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Abstract

In this work, reaction pathways for the oxidation of methane, ethane, and ethylene with CuO was obtained
by ReaxFF Molecular Dynamics (MD) simulations between temperatures of 1000 K and 2000 K. Experi-
ments in a fixed-bed flow reactor were preformed with methane, ethane, and ethylene at temperatures ranging
from 500 K to 1000 K with time-dependent species measurements from an Electron-lonization Molecular
Beam Mass Spectrometer (MBMS), and species validation with Gas Chromatography (GC) for detection of
complete and intermediate combustion products. The MBMS and GC allow for the detection of oxygenated
species and larger species produced from radical reformation. The simulation and experiment agree on the
production of such species as CH;CHO, CH,O, CO, and H,O, which allow for the creation of simple C1
and C2 reaction pathways, which can be used in kinetic models of C2 species and larger fuels such as bio-
fuels, which inherently depend on C1 and C2 kinetics and reaction pathway. The simulation and experiment
disagree on the formation of C,;H,, CH30H, and CO,, with large amounts of C,H, being measured in the
ethylene oxidation simulations and CH;OH being formed in methane oxidation simulations, while neither
species were experimentally found. In the case of CO,, large amounts of CO, are rapidly produced in ex-
periments with C2 fuels at 800 K, while little-to-no CO, was observed in simulations. This is believed to be
resulting from the extremely short timescale of the simulations, preventing total oxidation of the fuel. The
differences in products produced between simulation and experiment allow for the potential to modify the
ReaxFF potential functions to more accurately model the experimental products of Cu—H-O-C reaction
kinetics.
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1. Introduction

Chemical Looping Combustion (CLC) is an
emerging power generation method that has appli-
cation to Carbon Capture and Sequestration (CCS)
due to the high concentration of CO, that can be
produced. This process involves a metal oxide as
an oxygen carrier which transfers oxygen between
an air supply and a fuel supply. Fuels proposed for
such a process include coal, syngas, natural gas,
and various biofuels [1]. While Light Hydrocar-
bons (LHCs), for example C2-CS5, are often not di-
rectly proposed as a fuel supply, it is often found
that mixed amounts of these species are present in
common fuel supplies. For example, crude natural
gas can potentially contain up to 10 vol% of LHCs
[2]. LHCs can also be formed through radical re-
combination reactions from species like methane,
or can be formed in reactions of much larger fu-
els such as biofuels. This area of LHC kinetics with
CuO has not been thoroughly explored from inves-
tigations into CLC technology. Previous work has
often been done studying the kinetics of light fuels
such as H,, CHy, and CO, with the chemistry often
described through one-step, or few-step chemistry.
Monazam et al. [3] presented work on the reduc-
tion of CuO by methane, assuming one-step chem-
istry while ranging the concentration of methane
from 20% to 100% CHy4 concentration. They found
no de-activation of the particles throughout 10 ox-
idation and reduction cycles at any CH4 concen-
tration. Goldstein et al. [4] described the oxidation
of CuO with CO with kinetics including 9 reac-
tions steps, having included absorption and desorp-
tion reactions and reactions for different oxides of
copper.

Compared to the lightest of fuels like H,, CO
and CHy, which have been heavily covered in the
literature, the C2—CS5 hydrocarbons have a lack of
experimental data to validate models and reaction
schemes with. There currently lacks an understand-
ing of the reaction mechanisms and kinetics for
LHCs. Experimental data and corresponding reac-
tion mechanisms for the LHCs are needed to better
the models used for CLC.

The objective of this paper is to determine the
important reaction steps involved with the oxida-
tion of methane, ethane, and ethylene with CuO
particles at different temperatures. To this end, ex-
perimental and computational work analyzing the
product species resulting from such oxidation, was
preformed. From the experimental and computa-
tional results, reaction mechanisms for the three fu-
els were created.

2. Experimental methods

2.1. Fixed-bed flow reactor and species detection

All experiments were performed in a laminar
flow reactor modified in a fixed-bed configuration.

[C3~—
=k 7 Flow reactor

. ade L =
Exit heater © ~1— | Quartz Wool
| )

}
I |
TC2 Quartz Wool
\:\ : containing Particles
Body heater | I
[ | MFC: Mass Flow
I | Controller
I I
| | TC: Thermocouple
. | |
Ici~ ol Joa
Inlet heater “ - -
He MFC Fuel MEC
—— | —l—
At MmEC
—

Fig. 1. Schematic of fixed bed flow reactor with CuO par-
ticles.

Figure 1 shows the schematic of the fixed-bed re-
actor. The fixed-bed is composed of a 17 mm in-
ner diameter tube that is 320 mm in length. Re-
actants are supplied through mass flow controllers
and enter the system at the bottom of the tube
in a 100 mm long, 2 mm wide inner diameter in-
let. The quartz tube is placed in a stainless steel
jacket, which itself was placed in a 3-stage heat-
ing unit for temperature control. The maximum
temperature deviation of £4K from the setting
temperature has been measured throughout the
length of the reactor. Towards the top of the quartz
tube, the particle-containing quartz wool sample
was placed between two pieces of quartz wool,
to prevent the loss of particles during the exper-
iment. An electron-ionization MBMS was used
to make time-dependent measurements of C,Hs,
C,H4, C,H,, CO,, and H,O at the exit of the
flow reactor. The details of the EI-MBMS opera-
tion and calibration techniques are described else-
where [5]. In addition to the MBMS measurements,
a u-GC (Inficon 3000) is used to detect and mea-
sure stable species within a 5% uncertainty, the de-
tails of which are described elsewhere [6]. Mea-
surements with the MBMS have an uncertainly of
20%, which results from the accuracy of the cali-
brations and the control over the electron energy
in the MBMS (20 eV £ 1 eV). Time-dependent
species measurements with the MBMS occurred
roughly three times per second, while GC measure-
ments required multiple minutes in-between each
measurement.
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2.2. Sample preparation

The copper oxide particles used in this investi-
gation were < 10 micron 98% copper oxide particles
from Sigma Aldrich. The samples were prepared by
dispersing the particles evenly throughout quartz
wool. This was achieved by mixing and solution of
3 g of copper oxide particles and 0.5 g of quartz
wool in deionized water, then placing the mixture in
ultrasonic bath for 1 h to disperse particles through
the wool. The particle-containing quartz wool was
then place in an oven to dry for 8-h, with a resulting
sample of 0.5 g of quartz wool containing roughly
2.00 g of copper oxide. The samples were weighed
at each stage of the preparation to determine the
error in preparation, and the particles added or re-
moved from the prepared sample resulted in sam-
ples of 2.00 g +0.05 g.

2.3. Experimental conditions

The experiments were performed at atmospheric
pressure with the inlet volumetric flow rate fixed at
200 ml/min at 293 K. Fuel concentration was fixed
at 5%, with 7.5% argon and 87.5% Helium compos-
ing the reminder of the species. Temperature was
varied to 500 K and 800 K for ethane and ethylene,
and 1000 K methane, with the maximum reactor
temperature constrained by the thermal decompos-
tion of the fuels.

3. Computational methods
3.1. Methodology

ReaxFF is an empirical force field method to
investigate the properties of molecules and solids
utilizing reactive bond order [7]. The quantum
chemistry (QC) methods can accurately describe
molecular systems, however are only practical for
small systems because of its high computational in-
tensity [8]. In large molecular systems, the generic
force fields (FF) like DREIDING [9] and UFF
[10] are commonly utilized, but they cannot de-
scribe chemical reactions because of their fixed
bond parameters. To fill the gap between the QC
and FF, Reactive Force Field (ReaxFF) was de-
veloped. Like other empirical nonreactive force
field, the system energy in ReaxFF is divided into
contributions from partial energies as shown in
Eq. (1) [12].

Esyst@m = EBond + Eover + Eunder + Eval + Epen
+ Elors + Econj + EvdWaals + EColoumb (1)

These partial energies are associated with the bond,
over coordination, under coordination, valence an-
gle, penalty, torsion, conjugation, van der Waals,
and Coulomb interactions respectively. In force
field potentials, these partial energy contributions
are bond order dependent. To describe a reactive
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Fig. 2. Fuel consumption analysis for ethane and ethy-
lene in our NVT MD simulation at 2000 K. It indicates
that both fuels contain 2-stage kinetics influenced by sur-
face reaction and oxygen diffusion.

system energy, ReaxFF applies the concept of the
reactive bond order in which the bond order is de-
pendent on the bond distance shown in Eq. (2).

BO;; = explpro1 * (rij/10)"]

+ exp[pbo.s * (ri-’,-/ru)”“‘“] + exp[pms ¢ (r’,-’,” /ro)””"‘]

(@)

This reactive bond order is dependent on sigma
(pbol/pbo2), pi (pbo3/pbo4), and double pi
(pbo5/pbo6) bonds respectively. For a more de-
tailed description of the ReaxFF method, please
refer to a recent review paper by Senftle and
co-workers [13]. Additional information on the
development of the force field can be found in
Supplementary materials.

3.2. Simulation detail

3.2.1. Simulating CuOIC2 species interactions
using CulC/H/O ReaxFF

A series of 500 ps molecular dynamics (MD)
simulations were preformed utilizing a Cu/C/H/O
force field. A spherical 12 A radius CuO nanopar-
ticle was placed in the center of the 70 x 70 x
70 A cubic cell surrounded by 400 ethane (C,Hg)
or ethylene (C,H4) molecules. Considering the time
scale in the simulation, the low temperature simu-
lation is not directly comparable with experiment
results. An NVT ensemble with Berendsen thermo-
stat with a damping constant of 0.1 ps was applied
at 2000 K.

3.2.2. Simulating CuOI/CHj5 radicals interactions
using CulC/H/O ReaxFF

A series of 250 ps MD simulations were pre-
formed utilizing the Cu/C/H/O force field. A spher-
ical 12 A radius CuO nanoparticle was placed in the
center of the 70 x 70 x 70 A cubic cell. From the
previous simulations, the methane (CH4) molecules
were not reactive at low temperature (2000 K). CH;
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Fig. 3. A summarized product analysis for our CuO/ethane simulation at 2000 K.
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Fig. 4. A summarized product analysis for our CuO/ethylene simulation at 2000 K. A clear 2-stage kinetic for water for-
mation was observed which reflects our previous analysis for fuel consumption.

radicals were utilized to skip the first H abstrac-
tion. An NVT ensemble was applied with Berend-
sen thermostat with a damping constant of 0.1 ps
at 1000 K to match the experiment temperature.

4. Results and discussion

4.1. Simulation results

Before detailed product analysis, the hydrocar-
bon consumption was compared utilizing differ-

ent fuels as shown in Fig. 2. With the simulation
at 2000 K, the reactivity of ethane and ethylene
were identical at around 0-50 ps. After 50 ps, ethy-
lene molecules were more reactive than ethane. In
addition, two reaction kinetics were identified for
both fuels. For ethylene, the consumption rate at
0-100 ps is larger than at later time. It is possi-
ble that at early stage, fuel conversion was first de-
pendent on surface reaction kinetics, while it shifts
to oxygen-diffusion kinetics when surface active
oxygen consumed. At later stages of simulation, a
“fuel consumption limit” was observed. This limit
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Fig. 5. A summarized product analysis for our CuO/methyl radical simulation at 1000 K
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Fig. 6. Measured species from 5% Ethylene flown over 2 g pf CuO particles at 500 K.

indicates the time when the majority of reactive
oxygen in the CuO particle was consumed. To prove
this hypothesis, we extracted primary CuO particles
when reaching this limit: that for ethane, a CuzpsOgg
primary particle was obtained at 250 ps while for
ethylene a Cu;0O39 particle was extracted at 450

ps.

Figure 3 shows the product analysis obtained
from the simulation for ethane at 2000 K. Gas
phase water molecules kept increasing even after
ethane reached the consumption limits. This is be-
cause water comes from the combination of 2 hy-
droxyls (-OH) shown in Eq. (3). In this reaction, 1
oxygen from CuO moves to the gas phase. It has



5254 C.M. Burger, W. Zhu, G. Ma et al. | Proceedings of the Combustion Institute 38 (2021) 5249-5257

—a— Ethane-GC

555.) e CO-GC
—a— Formaldehyde| #
250 - /
& J
£ 200
c %
$ ¢
S 450 /
g - \\‘ - *.’//
§ 100 A
a
L\\ & g
i+
T T T 1
2000 3000 4000 5000

Time (s)
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Fig. 8. MBMS and GC species detection for 5% Ethylene,
2 g of CuO particles, 200 scm total flow rate at: a) 500 K,
b) 800 K.

been established that CuO thermal decomposition
happens at 1000 K [11]. In the simulation, because
of the small timescale applied (<1000 ps), there was
no gas phase O, observed, thus the water formation
indicates the reduction performance of fuels.
Sequential hydrogen abstractions were ob-
served in the simulation where C,Hs radicals
first exist in gas phase followed by C,H4, C,H;,
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Fig.9. MBMS and GC species detection for 5% Ethylene,
2 g of CuO particles, 200 scm total flow rate at: a) 500 K,
b) 800 K.

and C,H,. This result can also explain the “fuel
consumption limit” for ethane discussed previ-
ously. Because the ethylene is more reactive than
ethane, the ethane-dominant environment shift to
an ethylene-dominant environment, resulting in
the ethane molecules not being consumed after
150 ps. In out simulation, C,H4O was observed in
forms of formaldehyde (CH;CHO) or combined
with a single Cu atom (C,H4O-Cu) because of
the high simulation temperature used. At the late
stage of simulations, CO and large molecules like
C,4H;g were observed. Figure 4 shows the product
analysis obtained from our simulation for ethylene
at 2000 K. Like ethane analysis, a sequential ab-
straction trend was observed where C,Hj first exist
in gas phase followed by C,H,. Comparing with
ethane simulations, we observed water formation
might follow a 2-stage kinetics in which the forma-
tion rate before 280 ps is faster than the rate after.
This might be because at early stage, hydrogen ab-
straction was dominated by surface reaction, while
it shifts to oxygen diffusion-dominant kinetics after
the majority surface reactive oxygen is consumed.
This water formation kinetics reflects our previous
fuel consumption analysis, in which ethane con-
sumption contains 2 reaction rates. In addition,
products like 2 forms of C,;H4;O (CH;CHO or
C,H40-Cu) and CO found in the ethane simula-
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Fig. 10. Measured species from 5% Ethane flown over 2 g of CuO at: a) 500 K, b) 800 K.

tion were also observed in CuO/ethylene system.
Figure 5 shows the product analysis obtained from
Cu/methyl radical simulation at 1000 K.

This simulation might not fully reproduce the
Cu/Methane chemistry because there are a num-
ber of ethane molecules observed in the gas phase
from methyl combination. As the result, H,O and
C,H, formation in this simulation was similar to
what was obtained from C2 species analysis. On the
other hand, utilizing methyl radical skips the first
hydrogen abstraction, which allows us to obtain the
late-stage methane chemistry at low temperature.
We propose a formaldehyde formation mechanism
in which methyl radical on CuO surface shown in

Eq. (3):
CH; - O—-Cu— CH,0+Cu—-H 3)

On CuO surface, those methyl radicals can
go through further dehydrogenation to form CO
shown in Eq. (4):

CH; — O — Cu — Cu — 3H + CO &)

As shown in our product analysis, formaldehyde
(CH,O) was observed at early stage, which gas
phase concentration reached maximum at 10 ps fol-
lowed by CO formation in gas phase.

4.2. Experiment results

The concentration of major species for the ox-
idation of methane at 1000 K is shown in Fig. 6.
Species were measured with both the MBMS and
GC methods. There is a sharp initial spike in H,O
and CO,; resulting from the complete oxidation of
methane. As time progresses, the concentration of
methane rises while the concentration of the com-
plete combustion products of CO, and H,O fall-
off.

The addition species detected include ethane
and carbon monoxide, which can be seen in Fig. 7.
The concentration of CO is seen to rise as time pro-
gresses, which is understood to be a result of the
decreasing amount of complete combustion when
the oxygen on the particles becomes more con-
sumed. Ethane, a result of CH; radical recombi-
nation, and formaldehyde, an incomplete oxidation
species, were also detected with the GC. The re-
sults from the oxidation of ethylene at both 500 K
and 800 K can be seen in Figs. 8 and 9. At 500 K,
Fig. 8, it was found that ethylene was rather non-
reactive, with the concentration of ethylene rising
quickly, and the ppm concentrations of H,O and
CO, both being under 1000 ppm at all times. In
addition to ethane, H,O, and CO,, both acetalde-
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Fig. 11. Reaction pathway for the oxidation of methane, ethane, ethylene with CuO.

hyde and ethane were detected. At 800 K, Fig. 9,
shows a variety of addition species were detected,
including CO, butene, propene, and formaldehyde.
Much more of the ethylene reacted, which can be
seen by the lack of ethylene detected early in the
experiment, and the corresponding large amounts
of CO, and H,O produced in Fig. 9. Acetaldehyde,
butene, propene, and formaldehyde were found to
generally increase with time, even as the quantities
of CO, and H,O fell. The concentration of CO
peaked shortly before the amount of ethylene de-
tected increased, with the CO rise indicating that
the amount of complete combustion is decreasing
and the consumption of ethylene would soon stop.
Figure 10 similarly shows the detected species for
the oxidation of Ethane at 500 K and 800 K. Like
in the case of ethylene, ethane was found to be
rather unreactive at 500 K with very little consump-
tion of ethane. The only other species detected at
this temperature were ethylene, a natural results
from the first steps in the oxidation of ethane, and
CO, and H,0. No acetaldehyde was detected, un-
like the case with ethylene. At 800 K, additional
species of CO, acetaldehyde, and butene were de-
tected. The consumption of ethane at 800 K in was
found to be significantly less reactive than that of
ethylene at the same temperature as seen in Fig. 7.
This can be seen given how much less CO, and
H,O was measures with ethane as the fuel, and how
more ethane was measured than earlier on during
the experiment. The proposed reaction networks
for methane, ethane, and ethylene resulting from
the experimental and simulation results is shown in
Fig. 11.

5. Conclusion

Reaction pathways for the oxidation methane,
ethane, and ethylene with CuO was obtained by
ReaxFF simulations between temperatures of
1000 K and 2000 K. Experiments in a fixed-bed
flow reactor were preformed with methane, ethane,
and ethylene at temperatures ranging from 500 K
to 1000 K with species measurements from an
EI-MBMS and GC. The simulation and experi-

ment agree on the production of such species as
CH;CHO, CH,0O, CO, and H,O, which allowed
for the creation of C1 and C2 reaction pathways
which can be used in kinetic models of C2 species
and larger. The simulation and experiment disagree
on the formation of C,H,, CH; OH, and CO,,
with large amounts of C,H, being measured in
the ethylene oxidation simulations and CH;OH
being formed in methane oxidation simulations,
while neither species was experimentally found.
In the case of CO,, little-to-no CO, was seen
in simulations. This results from the short sim-
ulation timescale, preventing full oxidation. The
differences between simulation and experiments
in products produced allow for the potential to
modify the ReaxFF force field to more accurately
model Cu—H-O-C reaction kinetics.
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