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Abstract: This manuscript presents an experimental study focusing on the combustion of magnesium
in an atmosphere depleted of oxygen. The study explores various mixtures of carbon dioxide
and nitrogen, examining their impact on the combustion performance. The experimental design
involved evaluating how the carbon content influences combustion parameters. Temperature profiles
were analyzed to elucidate different stages of the combustion process. Furthermore, the effects of
pressure (2 and 3 ata) and the composition of CO,-N, mixtures (10%, 19.5%, 35%, 48%, 72%, and
80% CO;, content) on magnesium combustion, including ignition time, maximum temperature, and
post-combustion temperatures, were investigated. The results revealed a substantial impact on
the ignition delay and combustion time, with the ignition delay decreasing with higher chamber
pressure. The combustion process, especially with regard to the ignition time and heat of combustion,
was notably affected by CO, concentration. The morphology of the combustion residue from
the magnesium microparticles was characterized using scanning electron microscopy combined
with energy-dispersive X-ray spectroscopy (SEM-EDX). The reaction of Mg with CO, represents a
promising energy source, quickly releasing a substantial amount of heat with a very low quantity
of Mg. The estimated value of the heat of combustion for magnesium in N,-CO, atmosphere is
78.4 kJ mol 1.

Keywords: heat transfer; magnesium; nitrogen; carbon dioxide; temperature profiles

1. Introduction

Combustion processes represent the primary chemical reactions that occur in both
daily life and in industrial settings [1]. Typically, these processes involve a combustible
material, which is often carbon-based, and molecular oxygen sourced from the atmosphere,
resulting in the production of carbon dioxide as the main reaction product [2-4]. Nitrogen
and carbon dioxide are commonly used gases in industrial activities, and the reaction of
magnesium with these gases provides a pathway for their utilization and capitalization.
This study aims to uncover new insights into the thermal energy released during the
reaction and combustion process of magnesium in these gaseous mixtures. Magnesium
was chosen due to its abundant natural occurrence [1,5,6] and its propensity to react with
the two considered gases.

While the reaction of magnesium with carbon dioxide has received significant research
attention, particularly in the field of rocket propulsion [4,7], the most commonly studied
gas mixture has been carbon dioxide-argon. There are potential risks associated with these
reactions in fire conditions or during the production of molten magnesium. Aleksandrova
and Roshchina [8] reported a thorough investigation into how magnesium reacts with
these gases. Understanding the magnesium—carbon dioxide reaction mechanism has been
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achieved since the 1990s [9,10], leading to the exploration of new applications for this
reaction in the aerospace industry. However, research on magnesium combustion in these
types of gas mixtures remains limited to date. Given its numerous potential applications, it
is crucial to pay particular attention to the combustion of magnesium in carbon dioxide. In
recent years, the aerospace field has shown significant interest in investigating this feature
due to its promising possibilities.

Magnesium is an element capable of undergoing combustion processes in gases other
than oxygen, and some gases, such as carbon dioxide (CO,), can themselves result from
other combustion reactions. The interest in magnesium stems from its abundant presence
in nature, where it ranks as the ninth most abundant element in the universe and the fourth
most abundant element in the composition of our planet [6]. Additionally, magnesium is
one of the few metals that can be extracted from seawater [5]. However, two significant
obstacles prevent the widespread industrial use of magnesium. First, extracting the metal
poses challenges due to the associated high costs, and second, the extraction process de-
mands considerable energy [6,11,12]. Nevertheless, the unique properties of magnesium
make it attractive for various applications, as pointed out by the applications in its pri-
mary state and in various compounds. Magnesium oxide stands out as one of the most
commonly employed magnesium compounds [13], and in recent decades, other domains
have begun utilizing compounds of this metal. Among them, the technologies based on
magnesium phosphate ceramics are particularly worth mentioning [14]. Magnesium is also
a crucial component of solid-state hydrogen storage materials, such as magnesium hydride
(MgHy>) [15]). The biological field extensively utilizes organic magnesium compounds as
essential ingredients for the development of plant and animal organisms, and ongoing
research aims to discover new bio-compatible magnesium compounds [16]. In terms of
magnesium metal, its primary industrial use lies in the production of alloys, particularly
lightweight alloys, as well as in structural applications [5].

A metal exhibiting many similarities to aluminum, magnesium possesses hardness of
1 to 2.5 on the Mohs scale, Brinell hardness ranging from 44 to 260 MPa, tensile strength
between 170 and 270 MPa, compressive strength ranging from 65 to 100 MPa, a Young’s
modulus of 45 GPa, a shear modulus of 17 GPa, melting point of 650 °C, and a boiling
point of 1090 °C. Yet, what distinguishes magnesium from aluminum and renders it more
appealing is its significantly lower density of 1738 kg m~2 compared to that of aluminum
2710 kg m 3. Since its discovery in 1808, the primary focus of research and utilization of Mg
has been the development of alloys for the aircraft construction sector, where lightweight
materials are in high demand.

Nevertheless, the use of Mg has faced challenges due to the complexities associated
with obtaining the metal. These challenges include the separation, purification, and pro-
cessing of raw ores containing Mg into suitable forms for metal separation processes, as
well as the metal’s heightened reactivity at high temperatures. Consequently, the use of
magnesium has progressed relatively slowly over time.

One of the difficulties in choosing Mg metal is its reactivity with gases like nitrogen or
carbon dioxide, which are generally considered chemically inert at elevated temperatures.
This reactivity poses potential risks in situations involving fire hazards that affect compo-
nents containing Mg. Therefore, it is crucial to investigate how Mg reacts with these gases
to enhance safety measures during the use of Mg metal.

In a previous theoretical study [11], our group examined the reactions between mag-
nesium and carbon dioxide, focusing on safety concerns and gaining insights into the
underlying mechanisms of these processes. Previous research has also analyzed the re-
actions between magnesium and carbon dioxide to address safety considerations and
elucidate the reaction mechanisms [10,17]. Additionally, the reaction of Mg with gaseous
mixtures has been explored previously [8], with particular attention given to the role of
carbon dioxide content in these processes [18].

In the past five decades, experiments have been conducted to determine the igni-
tion temperature of magnesium using methods similar to those employed for aluminum
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ignition. Fedoseev et al. [19,20] investigated the ignition temperature of magnesium par-
ticles measuring 100 um, placing individual metal particles in a stream of hot oxidizer
gas. They found an ignition temperature of 770 °C. Lower ignition temperatures were
observed using different experimental setups: Laurendeau and Glassman [21] reported
ignition occurring at approximately 635 °C when an induction furnace was used to heat
the samples. Reina et al. [22] investigated the combustion of Mg powder in CO, and
Abbud-Madrid et al. [23] reported their observations on Mg powder combustion in CO,
and CO atmosphere.

More recent studies by Frost et al. [24] utilized two different techniques. The first
method, similar to the one described by Fedoseev et al. [19,20], involved 60 pm magnesium
particles in air and revealed an ignition temperature of 610 °C, although occasional ignition
occurred at a temperature as low as 560 °C. The second technique employed thermogravi-
metric analysis (TGA) and differential scanning calorimetry (DSC), indicating that Mg
oxidation initiates at 500 °C and accelerates significantly at around 560 °C.

Shafirovich et al. [25] conducted experiments with large individual magnesium parti-
cles burned in CO,, measuring the ignition temperature and burning time. They considered
practical technical challenges such as a solid magnesium/carbon dioxide rocket, a slurry of
magnesium in liquid carbon dioxide, a hybrid rocket with liquid carbon dioxide supplied
to a powdered fuel bed, and the potential implementation of a separate powdered fuel
feeding system. However, due to the limited understanding of the mechanisms under-
lying magnesium/carbon dioxide combustion, none of these options were favored. On
another perspective, the policies of global carbon neutrality resulted in increasing interest
in ammonia fuel as a potential zero-carbon technology [26].

The present work focuses on studying the reaction of Mg with mixtures of CO, and N,
at various concentrations to analyze the thermal effects and explore the potential utilization
of the reaction heat in different applications. The reaction of magnesium with CO, -N;
mixtures with different compositions is also investigated in order to decarbonize the gas
mixtures resulting from combustion. To establish the influence of the mixture composition,
a wide range of concentrations was chosen. Experimental tests were conducted using
a custom-designed setup. This study aims to explore the mechanism of magnesium’s
reaction with various mixtures of nitrogen and carbon dioxide in the absence of oxygen. The
experimental design took into account the evaluation of carbon dioxide content’s impact
on combustion parameters. This comprehensive investigation provides deep insights into
the combustion mechanism. Moreover, the manuscript contributes new knowledge in three
areas: (i) the reaction of magnesium with nitrogen for the production of nitrogen nitride, a
precursor for ammonia synthesis; (ii) the reaction of magnesium with carbon dioxide as a
gas separation technique; and (iii) a novel oxygen-free combustion process as a potential
energy source.

2. Materials and Methods
2.1. Experimental System

Figure 1 provides a schematic representation of the in-house-developed experimental
setup used to study the combustion of metallic magnesium in binary mixtures of carbon
dioxide and nitrogen. An essential component of the experimental system is the preparation
step of the gas mixture based on partial pressures. The testing chamber, ignition system,
and measuring equipment constitute the primary elements of the experimental setup.
The pipes, testing chamber, and preparation tank are connected to a vacuum pump to
ensure the complete removal of air. The test chamber is a cylindrical stainless-steel tube
with an inner diameter of 62 mm, a thickness of 3.5 mm, and a length of 105 mm. The
steel of the combustion chamber walls does not influence the studied process under the
considered experimental conditions. One end is equipped with a welded cover, including
a depressurization outlet, while the other end features a tight closure and elements for
securing and supporting the magnesium sample. Pressurized gas bottles serve as the gas
sources, and the desired gas mixture composition is obtained in a cylindrical stainless-steel
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tank with a capacity of 2 L, which is then fed into the testing chamber. Both the gas mixture
preparation tank and the test chamber are equipped with analogue pressure gauges (Ferro,
Poland, max. 10 ata, 0.1% accuracy). Temperature measurements in the test chamber are
performed using two thermocouples (Pt 100) connected to a data logger (Sper Scientific,
Visalia, CA, USA 800024 Thermocouple Thermometer, 4 Channel Datalogging).
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Figure 1. Experimental setup for Mg combustion (V1-V; — valves).

The magnesium samples used in this study are segments of magnesium tape, measur-
ing 4 mm in width, 2.5 mm in thickness, and approximately 10 mm in length. Commercially
pressurized gas cylinders are utilized as the gas sources.

2.2. Preparation System for Gas Mixture

The key element of this system is the mixing vessel (see Figure 2). Nitrogen and carbon
dioxide gases are supplied from gas bottles, and the gas feeding routes are equipped with
manual valves. The preparation vessel includes a pressure gauge and can be connected to
a vacuum pump for depressurization purposes. Prior to usage, the gas preparation system
was evacuated by connecting it to a vacuum pump and also, the gas mixing system was
vacuumed (valves Vi and V; are open).

manometer
v, /
tank pressure

N g an control valve
\Z
CO:z supply

testing chamber N2 supply
\% v,

vacuum
Figure 2. The experimental setup for preparing the gas mixture (V;-V4 — valves).
The mixing chamber is connected to the first gas cylinder (CO;) allowing the vessel to

be pressurized up to a specified pressure, denoted as P1 (V3 and V4 valves open). Then,
the other gas, N, is introduced until the pressure reaches 4 bars, which is higher than P1
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Thermocouples holes

(Vs open). Once the desired gas mixture is achieved, it is fed into the combustion chamber
(Vo—V4 valves open).

2.3. Testing Chamber

The test chamber consists of three main parts: the body (Figure 3a), chamber routes,
and measuring devices (Figure 3b), and a cover with a sample igniting system (Figure 3c).

Gas inlet

/ ~ e
| S i ——

/ Pressure gauge
. Towards vacuum P
N e~ s e
~ vane Kanthal wire supprting
| _/ L~ Mg sample
T2 M«

Temperature
sensors

P« casinlet
T1

Internal
wall | * Power supply

Pressure control

(b)

Gaskets Electric wire

Kanthal wire

Fixing screws

L | F 1

Magnesium sample

-
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Figure 3. Main elements of testing chamber: (a) Scheme of testing chamber; (b) Scheme of testing
chamber routes and measuring devices; (c) Scheme of the cover with Mg sample igniting system.

The body of the test chamber, depicted in Figure 3a, is a stainless-steel cylinder with a
thickness of 3.3 mm. It features a fixed cap at one end, a sight glass for observation, and
openings for the inlet of the gaseous mixture and for securely attaching the thermocouples.
Thermocouple T1 is placed at 5 mm from the axis, and thermocouple T2, at 5 mm from
the inner wall of the cylindrical combustion chamber. The temperature measuring points
were chosen in order to avoid direct influence of the heating resistor and chamber wall
temperatures. The purpose of this experiment is to measure temperature values in the gas
phase inside the combustion chamber.

In Figure 3b, a simplified diagram illustrates the interconnected routes associated
with the test chamber. The primary route is the gas supply path, which connects to the
gas mixture preparation vessel, as shown in Figure 3b. The exhaust path from the test
chamber merges with the gas supply path and is connected to a vacuum pump (Figure 1).
A pressure gauge is positioned between the valves and the body of the test chamber.
During the experiments, all valves indicated in Figure 3b, except for the valve on the
manometer connection path, remain closed. Additionally, the test chamber is equipped
with a sampling valve.

The cover of the test chamber (Figure 3c) is placed in the inner section of the body
described in Figure 3a. It contains a support structure for the wire and the necessary
connections for the power supply. The Kanthal wire, along with the magnesium sample, is
positioned so that the middle of the magnesium sample aligns with the sight glass for obser-
vation. The cover is equipped with sealing and insulation gaskets at the screw connections
for the electric cable (using electrically insulating washers) and at the attachment point to
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the cylindrical tube (using an O-ring). Prior to finalizing the experimental setup, several
preliminary tests were conducted to determine the most suitable type of thermo-electric
wire to be used.

This configuration ensures the proper functioning and integrity of the test chamber,
facilitating the observation and analysis of the magnesium combustion process under
controlled conditions.

2.4. Reactions Tests

To measure the mass of the magnesium samples, a Precisa XT 220A (Precisa Gravimet-
rics AG, Dietikon, Switzerland) analytical balance was utilized. The mass of the magnesium
sample was determined by weighing the Kanthal wire both with and without the attached
magnesium and calculating the difference.

The gaseous mixture with the desired composition was prepared using a cylindrical
tank with a capacity of 2 L. The composition was controlled by adjusting the partial
pressures of the gas components. The tank was pressurized with one component to a
specific pressure based on the desired composition, and then the next component was added
until the desired test pressure was reached. Prior to usage, the cylinder was evacuated using
a vacuum pump to remove any air traces, followed by pressurization and depressurization
cycles with CO,; to effectively eliminate the residual air from the tank.

The test chamber was pressurized with the gas mixture prepared in the cylindrical
tank. Before pressurization, the test chamber was also evacuated using a vacuum pump
to achieve a residual pressure of 0.1 mBar. Pressurization and depressurization cycles
were performed in the test chamber to remove any remaining air traces in the system.
A sight vane was incorporated into the test chamber to allow the visual monitoring of
the test progress. Each test was recorded using video footage, which began 5 s prior to
closing the electrical circuit of the Kanthal wire with the magnesium sample. The video
recording continued until the temperature T1 dropped below 100 °C. Additionally, a device
displaying the T1 and T2 temperature values was used (Figure 1). Several runs were
performed for each category under consideration.

The tests were organized into three groups based on the gas composition: group A
with concentrations up to 40% CO,, group B with approximately 50% CO,, and group
C with concentrations exceeding 60% CO,. The working pressure values were set at
3 and 2 bars (gauge pressure). The mass of the magnesium sample used in each test was
approximately 11.5 mg.

This experimental setup and procedure allowed for precise measurements and record-
ing of the Mg combustion process under different gas compositions and pressures, facilitat-
ing further analysis and investigation.

Mg reacts with CO; based on the general reaction (1):

2Mg + CO, = 2MgO +C, (1)

When Mg undergoes combustion in CO,, the calculated enthalpy of reaction AHR has
been determined to be —810.1 k] mol !, with details given in Table S1. For comparison, the
combustion of methane has an enthalpy of reaction of —818 k] mol ! [27].

It is also possible to generate magnesium carbonate, according to the equation created
by Abbud-Madrid et al. [23]:

MgO + CO, = MgCO3, ()

Reina et al. [22] and Abbud-Madrid et al. [23] also suggested the following possible
reaction for the studied system:

Mg + CO, = MgO + CO, 3)

However, as indicated by Abbud-Madrid et al. [23], the kinetic rates of these three
reactions are not precisely known. Compounds such as CO and MgCOj3 are disregarded in
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this study primarily due to the low sample weight and the relatively high volume of the
combustion chamber, which favor Reaction (1). This observation is supported by SEM-EDX
analysis results.

3. Results and Discussion

The temperature evolution, both near the sample and at the wall, during the experi-
mental tests was analyzed by extracting data from the video recordings. Additionally, the
ignition and burning times were determined based on the video recordings. To exemplify,
several tests from each category were considered.

The recorded temperature profiles revealed distinct stages in the combustion process
under investigation, as depicted in Figure 4 (corresponding to test 16 in Table 1).

250
N2 28.2% —T1
—T2
200
---T1.0
—_ | Il ---T2_0
(&]
<
o 150
E ”\\
= . [
© v \'}
2 100
g
L __/\
i~
50 |
0 1 1 1 1 1
0 50 100 150 200 250 300
time (s)

Figure 4. Stages (separated by vertical dashed lines) of the combustion process of Mg in CO,-Nj
mixtures at 2 ata. (T1_0 and T2_0—temperature profiles in absence of Mg, near the heating wire, and
the chamber wall, respectively; T1 and T2—temperature profiles measured near the heating wire and
near the chamber wall, respectively, in the presence of Mg).

Table 1. Experimental design.

No Ma,:ianl:fle CO, Fraction, Voltage, Current, Pressure,
Crt. ght, _ v A ata
mg
1 12.0 0.103 3
2 11.7 0.180 3
3 11.6 0.200 3
4 11.8 0.252 3
5 11.8 0.517 3
6 11.7 0.665 3
7 12.0 0.810 3
8 119 0.110 2
9 115 0.178 7 11 5
10 11.6 0.236 o
11 11.7 0.257 7
12 115 0.352 >
13 11.8 0.495 o
14 114 0.670 7
15 11.8 0.665 >
16 11.7 0.718 o
17 114 0.810 2
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By analyzing the temperature curves, the following distinct stages of the overall
process can be identified: Electric resistance heating (I): During this stage, the Mg sample
and the test chamber are subjected to heat from the electric power source. The heat input
from the source remains constant throughout this stage. Melting of the Mg sample (II):
This stage corresponds to the period in which the Mg sample absorbs heat from the source,
resulting in the melting of the sample. Subsequently, the sample undergoes vaporization.
The demarcation between the initial two specified stages is determined at the point in time
where there is a change in the slope of the temperature profiles during Mg combustion.
This alteration in slope is primarily attributed to phase transformation accompanied by
heat absorption. Reaction/ignition of the Mg sample and combustion (III): This stage
marks the reaction and ignition of the Mg sample in the presence of CO;. The inception
of the peak corresponds to the ignition time. It is characterized by a sudden increase in
temperature within the reaction chamber due to the heat released by the Mg-CO, reaction.
Post-reaction cooling with the electrical resistance still enabled (IV): In this stage, the heat
from the reaction is dissipated while the electric resistance heating remains active. Cooling
of the reaction chamber (V): During this stage, the reaction chamber undergoes cooling
through heat dissipation into the surrounding environment.

The reaction of Mg with CO, represents a potential source of energy, with a large
amount of heat being released in a very short time using a very small amount of Mg.

As shown in Figure 4, in the first stage of the process, the temperature increases due
to the electric resistance heat. This generated heat results in the heating of the combustion
chamber, gas mixtures in the combustion chamber, and compensates and contributes to the
heat loss, and the energy equation can be expressed as follows:

Qer = Qcc + Qacas + Qiosss (4)

where Qgr is the heat generated by the electric resistance, J; Qcc = mcc X Cpstainless Steel
X (T1=T2), J; QGas = MGas X Cpgas X (T1-T2), J; Quoss = ¢ X A X (Tyan - Tambient) i, J;
mcc and mg,g—weight of combustion chamber and Gas, respectively, kg; Cpsiainiess Steel
and Cpgas—specific heat of stainless steel and gas mixture, respectively, ] kg’1 K-b);
(T1-T2)—difference between interior and exterior temperatures, °C; t;,—stage i time span,
with i = 1-4; a—individual thermal transfer coefficient, W m—2 K—1; A—external surface
of combustion chamber, m?; Tya—temperature on the combustion chamber wall, °C;
T ymbien—room temperature, °C.

In the second stage, Mg phase transformation (melting/vaporization) takes place.
This is a process that consumes electric generated heat. Thus, a fraction of the electric
generated heat is used by these processes, modifying the temperature profile according to
the following equation:

Qer = Qcc + Qgas + Qpr + Qloss, )

where Qpr is phase transformation heat, ] (Qpr = mpg X AHpp); AHpy—enthalpy of melting
process.

In the third stage, the combustion process takes place in a very short period of time,
with the temperature of the gaseous phase increasing significantly:

Qer + Qc = Qcc + Qaas + Qloss (6)

where Qc is the combustion generated heat, ] (Qc = myg X AHc/Myg), AHc—enthalpy of
combustion process, ] mol .
Due to the combustion taking place in a very short time, the entire combustion heat
contributes to the increase in the temperature of the gas mixture in the combustion chamber.
Table 2 shows the case of the test presented in Figure 5c (P = 2 ata), with heat values
estimated based on the charted temperature time variation and Equations (4)—(6), for
different stages.
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300

Table 2. Calculations of process heats during heating, melting, vaporization, and combustion of Mg

in N»-CO, atmosphere.
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8 J J J J J
Stages 1 and 2 24,000 0 7080.83 15,783 1136.17
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Figure 5. Influence of pressure on temperature profiles (T;—in the vicinity of the sample, T,—near
the wall of the reaction chamber), experimental conditions: (a) [CO,] 25 £ 2%, P = 2 and 3 ata,
respectively; (b) [CO;] 50 £ 2%, P = 2 and 3 ata, respectively; (c) [CO;] 67 + 2%, P = 2 and 3 ata,
respectively.

For stages 1 and 2, most of the provided heat is used for chamber heating. Also, the
heat balance values reveal the necessity that an adequate amount of heat is transferred to
sustain the oxidation reaction. In stage 3, the estimated value of the heat of combustion
for magnesium in N,-CO, atmosphere is 78.4 k] mol~!. This estimated value should be
contextualized by taking into account the concentration of Ny (~33%), the readings of
temperature values with the accuracy of 1s (a significant part of the T-t peak is missing
due to experimental limitations), and the non-adiabatic regime of the conducted process.
The reaction takes place predominantly between Mg and CO, from the gaseous mixture.
The amount of Mg considered in the experiments was considered based on preliminary
calculations so that, regardless of the composition of the gas mixture, the Mg amount would
react completely. Therefore, the heat of the reaction is expected to be relatively similar.

In the fourth stage, though the electric resistance is still powered on, the temperature
decreases down to a plateau until the electric resistance is powered off. The generated heat
is mostly consumed to compensate Qjyss (QER = Qjoss)-
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By carefully considering the heat balances in each stage of Mg combustion, one can
optimize energy conversion efficiency, minimize energy losses, and enhance overall system
performance. These considerations are crucial for achieving sustainable and efficient com-
bustion processes, reducing the environmental impact of such processes, and promoting
the use of Mg as a clean energy source.

3.1. Influence of Pressure on Temperature Profiles

In the first group of tests, which involved CO; concentrations of approximately 25%
or lower, two specific tests were exemplified. These tests were conducted under constant
magnesium mass (11 mg) and a carbon dioxide concentration of 25 & 2%. The gas pressure
in the reaction chamber was maintained at 2 ata and 3 ata, respectively.

Figure 5a illustrates the temperature profiles obtained for Mg combustion at CO,
concentrations of 25 £ 2%. Preliminary experimental tests showed that no combustion
took place at lower CO, concentrations. The reaction pressure had an influence on both
the ignition time and the maximum temperature reached during combustion. When the
pressure increased from 2 to 3 ata, the ignition time increased from 55 to 66 s. Additionally,
the maximum temperature was reached at a higher pressure, as indicated by the higher
temperature values in the post-reaction zone (145 °C compared to 139 °C).

For CO, concentrations of about 50%, two tests were conducted with a constant
magnesium weight (11 mg), a carbon dioxide concentration of 50 + 2%, and gas pressures
of 2 ata and 3 ata, respectively, as shown in Figure 5b.

The ignition time values changed from 34 to 55 s as the pressure increased from 2 to
3 ata. The maximum combustion temperature at 3 ata exceeded the corresponding value at
2 ata. However, the post-combustion temperature (approximately 150 °C) did not appear
to be significantly influenced by the pressure.

The tests carried out at higher CO, concentrations (67 & 2%) resulted in the tempera-
ture profiles presented in Figure 5c.

During the initial stages of the process, the temperature profiles of T1 overlap regard-
less of the pressure value. The maximum combustion temperature is achieved at a pressure
of 3 ata, and the combustion times are 130 s, at the pressure of 3 ata and 144 s at 2 ata.
Furthermore, the post-combustion temperature values remain approximately equal and
unaffected by the pressure, measuring around 171 °C.

The temperature values measured near the wall (T2), in all cases, exhibit profiles that
are influenced by the values near the sample (heating resistance), with a lower pressure
impact. However, the observed differences can be explained by changes in the thermal
properties of the gas mixtures (specific heat, thermal conductivity, density, and viscosity)
due to variations in temperature, composition, as well as heat loss.

The gas pressure in the reaction chamber has a notable impact on both the heat released
during the processes and the ignition time of Mg. However, the extent of this influence
varies depending on the composition of the gas mixture, with a greater effect observed
at low concentrations of CO,. Figure 5 illustrates the impact of pressure values in the
combustion chamber on ignition time. At a pressure of 2 ata, lower ignition temperature
values are observed. The slight disparity in ignition time values at 2 and 3 ata may stem
from variations in the thermal properties of the gas and the intensity of heat transfer.
Legrand et al. [28] demonstrated that the ignition probability of Mg particles in a CO,/Ar
atmosphere is influenced by the pressure value.

3.2. Influence of CO,—N;, Mixture Composition on Mg Combustion

Figure 6a—f displays the temperature profiles of Mg combustion at 2 ata within mix-
tures featuring varying CO, concentrations, ranging from 10% to 80%.
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Figure 6. Temperature profiles (T;—in the vicinity of the sample, To—near the reaction chamber wall)
during Mg combustion in mixtures with CO, content at 2 ata: (a) 10%; (b) 19.5%; (c) 35%; (d) 48%;
(e) 72%; (£) 80%.

The concentration of CO, in the gas mixture has a global influence on the process by
affecting the ignition time, the ignition temperature, the heat brought into the system by
the heating resistance, and the heat loss.

In most cases, except for one instance at 10% CO, concentration where the reaction
does not seem to take place, a peak in temperature can be observed after the initiation of
the reaction. The figures also show the temperature profiles in the absence of the sample
(reaction), represented by dotted lines.

The T1 profiles provide insights into the stages depicted in Figure 6. Even at low
CO; concentrations, the melting /vaporization of the Mg sample occurs, although ignition
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does not occur. The maximum temperature reached by T1 increases with higher CO,
concentrations. The ignition time for cases (b) and (c) exhibits practically the same value of
50 s.

At a CO, concentration of 50%, Figure 6d, the ignition time values are relatively close
and lower compared to those in the experiments conducted at low CO; concentrations.
The maximum temperature T1 observed remains approximately constant at around 155 °C.
The post-combustion temperature is influenced by the CO, concentration, with T1 val-
ues reaching about 148 °C at a concentration of 53% compared to 140 °C at 47.8% CO,
concentration.

By analyzing the temperature profile depicted in Figure 6e,f, the stages of the overall
process shown in Figure 4, can also be depicted. During combustion, the temperature
rapidly increases for a duration of 2-5 s. However, after the completion of the reaction,
the temperature remains relatively constant for durations ranging between 50 and 100 s,
depending on the concentration of the CO,-N; mixture.

Figure 7 shows the experimental values, the average value and the error bars obtained
for ignition time at various compositions of CO,-N; mixture.

250

200 L
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[&)]
o

Ignition time, s

100
1

I
0 i

0.0 0.2 0.4 0.6 0.8 1.0
CO, molar fraction, -

_|
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HoHO—d

Figure 7. The influence of the gas mixture composition on the ignition time (¢, O, O, A—tests
repeated under similar conditions; x—average value).

The ignition time values appear to be within the range of 30-100 s, with occasional
lower values noted at 50% CO, content. Experimental evidence supports the conclusion
that the ignition time is likely quasi-constant at CO, molar fraction values of 0.5 or lower.
However, with higher CO, content, there is an observed increase in ignition time, reaching
up to 200 s. This trend could be attributed to the thermal properties of the gas mixture
within the combustion chamber, potentially leading to a reduction in heat input and a delay
in the phase transformation of Mg (Figure S1 shows the thermal properties of gases and
their mixture).

The experimental runs not only demonstrate the use of the Mg and CO; reaction as an
energy source, in the absence of oxygen, but also support the hypothesis of using Mg for
the selective separation of industrial gas streams containing CO,.

Significant reductions in CO, concentration were observed in binary gas mixtures
comprising carbon dioxide and nitrogen during the Mg combustion. This observed de-
crease, coupled with the energy input, suggests a potential path for diminishing CO,
levels in gaseous mixtures, with significant inferences in environmental protection. Con-
sequently, this phenomenon could lead to an innovative CO; sequestration technique,
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yielding MgO and C as byproducts. These gas mixtures were prepared by mixing pure
gases under controlled laboratory conditions. The experiments revealed that the Mg-CO,
reaction occurs at CO, concentrations higher than 10%. This finding suggests the potential
application of magnesium for efficient removal of CO, from gas mixtures, particularly in
high-temperature environments such as combustion gases.

3.3. Combustion Residue Analysis

The morphology of combustion residue of the Mg microparticle was characterized by
SEM-EDX and is shown in Figure 8.
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Figure 8. SEM image of Mg sample (The rectangular red line is the analyzed area).

Figure 8 illustrates that the residue left after the combustion of Mg particles appears
relatively flat and is slightly embedded in the surface of the glass substrate. The observation
of the residue clearly shows that its morphology is not attributed to airborne debris but
rather to the solidification of falling oxides. Elemental analysis confirms the presence of
magnesium, oxygen, and carbon in the residue. The analysis of the solid residue shows
that C and MgO were obtained as reaction products. The obtained results are consistent
with those reported in the literature [29].

Figure 52 in the supplementary material shows that MgzN», was not generated during
the conducted process. The reaction conditions are not favorable for obtaining magnesium
nitride, which is not stable in the atmosphere, resulting in NH3. The SEM-EDX analysis
shows the presence of a small amounts of nitrogen on the surface of the combustion that
can be attributed to the inherent exposure of the analyzed samples to the atmosphere.

4. Conclusions

The experimental investigation of Mg combustion was conducted using a custom-
built experimental setup. Based on our results and a thorough literature analysis, several
conclusions have been drawn.

The combustion process of Mg can be divided into several distinct stages, namely
heating, melting, vaporization, ignition, combustion, and cooling. Within these stages, the
melting time stands out, as it is notably longer compared to both the evaporation time
and the gas phase combustion time. The melting process plays a key role in the overall
combustion process.

During magnesium ignition, the initial outer flame displays a spherical vapor-phase
pattern, similar to what has been reported during the combustion of Mg particles in
CO, / Ar mixtures [28]. This observation indicates that the reaction zone or flame thickness
of Mg vapor in the combustion chamber has a spherical structure. Both pressure and gas
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composition exert significant effects on ignition delay and combustion time. The ignition
delay time decreases as the chamber pressure increases.

The CO, concentration within the combustion chamber has a notable influence on the
combustion process, particularly the ignition time, ignition temperature, the heat brought
into the system by the heating resistance, and the heat loss.

Since the gas phase combustion time is quite brief, the ignition delay time dominates
the overall combustion duration.

Following the analysis of the energy balance, the reaction of Mg with CO;, emerges
as a potential energy source in oxygen-deprived atmospheres. Additionally, it presents
an alternative approach to CO, sequestration in the form of Mg and C oxides. Other gas
mixtures can also be considered, especially if they are of technical importance.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /chemengineering8020041/s1; Figure S1: Specific heat (a) and
thermal conductivity (b) of N, —CO, (1:1) mixture; Figure S2: Combustion chamber after test; Table S1:
Reaction enthalpy for magnesium combustion in carbon dioxide (reaction 1).
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