 L/min at 5 µm resolution.
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SEM analysis showed that the particles of soot are spherical in shape and their size
depends on the process temperature. At 1050 ◦C, the size of soot particles varies from 155
to 650 nm, at 1200 ◦C the size ranges from 157 to 896 nm, and at 1400 ◦C particles from 77
to 532 nm are obtained. It can be seen that at 1400 ◦C, the soot particles are smaller than at
lower temperatures.

Figure 7B shows SEM image of soot sampled in the filter produced by methane
pyrolysis at 1400 ◦C and a methane flow rate of 1 L/min at 5 µm resolution. Figure 7B
shows that with increasing temperature, the soot particles become less sticky, which should
also be considered during pyrolysis at high temperatures, because sticky particles form
much denser clogs in the experimental plant.

Figure 8 shows the soot obtained in the reactor tube and in the filter. Soot obtained
in the reactor tube consists of a film (Figure 8A) and powder with sintered inclusions
(Figure 8B). The film is what was adjacent to the inner wall of the corundum tube. The
soot shown in Figure 8C was taken from the filter bag. This soot represents a fine powder
without sintered inclusions.
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Figure 8. Soot obtained in the reactor tube (A,B) and in the filter (C) after experiment at 1200 ◦C with
flow rate 1 L/min.

Figure 9 shows SEM images of carbon film taken from a tube after the methane
pyrolysis experiment at 1400 ◦C and a 1 L/min methane flow rate. From Figure 9, it can
be seen that the film is dense, no build-up is formed, and it is smooth and sintered. This
film forms directly on the internal surface of the tube and does not exit from the tube
into the filter. The carbon black obtained in the filter does not contain such structures as
carbon film.
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Figure 9. SEM images of soot sampled from a tube obtained by methane pyrolysis at 1400 ◦C and a
methane flow rate of 1 L/min at (A) 50 µm (enlargement ×2000) and (B) 5 µm (enlargement ×30,000)
resolution.

Figure 7 shows that the pores can be formed only due to gaps between soot particles,
which indicates an undeveloped porous structure of the obtained samples. This observation
is confirmed by the results of low-temperature nitrogen adsorption. The specific surface
area of a soot sample obtained at 1000 ◦C, calculated according to the BET equation, was
only 3.5 m2/g. The maximum specific surface area was observed for the sample obtained
at 1400 ◦C and amounted to 8.0 m2/g.

The results of the study of particle sizes in SEM analysis are consistent with the results
of the study of porous structures, since the particles obtained at 1400 ◦C, which are smaller
in size, have a larger specific surface area than those obtained at lower temperatures.
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3.4. Impurity Composition of Carbon Black

Table 3 shows the impurity composition of soot obtained in different parts of experi-
mental plant (in reactor tube and in filter) after the pyrolysis experiment at 1200 ◦C and a
methane flow rate of 1 L/min. Soot samples in the form of a powder, shown in Figure 8B,C,
were transferred for chemical (impurity composition) analysis.

Table 3. The impurity composition of soot obtained in different parts of experimental plant (in reactor
tube and in filter) after the pyrolysis experiment at 1200 ◦C and a methane flow rate of 1 L/min. Soot
samples in the form of a powder, shown in Figure 8B (soot from the reactor tube) and Figure 8C (soot
from the filter), were transferred for chemical analysis.

№ n/a The Element

Element Content in a Soot
Sample, ppm

№ n/a The
Element

Element Content in a Soot Sample,
ppm

From the Tube From the
Filter From the Tube From the Filter

1 Na 5.0 ± 0.2 6.7 ± 0.5 27 Tl <0.002 <0.04

2 Mg 89 ± 2 10 ± 4 28 Bi <0.07 0.0088 ± 0.0002

3 Al 94 ± 4 81 ± 6 29 Th 0.043 ± 0.006 <0.002

4 K <2 <14 30 U 0.063 ± 0.004 <0.0003

5 Ca 332 ± 16 250 ± 30 31 Ru <0.00004 <0.0007

6 Cr 1.3 ± 0.4 16 ± 3 32 Rh <0.00004 <0.0003

7 Mn 6.1 ± 0.5 1.3 ± 0.2 33 Pd 0.0008 ± 0.0002 <0.004

8 Fe 12 ± 4 63 ± 9 34 Ir <0.0001 <0.005

9 Ni 0.87 ± 0.01 11 ± 1 35 Pt 0.0065 ± 0.0005 <0.001

10 Zn 2.1 ± 0.4 4.3 ± 0.3 36 Sc 0.21 ± 0.02 <0.002

11 Ba 1.8 ± 0.1 1.1 ± 0.3 37 Y 0.63 ± 0.04 0.0034 ± 0.0009

12 Pb <0.5 9 ± 1 38 In 0.0004 ± 0.0001 <0.0003

13 Li 0.04 ± 0.01 0.18 ± 0.03 39 La 0.07 ± 0.01 0.0020 ± 0.0002

14 Be 0.0052 ± 0.0004 <0.007 40 Ce 0.13 ± 0.01 0.0020 ± 0.0007

15 V 0.15 ± 0.03 0.06 ± 0.02 41 Pr 0.015 ± 0.001 0.0011 ± 0.0001

16 Co 0.025 ± 0.001 0.10 ± 0.01 42 Nd 0.058 ± 0.005 0.25 ± 0.01

17 Cu 2.7 ± 0.3 0.51 ± 0.02 43 Sm 0.013 ± 0.001 <0.0004

18 Ga 0.020 ± 0.003 0.029 ± 0.005 44 Eu 0.0029 ± 0.0002 <0.0001

19 As <0.004 <0.02 45 Gd 0.016 ± 0.001 0.0003 ± 0.0001

20 Se <0.03 <0.2 46 Tb 0.0035 ± 0.0001 0.00014 ± 0.00004

21 Rb 0.016 ± 0.005 <0.002 47 Dy 0.030 ± 0.001 <0.0003

22 Sr 1.25 ± 0.06 0.09 ± 0.03 48 Ho 0.010 ± 0.001 <0.00008

23 Cd 0.0020 ± 0.0003 <0.002 49 Er 0.041 ± 0.004 0.0005 ± 0.0001

24 Te <0.003 <0.01 50 Tm 0.008 ± 0.001 <0.00007

25 Cs 0.0011 ± 0.0004 <0.0005 51 Yb 0.097 ± 0.006 0.00022 ± 0.00001

26 Re 0.0010 ± 0.0001 <0.0006 52 Lu 0.013 ± 0.001 <0.00009

From Table 3 it is seen that the soot extracted from the tube has higher content of
such elements as Mg (89 ppm), Ca (332 ppm), Al (94 ppm), Cu (2,7 ppm) as opposed to
soot taken from a filter where the same elements have lower content: Mg (10 ppm), Ca
(250 ppm), Al (81 ppm), Cu (0,51 ppm). This may be due to the fact that these elements are
part of the tube and mix with the precipitated technical carbon during the pyrolysis process.
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In turn, the composition of soot sampled in the filter is dominated by such elements as
Pb (9 ppm), K (14 ppm), Cr (16 ppm), Fe (63 ppm), Ni (11 ppm). For comparison, the
same elements in carbon black from the tube are Pb (0.5 ppm), K (2 ppm), Cr (1.3 ppm),
Fe (12 ppm), Ni (0.87 ppm). This is due to the fact that the carbon black passes through
the experimental plant, including the steel pipelines, at high temperature, interacting with
them before reaching the filter. The total amount of impurities in the soot from the tube was
552 ppm, and in soot from the filter, 469 ppm. This means that the purity of the produced
carbon black is about 99.95%.

4. Conclusions

In this work, soot deposits formed during continuous methane pyrolysis in a corun-
dum tube were studied.

It was shown that with an increase in the temperature of the pyrolysis process from
1000 ◦C to 1200 ◦C, the yield of hydrogen increases from 28.64% to 92.74% at a flow rate
of 1 L/min and from 1.10% to 72.09% at a flow rate of 5 L/min. It was revealed that to
increase the yield of hydrogen, the highest possible temperatures are required.

Experiments were carried out with an increase in temperature and methane flow rate
for soot production, which showed that at a process temperature of 1400 ◦C, the largest
amount of soot (43.9 g) is formed, and at 1000 ◦C, the smallest (1.28 g). In the temperature
range of 1050–1100 ◦C, a sharp increase in the formation of soot was observed (from 2.76 to
18.77 g). It was shown that with an increase in the flow rate, the proportion of soot that
remains in the tube decreases. It has been established that the linear velocity of methane
affects the presence of soot inside the tube. It has also been observed that in the region
of the reactor where maximum heating occurs, the accumulated soot sinters and forms
dense growths. It has been established that blockages occur during the pyrolysis process,
which lead to an increase in pressure in the system. It was found that these blockages
were due to clogging of the pipeline (with an internal diameter of 14 mm) between the
reactor (corundum tube) and the filter. The maximum observed pressure was about 100 mm
Hg. When a certain pressure was reached, the blockages broke through, and the pressure
returned to near atmospheric pressure. It has been revealed that the greatest number of
blockages occurs in cases where the soot is still oily, but its production rate is greater than
at low temperatures.

The microstructure of soot was studied. Results showed that the particles of soot
obtained at 1100 ◦C are stickier. At 1050 ◦C, the particle size of soot varies from 155 to
650 nm, at 1200 ◦C—from 157 to 896 nm, and at 1400 ◦C—from 77 to 532 nm.

The specific surface and impurity compositions of the obtained carbon black were
studied. The specific surface was 3.5 m2/g for the sample taken after the experiment at
1000 ◦C and 8.0 m2/g for the soot obtained at 1400 ◦C. The purity of the produced carbon
black was about 99.95%.

It can be assumed that the process of pyrolysis in tubes of other materials can also
occur, but the dynamics of soot deposition in these tubes may differ from what we observe
in a corundum tube.

This study may be useful in selecting materials and technical solutions for a pilot
methane pyrolysis plant to produce hydrogen and pure carbon black with reduced CO2
emissions.
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