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Methane reforming with the flue gas rich in carbon dioxide and steam emitted from industry is an effective
method to achieve heat recovery and reduce carbon emission. This study investigated the reaction kinetic and
mechanism of methane reforming with CO2/H20 in flue gas under various conditions of temperatures, mixing
gas ratios, and flow rates. The results show that methane and flue gas can react sufficiently above 1200 °C with a
conversion rate exceeding 90 %. Raising methane levels by 16 % boosts hydrogen production by 12 %, while
increasing CO2 by 7 % enhances CO yield by 10 %. The average activation energy for the methane flue gas
reforming reaction can be obtained by fitting to the power-law kinetics model, which is 202.8 kJ/mol.
Concurrently, by integrating density functional theory (DFT) calculations, the mechanism model for the
reforming of methane/flue gas has been derived, which also demonstrates that the carbon black produced from
methane pyrolysis can act as a catalyst for the methane reforming reaction. This study aims to a theoretical
foundation and process parameters for the design of carbon capture, utilization, and heat recovery from in-

dustrial waste flue gas.

1. Introduction

In recent years, fossil fuels such as coal, oil, and natural gas
continued to be used as the main energy sources in energy-intensive
industries like steel [1], glass [2], and thermal power generation [3].
However, the consumption of these fuels, which leads to the emission of
large amounts of greenhouse gases and harmful gases such as carbon
dioxide (COy3), sulfur dioxide (SO3), and nitrogen oxides (NOy), is
inconsistent with the strategic goals of reducing pollution, achieving
carbon neutrality, and promoting a comprehensive green trans-
formation of economic and social development [4]. High-temperature
flue gas typically contains significant amounts of carbon dioxide and
steam, and the direct emission of these gases can lead to widespread
environmental pollution and an increase in average temperatures [5].
For instance, in the glass industry, China emits 0.69 tons of carbon di-
oxide per ton of glass product, which is significantly higher than the 0.46

tons in the European container glass industry [6]. The main reasons for
this difference are China’s energy structure, which is mainly based on
coal, and the fact that the European glass industry primarily uses natural
gas [7]. Another reason for the higher carbon dioxide emissions is
China’s carbon dioxide recycling rate, which is only 28 %, far below the
65.5 % rate in Europe [8]. Improving the carbon dioxide recycling rate is
a major way to reduce carbon emissions without changing the energy
structure.

Although carbon dioxide emissions can be managed through existing
technologies such as Carbon Capture and Storage (CCS) [9], Carbon
Capture and Utilization (CCU) [10], and Direct Air Capture (DAC) [11],
the additional costs and carbon losses make the application of these
technologies in industry complex. Moreover, the high-temperature flue
gas emitted by industries usually has a temperature exceeding 1000 °C
[12], and the use of carbon capture technology does not recover the heat
from the flue gas, resulting in unnecessary heat loss. For waste heat
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recovery, preheating the combustion gases to recover waste heat back
into the process often has a higher energy efficiency than internal heat
use or conversion into other forms of energy [13]. Therefore, a method
capable of efficiently capturing carbon and recovering heat from flue gas
is needed. Given that the main components of flue gas are carbon di-
oxide and water vapor, introducing an appropriate amount of methane
gas into the flue gas can trigger Dry Methane Reforming (DMR) and
Steam Methane Reforming (SMR) reactions with carbon dioxide and
water vapor, respectively. This effectively converts carbon dioxide and
water vapor into cleaner energy sources such as carbon monoxide and
hydrogen [14]. At the same time, the waste heat from the flue gas can
provide the heat required for the reforming reaction, thus promoting the
progress of the reforming reaction.

In the process of utilizing methane to consume carbon dioxide,
steam, and waste heat from flue gas to produce synthesis gas, deter-
mining whether the methane flue gas reforming reaction can proceed
spontaneously is the most critical step [15]. Methane reforming can
mainly be divided into Steam Methane Reforming and Dry Methane
Reforming, with reaction equations shown in Eq. (1) and Eq. (2),
respectively. The synthesis gas produced by SMR is rich in hydrogen and
is thus primarily utilized for large-scale hydrogen production [16]. DMR
can directly convert the greenhouse gas carbon dioxide into synthesis
gas, increasing the proportion of carbon monoxide in the synthesis gas
while also considering the benefit of environmental protection [17].
Nonetheless, both reactions encounter a common issue: being highly
endothermic, a substantial amount of heat is required for them to pro-
ceed. To address this issue, the introduction of catalysts to reduce the
heat required for the reaction or the utilization of plasma technology to
generate highly reactive free radicals to promote methane reforming
reactions can be employed. For instance, in industry, the use of nickel-
based catalysts supported on Al;O3 enables methane reforming re-
actions to proceed at temperatures of 1000-1100 K [18]. Additionally,
altering the shape of the catalyst can enhance the methane conversion
rate under constant residence time conditions. However, the formation
of carbon deposits during methane reforming is almost inevitable. These
deposits primarily exist in the form of nanoscale carbon fibers, which
can cover the catalyst surface and block the pores, thereby causing
catalyst deactivation [19]. In contrast, the high-energy electrons and
free radicals generated by plasma technology can excite methane mol-
ecules, allowing the reforming reaction to occur at lower temperatures
and reducing the problem of carbon deposition [20]. Nevertheless, the
high cost of plasma equipment and the instability of the reaction process
still pose challenges for large-scale industrial applications. Utilizing
high-temperature flue gas as an oxidizing agent can effectively
circumvent issues associated with catalysts, with the reaction equation
presented in Eq. (3) [21].

CH,4 + H,0—~CO + 3H, AH} = 206.3 kJ/mol €Y)

CH,4 4+ CO,—2CO + 2H, AH} = 247.3 kJ/mol (2
2 1 4 8 0

CH, +3H;0 4 5C0,~5 CO+2H, AHy = 220.0 kJ/mol 3)

Pre-treating the heat exchanger at high temperature allows the methane
reforming reaction to proceed spontaneously without the need for
additional heat from the outside or the addition of a catalyst [22]. The
spontaneous reforming reaction of methane is accomplished using the
thermal energy of high-temperature flue gas [16], thereby recycling the
high-temperature flue gas produced industrially [23,24]. Compared
with other direct carbon dioxide capture solutions for high-temperature
conversion, such as adsorbent-enhanced reactions [25], chemical loop-
ing reforming [26], and gas-switching concepts [27], methane flue gas
auto-thermal reforming does not require high-temperature and water-
resistant adsorbents or stable oxygen carriers. This avoids the high in-
vestment costs associated with complex adsorbent regeneration and

Chemical Engineering Journal 513 (2025) 162996

Table 1
Methane flue gas reforming experimental conditions.
Condition  Molar flow rate at 25 °C Inlet gas ratio Time
(mmol/min) (s)
CH4 CO2 Hy0 CH4(g) COx(g) H20
(@) (@) (@) (€]
Cl 53.18 21.27 31.89 2.50 1.00 1.50 21.37
C2 35.45 28.36 42.52 1.25 1.00 1.50 21.37
C3 70.91 14.18 21.30 5.00 1.00 1.50 21.37
C4 26.59 10.64 15.94 2.50 1.00 1.50 42.73
C5 17.73 14.18 21.31 1.25 1.00 1.50 42.73
C6 35.45 7.09 10.63 5.00 1.00 1.50 42.73
Cc7 17.73 7.09 10.63 2.50 1.00 1.50 64.09
Cc8 11.82 9.45 14.17 1.25 1.00 1.50 64.09
(¢°] 23.64 4.73 7.08 5.00 1.00 1.50 64.09

oxygen carrier circulation systems. Additionally, unlike gas-switching
concepts that necessitate precise control of switching times and condi-
tions, the process of methane flue gas auto-thermal reforming is rela-
tively simpler. This method addresses the challenges of cost incurred by
the use of catalysts in industry and the heat loss from high-temperature
flue gas, thereby enhancing the system’s thermal efficiency and
reducing fuel consumption [28-30]. Ensuring the sufficient progress of
methane flue gas reforming reactions necessitates initially contem-
plating whether the flue gas heat can satisfy the reaction’s demands
[31]. Thus, establishing the temperature necessary for the complete
reaction of methane flue gas is vital for the spontaneous reforming of
methane induced by high-temperature flue gas [32]. The methane py-
rolytic reforming process is an intricate chemical system [33]. The steam
present in the reaction only meets half the stoichiometric requirement
for carbon, predisposing the system to substantial carbon formation
[34,35], which in turn affects the ratio of carbon monoxide to hydrogen
at the outlet. This deviation affects the subsequent thermal efficiency of
syngas combustion in industrial applications. Consequently, undertak-
ing precise quantification of individual reaction proportions and ascer-
taining the kinetics of reforming reactions within the comprehensive
system are essential. Such an analysis is pivotal for the effective and
rational management of synthesis gas ratios at the outlet.

This study utilized a high-temperature furnace to study the reform-
ing reaction of methane flue gas. The effects of various temperatures,
methane flue gas flow rates, and methane/flue gas ratios on the reaction
rate and conversion efficiency were examined, yielding the release
patterns of the reformed gases. The kinetics of the reforming reaction
were analyzed using a power-law kinetic model and the rate equation for
the methane flue gas reforming was proposed. Additionally, the catalytic
effect of carbon in the methane flue gas reforming reaction was obtained
through thermogravimetric analysis and atomic force microscopy.
Finally, the mechanism of the methane/flue gas reforming reaction was
simulated using density functional theory (DFT). This research can
provide a potential theoretical foundation and process parameters for
the design of carbon capture, utilization, and heat recovery from in-
dustrial waste flue gas.

2. Experimental
2.1. Materials

The composition and temperature of the flue gas used in the exper-
iment were provided by the Innovation Center for Advanced Glass Ma-
terials (Bengbu) and China Triumph International Engineering Co., Ltd.
(Shanghai), and simulated the actual industrial flue gas components of a
full-oxygen combustion glass furnace (with a fixed volumetric flow ratio
of carbon dioxide to steam at 2:3). Methane reforming reactivity studies
were conducted under reaction temperatures ranging from 800 °C to
1400 °C (with intervals of 100 °C), on nine different flue gas flow rates
and compositions. The experimental conditions were shown in Table 1.
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Fig. 1. Methane flue gas thermochemical reforming experimental setup schematic diagram.

The experimental raw materials, including nitrogen, methane, and
carbon dioxide, were all sourced from Shanghai Haoqi Company with a
purity of 99.99 %. The steam required for the experiment was generated
by a steam generator under conditions of 105 °C.

2.2. Experimental procedure

The methane reforming experiment was conducted in an atmo-
spheric pressure tubular furnace, where the tube was an alumina tube
resistant to high temperatures (<1600 °C), with a length of 1000 mm
and an inner diameter of 60 mm. As shown in Fig. 1, the temperature of
the alumina tube was measured using a Type B thermocouple, and the
isothermal reforming reaction zone was heated by silicon carbide
heating elements. The flow rates of methane, carbon dioxide, and ni-
trogen used in the reaction were controlled using Digital MFC tools and
software. The synthesis gas produced by the reforming reaction was
analyzed for gaseous components using a gas chromatograph (Agilent,
USA) equipped with a thermal conductivity detector (TCD).

During the heating phase of the apparatus, nitrogen gas was intro-
duced into the alumina tube as a protective gas. The furnace was heated
to the setting temperature at a rate of 10 °C/min and then held for 5 min
to ensure the temperature of the tubular furnace was uniform. Once the
temperature of the tubular furnace was stable, nitrogen was switched to
reactive gas to carry out the reforming reaction of methane and flue gas.
After 10 min, the reactive gas was ensured to be fully mixed within the
gas pipeline before being introduced into the tubular furnace for the
reaction. The flow rate of the outlet gas was recorded using a rotameter.
The gas, after being dried by color-changing silica gel and filter cotton,
was collected in a gas bag for 3 min. Each set of gas was collected and the
procedure was repeated three times. After collecting the gas, 200 mL/
min of nitrogen was introduced for cooling. When the tube furnace had
cooled down to room temperature, the carbon black deposited at the

bottom of the tube furnace was collected.
The rate of methane reaction can be calculated according to Eq. (4)

_ Qincry — Qour XcH, @

v 224.V

where V represents the volume of the isothermal section of the reactor,
L, Qincn, is the methane feed rate, L/s, goy is the total outlet gas flow
rate, L/s, and xcg, is the methane content in the outlet gas, %. The
methane conversion rate is calculated using Eq. (5)

_ Qin,cHy — Qout*XcH, )

1 qin.cH,

Additionally, the residence time of the gas in the pipeline can be
calculated using Eq. (6).
__1000-L-A

Qin

(6)

where L is the length of the pipe, m, A is the cross-sectional area, mz, and
qin is the total inlet gas flow rate, L/s.

To avert the formation of carbon black in the methane reforming
process, the reaction was customarily conducted at elevated tempera-
tures, employing steam and carbon dioxide to deplete the carbon black.
Nonetheless, experiments had demonstrated that carbon black was not
completely consumed at temperature up to 1400 °C. In order to eluci-
date the behavior of coke during the methane flue gas reforming process,
the gasification reactivity of methane reforming carbon black, collected
under condition (1) at 1400 °C, and methane pyrolysis carbon black
under the same conditions, was investigated separately using a ther-
mogravimetric analyzer (STA 449 F3, Germany). 10 mg of carbon black
was weighed and placed into the thermogravimetric analyzer. A tem-
perature program was set to heat up at a rate of 25 K/min to 105 °C and
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Fig. 2. Orbital and Structural Optimization of Reactants: (a) HOMO of methane and LUMO of carbon dioxide and water vapor, (b) optimized structures of reactants
for dry methane reforming, steam methane reforming, and methane cracking.

held for 10 min. Then, the temperature was increased at a rate of 25 K/ the carbon black for gasification during the isothermal period at
min to 1350 °C and held for one hour. After the reaction was completed, 1350 °C, to obtain the change rule of carbon black mass loss over time.
the temperature was decreased at a rate of 50 K/min to 100 °C. Nitrogen Surface activity analysis of collected methane reforming carbon
was introduced as a protective gas during the heating process, and high black was conducted using atomic force microscopy (AFM) (Bruker
purity carbon dioxide was introduced as the reaction gas to react with Dimension Icon, Germany). Utilizing the contact mode of atomic force
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(a) (b) sot
80f
;\,T 40+
= 60 B
2 £
g g
£ 40 Z
£ 320t
5 20
S 10}
0 0
800 900 1000 1100 1200 1300 1400 300 900 1000 1100 1200 1300 1200
T(°C) T(°C)
50
() (d) |=-c
-0-C2 I
40}-A-C3 ¢""8'_':¢_”Q
--C4 ./_/ .- - ‘ _4
9 g |-o-cs & A
E 3 30F-<-C6 Qo fog
. - '
2 k- -0--C8 7
= o P
E g ¥f—o-co / ;5 L0
< “ 10 #74
0
800 900 1000 1100 1200 1300 1400 800 900 1000 1100 1200 1300 1400
T(°C) T(°C)

Fig. 3. Composition (volume fraction) of synthetic gas in methane flue gas reforming reaction under different conditions: (a) methane volume fraction, (b) carbon
dioxide volume fraction, (c) hydrogen volume fraction and (d) Carbon monoxide volume fraction.



G. He et al.

100

~
o
N~

80 F

40t

Conversion (%)

20F

O - " i " " " " A
800 900 1000 1100 1200 1300 1400
Temperature (°C)

0 (Symbols) Experimental result
— (Lines) Thermodynamics equilibrium

(d)100

Chemical Engineering Journal 513 (2025) 162996

O (Symbols) Experimental result
(Lines) Thermodynamics equilibrium

(b)so

40

concentration (vol.%)

1000 1100 1200
Temperature (°C)

800 900 1300 1400

0 (Symbols) Experimental result
— (Lines) Thermodynamics equilibrium

),

= s} . 80}
£ 4ot B
8 8
g Or E 40f
= E
8 20F 3
1o} 5 21

ok v 0OF

800 900 1000 1100 1200 1300 1400 800 900 1000 1100 1200 1300 1400

Temperature (°C)

Temperature (°C)

Fig. 4. Methane conversion and thermodynamic equilibrium calculations under different conditions: (a) methane conversion and comparison of thermodynamic
equilibrium calculations. Experimental values at different methane to flue gas ratios: (b) CH4:CO2:Ho0 = 2.5:1:1.5, (¢) CH4:CO2:H0 = 1.25:1:1.5 and (d) CH4:CO»:

H,0 = 5:1:1.5.

microscopy for scanning and performing 50 force curves on the sample
surface. Employing the ScanAsyst-Air probe with a reflective Al coating
on the back, a resonance frequency of 70 kHz, a spring constant of 0.4 N/
m, and a cantilever length of 115 pm.

2.3. Computational methods

The transition state calculations for the methane reforming reaction
were performed using the DMol3 module [36] in Accelrys’s Materials
Studio software, with valence electron wave functions expanded using a
double numerical basis set with polarization functions (DNP+) [37]. The
complete linear synchronous and quadratic synchronous transformation
(complete LST/QST) method [38] was employed to calculate the reac-
tion transition states, and to address the problem of energy over-
estimation due to ignoring spin polarization, spin polarization was
considered in the calculations. In the calculations of the transition states
and mechanisms for dry methane reforming and steam methane
reforming reactions, a combination of generalized gradient approxi-
mation (GGA) and Becke-Perdew (BP) functionals (GGA-BP) [39] was
employed. For the calculations of the transition states and mechanisms
for methane cracking reactions, the Hartree-Fock (HF) [40] exchange
functional was utilized.

According to the Frontier Molecular Orbital Theory, a chemical re-
action occurs between the highest occupied molecular orbital (HOMO)
of one molecule and the lowest unoccupied molecular orbital (LUMO) of
another molecule. Based on this, the orbital energies of methane, carbon
dioxide, and water vapor molecules were calculated. The HOMO and
LUMO energies of the methane molecule are —18.465 eV and —5.55 eV,
respectively. For the carbon dioxide molecule, the HOMO and LUMO
energies are —18.551 eV and —10.552 eV, respectively. The HOMO and
LUMO energies of the water vapor molecule are —20.849 eV and

—17.94 eV, respectively. Since reactions are more likely to occur be-
tween the HOMO and LUMO with the smallest energy gap, the dry
reforming of methane takes place between the HOMO of methane and
the LUMO of carbon dioxide, while the steam reforming of methane
occurs between the HOMO of methane and the LUMO of water vapor.
The HOMO diagram of methane and the LUMO diagrams of carbon di-
oxide and water vapor are shown in Fig. 2a. The reactants were placed
according to the positions with the largest corresponding areas of the
two orbitals, and then structural optimization was performed, with the
results shown in Fig. 2b.

3. Results and discussion
3.1. Composition of gaseous products

The results of methane reforming under different conditions are
shown in Fig. 3. Under the same inlet gas flow rate, different methane/
flue gas ratios have a significant impact on the content of outlet gases
from the methane reforming reaction. An increase in the methane con-
tent in the feed gas significantly raises the concentration of hydrogen in
the product gas, while an increase in carbon dioxide content markedly
elevates the concentration of carbon monoxide in the product. For
example, comparing condition (1) with condition (2) reveals, when the
methane/flue gas ratio is reduced from 1:1 to 1:2, the hydrogen content
in the outlet gas decreases from 80.49 % to 70.00 % (at 1400 °C) with
the reduction of methane content, and the increase in CO5 content leads
to an increase in carbon monoxide content from 26.96 % to 35.56 % (at
1400 °C). However, under the same methane/flue gas ratio, as the inlet
gas flow rate increases, i.e., the reaction residence time increases, the
content of outlet gas components remains essentially unchanged. For
example, comparing the outlet gas results of conditions (1), 4, and 7
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shows that at 1400 °C, with the increase in inlet gas flow rate, i.e., the
increase in residence time, the hydrogen content in the outlet gas for the
three conditions is 70.04 %, 70.69 %, and 71.80 % respectively, and the
carbon monoxide content is 26.96 %, 28.32 %, and 27.54 % respec-
tively. This may be due to the fact that when the residence time is 21.36
s, the methane reforming reaction has reached an equilibrium phase.
Therefore, further increasing the inlet flow rate of methane and flue gas
has a minimal impact on the content of hydrogen and carbon monoxide
in the outlet gas.

The variation of methane conversion rate with temperature under
different conditions is shown in Fig. 4a. Observing that the methane
conversion rate remains essentially constant under different methane/
flue gas ratios and inlet gas flow rates. However, as the temperature
increases, there is a significant increase in the methane conversion rate,
especially between 800-1200 °C, where the methane conversion rate
increases dramatically from an initial 1 % to over 90 %. When the
temperature is further raised to 1300 °C and 1400 °C, the methane
conversion rate remains essentially unchanged, indicating that the
methane reforming reaction has essentially reached equilibrium at
1200 °C. Fig. 4b—d presents the thermodynamic equilibrium calculations
and experimental results for the outlet gas composition (including
methane, carbon dioxide, hydrogen, and carbon monoxide) under
different methane to flue gas ratios. The thermodynamic equilibrium
calculations were primarily based on the method for thermodynamic
equilibrium analysis of methane dual reforming under catalytic condi-
tions as reported in the literature [16]. The results show a high degree of
consistency between the calculated and experimental values. However,
a significant discrepancy in the hydrogen yield is mainly attributed to
the substantial contribution of methane cracking reactions at high
temperatures, resulting in higher hydrogen content in the experimental
results than in the theoretical calculations.

Combining the above results of methane flue gas reforming outlet gas
content under different conditions, altering the methane/flue gas ratio

in the inlet gas changes the hydrogen and carbon monoxide content in
the outlet gas, adjusting the composition of the outlet gas. Increasing the
temperature can enhance the reaction rate of the methane reforming
reaction and the methane conversion rate, thereby increasing the con-
tent of hydrogen and carbon monoxide in the outlet gas. Compared with
adsorbent-enhanced reactions, chemical looping reforming, and gas-
switching concepts, methane flue gas reforming can achieve high car-
bon conversion rates and reaction rates even at higher temperatures.
Meanwhile, methane flue gas reforming is also capable of producing a
relatively high yield of hydrogen.

3.2. Reforming and pyrolysis reaction proportions

Based on the volumetric fractions of methane, carbon dioxide,
hydrogen, and carbon monoxide in the outlet gas, combined with the
outlet gas flow rate and the molar amounts of methane and carbon di-
oxide in the inlet gas, the reaction amounts of methane and carbon di-
oxide, as well as the generation amounts of hydrogen and carbon
monoxide, can be calculated, with the results shown in Fig. 5. Under the
same inlet gas flow rate, the generation of hydrogen in the outlet gas is
primarily influenced by the partial pressure of methane; the higher the
partial pressure of methane, the higher the hydrogen content in the
outlet gas. This is associated with the cracking of methane to produce
hydrogen. In contrast, the generation of carbon monoxide in the outlet
gas is not entirely determined by the partial pressure of flue gas. For
instance, compared with condition (1), condition (2) has a significantly
higher conversion of carbon dioxide, yet the content of carbon monoxide
in the outlet gas is roughly the same. This is mainly because the exces-
sively low partial pressure of methane is insufficient to completely react
with the flue gas. Therefore, appropriately increasing the partial pres-
sure of methane enhances the hydrogen content and boosts the carbon
monoxide content. However, an excessively high methane proportion
can also reduce the yield of carbon monoxide. For example, compared
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with condition (1), the higher methane proportion in condition (3),
although enhances the hydrogen yield, also leads to a decrease in the
carbon monoxide yield. This is primarily because an overly high
methane proportion tends to promote the methane cracking reaction,
which in turn brings about a more severe carbon deposition issue.
Therefore, maintaining the ratio of methane to flue gas at 1:1 can
maximize the yield of synthesis gas. Under the same methane/flue gas
ratio conditions, appropriately increasing the inlet flow rate of methane
and flue gas will increase the flow rates of hydrogen and carbon mon-
oxide in the outlet gas. According to the reaction equations of dry
reforming and steam reforming, all the reacted carbon dioxide is con-
verted into carbon monoxide, while the excess generation of carbon
monoxide comes entirely from the methane steam reforming.
Based on the molar quantities of reactants and products transformed,
the ratios of the reaction amounts of various substances can be deter-
mined, thereby obtaining the proportions of methane pyrolysis, dry
reforming of methane, and steam reforming of methane in the reaction
process. The calculation method is as follows: since the reaction hardly
occurs at 800 °C, the temperature range for calculation is 900-1400 °C.
Based on the aforementioned reaction amounts of methane and carbon
dioxide, as well as the generation amounts of hydrogen and carbon
monoxide, the ratios of each reactant and product to methane can be
obtained. Assuming a methane consumption rate of 1 mol/s, the con-
sumption of methane can be calculated based on the stoichiometric
coefficients of the reactions of methane pyrolysis, dry reforming of

methane, and steam reforming of methane. Thereby, the proportions of
the three reactions in the entire reaction process can be obtained, with
the results shown in Fig. 6. With the increase of temperature, the pro-
portion of methane pyrolysis decreases, while both steam reforming and
dry reforming of methane increase. At a methane/flue gas ratio of 1:1, as
shown in conditions (1), 4, and 7, the proportions of the three reactions
are relatively balanced, but compared to the other two reactions, steam
reforming of methane occupies a larger proportion, indicating that
steam reforming of methane is more likely to occur. When the methane/
flue gas ratio is 1:2, as shown in conditions (2), 5, and 8, the reactions
are mainly dry reforming and steam reforming of methane. At low
temperatures below 1100 °C, the proportion of steam reforming of
methane is higher than that of dry reforming, but when the temperature
exceeds 1100 °C, the proportion of dry reforming becomes higher than
that of steam reforming, indicating that at higher flue gas ratios, tem-
perature has a greater impact on dry reforming of methane. However,
when the methane/flue gas ratio is 2:1, as shown in conditions (3), 6,
and 9, due to the excess of methane, the reaction is mainly methane
pyrolysis, and at low temperatures below 1100 °C, the proportion of dry
reforming is higher than that of steam reforming. When the temperature
exceeds 1100 °C, the proportion of steam reforming becomes higher
than that of dry reforming, which is the opposite of when flue gas is in

excess, indicating that at higher methane ratios, temperature has a
greater impact on steam reforming of methane.



G. He et al.

1.8F o 900 °C
~ 14| © 1000°cC
—r{) A 1100 OC R2:0.98
14t
g 12f
£
o Lo}
i
= o8}
g R?=0.99
S 06} :
5
o 04}
E
= o2}
= 5 & BE = - —
0.0 F R?=0.98
_02 L L L L L L
02 0.4 0.6 0.8 1.0 1.2

Methane molar flow (mmol/s)

Fig. 7. Diagram of methane reaction rate with flow rate.
3.3. Reforming reaction kinetics analysis

Calculations from the aforementioned reaction equations indicate
that the methane flue gas reforming process includes dry reforming of
methane, steam reforming of methane, and methane pyrolysis. There-
fore, in determining the overall reaction rate, consideration must be
given to the collective impact of these reactions. Fig. 7 illustrates the
relationship between the methane flow rate and the methane reaction
rate within the temperature range of 900-1100 °C. The figure demon-
strates a direct proportionality between the methane flow rate and the
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reaction rate, suggesting a first-order reaction with respect to methane
in the methane flue gas reforming process. Additionally, based on the
calculated reaction quantities of methane, carbon dioxide, and steam,
the reaction orders for carbon dioxide and steam can be determined. To
obtain the overall rate equation for the reaction, the methane reforming
rate is used to represent the rates of the three main reactions in the
methane flue gas reforming, employing a power function-type kinetic
equation as shown in Eq. (7). Since the reaction reaches equilibrium at
1200 °C, the calculation of the methane reaction rate covers a temper-
ature range of 800-1200 °C.

reu, = K-[CH4]-[CO,)*[H,0]° )

where rcp4 represents the reaction rate of methane with units of mol/
(L-s), K denotes the rate constant, which can be expressed using the
Arrhenius equation (K = A-e B/ RT), [CH4l, [CO2] and [H20] represent
the molar flow rates of methane, carbon dioxide, and steam, respec-
tively, mol/s. The variables a and b represent the reaction orders with
respect to carbon dioxide and steam, respectively.

Fig. 8 illustrates the trend of methane reaction rate variation with
temperature under different methane/flue gas ratios from 800 to
1200 °C. As shown in the figure, the logarithm of the methane reaction
rate exhibits a linear change with temperature. The activation energy
(Ea) and pre-exponential factor (A) for the methane reforming reaction
can be determined from the slope and intercept values. At the same inlet
gas flow rate, a lower methane ratio leads to a certain decrease in the
rate of methane reforming reaction. The increase in the inlet gas flow
rate results in a noticeable increase in the methane reforming reaction
rate, but the overall activation energy of the reaction remains essentially
unchanged. This is also consistent with the aforementioned calculations
of the proportions of each reaction, indicating that under the condition
of the same methane/flue gas ratio, the reaction proportions between
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Fig. 8. Activation energy of methane flue gas reforming reaction: (a) methane/flue gas ratio 1:1, (b) methane/flue gas ratio 1:2 and (c) methane/flue gas ratio 2:1.
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Fig. 9. Thermogravimetric results of methane reforming carbon black and methane pyrolysis carbon black: (a) TG curve of carbon black, (b) DTG curve of carbon

black and (c) gasification rate change curve of carbon black.

methane pyrolysis, dry reforming of methane, and steam reforming of
methane do not change with the variation of inlet gas flow rate. The
average reaction rate equation for methane flue gas reforming is as
shown in Eq. (8).

reu, = 2.1 x 1011-e’QOZ'S/RT-[CH4]-[C02]°'3.[H2010~4 ®

3.4. Stability and surface activity analysis of carbon black
At 1350 °C, the thermogravimetric analysis results of methane

reforming carbon black and methane pyrolysis carbon black are pre-
sented in Fig. 9. The carbon conversion rate curve in Fig. 9a indicates
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that the complete gasification of methane reforming char and methane
pyrolysis char requires 270 s and 180 s, respectively. Therefore, within
the short residence time in the high-temperature furnace, complete
gasification of char cannot be achieved, leaving residual char in the
furnace. This outcome is consistent with the previously mentioned
computational results regarding the proportion of methane pyrolysis
reactions.

Furthermore, the analysis of Fig. 9b and ¢, which depict the variation
in gasification reaction rate and the rate of change of the gasification
reaction rate, reveals that methane reforming carbon black has a lower
gasification reaction rate compared to methane pyrolysis carbon black.
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Fig. 10. Methane reforming carbon deposition force curve chart: (a) schematic diagram of carbon black force curve, (b) carbon black attractive-adhesive force

distribution graph.
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This indicates that during the methane flue gas reforming process, the
more reactive amorphous carbon fraction produced by methane pyrol-
ysis reacts with carbon dioxide and steam, achieving an activation ef-
fect, thereby reducing the reactivity of the carbon black. In addition,
during the gasification process, the reaction rate of methane reforming
carbon black maintains a constant level. This indicates that methane
reforming carbon black has a very low reactivity after undergoing the
reforming reaction. The stable nature of methane reforming carbon
black can readily cause the deactivation of catalysts.

The force curve derived from the pyrolysis of methane carbon black
is depicted in Fig. 10a. Utilizing this curve, the adsorption and desorp-
tion forces of the carbon black were computed, with corresponding re-
sults illustrated in Fig. 10b. The desorption force distribution is
relatively broad, spanning from 6.31 nN to 27.99 nN. This variability
implies a dispersed arrangement of active functional groups across the
carbon black surface, with higher desorption forces at sites of greater
activity and lower forces at sites of lesser activity. The mean values of
adsorption and desorption forces for the carbon black are recorded as
7.2 nN and 19.07 nN, respectively. The disparity between these forces is
calculated to be 11.87 nN, significantly exceeding that of the N234
catalytic carbon black, which is 6.926 nN [41]. This substantial differ-
ence in force suggests the promising potential of methane pyrolysis
carbon black as a catalyst in the reforming reactions of methane/flue
gas.

3.5. Reforming reaction mechanism analysis

Through the aforementioned analysis, the reforming of methane flue
gas mainly consists of three reactions: dry reforming of methane, steam
reforming of methane, and pyrolysis of methane, with an average ratio
of 1:1:1 among them. Prior research has shown that in the presence of
steam and carbon dioxide, methane can potentially react directly with

Table 2
Steps and activation energies of methane/flue gas reforming reaction.

Reaction Reaction steps Activation energy barrier
(kJ/mol)
Dry reforming of CHy4 + CO2 — CH30H + 473.63
methane Cco
CH30H + CO - CH20 + 351.63
CO + Hy
CH,0 + CO + H, —» 2 CO 297.66
+ 2 H,
Steam reforming of CH4 + Hy0 —» CH30H + 461.57
methane Hy
CH30H + Hy -» CH20 + 2  351.74
Hy
CH,0 +2H; - CO + 3 Hy 287.01
Methane pyrolysis CH4 - CH; + H 338.79
reaction CH; + H —» CH, + Hy 103.63
CH; + Hy, - C+ 2Hy 326.13

steam or carbon dioxide to form methanol [42,43]. Thus, considering
methanol as an intermediate in the reforming reactions, a transition
state search was conducted for the dry reforming and steam reforming of
methane, as shown in Fig. 11. The energy of the products from methane
reforming and pyrolysis is significantly higher than that of the reactants,
indicating that the reforming of methane flue gas is an endothermic
reaction. From Fig. 11d, the activation barrier AE; for methanol pro-
duction from methane reforming is markedly higher than that of the
subsequent reactions. This suggests that activating carbon dioxide and
methane is the rate-determining step in dry reforming of methane.
Furthermore, the activation of methane to a methyl group is identified as
the rate-limiting step in steam reforming of methane. Additionally, as
shown in Fig. 11lc depicting the reaction mechanism of methane
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pyrolysis, the activation barrier AE; for the activation of methane is also
higher than that of the subsequent reactions. This confirms that the
activation of carbon dioxide and methane is the rate-limiting step in the
overall reforming of methane flue gas.

The reforming of methane/flue gas reaction involves several steps,
and the reaction barriers are listed in Table 2. The highest reaction
barriers for dry reforming and steam reforming of methane are 473.63
kJ/mol and 461.57 kJ/mol, respectively, both of which are higher than
the maximum reaction barrier of 338.79 kJ/mol for methane pyrolysis.
Based on the kinetic analysis of the aforementioned methane flue gas
reforming reactions, reducing the proportion of methane pyrolysis is
beneficial for decreasing the activation energy of the methane flue gas
reforming reaction. This implies that the maximum reaction barrier for
methane pyrolysis should be higher than that for methane reforming
reactions, which contradicts the results obtained from simulation cal-
culations. However, combining the analysis from the experiments on the
surface activity of methane pyrolysis carbon black leads to the conclu-
sion that this type of carbon black has strong surface activity and a high
catalytic potential. This indicates that during the methane flue gas
reforming reaction process, the carbon black produced from methane
pyrolysis has a certain catalytic effect on the methane reforming reac-
tion, thereby reducing the maximum reaction barrier for methane
reforming.

4. Conclusion

This study investigated the composition of syngas from methane/flue
gas reforming and the characteristics of reaction kinetics under condi-
tions of varying methane flue gas ratios and methane flue gas flow rates
at temperatures ranging from 800-1400 °C. The results indicate that
below 900°C, no significant thermochemical reforming reaction takes
place between methane and flue gas. At a reaction temperature of
1200 °C, the reforming of methane and flue gas can proceed sufficiently,
with a methane conversion rate exceeding 90 %. Altering the ratios of
methane and carbon dioxide can effectively influence the composition of
hydrogen and carbon monoxide in the synthesis gas. Raising methane
levels by 16 % boosts hydrogen production by 12 %, while increasing
CO4 by 7 % enhances CO yield by 10 %. Based on the power-law kinetics
model, the average rate equation for methane flue gas reforming is
derived, with an average activation energy of 202.8 kJ/mol. Through
density functional theory (DFT) calculations, the mechanism model for
the reforming of methane/flue gas has been established. Finally, the
catalytic role of carbon black generated from methane pyrolysis in the
methane reforming reaction is confirmed by analyzing the stability and
surface activity of the carbon black. This study aims to provide the
theoretical basis and process parameters for the thermochemical
regeneration technology of all-oxygen fired glass melting furnaces, as
well as to offer technical references for the design of carbon utilization,
and heat recovery from a broader range of industrial waste gases.
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