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Abstract: The review contains a comparative analysis of studies on the production of hydrogen and
syngas based on the processes of partial oxidation of natural gas and other types of gas feedstock.
The results presented in the literature show the high potential of non-catalytic autothermal processes
of partial oxidation of hydrocarbons for the development of gas chemistry and energetics. The partial
oxidation of hydrocarbons makes it possible to overcome such serious shortcomings of traditional
syngas production technologies as technological complexity and high energy and capital intensity.
The features of non-catalytic partial oxidation of hydrocarbon gases, the obtained experimental
results and the results of kinetic modeling of various options for the implementation of the process,
which confirm the adequacy of the kinetic mechanisms used for the analysis, are considered in
detail. Examples of industrial implementation of processes based on partial oxidation and proposed
alternative options for its organization are considered. Designs of reactors used to ensure stable
conversion of rich mixtures of hydrocarbons with an oxidizer are presented. The possibility of
obtaining other chemical products by partial oxidation of hydrocarbons is discussed.

Keywords: non-catalytic partial oxidation; natural gas; methane; conversion; hydrogen; synthesis
gas; modeling; reactor

1. Introduction

Modern civilization cannot exist without liquid hydrocarbon fuels and petrochemical
products. Due to the decline in world crude oil reserves observed in recent years, these
products will inevitably have to be obtained from more common and more accessible
gaseous feedstock in the near future. The growing demand for high-quality chemical
products has already stimulated an increased interest in the conversion of hydrocarbon
gases (natural gas, methane, biogas) into motor fuels and high value-added chemical
products, as well as into hydrogen, which is increasingly in demand on the market. First of
all, we are talking about the conversion of natural gas and its main component—methane.

Due to the lack of economically justified methods for the direct selective conversion of
methane into heavier hydrocarbons, this process is implemented by preliminary oxidative
conversion of natural gas or other hydrocarbon gases into syngas (a mixture of CO and
H, with a different ratio of these gases, depending on the method of its production). The
resulting syngas is a raw material for the production of various chemical products, in
particular liquid fuels based on the Fischer-Tropsch synthesis (gas-to-liquid technology,
GTL). Therefore, the conversion (reforming) of natural gas into syngas and hydrogen is the
basis of almost all modern large-tonnage natural gas processing technologies.

The global syngas market was valued at USD 43.6 billion in 2019. According to the
forecasts of the analytical company Research and Markets, in the period 2022-2028, the
syngas market will develop at a high rate, at the level of 6.6% per year, and will increase
from USD 50.1 billion to USD 73.4 billion [1]. The chemical segment is expected to account
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for the largest share of syngas consumption in the global market, which will exceed USD
39 billion by 2027, up from USD 25.6 billion in 2019. This is due to the growing demand
for environmentally friendly raw materials for the production of many chemical products.
Syngas with various H, /CO ratios is used to produce various petrochemicals, fertilizers,
oxygenates and other high value-added products. Syngas also plays a key role in the
synthesis of ammonia, the most common petrochemical product on the market, with over
100 years of technology behind it [2].

Syngas is not only a semi-product of the synthesis of more complex organic com-
pounds, but also the main source of hydrogen production. In 2021, the world production of
hydrogen amounted to ~90 million tons [3], and world demand for it reached 94 million tons,
which is equivalent to approximately 2.5% of world energy consumption [4].

In recent years, the possibility of a transition to low-carbon energy, including through
the wider use of hydrogen, has been discussed in the hope that in the long term hydrogen
can become a universal environmentally friendly energy carrier [5,6]. The most optimistic
forecasts predict that by 2050 hydrogen will account for about 18% of all energy needs in
the world and its consumption will grow to 370 million tons per year [7], although there
are no real energy and resource prerequisites for this [8,9].

The main difference between Hj as a fuel and hydrocarbon fuels is a much higher
flame speed and wider concentration limit ranges of its propagation, as well as a very low
ignition delay time [10]. Therefore, along with the use of H; as a fuel, its use as an additive
to some fuels, mostly to natural gas, is widely discussed [11].

The emergence of real hydrogen energy and the hydrogen market is impossible with-
out the creation of efficient and safe technologies for its storage and transportation [12,13].
This is a rather difficult task, since the physical properties of hydrogen lead to significantly
higher logistics costs compared to other energy carriers.

The most common methods for producing syngas and hydrogen from natural gas/
methane are steam reforming, autothermal reforming and partial oxidation (oxidative
conversion) [14]. One of the main challenges of these already fairly mature industrial
technologies is the need to reduce energy consumption and production costs. The cost
of obtaining syngas in the cost of the final product obtained from it can be up to 50-55%,
and the share of capital investments in process equipment can be up to 60-65% of the total
investment in production. Apart from high capital investments, obtaining various products
(hydrogen, ammonia, methanol, GTL products) requires syngas of a specific composition,
since the H, /CO molar ratio plays an important role in subsequent syntheses based on it.
For example, the H, content of the syngas produced by steam reforming is generally too
high for further methanol synthesis. With the partial oxidation of methane, which actually
produces syngas with a Hy /CO ratio of less than 2:1 (~1.8), it is too low. Therefore, to obtain
liquid GTL products by Fischer-Tropsch synthesis or methanol, a combination of different
technologies (combined reforming) is used, as well as adjusting the syngas composition by
extracting part of the hydrogen or using the water—gas shift reaction (WGSR).

To overcome the shortcomings of traditional processes, intensive work is underway
to modernize them and create fundamentally new technologies for the conversion of gas
raw materials. Such technologies should be simple in technological and hardware design,
minimize greenhouse gas emissions, reduce energy consumption, optimize the H, /CO
ratio in syngas and increase economic efficiency and commercial attractiveness of the
oxidative conversion process as a whole. An important problem remains the need for small-
tonnage units for the conversion of syngas into liquid fuels, which could use marginal
natural gas sources, since large-tonnage GTL technologies are not applicable to them [15].

Each of the processes listed above, steam reforming, autothermal reforming and partial
oxidation, has its own advantages and disadvantages. Partial oxidation of natural gas can
be carried out in two versions: catalytic and non-catalytic, the implementation of which in
practice has a number of common technological challenges. Among the disadvantages of
catalytic partial oxidation are the need to use expensive oxygen, the cost of obtaining which
can be up to 50% of the total cost of syngas, high explosiveness, low stability of catalysts
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and their destruction due to local overheating in the reactor and intensive soot formation.
Therefore, there is growing interest in non-catalytic partial oxidation.

The conversion of natural gas into hydrogen and syngas is still the most complex
and costly stage of modern gas chemical processes, the low efficiency of which hinders
the development of modern gas chemistry. Therefore, over the past two decades, many
works have appeared on the study of the possibility of efficient production of syngas and
hydrogen by non-catalytic partial oxidation as an alternative to steam and autothermal
reforming, as well as catalytic partial oxidation.

The aim of this review is to analyze research in the field of development and improve-
ment of processes for non-catalytic partial oxidation of hydrocarbon gases (natural gas,
methane, biogas, refinery, coke, furnace and other carbon-containing gases) in order to
create effective technologies for producing syngas and hydrogen on their basis.

2. The Main Processes for Obtaining Syngas and Hydrogen

Currently, there are several main processes for the conversion of natural gas/methane
to syngas:
- steam methane reforming (SMR);
- autothermal reforming (ATR);
- partial oxidation (POX);
- catalytic partial oxidation (CPOX);
- dry methane reforming (DMR);
- combined methane reforming (CMR);
- tri-reforming of methane (TRM);
- reforming using membrane reactors.

Each of these processes has certain advantages and disadvantages. While SMR, ATR,
POX and CMR are used on an industrial scale (SMR is by far the leader), the rest of the
processes remain under development and are the subject of research into the prospects for
their application to reduce greenhouse gas emissions, minimize energy consumption and
increase reforming productivity. CPOX, due to its relative simplicity and compactness, is
often used in pilot and small-scale installations.

Brief information about the three most common processes for producing syngas and
hydrogen is given in Table 1.

Table 1. Comparative characteristics of the three most common methods for producing syngas and
hydrogen [16].

Production Method Temperature (°C) Pressure (atm) Molar Ratio H,/CO
SMR 750-900 15-40 3-5
ATR 850-1000 2040 1.6-2.65
POX 1200-1500 20-150 1.6-1.8

SMR has been widely introduced on an industrial scale since the 1960s, when natural
gas was used instead of coal as a feedstock for producing syngas.

CHy + H,O & CO + 3H; AHjygg = +226 k]/mol 1

This process is also the most popular and cheapest way to produce hydrogen, as
compared to the electrolysis of water per unit of energy expended, it allows the acquisition
of 5-6 times more H, [8].

Usually, the SMR process is carried out on nickel catalysts at temperatures of 750-900 °C,
pressures above 1.5 MPa and a high (to reduce catalyst coking) ratio of HO/CHy, of 2.5-3.0
and higher. When implementing industrial steam reforming processes, the most serious
problems are associated with hydrogen sulfide poisoning of catalysts, coke formation
and significant sizes of apparatuses. Steam reforming natural gas reformers typically use
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externally heated reaction tubes containing a relatively inexpensive nickel catalyst. The
two most important parameters of the SMR process are the HyO/C ratio and the reaction
temperature. Low values of these parameters are preferred to increase energy efficiency,
however, this increases the risk of carbon deposits on the catalyst and its poisoning [16].

The ATR autothermal reformer was developed by Haldor Topsoe (the ATR process
is currently marketed under the name Autothermal Reformer Process TOPSOE™’s Syn-
COR™ [17]). ATR is a combination of partial oxidation and steam reforming processes,
which allows reducing the total enthalpy of the process to almost zero [18,19]. A conse-
quence of this is that the Hy /CO ratio obtained in the ATR process is intermediate between
the values obtained in SMR and POX (Table 1). It takes place in two zones: a partial
oxidation zone, which generates the heat required for the subsequent endothermic steam
reforming stage, and a catalytic steam reforming zone, in which the final composition of
the syngas is reached. Operating temperatures of the process range from 850-1500 °C with
a sharp increase in temperature in the oxidation zone and a uniform decrease in the zone
of endothermic catalytic transformations, and the operating pressure of the process is more
than 2 MPa.

An industrial process for the oxidative conversion of methane to syngas was developed
in the early 1950s [20]. As a rule, the process is carried out at a pressure of 30-100 atm using
oxygen, which is supplied in a slight excess compared to the reaction stoichiometry. This
makes it possible to reach the temperature required for process stability and high methane
conversion. However, this leads to the formation of a certain amount of deep oxidation
products (CO, and H,O). In addition to methane, raw materials such as oil residues, biogas,
etc. can be used to produce syngas by partial oxidation.

Nickel or rhodium catalysts are usually used to carry out catalytic partial oxidation,
most often on ZSM-5 zeolites. At the same time, the process proceeds under relatively mild
conditions (800-900 °C, 2.5-3.5 MPa), which makes it possible to implement it on a small
scale. The process can proceed according to two mechanisms: (a) a sequential mechanism
(through deep oxidation of some of the methane to CO; and H,O and subsequent steam
and carbon dioxide conversion of the remaining methane), which is promoted by high
temperatures, short contact times and catalysts reduced to a metallic state; (b) a direct
mechanism (through the complete dissociation of CHy — C,45 + 4H,ags and Oy — 20,45 on
the catalyst surface with subsequent formation of final products C,4s + O,qs — CO and
2H,4s — Hp), which is observed at low temperatures and long contact times on oxidized
catalyst surfaces.

The industrial implementation of catalytic partial oxidation is associated with great
technical difficulties. These include a high probability of self-ignition of the reaction mixture
before contact with the catalyst, a sharp temperature profile and a high probability of the
formation of hot spots in the catalyst, which contribute to its sintering, deactivation and
metal carryover. This negatively affects the stability and safety of the CPOX process,
making it unlikely to be used for large-scale production. Until now, we have been talking
about the implementation of the CPOX process only at demonstration and pilot plants, in
the development of catalysts for which Exxon is the leader [21]. Demonstration units using
Conoco Phillips technologies were also built (closed due to rapid catalyst deactivation) [22]
and also Dason CPOX.

The largest developers and licensors of non-catalytic processes for the partial oxidation
of various types of hydrocarbon feedstock into syngas are Shell, Texaco and Lurgi. [23].
Of the commercialized POX technologies, Shell’s Shell Gasification Process (SGP) technol-
ogy, implemented at the plant in Bintulu (Malaysia) and the world’s largest natural gas
conversion plant Pearl GTL in Qatar [24]; Texaco Syngas Generation Process (TSGP) tech-
nology [25]; the High Pressure POX (HP POX) process by Lurgi in Freiberg (Germany) [26];
and the Gas POX process by Air Liquide Engineering & Construction [27] are the most
well-known. It is worth noting that Shell SGP’s POX gasification process is a flexible
process for producing syngas for the production of high-pressure high-purity H,, methanol,
ammonia, fuel gas, domestic gas or reducing gas [28].
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Numerous reviews, including [29-32], are devoted to the analysis of industrial meth-
ods for producing hydrogen. The most common of them is carried out in three steps:
(a) preliminary conversion of natural gas into syngas, which is implemented in one of three
ways: steam, carbon dioxide and oxidative conversion; (b) steam reforming of formed CO
(water—gas shift reaction, WGSR); (c) CO, removal.

From the point of view of greenhouse gas emissions during its production, the resulting
hydrogen is usually divided into the following categories: (a) “gray” hydrogen, obtained
from coal, oil and gas, (b) “blue”, obtained at combined cycle power plants using the
technology of capturing and storing carbon dioxide capture and storage (CCS) or, at
nuclear power plants, (c) “green” hydrogen obtained from renewable energy sources (solar,
wind, etc.) and water electrolysis. Unlike well-established SMR hydrogen production
processes, carbon dioxide capture and storage technologies are still far from full-scale
commercialization. Companies are using CCS technology to extract CO, from industrial
emissions and then pump the CO; underground. In 2022, 61 new CCS projects were
announced, bringing the total number of commercial plants under development to 196,
of which 30 are currently in operation, 11 are under construction and the remainder are
under development [33]. After the completion of the implementation of all the above
projects, a total of 244 million tons of carbon dioxide per year will be captured in the world.
However, according to the feasibility study given in [34], in the case of introducing CCS
into the technological scheme of the hydrogen production process using steam reforming
technology, capital costs (CAPEX) increase by 87%, and operating costs (OPEX) by 33%.
Therefore, the present value of the produced hydrogen in this case increases one and a half
times (up to 1.8 euros per kg), and the price of carbon dioxide utilization is EUR 70 per ton
of CO;.

Currently, more and more energy companies are declaring their intention to take an
active part in the transition to carbon-neutral energy. Shell has developed a new highly effi-
cient process for producing “blue” hydrogen without a carbon footprint—Shell Blue Hydro-
gen Process (SBHP). SBHP combines two of the company’s successful technologies—SGP
gas partial oxidation technology to convert steam cracking residues into syngas and ADIP
ULTRA absorption technology to capture CO, from high-pressure POX processes [35].

For separation of pure hydrogen from the products of the oxidative conversion of
hydrocarbon gases, one of three methods is usually used: membrane separation, pressure
swing adsorption and cryogenic separation [36]. Membrane systems can separate hydrogen
from impurities, but are not able to provide high purity of the resulting hydrogen. Pres-
sure swing adsorption systems can produce ultra-high-purity hydrogen (up to 99.999%).
They operate at elevated pressures, require complex control systems and high capital and
operating costs. Cryogenic separation is a much more capital- and energy-intensive and
complex process compared to the two above, so it is used only for very large-scale hydrogen
production or very high purity requirements.

Comparative data on the efficiency of H, production in processes of various degrees
of commercial readiness are presented in Table 2.

Table 2. Comparative data on the efficiency of hydrogen production methods [29].

Process Feedstock Thermal Efficiency
Steam reforming Hydrocarbons 70-85%
Partial oxidation Hydrocarbons 60-75%
Autothermal reforming Hydrocarbons 60-75%
Plasma reforming Hydrocarbons 9-85%
Electrolysis H,O + electricity 50-70%

3. Results of Studies of Non-Catalytic Partial Oxidation of Hydrocarbon Gases

The partial oxidation of methane to syngas is a slightly exothermic reaction.

CHy + 1/202 — CO +2H, AHpeg = —36 k]/rnol (2)



Energies 2023, 16, 2916

6 of 23

Under normal conditions, it is always accompanied to some extent by the reaction of
deep oxidation of methane, which provides the necessary amount of energy for the actual
autothermal process to proceed.

CHy +20, — CO, +2H,0  AHpog = —891 kJ/mol 6)

Due to the exothermic nature, partial oxidation does not require external energy
supply to the process itself and energy to steam production, therefore it is considered
a more economical process than steam reforming.

An important factor affecting the composition of the syngas is the composition of the
initial hydrocarbon mixture. However, under real conditions, with homogeneous oxidation
of very rich gas mixtures, it is difficult to achieve an equilibrium chemical composition
of the products. In addition, for the efficient implementation of subsequent processes
based on syngas, it is necessary to obtain it at high pressure. However, increasing pressure
reduces methane conversion and syngas yield. The unfavorable influence of pressure is
compensated by increasing the process temperature.

Interest in non-catalytic partial oxidation of methane resumed in the 1990s and early
2000s. The reaction was studied in a wide temperature range using flow reactors [37], and
its thermodynamic [38] and kinetic analysis was carried out to identify the effect of the
composition of the initial mixture, temperature and pressure on the yield of syngas [39].

Typically, the partial oxidation of hydrocarbon gases occurs in the medium temper-
ature range from 300 to 1200 °C, which is much lower than the temperatures typical for
gas-phase combustion of hydrocarbons. The paper [40] notes a fundamental difference
between combustion and partial oxidation processes, associated not only with the differ-
ence in temperatures, but in the mechanisms of these processes. A distinctive feature of
the mechanism of partial oxidation of alkanes is the large role of radicals and peroxide
compounds in it. In the low-temperature interval, these are the ROOe radicals and the
ROOH and R100OR?2 molecules (for CHy, respectively, CH3;0Oe and CH3OOH), and in
the high-temperature interval the HOOw® radicals and the HOOH molecules. At the same
time, the role of O, CH,, CH, C; particles, as well as excited molecules and radicals actively
participating in combustion processes, is insignificant in POX. That is, in different parts
of the specified temperature range, different products predominate. At the same time,
in the shift to the higher temperatures, products thermodynamically stable under these
conditions begin to predominate more and more, and their maximum yield increases (for
syngas, it becomes almost 100%). An important feature of this range is also the fact that at
such temperatures, processes occurring both on a solid surface (heterogeneous catalysts
and reactor walls) and in the gas phase successfully compete with each other [41]. There-
fore, regardless of whether the process is carried out as a catalytic or as a homogeneous
process, it is necessary to take into account the role of reactions involving another phase.
Sometimes the average temperature range of 300-1200 °C is divided into three subregions:
(a) predominant formation of oxygenates (300-600 °C), (b) oxidative condensation of
methane with predominant formation of C, hydrocarbons (600-900 °C), (c) predominant
formation of syngas (>900 °C). POX processes are modeled using various Chemkin pack-
ages with detailed oxidation mechanisms, such as GRI-Mech, AramcoMech, NUI GALWAY
and others.

3.1. POX Process Thermodynamic and Kinetic Modeling

Theoretical studies of POX processes were mostly associated with thermodynamic cal-
culations, which are still the focus of researchers’ attention. The equilibrium composition of
the products of partial oxidation and steam and carbon dioxide reforming of hydrocarbons
in the temperature range of 1100-1500 °C is analyzed [42]. An important role is shown in
approaching the equilibrium composition of the products of the water—gas shift reaction
(WGSR), the equilibrium between the components of which is established already at the
intermediate stages of the process, long before reaching complete equilibrium in the system.
For these processes, critical temperatures have been established, at which, at various molar
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ratios of O:CHy and CO,:CHy, an appreciable (0.01 mol%) amount of solid carbon appears
in the equilibrium products. It has been established that steam reforming of methane at
H,0:CHy4 > 1 proceeds without soot formation.

Based on thermodynamic calculations, estimation was made of the regimes of non-
catalytic natural gas conversion with the production of syngas [43]. The authors considered
various types of conversion, including air and steam-air, with increased oxygen content
or initial temperature. The results of the analysis for mixtures with the combustion tem-
perature of at least 700 °C (at lower temperatures unreacted methane is contained in the
products) showed that when air is used as an oxidizer, the maximum content of carbon
monoxide and hydrogen in gaseous products can be 13.2 and 28.3 vol.%, respectively. At
the value of the equivalence ratio ¢ = 2.6, the maximum yield of H, and CO from one mol
of CHy is 1.65 and 0.77 mol, respectively. An increase in the mixture’s initial temperature
leads to an increase in the combustion temperature and the yield of CO, as well as to
a decrease in the concentration of H; in the products.

However, thermodynamic calculations do not provide real information about the
composition of natural gas partial oxidation products, but only about the potentially
achievable composition of products. For a deeper understanding of the kinetics of the
processes of non-catalytic partial oxidation of natural gas, experimental data on the kinetics
of these processes under various conditions, as well as their detailed kinetic analysis,
are required.

A kinetic analysis of the partial oxidation of methane to syngas using various detailed
oxidation mechanisms was carried out in [44]. The existence of two reaction zones has
been established, namely the fast oxidation zone and the slow conversion zone. In the
oxidation zone, both complete and partial oxidations are observed, as well as hydrogen
combustion. The conversion zone is dominated by methane steam reforming, WGSR and
acetylene steam reforming. Temperature significantly affects the duration of the process.

The mechanism of the reaction of non-catalytic partial oxidation of methane with the
production of syngas in a flow reactor was modeled and compared with experimental
data in [45]. The experiments were carried out with a premixed gas (0.2% methane and
0.1% oxygen were diluted with argon 99.7%), which reduced the exothermic effect of the reac-
tion at temperatures from 950 to 1250 °C under pressure. As an initial step in the simulation,
the values of the reaction rate constants were taken from a NIST database. The rate constants
for the reactions O + OH = O, + H, CH3 + O, = CH30 + O and C,H, + O, = HCCO + OH
were taken from other works. This optimization made it possible to reduce the mean
square prediction error from 6.70 to 1.18.

The process of non-catalytic partial oxidation of methane was modeled in a wide
temperature range from 550 to 1260 °C in [46]. For comparison, the experimental results ob-
tained in two flow tube reactors in which highly diluted CH, /O, /N, mixtures interacted at
a pressure of 1.2 atm and a residence time from 1 to 164 s were used. It has been established
that with a short interaction time, the overall rate of the POX process is determined by
three reactions: chain branching H + O = OH + O, recombination CH; + CHj3 (+M) = C;Hg
(+M) and oxidation of the methyl radical CH3 + O, = CH,O + OH. With a longer contact
time, a strong influence of heterogeneous reactions occurring on the walls of the reactors
begins to have an effect, which leads to inhibition of the oxidation process.

Kinetic modeling of non-catalytic partial oxidation of an NG /O, /H;O mixture into
syngas at elevated pressures based on detailed mechanisms of methane oxidation was
carried out in the work [47]. The dependence of the reaction time on the temperature
at the reactor inlet, the pressure in the reaction system and O, /CHj ratio were studied.
It was predicted that the conversion of methane to syngas at a pressure of more than
30 atm and a temperature of 1150 °C should be completed within less than 0.1 ms. It has
been established that for the complete conversion of methane under conditions typical of
industrial reforming processes, an O, /CHy ratio of at least 0.64 is required. The results of
calculations of the effect of the O, /H,O ratio in the initial gas showed that the addition of
H,0O can be an effective tool to control the H, /CO ratio in the product, as well as to adjust
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the flame temperature. The formation of Cy, hydrocarbons and soot was not analyzed in
this work.

The most detailed kinetic analysis of the gas-phase partial oxidation of methane and
other gas-phase alkanes to syngas was carried out in a series of works [42,48-50]. The
presence of three consecutive reaction zones was found: a fast oxidative conversion zone,
a subsequent slower post-flame thermal conversion zone and a final zone in which the
equilibrium composition of the products is slowly reached. In the oxidizing zone, partial
and deep oxidations of hydrocarbons, as well as the resulting hydrogen, proceed. The
subsequent post-flame zone is dominated by the pyrolysis of the remaining hydrocarbons,
steam reforming of methane, the WGSR and steam reforming of acetylene. It was shown
that, in the temperature range of 1100-1500 °C, the initial stage of the non-catalytic con-
version of methane in the post-flame zone is its thermal pyrolysis to acetylene, which is
weakly affected by the presence of HyO and CO; in the reaction medium. As a result,
in this zone there is a rapid accumulation of acetylene as an intermediate product of the
process. Subsequently, steam and carbon dioxide conversion of acetylene proceeds, which
leads to a significant increase in the yield of H, and CO. In this case, equilibrium is quickly
established in the WGSR. At the third, slowest stage, the content of conversion products
slowly approaches the equilibrium values. An increase in temperature leads to a reduction
in the length (duration) of all reaction zones.

Shifting from the catalytic CPOX process to non-catalytic POX is proposed as a solution
to the problem of converting to syngas the oven gas, which consists mainly of hydrogen
(58%) and methane (26%) and is contaminated with solid impurities and a high content
of organic sulfur [51]. Thermodynamic analysis of the characteristics of the oxidation
process, taking into account the dynamics of reaction flows, showed that in a non-catalytic
gas generator there are three flow regions (a jet-flow region, a recirculation-flow region
and a tube-flow region) and three reaction zones corresponding to them. The combustion
of oven gas takes place mainly in the jet-flow region, while its conversion takes place in
the two other regions. It has been established that during the decomposition of methane
at temperatures above 1200 °C, no soot is formed due to the very low content of Cy,
hydrocarbons in the oven gas. To simulate the POX process, an integrated gasifier model
with in-line gasification was used. Calculations showed that the optimal ratio of oxygen to
oven gas at various pressures is 0.22-0.28.

The effect of hydrogen additions on the non-catalytic partial oxidation of a natural
gas/oxygen mixture in a flow reactor with increased thermal intensity was studied in [52].
The simulation results showed that the addition of hydrogen (CH4/H; = 3) to a fuel-rich
natural gas/O, mixture with an excess oxidizer ratio « = 0.34 leads to an increase in the
yield of H and CO and the ratio of H, /CO, as well as to a decrease in the yield of CO,,
H,0, C;H,, C,H;, and soot formation.

The features of the non-catalytic partial oxidation of methane with the formation of
syngas in an adiabatic POX reactor operating in a non-isothermal plug flow mode have
been studied [53]. The determination of the functional features and characteristics of the
POX reactor was carried out according to equations that were modeled using Simulink 7.5
and solved using MATLAB. The calculated optimal values of the parameters were used to
design a hypothetical reactor capable of processing about 600 million m® of natural gas per
day into syngas. The simulation results showed that parameters such as residence time
and product yield increase with increasing methane conversion, while volume velocity and
selectivity decrease. Operation at high pressure (60-70 atm) increases the syngas yield and
volume velocity and reduces the residence time and reactor length required to achieve high
methane conversion (0.95-0.99).

Numerical studies of the partial oxidation of a CO, /CH4 mixture were carried out using
a two-layer reactor with an inert filler with different porosities based on a two-temperature
two-dimensional model with different oxidation mechanisms (GRI-Mech 1.2, DRM 19 and
GRI-Mech 3.0) [54]. Particular attention is paid to the influence of the choice of a particular
mechanism on the prediction of the temperature distribution inside the burner, the chemical
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structure and the efficiency of the process of producing syngas. The equivalence ratio had
a fixed value of 1.5, while the CO,:CH, volume ratio varied from 0 to 1. The available
experimental data and predicted results were compared. It was found that, with the
exception of the exothermic zone, the mechanisms used in the calculations have little
effect on the resulting temperature distribution in the burner. Good agreement between
experimental and calculated values was obtained using the GRI-Mech 1.2 and GRI-Mech 3.0
mechanisms, which showed the same accuracy in predicting the yield of CO, H; and CO;.
Calculations based on DRM 19 underestimated the molar ratio of CO and H;. A strong
influence on the process of obtaining syngas was found from the thermal conductivity of
the porous medium. As it decreased, the oxidation temperature increased and the yield of
hydrogen increased.

It is shown that non-catalytic partial oxidation of methane under the conditions of the
operation of matrix converters opens up the possibility of efficient production of hydrogen
directly at the places of its consumption, including from local bioresources and unconven-
tional fossil hydrocarbons [49]. Kinetic modeling showed that the process proceeds in two
stages: in the combustion zone in the presence of O,, along with Hy, CO, H,O and CO,,
products of the oxidative conversion of methane are formed. Then, in the zone following
the flame zone, in the absence of oxygen at a temperature of 1100-1300 °C, slow pyrolysis
and steam reforming of the obtained products are carried out. Moreover, the pyrolysis of
CHy4 to acetylene and the subsequent steam reforming of the latter proceed much faster
than the interaction of CH4 with H,O, which leads to a decrease in the concentration of
methane and acetylene and an increase in the concentration of Hy and CO. Optimization of
conditions in the post-flame zone makes it possible to increase the yield of hydrogen and
reduce the yield of acetylene.

3.2. POX Process CFD Modeling

The parameters of the process of partial oxidation of natural gas at high pressures and
temperatures in real reaction apparatuses are affected by many physical factors, including
the often occurring turbulence of reaction flows. Modeling of reactors operating at high
pressures and temperatures is possible both on the basis of one-dimensional models [47]
and on multidimensional CFD models [55-57]. Numerical computational fluid dynamics
(CFD) modeling of reaction dynamics can provide detailed information about the multidi-
mensionality of the flow, the distribution of various types of flows, as well as temperatures.
This requires information about the reactor system used, a detailed description of the
design of the reactor and burner, data on the material and energy balance, etc. The re-
sults of numerical CFD modeling of non-catalytic partial oxidation of natural gas at high
pressures and temperatures have been successfully collected on a semi-industrial HP POX
high-pressure pilot plant at TU-Freiberg (Saxony, Germany) of Lurgi [58,59]. The plant,
operating at pressures up to 100 atm, is capable of processing 500 Nm?3/h of natural gas or
500 kg/h of liquid hydrocarbon feedstock into syngas with a capacity of up to 1500 Nm?3/h.

Based on the results from this HP POX high-pressure pilot plant, a numerical simula-
tion of non-catalytic natural gas reforming was performed using a simulation in Virtuhcon
Benchmark [60]. The composition of the gas phase and the temperature of the walls
throughout the reactor were experimentally studied for temperatures from 1200 to 1400 °C
and pressures from 50 to 70 atm. The length and width of the flame zone were estimated
by optical methods. The well-known eddy dissipation concept model and the improved
flamelet/progress variable-based approximation developed for POX processes were used to
evaluate chemical interactions under turbulent conditions. In contradistinction to standard
approaches to describing ignition, the proposed improved model can adequately describe
both the reaction zone and relatively slow chemical processes in the post-combustion zone.
On the basis of experimental data, the applicability of various numerical models to the
description of the POX process was tested. In contrast to the models presented in a number
of literature sources, the model used was based on the analysis of the optical characteristics
of the flame, which made it possible to predict the local effects of reaction flows in indus-
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trial reactors for POX processes under high-pressure and high-temperature conditions.
The results showed that both applied approaches make it possible to reliably predict the
composition of the resulting syngas, as well as the length and width of the flame.

The proposed reduced order model (ROM) describes the process of non-catalytic
partial oxidation of natural gas at high pressure and high temperature, the reactants of
which are introduced into the reactor using a multichannel burner, as shown in Figure 1.
Three streams of reactants were taken into account—natural gas as a fuel, steam as a process
phlegmatizer and oxygen (previously mixed with steam) as an oxidizer. After entering
the reactor, these flows are mixed with each other, which starts the oxidation process. The
reactions continue until one of the reactants is completely consumed.
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Figure 1. Reactant mixing diagram for the concentric oxygen burner nozzle design used in the POX
reactor [60].

To identify the reactor zones, streamlines were modeled from the results of CFD mod-
eling to visualize fluid trajectories (Figure 2). Gas recirculation occurs in the reactor, while
streamlines indicate that the recirculation zone is described by complete fluid circulation,
and the zero axial velocity boundaries divide this zone into two regions. Based on the anal-
ysis of the flow lines, the zero axial velocity boundaries and the flow function, the reactor
was divided into the following five zones: combustion, bypass, plug-flow, recirculation
and outlet zones (to simplify calculations, each zone was considered cylindrical).

The proposed ROM was also confirmed by comparing the calculated parameters of
a large-scale process and experimental data [61]. In fact, a later version of the ROM used
a network of perfectly mixed reactors, each of which described a separate reactor zone and
the corresponding natural gas conversion steps. This model is able to predict the main
operating characteristics of the reactor and the structure of the reaction streams, which
makes it possible to optimize the geometrical parameters of the reactor. In addition, the
model can be used to predict POX processes.

When creating mathematical models for describing turbulent combustion during the
partial oxidation of natural gas, an approach based on the probability density function (PDF)
or multienvironment PDF (MEPDF) approach is often used. For example, such a method
was used in [62] for the numerical study of POX processes with moderate and low oxy-
gen content in order to calculate turbulence—chemical interactions in complex turbulent
flames [63]. Micromixing was taken into account using the interaction by exchange with the
mean (IEM) model, and detailed kinetics was modeled using the GRI-Mech 3.0 oxidation
mechanism. Based on the numerical results, the possibilities of flame stabilization, its struc-
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ture and the conditions of the self-ignition process were clarified based on the recirculation
rate, the distribution of the Damkohler turbulence number, the scalar dissipation rate, the
average temperature and the molar ratio of CH,O and OH.

B

y: 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20

Bl - Combustion Zone B - Bypass Zone [l - Plug-Flow Zone

B — Recirculation Zone [l — Outlet Zone

Figure 2. Flow function in a typical Virtuhcon Benchmark reactor derived from 2D axisymmetric
CFD simulation [60]: the upper part of the figure reflects the flow function 1 and the flow direction;
the yellow curve in the middle part indicates the limit of zero axial velocity; the lower part reflects
the different zones of the conversion.

In [64], the MEPDF approach was applied, while varying the volumetric flow rate, to
numerically study a series of turbulent pre-mixed flames in a pilot jet burner. The MEPDF
approach, together with micromixing models (IEM, EIEM) and the GRI-Mech 3.0 oxidation
mechanism, qualitatively predicted ignition, local quenching and re-ignition processes at
the three volumetric flow rates studied.

A 2D model of a reformer for non-catalytic partial oxidation of natural gas (NG) was
studied [55]. The simplified GRI-Mech 3.0 oxidation mechanism was used to calculate the
reaction rates, and the modified eddy dissipation concept (EDC) model and the PDF model
were used to calculate chemical interactions, taking turbulence into account. Using the
EDC model, the effect of pressure and O, /NG and steam /NG molar ratios on reformer
performance was studied. The calculated values are in good agreement with the perfor-
mance of the industrial reformer. It has been shown that the increase in pressure promotes
methane conversion, therefore, for operation in industrial conditions, it was proposed to
use pressures above 3 MPa. With an increase in the O, /NG molar ratio, the oxidation
temperature increases, and the CHy4 concentration in the syngas decreases. With an increase
in the steam /NG molar ratio, a decrease in the flame temperature in the reformer and
an increase in the H, /CO molar ratio were observed.

Not only natural gas or methane, but also other carbon-containing gases, can be used
as feedstock for the production of syngas and hydrogen by POX methods. It is possible
to use biogas, the main components of which are methane and CO,, which are obtained
in the processes of biomass fermentation. There is some interest in the production of
carbonaceous fuels and chemicals from biomass due to the drive towards decarbonization.
A mini-review [65] discusses in detail the state of research on the conversion of biomass into
liquid fuels that are in demand on the market, progress in the creation of new electrically
heated reformer reactors, as well as the complexities and prospects for the development
of biomass-based processes. Several possible technologies for syngas production from
biomass are analyzed: POX, CPOX, ATR, SMR, CSMR and MR. It is noted that despite the
problems with energy efficiency and the need for improvement, traditional processes for
reforming various feedstocks (SMR, POX, ATR) are technologically mature. The transition
to biomass reforming processes will require addressing both the existing shortcomings of
traditional processes and addressing new problems arising from the use of new fuels.
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Thermodynamic calculations of biogas conversion with the production of hydrogen
and synthesis gas have been carried out in [66]. The modes of conversion by atmospheric
air of the initial and dried biogas, and conversion at increased content of O, in the air,
were studied. Model compositions of low-calorific (25 vol.% of CHy4) and high-calorific
(50 vol.% of CHy) biogas are considered. Calculations were carried out for mixtures with
the combustion temperature of at least 700 °C. It is shown that with air reforming of
low-calorific dry biogas, the maximum content of carbon monoxide and hydrogen in
gaseous products can be 20.8 and 22.3 vol.%, respectively, and for high-calorific biogas,
these contents can be 16.3 and 26.0 vol.%, respectively. At an oxygen content of 41 vol.%,
the conversion of low-calorific dry biogas provides gas with a content of 31.0 vol.% H; and
28.3 vol.% CO, and in the case of high-calorific biogas, that with a content of 39.0 vol.% and
25.0 vol.%, respectively.

3.3. Experimental Studies and Apparatus for the Implementation of POX Processes

In addition to the conditions, the efficiency of the processes of non-catalytic partial
oxidation of hydrocarbon gases largely depends on the design of the reaction apparatus in
which they are implemented.

By improving and modernizing the designs of reaction apparatus, one of the main
tasks in the implementation of POX processes related to the soot formation control can
be successfully solved. High temperatures in the oxidation reactors contribute to the
destruction of hydrocarbons, leading to the formation of soot as a result of reactions that
can occur under conditions of turbulent combustion:

2CO—=CO+C +172 kJ /mol 4)
CH; - C+2H, —75kJ/mol (5)
CO +H, —» C+H,0O +132 kJ /mol 6)

In [67], the effect of saturation of CH, with water vapor on the formation of soot
was studied in various conversions of methane to syngas. Experiments on the production
of syngas were carried out at a test facility for high-temperature non-catalytic partial
oxidation of methane in a reactor with a capacity of 8 Nm3/h. As a result, a stable mode of
POX was provided with the ratio Hp /CO = 1.87 in the resulting syngas. The relationship
between the syngas composition and the input H,O/CHjy ratio was revealed, as well as
the quantitative and qualitative dependence of the formation of soot agglomerates on the
degree of saturation of CHy or natural gas with water vapor. Structural features of soot
and its formed samples were studied using scanning and transmission electron microscopy
and X-ray diffraction analysis.

The partial oxidation of hydrocarbon gases is traditionally carried out in flow reac-
tors [68]. Figure 3 shows a traditional POX reactor. Pre-heated natural gas and oxygen are
fed into the burner, where they react in a turbulent-diffusion flame mode. The reactor has
a refractory lining to operate at high (1400 °C) temperatures.

According to [69], the POX reactor consists of two zones. The first zone is the flame
zone, where hydrocarbons and oxygen react in the presence of a small amount of steam.
The second zone is the heat exchange zone, in which the processes proceed due to the
released heat of the oxidation reaction. Under real conditions, when rich mixtures of
methane and oxygen interact, temperatures of 1500 °C and higher are reached. Taking
into account the formation of CO,, the H,:CO ratio is usually close to 1.7-1.8. To increase
the conversion of methane, the proportion of oxygen is increased, which contributes to
the formation of a significant amount of CO,. Although POX technology is more energy
efficient than steam reforming, an additional air separation unit is required, which increases
capital and operating costs, as well as increases CO; emissions.



Energies 2023, 16, 2916

13 of 23

Oxygen

Natural Gas ——

-

Syngas

Figure 3. Traditional POX reactor.

Shell, the largest developer of POX technology, uses a reaction apparatus with a burner
system to implement its process. Natural gas at a temperature of 400 and oxygen at
a temperature of 2500 °C are separately supplied to the burner or burner system, while the
oxygen supply rate significantly exceeds the gas supply rate (Vcp,/ Vo, velocity ratio is in
the range of 0.25-0.6) [70]. In the upper part of the burner device, partitions are installed
that separate the flows of gas and oxygen. The uppermost part of the burner is made of
ceramic materials, and sometimes even of precious metals or their alloys, which possibly
act as a catalyst that starts the oxidation process. Shell’s burner layout for the POX process
is shown in Figure 4.
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Figure 4. Schematic diagram of a Shell burner for the high-pressure POX process [70]: 1—the
upper part of the partition separating the channels, 1a—the outer part of the partition separating
the channels, 2—the partition separating the channels, 3—central channel for supplying oxidant,
4—external channel for supplying natural gas, 5—outer wall of the burner.

A POX reactor system using indirect induction heating of a flow tubular reactor
has been created and tested [71]. This type of heating has proven to be very effective
due to the response to the sharp temperature changes that normally accompany ignition
reactions in POX. Experiments were carried out both on dilute and undiluted mixtures.
In dilute mixtures, the influence of temperature was studied (1000-1500 °C). For the
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conditions of concentrated mixtures, the process time, temperature regimes (1490-1590 °C),
ratio of reagents (CH4/0O;) (1.59-1.74) and flow rates were studied. Later, the authors
continued their research using a flow gas reactor with indirect induction heating [72].
When carrying out experiments on the partial oxidation of methane diluted with nitrogen,
the effect of temperature (1000-1500 °C), the ratio of reagents (CHs/O; = 1-2) and the
addition of hydrogen were studied. It has been established that the dominant method
of heat transfer during the movement of reaction flows is thermal radiation. To correct
the temperature profiles, computer modeling of CFD hydrodynamics based on simplified
oxidation mechanisms was used. Kinetic modeling of the experiments was carried out using
the well-known GRI-Mech 3.0 and Glarborg mechanisms [73]. In both cases, the calculated
compositions of the gas phase at the reactor outlet coincided with the experimental data.
However, it was found that the Glarborg mechanism is more accurate in predicting the
selectivity of Cp hydrocarbons, in particular acetylene, since it contains more variations in
the conversion of CoHj to polycyclic aromatic hydrocarbons.

The optimal construction of a flow chemical reactor with an increased thermal value
during the partial oxidation of natural gas with O, was determined experimentally with
the oxidizer excess factor in the range 0.27 < « < 0.4 [74]. It is shown that a reactor with
a supercritical pressure drop at the outlet of the combustion chamber and a chamber for
additional turbulent mixing of reagents can provide a combustion mode as an oxidation
process in a plug-flow reactor. An increase in the strength of thermal processes in the reactor
combustion chamber as a result of a decrease in its size led to complete conversion of the
initial reagents and a decrease in soot formation. A decrease in the size of the combustion
chamber was accompanied by an increase in heat density in it, which led to a change in
the structure of the combustion and mixing zones. This made it possible to determine the
optimal volume of the combustion chamber.

When obtaining syngas by partial oxidation, a two-pronged problem must be solved.
On the one hand, to initiate the endothermic stages, it is necessary to supply energy to
the reaction mixture; on the other hand, it is necessary to utilize the heat of the formed
products. This problem can be solved by carrying out the process under conditions of
filtration of the reaction gas mixture through an inert porous medium (filtration combustion
mode) with a combination of oxidative and steam reforming of methane [75,76]. For this,
reactors of various designs are offered, for example, with separate input of reagents in an
upstream filtration combustion reactor with a moving bed of an inert coolant, shown in
Figure 5 [77,78]. A distinctive feature of such reactors is the presence of a heat exchange
device (Figure 5b), which allows more efficient use of the heat of an inert coolant due to
air pre-heating, and also involves a variety of options for introducing an oxidizer into
the system.

The process of hydrogen production by the POX method is proposed to be carried
out in a layer of solid porous media, when the flame speed is 10-30 times higher than the
laminar flame speed, which improves the performance of the process and expands the
combustion limits (Figure 6) [79].

Two other methods of organizing the process in porous systems, carried out in station-
ary and dynamic modes, are more efficient. In the first case, which is widely used in radiant
burners and heaters based on surface combustion, the combustion zone is stabilized within
a certain position in the porous matrix. In the case of transient regimes, the conversion
occurs in a propagating combustion wave, which alternately moves in one direction or the
other in a porous medium.
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Figure 5. Counterflow filtration combustion reactors with a moving bed of inert coolant: (a) without
a heat exchanger with lateral fuel inlet [77] (copyright with permission from [77], Elsevier, 2019);
(b) with a heat exchanger with lateral pre-heated air inlet [78] (copyright with permission from [78],
Elsevier, 2019).
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Figure 6. Reformer based on the partial oxidation of methane to hydrogen in a thermal porous
matrix [79] (copyright with permission from [79], Elsevier, 2008).
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To obtain syngas and hydrogen by the conversion of lower gaseous hydrocarbons
under conditions of superadiabatic filtration combustion in a porous medium, temperatures
are characteristically higher than during adiabatic conversion. This makes it possible to
convert mixtures with a large excess of methane over oxygen and increases the thermal
efficiency of the process. The transfer of heat from the outgoing gases by a solid coolant
towards the flow back into the reaction zone and cold gas in such reactors also reduces
energy losses with the products leaving the reactor (energy recuperation reactor).

The ability to convert methane with higher energy efficiency and at a higher tempera-
ture eliminates the need for expensive catalysts, thereby eliminating the problems of coking
and catalyst poisoning. This is an important advantage of filtration combustion compared
to catalytic partial oxidation. The concept of thermochemical conversion of methane to
syngas in a self-sustaining mode has been clearly demonstrated in practice. The optimum
equivalence ratio for maximum syngas yield in a POX process is ¢ = [CH4]/[O,] =3-3.5.
According to literature data, in the case of air filtration combustion of hydrocarbon gases,
the maximum hydrogen content in gaseous products can reach 34% by volume, but practice
has shown that in most cases the content does not exceed 25%.

In [80], when implementing the partial oxidation process, it was proposed to use
a divergent packed bed two-layer burner. To study the temperature and distribution of
POX products, we used data on the divergent angles, the interface location and the diameter
of granules of the porous medium. Increasing the divergent angle within a certain range
increases the conversion of methane (of the five considered angles, the angle of 15° turned
out to be optimal). It has been established that the divergent region of the burner with the
packed bed weakens the effect of the inlet velocity and contributes to the stability of the
oxidation process as a whole.

An example of natural gas conversion based on superadiabatic combustion is the
matrix conversion method [81]. This is a process of flameless near-surface combustion of
hydrocarbons, which provides partial heat recuperation from the conversion products back
into the mixture of fresh reagents supplied to the reactor. The difference from filtration
combustion lies in the fact that partial oxidation in such a converter occurs in the gas phase
near the inner surface of a closed volumetric matrix permeable to the gas mixture, made of
a heat-resistant material. A mixture of fuel and oxidant (atmospheric air, oxygen-enriched
air or technical oxygen) enters a matrix made of a gas-permeable material. As such a matrix
material, for example, perforated ceramics, refractory foam metal or extruded wire made of
refractory metals can be used. Near the inner surface of the matrix, flameless combustion
occurs with the matrix itself when heated to 800-1000 °C. The fresh gas mixture, passing
through the walls of the matrix, heats up and enters the combustion zone already heated to
600-800 °C, which significantly expands the limit of stable conversion of rich mixtures. The
scheme of operation of a matrix converter with a permeable matrix is shown in Figure 7 [81].

A 3D calculation of the performance of burners of various designs (Figure 8) was
carried out to optimize the process of high-pressure non-catalytic reforming of natural gas
based on data from a semi-industrial test facility in Freiberg (Germany) [82]. The converters
operated at a pressure of 61 atm and an outlet temperature of about 1688 K. The model was
verified on the basis of optical measurements of the flame structure. It has been established
that the optimization of the burner design can lead to an increase in the conversion of
natural gas. This makes it possible to develop a more compact design of the reactor or
to increase the productivity of existing industrial facilities. Optical measurements have
shown that the CFD model is able to successfully reproduce complex 3D flame structures
in the burner and reliably predict overall reactor performance.
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Figure 7. The principle of operation of the converter with a permeable matrix: 1—core vessel;
2—flange; 3—discharge nozzle; 4—mixing chamber; 5—combustion chamber; 6—matrix;
7—radiation screen; 8—inlet aperture [81] (reproduced with permission from [81], Elsevier, 2019).
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Figure 8. Burner designs used to optimize the HP POX process [82] (copyright with permission
from [82], Elsevier, 2017).

The conversion of biogas to syngas makes it possible to obtain fuels with a higher
energy density. Studies on the production of syngas from biogas were carried out in
a reactor with an inert porous medium in the mode of filtration combustion with the
addition of steam [83]. The reactor was operated on biogas, consisting of 60 vol.% natural
gas and 40 vol.% CO; at a constant filtration rate of 34.4 cm/s with a stoichiometric
excess of oxidizer equal to 2.0. The ratio of steam to carbon varied from 0.0 to 2.0, while
the total volumetric steam flow remained constant at 7 L/min. The temperature and
propagation velocity of the combustion wave, the gas composition of the resulting product,
the composition of the reagents and the selectivity of the process with respect to Hy and CO
were measured depending on the vapor/carbon ratio. The optimal parameters for biogas
conversion have been determined. It has been determined that the steam/carbon ratio of
2.0 leads to maximum concentrations of 9.98 vol.% CO and 10.34 vol.% Hj, and the highest
efficiency of 64.2%. It is shown that an increase in the amount of steam supplied together
with the reagents contributes to an increase in the conversion of biogas into syngas.

Since methane, which is contained in biomass gasification products, is difficult to use
in further syntheses to obtain chemicals and fuels, it can be converted into gases suitable
for further transformations, such as Hy and CO. In [84], at atmospheric pressure, the non-
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catalytic partial oxidation of CHy in gasification products, consisting mainly of steam and
hydrogen, was studied. The experiments were carried out in reactors with a system of
burners operating without preliminary mixing of gases. The results showed that the ratio
of oxygen to fuel has a strong influence on the conversion of methane, while the influence
of the pre-heating of gases and the presence of steam is negligible. The highest methane
conversion (67%) was achieved with the highest O, to fuel ratio of 0.77. In the process of
oxidation, with an increase in the ratio of oxygen to fuel, the amount of not only the formed
hydrocarbons, but also hydrogen, decreased. However, in an environment with steam
content of 60%, the level of CO content improved markedly. Thus, while the concentrations
of methane and hydrogen decreased by 23% and 10%, respectively, the concentration of CO
increased by 39% relative to the incoming syngas (at an O, to fuel ratio of 0.24). To achieve
complete conversion of hydrocarbons, the authors proposed to combine partial oxidation
and catalytic reforming. In this case, the oxidation will provide the heat needed to carry
out the catalytic reforming.

In [85], the possibility of efficient matrix conversion of biogas with a high content of
CO;, into syngas is shown. In [86], the possibility of creating cost-effective low-tonnage
plants for the production of GTL products based on the matrix conversion of biogas with
atmospheric air and the subsequent catalytic synthesis of hydrocarbons and liquid fuel
from syngas ballasted with carbon dioxide and nitrogen in a series of sequential reactors
is considered.

4. Possibilities of Obtaining Other Chemical Products by Hydrocarbon POX

In the processes of non-catalytic partial oxidation, by controlling the selectivity of
the process, in addition to syngas, other valuable products can be obtained. In [87], the
gas-phase kinetics of oxidative transformations of methane into ethylene in a jet-stirred
flow reactor was studied based on the construction of a 0D model of the reactor using nine
gas-phase kinetic models. Various operating parameters of the oxidation process were
investigated, including temperature, process time and CHy/O; ratio. Simulation results
using AramcoMech 3.0, CRECK, NUIGMech 1.1, GRI-Mech 3.0, Schwarz and USC Mech II
gas phase models successfully described the experimental trends of the overall oxidation
process. However, the results of calculations using the Sun, Karakaya and Quiceno models
developed to describe catalytic processes did not agree with the experimental data obtained.
This indicates that, under the conditions of heterogeneous processes, the gas-phase kinetics
has a slightly different behavior. It is concluded that the NUIGMech 1.1 model is the best
model for describing the gas-phase kinetics of oxidative methane conversion, including the
formation of C3 hydrocarbons.

Oxidative pyrolysis of methane-containing hydrocarbons is widely used in the chemi-
cal industry for the production of acetylene by partial oxidation of methane under condi-
tions of oxygen deficiency [88]. The process temperature is 1200-1400 °C, the residence time
of the components in the reaction zone is several milliseconds. An obligatory stage of the
process is product fixation, which consists in rapid cooling to a temperature below 300 °C
by introducing a cooling medium, water or oil, into the flow. This is necessary to prevent
the decomposition of acetylene into carbon and hydrogen. A common disadvantage of
technologies based on this process is the low yield of acetylene, as well as soot formation.
The temperature of the gas mixture as a result of quenching in water during the partial
oxidation of natural gas to acetylene drops sharply to 90 °C, which excludes the possibility
of heat recovery. An analysis of the process of partial oxidation of methane to produce
acetylene and syngas showed that the reactions of exothermic oxidation and endothermic
pyrolysis are closely related, which limits the yield of acetylene [89].

The processes of partial oxidation and oxidative cracking of light alkanes and the
prospects for the development of new methods for the production of light olefins on their
basis have been considered in [90-92]. The possibility of a good qualitative and even quan-
titative description of the kinetics of partial oxidation of light alkanes in laboratory-scale
reactors based on modern detailed kinetic mechanisms, taking into account heterogeneous
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processes on the reactor surface, is shown. The possibility of obtaining a significant yield of
ethylene and propylene in these processes is shown.

5. Conclusions

The main industrial process for obtaining syngas and hydrogen, which are widely
demanded on the market, despite its technological complexity and high energy and capital
intensity, is the conversion of carbon-containing gases. To overcome the shortcomings of
traditional methods and increase their efficiency, it is necessary to create fundamentally
new, more cost-effective technologies for the conversion of hydrocarbon gas feedstock into
syngas and hydrogen. Great prospects are associated with the use of non-catalytic partial
oxidation of hydrocarbon gases. POX has a number of significant advantages, such as
technological flexibility, the absence of catalysts, the possibility of using hydrocarbon
gases of almost any composition and origin and low capital and operating costs. These
advantages make it possible to create simple low-tonnage processes for the processing of
hydrocarbon gases directly at the places of their production, including in field conditions.
POX-based technologies can reduce losses and environmental damage from burning of
hydrocarbon gases and their release into the atmosphere.

The development and optimization of processes based on POX require a large amount
of experimental and theoretical research with a wide range of temperatures and feedstock
compositions. The experimental results presented in the review, reflecting the kinetics of
the processes, in combination with the results of kinetic and gas-dynamic modeling of the
processes, reveal the possibility of developing more efficient processes based on POX and
optimizing their conditions.
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