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control. However, their impact on human health and the environment is not negligible. If net zero
CO, emissions are to be achieved, their current significant CO, impact (400 Mt y~' globally,

Environmental
2022) should be reduced. Herein, a model nonthermal plasma “electric flare stack” consuming Impact?
6.6% less energy than an equivalent steam aided methane flare, with significant CO, emission :
reductions (between 2.0X and 11.4X lower), when removing isobutylene is demonstrated. pig——" C0,/H,0

Isobutylene streams in air (1.3% v/v) are completely and rapidly consumed (>99% at flow rates up

to 125 mL min~', 1 atm, RT) by the electrically generated nonthermal plasma in a linear flow reactor. At low powers (<50 J L™
specific input energy), the major degradation products (>95%) are a complex mixture of low-molecular-weight oxygenates, including
acetone, isobutylene oxide, and isobutyraldehyde. Only small amounts of CO/CO, (<5% selectivity) are generated (at S0 J L™").
Complete oxidation of isobutylene to CO, (>99% selectivity) results when the plasma oxidation is coupled to a heterogeneous
catalyst bed. For the optimal V,O5 catalyst, synergistic interactions between the plasma and V,Oj; are evident, as positioning the
catalyst after the plasma provides optimal reactor performance (two-stage vs single-stage oxidation). Placement of shorter catalyst

beds close to the plasma discharge region gives optimal reactor performance.

1. INTRODUCTION

Flare stacks are ubiquitous pollution control technologies in
current industrial chemistry. Typically, methane is used to
burn off gases and undesired products that otherwise would be
released into the atmosphere. While this does remove
pollutants, CO, emissions are increased. The World Bank
estimates that 140 billion m® of methane was flared in 2022,
leading to the direct emission of 400 Mt of CO,." In addition,
noncomplete combustion flare processes also lead to the
release of some methane, whose greenhouse gas effect is
estimated to be 27—30X higher than CO, over 100 years and
81—83x higher than CO, over 20 years.” Moreover, these
incomplete combustion processes also produce a variety of
hazardous gases, including acetylene, ethylene, benzene,
styrene, and naphthalene,® some of which have adverse effects
on human health.

While the toxicity of flare stack emissions can be mitigated
by building them in remote areas, CO, emission still results.
Alternative technologies, replacing methane use with more
sustainable alternatives, are needed. Without methane
cocombustion, off-gas oxidation processes can be envisaged
by using renewable energy-driven nonthermal plasmas
(NTPs). In this paper, we study the destruction of a small
carbon-based molecule (isobutylene) driven by electrical
discharge and provide an energetic/CO, comparison of its
destruction capability to an equivalent traditional methane-
based flare stack.

The degradation of small carbon-based molecules with
nonthermal plasma (N'TP) has received increased attention in
the past few years. NTP has been studied for the remediation
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of volatile organic compounds (VOCs)*™® and other
atmospheric pollutants, such as SO, or NO,’™'' Plasma
destructive processes have clear potential to be a more
sustainable VOC removal technique. Since NTPs are
generated electrically, the start-up times are extremely rapid,
and there is no need to wait for the system to reach a steady-
state operation condition (as in a conventional flare stack).
Plasma energy input can be easily and quickly adjusted to
match the VOC remediation capability required. Potentially,
this allows the development of efficient processes, where the
discharge parameters are continuously optimized based on the
destructive capability required, avoiding unnecessary energy
waste. As plasma systems are modular, scale-up is simply
achieved by increasing the number of plasma modules
operating in parallel.

Reactive nonthermal plasmas are generated within an
electrical discharge, whereby highly energetic electrons collide
with ground-state gas molecules to produce a wide range of
active species (excited species, ions, and radicals).'”"? These
high-energy species can efficiently overcome activation
barriers, promoting even challenging chemical reactions.
While NTP is generated in the gas phase, if this is carried
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Figure 1. Schematic representation of the experimental apparatus. (A) Mass flow controller and the plasma reactor are shown. (B, C) Schematic
representation of the dielectric barrier discharge configuration and the electrical equivalent circuit.

out in proximity to a catalyst, synergistic effects can be
observed further reducing energy barriers and enhancing
reactivities and selectivities.”'* Two reaction configurations are
commonly used: either the heterogeneous catalyst can be
placed inside the NTP region (in plasma catalysis/1-stage
configuration) or after the NTP (postplasma catalysis/2-stage
configuration).

This paper reports the destructive capability of plasma to
remediate waste streams containing isobutylene. Isobutylene is
used at bulk scales (>8 Mt with a market size of 24.35 billion$
in 2019) for use in a wide range of products, including car tires,
adhesives, fuel additives (lubricants), coatings, and seals.”®
Under room temperature and atmospheric pressure conditions,
isobutylene is a gas. Its reactivity with photochemically
generated ozone-based oxidants is relatively fast'®'” and its
stratosphere half-life has been estimated to span 7.5—23 h.'®
Data about the global warming potential of isobutylene are not
readily available because of its short atmospheric persistence.
However, it is known that decomposition of isobutylene leads
to the formation of ethylene, propylene, butadiene, methane,
and hydrogen, some of which have significant impacts.'”*’
Methane and hydrogen exhibit, for instance, a global warming
potential, respectively, 27—30X and 4.3X higher than CO,. In
addition, such isobutylene decomposition products are a
source of secondary photochemical pollutants in their own
right.

From an industrial safety perspective, isobutylene is highly
flammable. As it is heavier than air, isobutylene tends to pool
close to the ground, generating significant fire and explosion
hazards. Multiple accidents have been reported caused by
isobutylene explosions in refineries or chemical plants.”' >’

For this reason, industrial waste isobutylene streams are
typically remediated by natural-gas-powered flare stacks.

We wondered if more efficient removal of isobutylene by
NTP could be realized based on two early outline studies by
Kudryashov et al.*** In that work, isobutylene (16.7% v/v) in
pure oxygen at room temperature and atmospheric pressure
was treated with NTP. An overall isobutylene conversion of
only 6.8% was attained, with the major products being
isobutylene oxide, isobutyraldehyde, acetone, and methanol.
Notably, very significant energy input was required (4.7 J mL™"
of treated isobutylene/O, mixture, 1 atm, RT) in that study.

Herein, we report isobutylene oxidation in the presence of
air-based nonthermal plasma. The process is analyzed in terms
of isobutylene destruction efficiency and product selectivity at
different specific input energy (SIE) levels of the plasma used.
The use of catalytic promotors is also investigated using both
1-stage and 2-stage configurations, including optimization of
the reactor geometries to optimize any synergy between the
NTP electrical discharge and the catalytic materials used.

2. MATERIALS AND METHODS

2.1. General Setup. A linear reactor apparatus was used
(Figure 1A). The input gas lines were provided by suitable
sources connected to two Bronkhorst EL-Flow Select mass
flow controllers (MFCs), which allow precise control over the
gas flow in the range 0—150 Ncc min™" (1 Nec is 1 mL of gas
at 20 °C (RT) and atmospheric pressure (1 atm)). An
isobutylene cylinder (Air Liquid, impurities quoted as < 1
ppm) and a compressed air line (aerobic, O,/N,) acted as the
active reagents for the reactor. The compressed air line was
passed through a hydrocarbon and water removal filter prior to
entering the reactor. After the MFCs, check valves were used
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Figure 2. Plasma oxidation process in air. The results in terms of isobutylene conversion and carbon oxide selectivity (combined production of CO
and CO,) panel A with different copper mesh lengths (40, 80, and 160 mm) (A).The gas selectivity plotted as a function of the isobutylene
conversion for the three cases considered (B). Infrared spectra (C) and the gas chromatography signal (D) are obtained with a low energy input.

to prevent back mixing and manometers are used to monitor
reaction pressures. The gas mixture was fed to a quartz reactor
tube (8 mm internal diameter X 300 mm length) through a
PTFE hose to isolate the electronic devices from high voltages.

2.2. Plasma Generation. Nonthermal plasma was
generated in a dielectric barrier discharge (DBD) reactor
(Figure 1B) powered by a commercial power source (Leap100,
Plasmaleap Technologies). The DBD reactor consisted of a
quartz tube with an outer diameter of 10 mm and a wall
thickness of 2 mm (Figure 1B); T-shaped connectors were
used at each end of the reactor to allow for gas hose
connections and for the placement of a steel rod (4 mm of
diameter) along the tube axis. The plasma was generated in the
small gap between the inner electrode (the steel rod) and the
inner quartz wall of the reactor (Figure 1B). The extent of the
plasma region was determined by the length of the outer
electrode, a copper mesh wrapped around the quartz reactor
tube. The DBD circuit configuration in Figure 1C was used.
The quartz reactor wall can be represented as a capacitance
(Cq), while the gas phase acts as a resistance (R,) during a
discharge and a capacitance (Cg) otherwise. An additional
small capacitance is placed (C,,) between the inner electrode
and the ground wire to allow for energy measurement.

Plasma was generated by applying a high voltage difference
between the two electrodes (the inner steel rod and outer
copper mesh). The presence of a dielectric material (the 2 mm
thick quartz reactor) prevents the formation of arcs and limits
the current flowing from one electrode to the other, keeping
the power input low. The plasma power supply (Leap100)
consists of two elements: a pulse generator and a transformer.
The first generates short low-voltage pulses and allows us to
modify the shape of the signal in terms of the voltage,
frequency, and duty cycle. The voltage of the pulses then
increased significantly with the use of a transformer.

Energy and power are measured with an oscilloscope
(Tektronix MDO3014 2.5GS/s) with a high voltage probe
(Tektronix P601SA 1000X attenuation). Another probe is also
used to measure the voltage across the measuring capacitor
(C = 33 nF),” which is then used to calculate the charge in
the capacitor plates as a function of the total applied voltage
(Lissajous plot). The energy measure is then obtained by the
integration of the Lissajous plot. Additionally, a power monitor
was placed in an electrical socket supplying the plasma unit
itself. By doing so, both the specific energy delivered to the
discharge and the total energy consumed by the power supply
can be measured (see Appendix in the Supporting
Information).
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2.3. Catalysis and Product Analysis. In some runs, solid
heterogeneous catalysts were used. Two different catalyst
configurations were used: l-stage (catalyst within the NTP
zone) or 2-stage (catalyst after the NTP zone). Positional
placement of the catalyst was done with the help of PTFE
spacers fitting between the inner electrode and the inner wall
of the glass reactor but allowing free gas flow. The spacers also
allow for a more consistent placement of the inner electrode
(always aligned along the axis of the reactor). A pad of quartz
wool was placed after the catalytic bed to prevent particle loss.
Finally, the reactor was kept in the vertical position with the
gas flowing from the top to the bottom to limit any movement
of the packed bed.

The analysis of the products was performed by using gas
chromatography (GC) and infrared spectroscopy (IR)
techniques. A gas chromatograph (Thermo Scientific Trace
1310) was equipped with an automatic sampling valve, a
TraceGOLD TG-5MS column, and a flame ionization detector
(FID). An infrared spectrometer (Bruker Aplha) detector was
placed after the sampling valve of the GC to allow separate gas
spectrum analysis.

3. RESULTS AND DISCUSSION

Initially, we investigated the degradation of isobutylene in the
absence of any metal catalyst. These runs were conducted in
the presence of a slight excess of aerobic oxygen (effective O,/
isobutylene molar ratio 6.8:1) so that the potential complete
conversion to CO, is not oxidant limited. Fixing the flow rates
at 124 mL min~! (air, 1 atm, RT) and 3.8 mL min™!
(isobutylene, 1 atm, RT) allows the effects of the input energy
and NTP reactor path length to be investigated (Figure 2).

Figure 2A shows the isobutylene conversion (y) and
selectivity (S) toward CO, production as a function of the
specific input energy (SIE) with different copper mesh lengths
(40, 80, and 160 mm). The energy is varied by changing the
duty cycle of the signal fed to the transformer while keeping
the voltage and frequency constant. At a 40 mm mesh length,
the isobutylene conversion increases rapidly with the SIE, and
even at the lowest power setting available to us (21.97 J L™"),
54.6% of the C,Hy feed is converted. Complete isobutylene
conversion can be reached from 60 J L™ (green and black
traces, Figure 2A) and further increasing the power affects only
the CO, selectivity. The major gaseous product (see later for
liquid products) detected is carbon dioxide, with some carbon
monoxide also being formed. The selectivity to CO, increases
more rapidly than that to carbon monoxide as a function of
input power as expected for an ultimate product driven by
thermodynamic factors.

The extension of the discharge volume is attained by
extending the copper mesh used as the external electrode. By
doing so, two different effects (Figure 2A) are achieved: (i) the
residence time in the reactor increases and (ii) the same
amount of energy is delivered to a wider volume, so the energy
density decreases. By increasing the discharge volume, the gas
spends more time in the reactor but with a lower energy
density. The result is a lower conversion, as lower energy has
been provided at an equivalent point in the reactor path. This
suggests that the higher the energy density, the higher the
concentration of active radical species formed within the
plasma, which in turn boosts the conversion. As we do not use
external cooling with our reactor, the operating temperature of
the shorter configurations is significantly hotter (ca. 220 °C at
40 mm) than those of the longest (ca. 160 °C at 160 mm)

when using the same energy input. The selectivity toward
carbon dioxide and monoxide is not affected by the SIE or the
configuration. If the selectivity is potted as a function of the
conversion (Figure 2B), the curves overlap with each other,
suggesting that plasma effects, not temperature, drive the gas
selectivity in this reactor configuration.

However, CO, and CO are not the major products of these
NTP-alone processes, and the combined CO, (n = 1, 2)
selectivity does not exceed 18%. Mainly medium to high
boiling point oxygenates resulting from partial isobutylene
oxidation are formed under these conditions. The less volatile
oxygenates are detected as condensation products in off-gas
reactor lines under all nonmetal-catalyzed plasma conditions.
Such samples collected after representative runs are of similar
composition to those detected (GC/IR) during midrun
monitoring. Multiple peaks are observed in the IR signal and
in the GC spectra (Figure 2C,D), resulting from the more
volatile oxygenates. For example, in the IR spectrum (Figure
2C), the C—H alkene stretching of isobutylene (3000—3100
cm™') disappears even at low energy inputs, while a strong
C=0 stretch is detected. By comparing GC retention times
(Figure 2D) against authentic samples, supported by GCMS,
the major volatile liquid products are identified as acetone,
isobutylene oxide, and isobutyraldehyde, although many minor
oxidation products (1—16 Figure 2D) are present. Similar
results have been obtained in the literature but require far
higher energies.””* To further investigate oxygenate formation,
we restricted the oxygen (air) available in runs of this type.

Isobutylene requires significant amounts of oxygen for its
complete oxidation, 6 mol of O, per C,H,

C,H, + 60, — 4CO, + 4H,0 1)

By restricting the airflow to 10 mL min~! (1 atm, RT) at
isobutylene flows of 3.8 mL min~" (1 atm, RT) a stoichiometry
deficient in oxidant is attained (effective O,/isobutylene molar
ratio 0.55:1). Using a reactor length of 40 mm and an input
energy of 1.69 ] L™, the oxidation process struggles to reach
complete isobutylene conversion (16.7%) and evidence of
additional (partially oxygenated) species are apparent in the
reactor IR spectra of the off-gas (Figure 3).

L} L4 L} H L} H ) I L}

Co, c=0

a.u. [-]

1 Plasma Off

Isobutylene

v T v T ¥ T T T T T T
4000 3500 3000 2500 2000 1500 1000
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Figure 3. Infrared spectra of the plasma oxidation of isobutylene with
oxygen as a limiting reagent. The spectrum measured with the
discharge active is compared with the one obtained without, where
only isobutylene is detected.
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respectively, for low and high input energy. At high input energy neither isobutylene nor combustion intermediates are detected (C).
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Figure S. Results of the catalyst screening for the 2-stage configuration are presented in terms of isobutylene conversion (A) and carbon monoxide/
dioxide selectivity (B). The catalysts used are vanadium oxide, copper powder, iron oxide, molybdenum oxide, and cobalt acetate.

The oxidation process clearly takes place even at low oxygen
content, and CO and CO, are still observed as the gaseous
products. Oxygen consumption is also apparent from the C=
O and C—O stretching modes observed in the IR spectra of
the volatile components. While Figure 2 is similar to Figure
1C, there are additional weaker bands that fall in the regions
(Un-w Un_c) expected for nitrogen bond formation. However,
after such experimental runs, additional solid residuals can be
isolated from inside the plasma reactor, which are of highly
complex composition by NMR and MS analyses.

We sought to improve the selectivity of NTP isobutylene
abatement to CO, by the introduction of a catalyst either
directly inside or after the plasma discharge area. Using one of
the small libraries of heterogeneous catalysts (V,O5 Cu,
Fe,03;, MoO3, and Co(acac),), we first investigated the effect
of the positioning of the catalyst in the quartz reactor tube
using a fixed length of plasma discharge (40 mm) and V,Oj as
a representative metal catalyst. The 1-stage combined NTP-
metal-catalysis (V,05 and NTP coaligned) performed worse

than that placing the V,Oj catalyst after the NTP zone (2-stage
catalysis). In these studies, a 20 mm long catalyst bed placed
10 mm after the plasma was used for consistency. These results
are summarized in Figure 4A, where the two configurations are
also compared to the empty reactor. Upon increasing the input
energy, more isobutylene is oxidized. At low energy input,
isobutylene oxidation is not complete, and the main products
are medium—high-boiling-point oxygenated compounds, as
previously observed. At higher SIE, these intermediates are
consumed, and carbon dioxide and carbon monoxide became
the only products observed. The change in selectivity
introduced by the catalyst is also depicted in panels B and C
of Figure 4, where two spectra obtained at different energy
input levels are shown. The data refers to the 2-stage
configuration. At low SIE, the conversion (Figure 4B) is not
complete, and multiple peaks are detected, indicating the
presence of oxidation intermediates. Upon increasing energy
input (Figure 4C), organic compounds and intermediates are
no longer detected. The one-stage performance is shown in the
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Figure 6. Geometrical optimization. The isobutylene conversions (A—C) are presented as a function of the specific input energy at different packed
bed distances from the discharge area (10, 40, and 80 mm). In panels (A—C), the results obtained with an increasing packed bed length (4, 8, and
25 mm) are presented, respectively. The configuration used and the geometrical parameters changed are illustrated at the bottom (D).

red curves of Figure 4A. Full conversion is reached at 400 J
L™, with a selectivity to gaseous products of 34%. With a 1-
stage metal-NTP-oxidation configuration, significantly higher
energy is required for equivalent conversion (almost 4x). The
introduction of a catalytic material inside the discharge area is
clearly detrimental. This behavior is likely due to two factors:
(i) reduced efficiency of electrical discharge (plasma
generation) and (ii) reduced reactor volume and consequently
isobutylene residence time in the NTP zone.

The positioning of the catalyst (1-stage vs 2-stage) clearly
plays a critical role in reactor product selectivity. Complete
oxidation of isobutylene is attained at 100 J L™* to >98% CO,
(green dashed line, Figure 4A) in the 2-stage approach. For
comparison, the selectivity to CO, does not exceed 30% in the
reactor using NTP alone with the same energy input (black
dashed line, Figure 4A). Control runs indicate that in the
absence of discharge but with V,0s, no conversion is obtained.
The improvement in conversion and selectivity can be
explained by the rising of synergistic effects between the
plasma and the catalyst. The plasma initiates the combustion
process, generating combustion intermediates, radicals, and

excited species that show higher reactivity on the catalyst
surface.

Using a 2-stage configuration, screening of the other
members of our catalyst library was carried out next. These
results are presented in Figure S, with comparison to the empty
reactor performance as a reference (dotted curves). All of the
catalysts present similar behaviors, but vanadium oxide clearly
exhibits optimal performance in terms of both conversion and
CO, selectivity. As discussed in a previous section, it reduces
the energy required for complete conversion and it shifts the
selectivity toward carbon dioxide and traces of carbon
monoxide. For all the other catalytic materials trialled, a
performance drop is observed compared to NTP alone. The
worst results are obtained with copper powder, which required
200 J L™! to reach a maximum conversion of 83%. At the same
energy input, 100% conversion is obtainable with all other
catalysts. The use of copper powder also leads to poor
selectivity. Iron oxide and molybdenum oxide show a similar
modest behavior, such that the curves almost completely
overlap with each other. Cobalt acetate shows input energy-
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dependent performance, worse than the plasma alone in the
low-energy region, but it is better at high energy.

A set of experiments were performed to investigate the
effects of reactor geometrical parameters on the NTP-V,0;-
based process. Two easily optimized parameters for 2-stage
oxidation are the distance between the discharge area and the
catalyst and the length of the catalytic packed bed. We varied
the first parameter from 10 to 80 mm and the second one from
4 to 25 mm. In all runs, we used vanadium (V) oxide, as it
exhibits the best performance compared with the other
materials tested in a previous section. The results are
summarized in Figure 6, where the dotted curves in all graphs
report the results of the empty reactor configuration. In the
different panels (A—C), the results obtained by changing the
packed bed length are presented, while in each panel, the effect
of the distance from the discharge area of a specific packed bed
length is shown. In Figure 6A, all of the curves obtained with
this 2-stage configuration show better conversion compared to
the empty reactor. The three curves obtained with the different
distances (10, 40, and 80 mm) lie close to each other, but
while the 10 and 40 mm curves almost overlap, the 80 mm
curve is slightly shifted to the higher SIE value area. A similar
behavior is also observed in the configuration with 8 mm
(Figure 6B) packed bed length. The closer the catalyst is to the
discharge area, the better the results are in terms of conversion.
A shorter distance between the plasma and the catalyst allows
more energetic plasma-derived species to reach the catalytic
surface and react, facilitating catalysis. If the plasma—metal
catalyst gap is too high, then the short-lived species do not
have the lifespan to reach the catalyst region and the
synergistic effects are not possible. Looking at the curves
presented in Figure 6 in comparison with the results of the
empty reactor, a negative effect can be noted upon increasing
the packed bed length. Thus, in Figure 6A, 100% conversion is
reached below 35 J L™" for all three curves, while in Figure 6B,
the same conversion is reached only above 35 J L™'. Moreover,
when the catalyst bed length is further increased (Figure 6C,
25 mm), the overall reactor performance is worse than the
empty reactor. This worsening of the conversion is likely due
to the increased pressure in the discharge area due to the
increasing size of the back pressure generated in the catalytic
section. The resulting gas pressure increase affects the plasma
properties (electron temperature and density) impacting the
reaction rates. In this case, a pressure increase leads to a
decrease of the electron temperature,” reducing the reaction
rates in the plasma discharge. To compensate for the negative
effect of the pressure, more energy needs to be provided, and
the conversion curves shift to the right.

Finally, our optimal NTP isobutylene reactor was compared
to traditional waste abatement technologies from both
energetic and environmental standpoints. In this analysis, a
gas flare is considered the standard reference technique for the
remediation of waste products in industrial chemistry. A gas
stream fed into a flare needs to satisfy a minimum requirement
in terms of the flow heat energy content to allow an optimal
combustion efficiency. This threshold is set to approximately
300 BTU scf! by the NSPS (New Source Performance
Standards) and the NESHAP (National Emissions Standards
for Hazardous Air Pollutants), and it is calculated as the sum of
the products between the enthalpy of combustions and the
molar fractions of all of the combustible gases in a mixture (a
comprehensive calculation is provided in the Appendix of the
Supporting Information). We use this non-SI unit due to its

industrial prevalence, but note here that 300 BTU scf !
corresponds to about 11.8 J mL™" (1 atm, RT). If the waste
stream heat (enthalpy) content is not high enough to reach the
threshold, then natural gas (CH,) is added to satisfy the above
limit. The heat content of the gas mixture used in the plasma
experiments (2.97% isobutylene in air) is only 88.03 BTU
scf™!, and methane would need to be added if a gas flare was
used instead of the plasma discharge described herein. The
power of a hypothetical “laboratory scale” gas flare stack
(equivalent to our NTP rig) can then be estimated as the
product of the combustion enthalpy and the flow of methane
required to satisfy the threshold, which results in 11.8 ] mL™"
of gas treated. For a fair comparison between the two
processes, this last value can be analyzed together with the
total power used by the plasma power supply, which is 11.0 J
mL™" (2-stage plasma catalysis with V,0;— 100% conversion)
per milliliter of gas treated. The plasma catalytic system shows
ca. 6.6% lower power consumption than its methane gas flare
equivalent. The difference becomes even larger when
considering steam-assisted gas flares (as is commonly the
case to avoid smoke production). The addition of water lowers
the energy content of the gas stream, and additional methane is
thus required for complete combustion.

NTP catalyst remediation also offers potential environ-
mental impact improvement. For gas flare operations, a
significant amount of methane gas is needed to guarantee
complete remediation. Most of the carbon added is then
emitted in the form of carbon dioxide. Conversely, only oxygen
(or air) is needed for the nonthermal plasma process. For the
same amount of isobutylene remediated, the equivalent
methane flare generates ca. between 2.0X and 11.4X more
CO, than the plasma-based “electric flare stack”. The impact of
the gas flare is potentially even larger if its combustion is
incomplete, as methane is released in the atmosphere (global
warming potential approximately 25 times higher than CO,).
Presently, it is estimated that for every 33 tonnes of CO,
emitted, 1 tonne of CH, is released directly in the
atmosphere”” in typical industrial applications (which is
equivalent to 25 additional tonnes of CO,, i.e., a 75% increase
in emission burden). For full details of the comparison of the
two processes, see the Appendix within the Supporting
Information.

4. CONCLUSIONS

Oxidative isobutylene (C,Hg) oxidation is possible by
nonthermal plasma (NTP) discharge. High conversions of
C,Hg are observed, even at low energy input. Complete
thermodynamic oxidation to CO, is not realized with NTP
alone even in the presence of excess O,. Even after complete
isobutylene conversion, further increasing the energy input
does not improve the selectivity toward CO,. The mass
balance of the isobutylene is converted into a wider range of
small oxygenated molecules, of which isobutylene oxide is
major. The introduction of a metallic cocatalyst into the
reactor is beneficial, but multiple aspects need to be optimized.
Each catalyst shows a different interaction with the gas-phase
molecules generated in the discharge. Vanadium (V) oxide has
optimal performance in terms of conversion and selectivity.
This cocatalyst not only reduces the energy input required to
obtain 100% C,Hg conversion but also significantly improves
the selectivity to CO,. At low energy input (<72 J L"),
oxygenates of isobutylene are still observed, but at increased
input energy, near complete selectivity goes to carbon dioxide,
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carbon monoxide, and water. The positioning of the V,Oq
catalyst in relation to the discharge significantly affects the
outcome. Placing the catalytic packed bed inside the discharge
area has a detrimental effect on the oxidation process, leading
to a significant increase in the energy requirements. However, a
2-stage configuration with V,0; placed after the NTP zone
improves the performance. The distance between the packed
bed and discharge affects the interaction between the two
processes. Finally, the pressure drop introduced by the
cocatalytic material affects the discharge properties negatively,
decreasing the plasma reaction rates.

Synergy of these positive and negative between the NTP and
cocatalyst leads to an overall improvement (with V,0;) or a
deterioration of the performance (all other catalysts screened).
Further process improvements can be achieved by mitigating
the negative effects. The reactor pressure drop, for instance,
can be reduced by changing how the catalyst is introduced into
the reactor. Replacing the packed bed with a thin layer
deposition on a monolithic structure or directly on the inner
surfaces of the reactor can reduce the pressure drop and
improve the process.

A comparison between the plasma-enhanced waste abate-
ment and an equivalent gas flare shows that there is a potential
power reduction for the electrically driven process. Scaling-up
of the NTP process is likely to further improve the energy
efficiency of the plasma remediation system. Moreover,
nonthermal plasma shows a significant reduction of the
environmental impact of the remediation process, reducing
by a factor between 2 and 11.4 (See Supporting Information
Appendix for calculation details), the carbon dioxide emission
over an equivalent size methane-based flare system. Thus, the
answer to the question posed at the start of this paper appears
to be “yes”, and we are pursuing further development of this

technology.
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