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Synopsis
The synergy of plasma chemistry and thermochemistry boosts significantly the conversion of

CO, with biochar to clean CO.



Abstract

In this work, the conversion of CO; into O,-free CO has been investigated in an atmospheric
plasmatron via the reaction with biochar. The effects of biochar source, pyrolysis temperature
for biochar preparation, and gas-solid reaction patterns (fixed bed and fluidized bed) on the
reaction performance were evaluated under different feed flow rates. The underlying
mechanisms were explored using /n-situ optical emission spectroscopy focusing on
understanding the role of plasma chemistry and thermochemistry in CO, conversion. The
results revealed that the presence of both biochar and plasma significantly facilitate CO,
conversion. In comparison to thermal CO; splitting, the plasmatron CO, + C process
dramatically enhanced the CO. conversion from 0% to 27.1%. Walnut shell biochar prepared at
relatively high pyrolysis temperatures favored CO, conversion due to a high carbon content. A
fixed bed surprisingly provided remarkably better performance than a fluidized bed for the
CO, + C reaction, benefiting from a prompt consumption of the generated O, by biochar. The
high electron density achieved in the plasmatron (10 cm™) allows for a high processing
capacity, and the moderate electron temperature (1.1-1.5 eV) with enhanced vibrational
energy (6300-8200 K) obtained stimulates the most efficient CO; activation routes through
vibrational excitation. The relatively high rotational (gas) temperatures in the core plasma area
(2100-2400 K) and in the gas-solid reaction region (<1573 K) detrimentally drive the reverse
reactions of CO; splitting, while advantageously boost the biochar-involved reactions
respectively by thermochemistry. The synergy of plasma-chemistry-dominated CO.
dissociation and the thermochemistry-dominated CO,+C and O,+C reactions accounts for the

high CO. conversion obtained in the plasmatron CO,+C process. The immediate study



provides a novel route for efficient CO, conversion by coupling plasma chemistry and

thermochemistry.
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Introduction

Mitigation of greenhouse gas (GHG) emissions has been of unprecedented importance due to
the increasingly severe global climate change crisis. In this context, recent research has
intensified efforts to re-use and convert CO; as a viable feedstock into added-value products
(e.g., CO, methanol, methane, formaldehyde, and dimethyl ether) [1-4]. Nevertheless, due to
the high stability of CO. molecule, its conversion to more reduced carbon products is
thermodynamically unfavorable and requires a large amount of energy input [5]. For instance,
a high temperature of up to 3500K is required to achieve a CO, conversion of 60-80%, with an
equivalent efficiency of only around 50% and energy cost of up to 602 kl/mol [6, 7]. A variety
of CO, conversion routes are being investigated, including electrochemical, thermochemical,
photochemical, biochemical, and catalytic conversion. Nevertheless, the distinctive downsides
of these routes such as low conversion, limited productivity, lack of efficient and cost-effective

catalyst, and/or sluggish kinetics limit their potential applications on a large scale [7, 8].

In this regard, atmospheric non-thermal plasma (NTP) processes have emerged as a
promising alternative for CO, conversion [7, 9-12]. In NTPs, electrical energy is selectively
applied to producing energetic electrons, typically of 1-10 eV [13]. These highly energetic
electrons could activate the CO, molecules by excitation, ionization, and dissociation,
producing a cascade of reactive species such as excited species, ions, molecules, and radicals
that can initiate and further propagate reactions, without overheating the gas [9, 14, 15]. This
behavior enables the thermodynamically unfavorable CO, conversion reaction to occur with
reduced energy costs at atmospheric pressure. Importantly, high reaction rate and rapid start-

up of NTP processes, in combination with the compactness, ease of installation, and flexibility,
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enable direct utilization of electricity from intermittent renewable sources (e.g., solar and
wind), offering a flexible solution for peak shaving and grid stabilization [7, 9]. Consequently,
increasing efforts have been focused on NTP-assisted CO, conversion into CO, hydrocarbons
(e.g., CH.), and liquid chemicals (e.g., methanol, formic acid), by using different types of NTPs
such as gliding arc discharge (GAD), dielectric barrier discharge (DBD), microwave discharge

(MW), and radio frequency (RF) discharge [7, 9-12, 16-21].

Among these studies, CO; splitting into CO is highly explored, since CO is a valuable chemical
feedstock for synthesizing a range of fuels and chemicals [22]. However, CO; splitting is
typically observed having a trade-off between the CO, conversion and energy efficiency in
different types of NTPs. Among NTPs, warm plasmas such as GAD and MW provide relatively
high gas temperature and energy density. The energy efficiency of warm plasma can be up to
35-40%. They also facilitate higher processing capacity, and their energy distribution stimulates
the most efficient CO, decomposition route through vibrational excitation, whereas normally a
low CO, conversion is obtained (e.g., <20%) [7, 9, 12, 16, 17, 21, 23, 24]. In other NTPs such as
DBD, a relatively higher CO. conversion of up to 50% was reported, whereas the energy
efficiency is normally only <10% with significantly lower processing capacity [7, 9, 12, 25, 26].
Also, cost-effective separation of CO and O; is highly challenging. To enable a
thermodynamically more favorable conversion of CO,, the addition of H-containing co-
reactants, e.g., H» and CH., is commonly employed, producing syngas, hydrocarbons, or
oxygenates (e.g., acetic acid, methanol, ethanol, acetone, and formaldehyde) etc. [10, 18, 27].
High selectivity towards selected products with relatively high CO. conversion has been

reported by using plasma catalysis. For instance, in a DBD plasma catalytic study of CO;



hydrogenation to methane, Ahmad et al. reported a CO, conversion of up to 60% with a CH,
selectivity of >97% [28]. Nevertheless, the requirement for H. and CH. sources and the
resulting possible extra CO, generation severely limit the potential application of these
processes. Also, the high complexity of the products caused by uncontrolled side reactions
necessitates a product separation step before the target products can be further utilized.
However, costly separation is known as one of the major barriers for the application of NTP

assisted CO, conversion processes [10, 29, 30].

The intrinsic drawbacks of the above-mentioned NTP processes are motivating efforts towards
more efficient routes for CO, conversion. In our previous work, biochar was used as the co-
reactant for CO, conversion via the Boudouard reaction (Eqg. (1)), which has been preliminarily
explored for the first time in NTPs by using a specially designed atmospheric plasmatron [20].
In comparison to other H,-containing co-reactants that are high-grade fuels, biochar is
apparently more favored since it is easily derived from the carbonization of renewable
biomass, fitting in the Cradle-to-Cradle concept [31-33]. The reaction of CO. plasma with
coconut shell biochar exhibited a relatively high CO. conversion of ~21.3% and high CO
concentration in the gas products of ~34.1% contributed by the Boudouard reaction, with
favorably ultra-low O, concentration of <0.1% in the gas products [20]. Therefore, it allows for
a conversion of CO; into O,-free fuel gas in a catalyst-free plasma process, which potentially
eliminates the need for a costly gas separation step. These explorative results indicate that the
plasmatron assisted CO, reaction with biochar is a promising alternate for CO utilization.
Nevertheless, little is still known about the underlying mechanisms, and further significant

efforts are also needed for performance optimization.



CO, + C— 2CO AH = 172.5 kI/mol (1)

The performance of CO, conversion in thermal catalytic Boudouard reaction is largely
dependent on various factors such as the biochar properties and residence time [31, 34-39].
Therefore, in the present study, parameter studies have been performed to investigate the
effects of biochar source (walnut shell, sawdust, rice straw), pyrolysis temperature (673, 773,
873K), and CO; feed flow rate (2-8 L/min) on the CO, conversion performance in the
atmospheric plasmatron. The plasmatron favorably provides an extended 3D afterglow area
with an appreciable volume outside the electrode, which also allowed us to test the
implementation of different patterns for effective gas-solid reaction, /e, fixed bed and
fluidized bed, without affecting a stable generation of plasma between the electrodes.
Furthermore, NTPs with relatively high gas temperature (e.g., >1500K) have the potential of
driving reactions thermodynamically in addition to the plasma reactions, which, however, has
been only scarcely investigated in gas conversion processes [40]. Another focus of this work is
thus on understanding the role of plasma chemistry and thermochemistry in the conversion of
CO; in the studied plasmatron chemical process. To this end, /n-s/itu optical emission
spectroscopy (OES) was employed to characterize the plasma in terms of electron density,
electron temperature, vibrational temperature, and rotational (gas) temperature to obtain new
insights on the reactions steered by different mechanisms. Moreover, to our knowledge, for
the first time, the overall density of O atom was calculated based on the collected spectra, in a
NTP assisted CO. splitting process. These obtained plasma parameters also provide a valuable

basis for further modeling work.



Experimental setup and methods
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Fig. 1. Schematic diagram of the experimental setup. Photographs of the plasmatron
processes without biochar (CO,), and with biochar in the fluidized bed and fixed bed systems

are displayed in the top-right panel.

A schematic diagram of the experimental setup is shown in Fig. 1. The homemade plasmatron
reactor consists of a cylindrical inner anode and a convergent nozzle shaped outer cathode
(grounded. Both electrodes are made of stainless steel. The anode was powered by a
customized 10 kV DC power supply (TLP2040, Teslaman) that was operated at the constant-
voltage mode in the experiments. A 40 kQ resistance was connected in series in the circuit to
limit and stabilize the discharge current. The feed gas CO,(99.99% purity) was injected through
a tangential inlet at the bottom of the cathode to form a swirling flow inside the reactor for
plasmatron generation, with the flow rate controlled by a mass flow controller (MFC, YJ-700C).

After being initiated at the narrowest gap point (2 mm) between the electrodes, the arc was
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pushed downstream while it rotated rapidly around the anode, and the formed plasma gas
then extended from the convergent exit nozzle to form a large 3D torch-like plasmatron
outside the electrode region. A quartz cover with a gas exit on the top was assembled

downstream of the electrode region to form an enclosed plasmatron reaction area.

In the experiments with the presence of biochar, a screen mesh (openings with 1 mm
diameter) was assembled inside the quartz cover at ~10 mm above the exit nozzle to serve as
the biochar bed for gas-solid reaction. After passing through the openings of the screen
mesh, the formed plasma was split into numerous micro plasma jets, providing both
significant numbers of plasma reactive species and heat for the gas-solid CO, reaction with
biochar on the mesh. In the fixed bed pattern, a quartz rod was placed on the top of biochar
to fix the particles, whereas in the fluidized bed pattern, the quartz rod was absent, and thus a
gas-solid fluidization region could be formed with the help of the high-speed CO, plasma
flow. A plug of quartz glass wool was placed at the exit of the quartz cover to block any

biochar particles.

The biochar used in this work was prepared by the carbonization of the raw biomass materials
following commonly used procedures [41-43]. Three commercial biomass materials, including
sawdust, rice straw, and walnut shell (Zhengjie Environmental Protection Technology Co., Ltd)
were employed. The biomass samples were first pulverized to 2~3 mm, and then dried at 353K
for 24 h before they were carbonized in a tubular furnace (SKF-2-13, LTYQ, China). For each
batch, the pre-treated biomass samples were heated from room temperature to the set
temperature of 673, 773, or 873K at a heating rate of 10°C/min, and then kept at the set

temperature for 3 h under nitrogen atmosphere (99.99%, 150 mL/min). After carbonization, the
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samples were cooled naturally to room temperature without stopping the nitrogen flow.
Finally, the collected biochar was ground to around 1 mm for experiments. 1g of biochar
sample was used in each experiment. Proximate and ultimate analyses of the biochar were
conducted in a 5E-MAG6700 industrial analyzer and a 5E-CHN2000 elemental analyzer,

respectively.

Previous analyses have shown that CO,, CO, and O; are the dominant products, with only
<0.06 % H, and < 0.01% CHs,, in the presence of biochar [20]. Therefore, only the concentrations
of CO,, CO, and O, were measured in this work by using an online gas analyzer (UE-50,
ONUEE, uncertainty: £0.1%) that equipped with non-dispersive infrared (NDIR) sensors for CO;
and CO, and electrochemical sensor for O, (temporal resolution of 2s). In the CO;
decomposition process without biochar, the data were collected only when a stable gas
composition was observed (typically >90s after plasma-on), whereas in the process with
biochar, the minimum CO, concentrations, together with the corresponding O, and CO
concentrations, were used (typically >30s after plasma on). Each experiment was repeated

three times and the mean values with error bands are given in the figures.

Plasma gas temperature is a critical factor affecting the plasma chemical process. The
temperature in the biochar bed region was therefore measured under the studied conditions
by using a S-type Pt-Rh thermocouple placed 10 mm vertically above the screen mesh inside
the quartz cover. The temperature was recorded only after a relatively stable value was
observed with a fluctuation of within 20K (<2%), meaning the reaction was already stabilized

after plasma-on. An uncertainty of 50K is expected for the temperature measurement.

10



Moreover, to obtain new insights into the electron energy distribution of the plasma as well as
the intermediate species formed, /n-situ OES study has been performed for selected
conditions. The emission spectrum of the plasma was recorded by using a monochromator
(PI-Acton 2750, 750 mm, grating: 1200 grooves/mm and 2400 grooves/mm). An optical fiber
was placed ~30 mm above the exit of the quartz cover to collect the overall spectra of the
plasma region. Only the conditions in the absence of biochar were investigated in the OES

study, due to limited visualisation in the presence of biochar.

The reaction performance was evaluated mainly in terms of CO, conversion (Xc«.) and energy

efficiency (7), as defined below.

0., (mol/min)-Q_ , (mol/min) x Cco, ou (%)

: x100% (2)
0., (mol/min)

X, o, (%)=

where @ and @ are the inlet and outlet total flow rates, respectively; Cico, o is the CO;

concentration in the outlet gas. To take the gas expansion effect into account [20, 21, 44]. ¢

out

was calculated based on the oxygen balance of the gas stream before and after the reactions.

2x Q. (mol/min)

3
2x [C 02 out) (%) + C(020u) (%)] + Ccoou) (%) )

0, (mol/min) =

where Cio2om and Ceoow are the concentrations of O, and CO in the outlet gas. To verify this
method, a film flow meter (Sensidyne Gilibrator-2) was used to simultaneously measure the
outlet gas flow rate of several additional experiments. The results were compared with those
obtained by the proposed oxygen-balance method (Eqg. (3)), and are given in Table S1 in the
Supporting Information (SI). As can be seen, the deviation of the obtained flow rates between
the two methods is only within 2%, demonstrating the plausibility of the proposed oxygen-
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balance method. In the final experiments, the oxygen-balance method was used instead of the
direct measurement method to avoid any pressure drop in the gas lines caused by using the

film flow meter.

Energy efficiency (1) of the reaction system is defined as the ratio of the standard reaction
enthalpy AH to the power consumption of the process, following the typical definition for

plasma CO, conversion processes [7].

X o, (%) x O, (mol/min) x AH (kJ/mol)
= X

: 00% (4)
Discharge power (W) x 60/1000

17(%)

where AH = 280 kJ/mol for the pure CO, decomposition reaction [7]. Nevertheless, for the
reaction of CO, with biochar, both the CO, decomposition and Boudouard reactions
potentially exist. In this case, the AH was calculated according to the respective contributions
of the two net reactions to CO, conversion (Qbec, sou):

280 (kJ/mol) x ape. + 172.5 (kJ/mol) X as.. Since the O; in the gas products is formed
theoretically exclusively from the CO, decomposition reaction, an.. and as., canthen be

calculated based on the oxygen balance, as shown in Eq. (5) and Eq. (6).

2C ©20u) (%)

ap.. (%)=
Dec (%) 2C©20u) (%) +1/2 % (Ccoou (%) — 2C 02 0wy (%))

1/2(Ccoouy (%) — 2C 0200 (%))
2C©20u) (%) +1/2 % (Cco ouy (%) — 2C (02 0ut) (%0))

aBou (%) =

Specific energy input (SEl) was defined to represent the energy density applied to the plasma

processes, and that of different studied conditions in this work is given in Fig. S1 in SI.

Discharge power (W) x 60/1000

SEI(KI/L)=
( ) 0, (mol/min)/22.4
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The experimental conditions studied in this work are tabulated in Table 1.

Table 1. The plasma experimental conditions studied in this work

No. Pyrolysis temperature
CO; flow Type of the biochar
Biochar type for biochar
rate (L/min) bed
preparation (K)

1 2-8 Without biochar / /
Walnut shell,
2 2-8 Sawdust, Rice 773 Fixed bed
straw
3 2-8 Walnut shell 673, 773,873 Fixed bed
4 2-8 Walnut shell 773 Fluidized bed

Results and discussions

In this section, the effect of plasma and biochar on the conversion of CO. will be analyzed first
by comparing the performance of CO, conversion with/without biochar in the traditional
thermal process and in the plasmatron process (Section 3.1). The effect of biochar
characteristics on CO, conversion will be presented in Section 3.2 in terms of biochar type and
pyrolysis temperature for biochar preparation. The combination of plasmatron with two gas-
solid reaction patterns, /e, fixed bed and fluidized bed, will be compared and discussed in
Section 3.3. Finally, the underlying mechanisms will be proposed in Section 3.4, based on the

experimental observations and the electron energy distribution information obtained from the
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OES results, with a focus on understanding the interaction of plasma chemistry and
thermochemistry.

Effect of plasma and biochar on CO; conversion. To elucidate the effect of plasma on CO,
conversion, thermal experiments have been additionally performed in a tubular furnace at
1273K (comparable to that in the plasmatron, refer to Fig. 8), studying both CO;
decomposition and CO; reaction with biochar. The biochar was derived from the pyrolysis of
the walnut shell (~1 mm in diameter) at 773K. The residence time of CO; in the reaction region
was similar for both the thermal and plasmatron experiments. The results of CO, conversion
and energy efficiency upon increasing feed CO, flow rate are plotted in Fig. 2. Note that due
to the different definitions in thermal and plasma processes, the energy efficiency of the
thermal processes was not given for comparison in Fig. 2(b). As seen from Fig. 2(a),
decomposition of CO: in the absence of biochar cannot be thermally stimulated by a similar
gas temperature level with that in the plasmatron under the studied flow rates. The addition of
biochar into CO; drives slightly the conversion of CO, but only when the furnace temperature
reaches up to 900°C (CO, conversion = 0.12%, see Fig. S2 in SI). A maximum CO, conversion of
only 5.3% can be reached in the thermal CO,+ C reaction at the lowest feed flow rate of

2 L/min (at 1273K).
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Fig. 2. CO; conversion (a) and energy efficiency (b) as a function of CO, flow rate in the CO;
decomposition reaction and CO; reaction with biochar in the thermal and plasmatron

processes. Results for the thermal processes were obtained in a tubular furnace at 1273K.

In the plasma CO, decomposition process, a maximum CO, conversion of up to 10.0% was
obtained at a flow rate of 7 L/min, while the energy efficiency reaches 28.4%. The addition of
biochar into CO, plasma improved the CO, conversion and energy efficiency, especially at
relatively low flow rates of <6 L/min. For instance, at flow rate = 5 L/min, the CO, conversion
and energy efficiency were increased by a factor of 4 and 2.5, respectively, in comparison to
the plasma reaction without biochar, reaching up to 27.1% and 36.9%. The presence of biochar
promotes a more efficient conversion of CO, conceivably via either directly the Boudouard
reaction between CO, and C (Eq. 1) or the consumption of O, by C that favors the forward
reaction of CO, decomposition. Therefore, it is very clear that, the presence of plasma
facilitates the conversion of CO; in the reactions of both with and without biochar, compared

to thermal route.
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The observed conversion of CO; in the thermally driven CO, + C reaction at 1273K (=<5.3%, see
Fig. 2(a)) indicates that the thermochemistry can highly likely contribute to CO, conversion.
This can be the case as well in the plasmatron assisted CO. reaction with biochar, because the
gas temperature was comparable with the thermally driven or even higher (up to 1240-1570K,
refer to Fig. 8). In addition to that, as shown in Fig. 2, when used the plasmatron, the CO,
conversion increases from 0% to 10% at flow rate = 7 L/min in the CO, decomposition reaction,
and that in the CO; + C reaction even increases from 1.3% to 27.1% at flow rate = 5 L/min. This
indicated that in addition to the thermochemistry due to high gas temperature, the plasma
chemistry also has significant role and contribute towards the overall CO, conversion.
Particularly, its contribution could be more with the feed flow rate (= 4 L/min) due to the
decreasing gas temperature (and thus thermochemistry) (see Fig. 8), corroborated by
observation in Fig. 2(a). The observation is that, CO, conversion shows a declining trend in the
thermal process but a rising trend in the plasmatron process between flow rates of 2 and 5
L/min. Nevertheless, the cascade effect of plasma chemistry and thermochemistry could not
be ignored and their interaction is essential for an efficient conversion of CO; in the
plasmatron assisted CO, reaction with biochar. Detailed discussions on the underlying

mechanisms will be presented in Section 3.4.
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Fig. 3. Experimental data collected from the literature for CO; splitting in different NTPs,
including GAD [22, 23, 45-48], MW [49-54], DBD [55-61], RF [62, 63] and others [64-67],
together with the results of CO; splitting and CO, + biochar reaction obtained in the

atmospheric plasmatron in this work.

The performance of the studied plasmatron assisted CO, conversion reactions is compared
with those obtained in other typical NTPs reported for CO; splitting, in terms of CO;
conversion, energy efficiency, and processing capacity (feed CO, flow rate), as shown in Fig. 3.
As can be seen, typical NTPs such as DBD, RF discharge, and corona can potentially provide
high CO. conversions of up to 90%, but only when the feed CO. flow rate is very limited (e.g.,
15 ml/min), yielding an energy efficiency of only below 10%, and are therefore not competitive
from the viewpoint of industrial application. In comparison, despite a normally relatively low
CO; conversion, high energy efficiency (e.g., 40%) and processing capacity (e.g., 10 L/min) can

be achieved in the so-called “warm plasmas” [7, 16, 40] such as GAD, MW, and the
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plasmatron in this work (as evidenced from the OES study in Section 3.4). Nevertheless, upon
the addition of biochar, the plasmatron assisted CO, + C process to some extent breaks the
trade-off between CO. conversion and energy efficiency and exhibits better overall
performance. Considering the benefit of generating the O,-free fuel gas (CO) that could
eliminate the need for a costly gas separation step [20], the atmospheric plasmatron assisted
CO; + biochar process shows promising application prospects for CO, utilization. Nevertheless,
further enhancement of the CO, conversion performance is still necessary and can be
expected by optimizing the reactor design and operating conditions (see more discussions in

Section 3.4).

Effect of biochar properties. In this section, three types of biochar obtained from the
walnut shell, sawdust, and rice straw (pyrolysis temperature = 773K), as well as the walnut shell
biochar prepared at different pyrolysis temperatures of 673K, 773K, and 873K, have been
tested for the plasmatron assisted CO, + C reaction, to investigate the influence of the biochar
properties. The results upon increasing feed flow rate are presented in Fig. 4 and Fig. 5. To
elucidate the link between the biochar property and the reaction performance, proximate and
ultimate analyses of the biochar have been performed, and the results are tabulated in Table 2

and Table 3, respectively.
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plasmatron assisted CO, reactions with walnut shell biochar, sawdust biochar, and rice straw

biochar, respectively. Pyrolysis temperature = 773K.
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Fig. 5. CO; conversion (a) and energy efficiency (b) as a function of CO, flow rate in the

plasmatron assisted CO, reaction with walnut shell biochar prepared at pyrolysis temperatures

of 673K, 773K, 873K, respectively.

Table 2. Proximate and ultimate analysis of the different types of biochar

Proximate analysis (wt.%)

Ultimate analysis (wt.%)

Type

Water Ash Volatiles Fixed carbon

C H 0] N S
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Walnut shell | 228 381 11.02 82.89 8413 324 6.24 025 0.05
Sawdust 593 4.63 8.93 80.51 7536 243 103 1.27 0.08
Rice straw 229 26.22 9.24 62.25 6238 229 6.04 035 043

Table 3 Proximate and ultimate analysis of the walnut shell biochar prepared at different

pyrolysis temperatures.

Proximate analysis (wt.%)

Ultimate analysis (wt.%)

Temperature Fixed
Water Ash Volatiles C H 0] N S
carbon
673K 341 1.09 17.80 777 82.02 3.00 10.30 0.15 0.05
773K 3.26 1.66 10.38 84.7 86.04 269 6.17 0.18 0.06
873K 3.17 2.65 5.83 88.35 8797 204 394 0.23 0.08

As can be observed, upon rising feed flow rate, the CO, conversion and energy efficiency

increase first to a peak at flow rates of around 5-7 L/min and then decrease or flatten, for all

the cases with different types of biochar. The initial rise of CO, conversion (and energy

efficiency) could be attribted to the increasing gas temperature (see Fig. 8 in Section 3.3) that

thermally favors the endothermic conversion of CO,. Another factor to be considered is the

decreased residence time of CO; in plasma with a rising flow rate, which likely weakens the

contribution of the reactions for CO, re-formation, e.g., CO + O, CO + O, [11, 23]. The later

decrease of CO, conversion is likely due to a combined effect of the decreased SEI (see Fig. S1

in Sl), decreased residence time, and decreased gas temperature (see Fig. 8 in Section 3.3),

which globally weakens both the forward and reverse reactions of CO, conversion by both
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plasma chemistry and thermochemistry, to different extents. As shown above in Fig. 2, the CO,
conversion in the plasma CO, + C case peaks at a lower flow rate in comparison to the plasma
CO, decomposition case. This could be related to the higher contribution of the thermal
chemistry in the plasma CO, + C process, which is then retarded upon a descending gas

temperature.

As clearly observed from Fig. 4, walnut shell biochar gives rise to apparently more efficient
conversion of CO, in comparison to sawdust and rice straw, with a maximum CO, conversion
twice that of rice straw. Table 2 shows that the walnut shell biochar has the highest carbon
content (84.13%), followed by sawdust (75.36%) and then rice straw (62.38%). As expected, a
higher carbon content (or fixed carbon fraction) in the biochar favors the conversion of CO,,
due to the decisive role of carbon in the CO, + C reaction. The effect of pyrolysis temperature
on the biochar reactivity is largely less pronouncedly, whereas the above conclusion still
applies. As shown in Fig. 5, the 773K- and 873K-prepared biochars with slightly higher carbon
content (and fixed carbon fraction) exhibit slightly better performance in terms of both CO;
conversion and energy efficiency. In addition, in the conventional thermal CO, + biochar
process, a positive effect of a higher volatile fraction on the biochar reactivity was reported
due to the enhanced concentration of active sites in the char matrix during devolatilization [68,
69]. Nevertheless, no convincingly clear correlation is noted between the volatile fraction and
the CO2 conversion performance in this study. For example, the rice straw biochar (Table 2) or
the 673K-prepared walnut shell (Table 3) does not consistently provide higher CO, conversion
than other cases with lower volatiles. Also, the increase of pyrolysis temperature for biochar in

conventional thermal CO, + C reactions was noted to decrease the reactivity of biochar, due to
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the ordering of carbon matrix and declining of the active site concentration [70, 71]. This is
again not seen in the plasmatron assisted CO, reaction with biochar in this study. The above
phenomena indicate that the active-site-dependent mechanism that is dominant in a thermal
CO; + biochar process [72, 73] does not apply to the plasmatron process, where plasma
chemistry (or the combination with thermochemistry) plays an essential role. These results
allow us to make a plausible conclusion that the carbon content in biochar is one of the most
decisive and limiting factors for CO, conversion in the plasmatron assisted CO, reaction with
biochar. And, in the following sections, the walnut shell biochar is consistently used, given its
better performance exhibited for CO, conversion. Additional information on the specific
surface area, pore structure, and scanning electron microscopy (SEM) images of the walnut
shell biochar is available in Table S2 and Fig. S3 in the SI.

Effect of gas-solid fluidization. Gas-solid fluidization is a widely applied process for
efficient gas-solid reaction by improving the heat and mass transfer rates. It also offers the
possibility of continuous process coupled with high throughput. Plasma, especially plasmatron
or plasma jet, can potentially combine with a fluidized bed for gas-solid or plasma catalytic
reactions, whereas such a system has been rarely investigated for gas conversion processes
[74-77]. It is therefore intriguing to explore the performance of a plasmatron fluidized bed for
CO, conversion. To this end, in contrast to the fixed bed, the biochar in the experiments of this
section was fluidized by the CO, plasmatron gas flow that contains a lot of active plasma
species, forming a plasmatron fluidized bed system. A comparison of the CO, conversion and
energy efficiency in the fixed bed and fluidized bed systems under different feed CO, flow

rates is presented in Fig. 6, together with the photos of the two pattens.
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Fig. 6. CO, conversion (a) and energy efficiency (b) as a function of CO, flow rate in the
plasmatron assisted CO, reaction with walnut shell biochar (pyrolyzed at 773K) in a fixed bed
and fluidized bed. The photos of the fixed bed pattern and fluidized bed pattern are displayed

in (a). Walnut shell biochar pyrolyzed at 773K was used.

A bit surprisingly, the fluidized bed pattern gives rise to a substantially lower CO, conversion in
comparison to the fixed bed, although the energy efficiency of it at a higher feed flow rate

(> 6 L/min) is slightly greater. The difference of the SEls in the two cases is very limited with a
small deviation (<17%) primarily at relatively high flow rates (see Fig. S1 in Sl), and can
therefore not account for the observed behavior. In order to further understand the difference
in the reaction networks of the two cases, their online gas compositions at a typical CO, flow
rate of 5 L/min as time elapses after plasma-on are studied and plotted in Fig. 7(a). Though
the temporal conversion rate of solid carbon can provide additional insights into the reaction
mechanismes, it is not directly measurable. So, the consumption rate of carbon (element)

Cc (mol/s) was first calculated, based on the carbon elemental balance before and after the

reaction by reasonably assuming that the consumed carbon from biochar is converted merely
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into CO and CQO,, as defined in Eq. (8). The temporal conversion of carbon X (%) was then
obtained by dividing the integral of the consumption rate over time by the carbon content in

the original biochar sample, as described in Eqg. (9).

0, (mol/min) x (100 — C0: 0w (%)) — O,, (mol/min)
60

Cc (mol/s) =

Cc (mol/s)x12 g/mol
m, X o, (%)

X, (%)= j dr (9)

where m_ is the mass of biochar, (%) Is the mass fraction of carbon from ultimate

D)
analysis.

The calculated consumption rate and conversion of carbon as time elapsed are plotted in

Fig. 7(b) for both the fixed bed and fluidized bed cases. In addition, as the CO, decomposition
pathway could kinetically contribute to the conversion of CO; as well in the plasma CO,
reaction with biochar, its contribution was calculated, together with that of the CO, + C

pathway, based on the oxygen-balance method described in Egs. (5), (6). The results are

plotted in Fig. 7(c).

24



0 200 400 600 800 1000

-.. Cconsump. rate |

N

.

N
o
T

L] -
ML IR "wTFaswre ave "w uz

o

100 }, (@) -
? 3
= 80-b 1
g !
2 eof co, co O, ]
= I Fixed bed: — ==
S Fluidized bed: =— ===«
8 40 k uidized be _
[ L
@)
O 20_.~.. -
! ..... :-...H------- oEtE wem eEe wm e wme
) X .
. 6 —~
(2]
A1oo—(b) S
S !
- L
s .. 4
7 e o 2
5 T, o
= ' S
g 40F, 42 2
Q.
o W e £
M -}
7]
C
<)
[$)
(@)

[ CO, decom.
100

- I ‘/. - -l.;,_-_h-‘-".o-n-u. -.l
S -

9./ 80 .+ 100

S [ e

'-':35 60 K 60

.-C:) [ 40

[l

£ 40 h 20

o L . A I 2 £
o 20 . 0 30 60 90 120

[}

0 ) ""‘_" ’ ) \B_oudoua_rd o]
0 200 400 600 800 1000
Time (s)

Fig. 7. Online concentrations of CO,, CO, O (a), calculated conversion and consumption rate
of carbon element (b), as well as the contributions of CO, decomposition (CO, = CO + 1/2 O,)
and Boudouard reaction (CO, + C = 2CO) to the conversion of CO; (c) over time for the fixed
bed pattern (thick lines in red) and fluidized bed pattern (thin lines in blue). The initial profiles
after plasma-on in (c) are displayed in the inset for visualization. Feed CO. flow rate = 5 L/min;

Walnut shell biochar pyrolyzed at 500 °C was used; m =1.2g; w,(%)=86.04% from Table 3.
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As observed, the CO, conversion reaction occurred immediately after plasma on, yielding CO
(and Oy), to different extents in the fixed and fluidized beds. In general, for a certain amount of
biochar, the consumption rate of carbon and thus the rate of reaction between biochar and
CO; plasma were higher in the fixed bed than those in the fluidized bed, as seen from the CO,,
CO concentrations, and the consumption rate and conversion of carbon showed in Fig. 7(a)
and 7(b), respectively. A carbon conversion of 90% was achieved within ~420s after plasma-on
in the fixed bed, whereas it took ~660s in the fluidized bed. Regarding the fixed bed system,
the reaction rate reached a peak already at 20-30s with a maximum carbon consumption rate
of ~0.42 mmol/s, as exhibited in Fig. 7(b). The carbon consumption rate rapidly decayed in a
two-stage behavior to ~0.04 mmol/s at t =~ 420s (carbon conversion = ~90%), followed by a
slow decrease to nearly 0 at t =~ 720s (carbon conversion = ~96%). The overall reaction rate in
the fluidized bed system was shown to be significantly lower. The carbon consumption rate
raised fast after plasma-on, but less rapidly than the fixed bed system. It reached the peak
value of ~0.18 mmol/s only at t =~ 90s. The maximum obtained is only a half of that in the
fixed bed system, but relatively stabilized for over 300s before it gradually decayed after

t =~ 400s.

Contributions of the net CO, decomposition reaction (CO, — CO + 1/20,) and Boudouard
reaction (CO, + C— 2CO) to the CO, conversion displayed in Fig. (7) can provide more insights
on the reaction networks. In general, the overall Boudouard reaction was a dominant
contributor in the overall conversion of CO,, when the reactant biochar is still largely
unreacted (see Fig. 7(b) as well). Nevertheless, it is interesting to note that the conversion of

CO:; after plasma-on is initiated by the net CO, decomposition reaction in both the fixed bed
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and fluidized bed systems instead of the Boudouard reaction, as shown in the inset in Fig. 7(c).
Consistently, an initial rise of the O, concentration is seen for both systems in Fig. 7(a). This
behavior is associated with the two-stage configuration i.e., plasma generation and the
biochar bed (see Fig. 1). The injected CO, experiences first the splitting reaction before
reaching the biochar bed zone for the CO, + C reaction. As time elapses, the net reaction of
CO, with biochar rapidly becomes the exclusive contributor, replacing the CO, decomposition
route. The shift is done only within ~10s in the fixed bed case but would need up to ~100s for
the fluidized bed. This is probably linked to the longer distance between the plasma
generation zone and the biochar in the fluidized bed compared to the fixed bed, resulting
insufficient contact between the CO, plasma and biochar, as seen from the photos in Fig. 6(a).
As the biochar gets consumed, the CO, decomposition route starts playing an increasing role
after t = ~240s in the fixed bed system but only after t = ~330s in the fluidized bed system.
Comparing Fig. 7(b) and 7(c), it is interesting to note that the conversions of carbon at which
the CO, decomposition becomes the dominant contributor to CO, conversion are both around
83% for the fixed bed and fluidized bed systems. In general, the profiles of the contribution of
the Boudouard reaction (and CO, decomposition reaction) to CO, conversion (Fig. 7(c)) agree
well with those of the carbon consumption rate profile (Fig. 7(b)) in terms of time-resolved
variation. Also, as evidenced, the CO, decomposition process and Boudouard reaction could
coexist at least for a certain time period in both the fixed bed and fluidized bed systems, e.g.,
t = 250-650s and t = 300-750s, respectively (Fig. 7c). In the final state, when total
consumption of carbon is nearly reached, both systems provide similar gas composition as a

result of the CO, decomposition reaction.
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Fig. 8. Measured gas temperatures under the studied conditions by using the thermocouple
placed 10 mm vertically above the screen mesh inside the quartz cover. Walnut shell biochar

prepared at pyrolysis temperature of 773K was used.

Gas temperature in the gas-solid reaction region is a crucial factor influencing the reaction
networks. Therefore it was measured for both the fixed bed and fluidized bed systems to
understand the underlying kinetic reason for their observed difference in the reaction
performance. The results under different flow rates for both systems together with the case in
the absence of biochar (for comparison) are plotted in Fig. 8. Note that the thermocouple was
placed apart from the plasma generation region and therefore, the given temperature here

does not represent the plasma gas temperature upstream.

As can be noted, the gas temperature rises first upon increasing flow rate and then decreases
for all the studied cases. A considerably higher temperature with a maximum of 1573K is
reached (at flow rate = 4 L/min) in the fixed bed than that in the fluidized bed, where a peak
of ~1423K is obtained (at flow rate = 3 L/min). This could to some extent contribute to a

better CO, conversion performance in the fixed bed system, since the thermal chemistry is also
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important in the plasmatron assisted CO. + C reaction, as discussed later in Section 3.4.
Nevertheless, the gas temperature is conceivably not the most crucial factor resulting in the
performance difference. For example, merely a temperature rise from 1423K in the fluidized
bed to 1493K in the fixed bed at the same flow rate of 3 L/min can unlikely dramatically
elevate the CO, conversion from ~5.0% to ~23.2%. More likely, in the fluidized bed, stronger
reverse reactions between CO and O, (or O) proceed, giving rise to the regeneration of CO.,
due to the insufficient contact between the CO, plasma and biochar that reduces the
probability of consuming O, (or O) by C. More discussions on the mechanisms will be given in

the next section.

Electron energy distribution of the plasmatron and the role of plasma chemistry and
thermochemistry. The CO, conversion routes in NTPs are strongly dependent on the fractions
of electron energy transferred into different channels such as CO, excitation, ionization, and
dissociation that could drive the activation of CO; differently [7]. Therefore, in order to
elucidate the CO, conversion mechanisms, the determination of the electron density, electron
temperature, vibrational temperature, and rotational temperature is of great significance. To
this end, optical emission spectroscopy (OES), a powerful non-invasive diagnostic tool for
plasma characterization, has been employed for the studied plasmatron CO, conversion
processes. As above mentioned, only the spectra of the plasmatron CO, decomposition cases
without biochar were collected. The electron density was calculated based on the Stark
broadening of the O spectral line at 844.6 nm [78-81]. The electron temperature, vibrational

temperature, and rotational temperature were derived by using the Boltzmann plot method
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[82-84] based on selected Ar |, Il lines, the Av = 0 band of the CN Violet system at 385.5,
386.2, 387.1, 388.3 nm, and the C; (0, 0) Swan band centered at 516.5 nm, respectively, in the
collected spectra under different flow rates. The calculation methods, the spectroscopic
parameters for the selected spectral lines, as well as typical fitting of the profile and Boltzmann
plots are available in Section S5 in SI. The obtained results are tabulated in Table 4. Note that
for determining the electron density, a reasonably small amount of Ar (20%) was added into
CO:; to generate the needed Ar atomic spectral lines, following the previously reported
method [85]. CN spectra were formed probably due to the presence of a trace amount of N,

from the fed CO, gas or from the ambient air.

Moreover, the overall density of O atom, which is a key intermediate species in CO, conversion
reactions, has been experimentally derived in this work based on the signal intensities of the
Ar spectral line at 842 nm and O spectral line at 844.6 nm in the Ar-dopped CO; plasmatron,
following the procedure reported in [86]. This is, to our knowledge, for the first time in an
experimental study of NTP assisted CO, conversion. The results under different flow rates are
given in Table 4 as well, providing valuable validation targets for further chemical kinetic
modelling work. An O density of up to 10" cm™ is reached in the plasmatron CO, system,

indicating the existence of strong CO, activation reactions.
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Table 4 The electron density, and electron / vibrational / rotational temperature, O atom

density of the CO, plasmatron under different flow rates

Flow rate

2 L/min

3 L/min

4 1/min

5 L/min

6 L/min

7 L/min

8 L/min

Electron
density (10"
cm™)
Electron
temperature
(ev)y
Vibrational
temperature
(K)
Rotational
temperature
(K)

O atom
density (10

cm™)

6.48+0.62

1.55+0.28

6340+£808

2370£110

3.17+0.14

3.67+0.17

1.10+0.16

7130£762

2135£69

3.43%0.11

2.64+0.26

1.49+0.29

7240+641

2348+123

4.92+0.25

3.23+£0.23

1.44+0.21

6990+649

2096+115

5.60+0.29

2.83+0.29

1.45+0.31

7000£640

2189+92

5.40+0.22

2.79£0.12

1.25+£0.14

7010+£204

2220+108

4.08£0.19

2.42+0.25

1.45+0.3

8170+£846

2125+119

6.76+0.36

*The spectra of an 80%CO, + 20%Ar mixture were used for the determination.

An electron density of up to (2.43-6.48)-10" cm™ was achieved in the CO, plasmatron, as given

in Table 4, which is several orders of magnitude higher than that in other typical NTPs such as

DBD and corona (10°-10" cm™) [87-90]. This behavior allows for a high processing capacity, as
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discussed in Section 3.1, and therefore industrially favorable. The electron energy in the CO;
plasmatron is in the range of 1.1-1.5 eV for all the flow rates, which has been known as the
most suitable for efficient vibrational excitation of CO; [7], corroborated by a relatively high
vibrational temperature of 6300-8200K. Note that normally a remarkably lower vibrational
temperature in other NTPs (e.g., 3900-4500K [91, 92] for gliding arc, <3000K for DBD [93, 94])
is reported. This indicates the abundance of vibrational levels of CO, (COx(V)) that are driven by
the electron-impact—vibrational-excitation via a so-called ladder-climbing way [7, 95]. The
vibrationally stimulated route is known as the most effective channel for CO. dissociation in
plasma [7, 24], which could partly explain the better performance obtained in the plasmatron
than that of other typical NTPs for CO, decomposition, as discussed in Section 3.1. The
dissociation of vibrationally excited states of CO. (CO4(V)) vza collision with O atoms (Eq. 10) is
considered the dominant contributor to CO, conversion. In addition, the reaction of ground
state CO, with O atoms (Eq. 11) as well as the electron-impact dissociation of CO(v) (Eq. 12)
could contribute to CO, conversion as well, but to a largely less extent. The electron-impact
decomposition route of CO, that needs have enough energy of >7 eV [7, 95] is considered not

important, due to the relatively low mean electron energy of the plasmatron (1.1-1.5 eV).

COy(V) + O — CO + O, (10)
COy(g) + O — CO + O, (11)
CO(V+e—>CO+0O+e (12)

Rotational temperature can normally represent the gas temperature in atmospheric pressure
plasmas because of the fast rational-translational relaxation [96]. As seen in Table 4, the

plasmatron exhibits gas temperature of up to 2100-2400 K in the core arc plasma area,
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featuring the property of a typical “warm plasma” [16, 40, 91, 97]. With such high gas
temperatures, thermochemistry could already play a role in plasma chemical processes.
Thermally driven CO, decomposition may proceed in the plasmatron, but its contribution
could be very limited, since the conversion is only <8% at 2400K in a pure CO, system at
thermodynamic equilibrium [26]. Also, such high temperatures could reach only in the very
limited core area of the plasma arc and the residence time is therefore rather short (<25 ms).
However, the thermodynamically more favorable recombination reactions between CO and O
or O, can be largely stimulated under such high temperatures, generating CO, again [11, 24,
98]. In fact, the recombination reactions limit the CO, conversion in warm plasma assisted CO,
dissociation process, as confirmed in previous experimental and modeling studies [11, 16, 23,
98]. On the other hand, the high-temperature plasma stream could result in a relatively high
and desired gas temperature (<1573K, see Fig. 8) in the downstream gas-solid reaction zone

and therefore favorably drive the biochar involved reactions by thermochemistry.
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Fig. 9. Reaction scheme of the plasmatron assisted CO, reaction with biochar along the

reactor. The fixed bed system is given as an example.

The reaction scheme is presented in Fig. 9 to illustrate clearly the potentially dominant
mechanisms of the plasmatron assisted CO, reaction with biochar. The conversion of CO.
experiences two stages along the reactor: the 1* CO, plasma stage and the 2™ stage in the
presence of biochar. After plasma-on, before reaching the biochar region, CO, gets
decomposed in the 1% stage, as already experimentally demonstrated in Section 3.2, primarily
via the above discussed vibrationally stimulated routes in plasma chemistry. Nevertheless, the
reverse reactions of CO, decomposition by thermochemistry are also of importance in this
stage due to the abundance of CO, O, (or O) and the high gas temperature in the system.
After CO, plasmatron reaches the biochar bed, the carbon-involved gas-solid reactions
become dominant. The unreacted CO, can react directly with solid carbon through the
Boudouard reaction (Eq. (1)), forming the desired CO. The generated O, (or O) from the 1%

stage can then be consumed here due to their reactions with carbon, producing CO as well
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with the presence of a sufficient amount of carbon. This explains why nearly no O is detected
in the plasmatron CO; reaction with biochar. This behavior is apparently industrially desirable
due to the possible elimination of the subsequent costly purification processes. Continuous
consumption of O, could then promote the forward reaction of CO, decomposition.
Furthermore, in this stage, the thermochemistry is thought to be dominant since the gas
temperature remains relatively high (e.g., 1243-1573K in the fixed bed, see Fig. 8) and the
oxidation of biochar is thermodynamically favorable. Also, the thermal reaction analysis
showed that the reaction between CO, and C could theoretically give rise to CO, conversion
already at temperatures of around 673K at 1 atm under thermodynamical equilibrium. As
presented in Section 3.1, a conversion of <5.3% can be reached at 1273K in a tubular furnace
under a similar residence time as that in the plasmatron. Plasma chemistry may proceed in the
2" stage as well since the reactive CO, species formed in plasma with relatively long lifetimes
(e.g., CO(V), a few us [99]) can possibly react directly with biochar to produce CO [100], or
collide with O atom to dissociate. Nevertheless, the role of plasma chemical reactions is
presumably only to a very limited extent in this stage since the short-lived electrons probably
mostly disappear in this region with the absence of an electric field. This could be partly
confirmed from the observation in the OES study that no measurable spectra were collected
for this stage by using the optical fiber. After passing through the gas-solid reaction zone in
the 2™ stage, the gas stream carrying the formed CO and unreacted CO, does not undergo
further reactions in the post plasma region due to the relatively low gas temperature. Further

detailed modelling studies are necessary to quantitatively unravel the underlying kinetics.
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It can be concluded that plasma chemistry and thermochemistry coexist in the plasmatron CO.
reaction with biochar and their interaction enhances the overall performance of CO,
conversion. The CO, dissociation is initiated in the 1% stage by primarily the vibrational-
excitation-based plasma chemistry, whereas the thermochemistry dominates the 2™ stage for
C + CO; and C + O, (O) reactions. The latter can to some extent promote the decomposition
of CO, by continuously consuming the O, produced in the 1% stage. The 1% stage can not only
provide a reactive plasma gas flow but also serve as a heat source for the 2™ stage to undergo

thermal reactions.

Since the two stages designed in the plasmatron reactor are relatively far apart from each
other, the produced O; in the 17 stage can largely recombine with CO to produce CO, via
thermochemistry before reaching the 2™ stage to react with biochar, which however limits the
conversion of CO: in this system. The experimental results can support this speculation that
the fluidized bed system with a longer distance between the two stages exhibited considerably
lower CO, conversion, as discussed in Section 3.3. In this regard, further improvement can be
expected by combining the two stages together or moving them closer, in order to drive an
instant consumption of the produced O, by biochar rather than by the desired product CO.
Moreover, quenching the 17 stage selectively to inhibit the reverse reactions of CO;
decomposition is also worthwhile, as already previously proposed [11]. Nevertheless, it should
be kept in mind that the presence of solid biochar in plasma and quenching the plasma could
affect the formation of a large plasma volume. Parameter studies are needed to find out the

balance between the reaction performance and the plasma volume.
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Summary and conclusions

The CO; reaction with biochar has been studied in this work in an atmospheric plasmatron,
aiming for efficient CO, conversion into O.-free CO. The reaction performance was evaluated
under different conditions in terms of biochar type (walnut shell, sawdust, rice straw), pyrolysis
temperature for biochar preparation (673, 773, 873K), and the gas-solid reaction pattern (fixed
bed and fluidized bed). /n-situ optical emission spectroscopy (OES) study has been performed
to unravel the electron energy distribution of the plasma and elucidate the reaction
mechanisms, with a focus on understanding the role of plasma chemistry and

thermochemistry.

Results showed that the addition of biochar and the presence of the plasmatron both
facilitated the conversion of CO, remarkably. A maximum CO, conversion of 27.1% can be
achieved in the plasmatron assisted CO, reaction with biochar, while no conversion was
observed in the thermal CO, decomposition experiments under the studied conditions. Also
importantly, nearly no O, was produced in this process. A comparison of the results with those
reported in the literature for CO; splitting in non-thermal plasmas showed that the immediate
system is among the best in the overall performance in terms of CO, conversion (max. 27.1%),

energy efficiency (max. 36.9%), and processing capacity (2-8 L/min).

Biochar properties affected the CO, conversion performance considerably and the carbon
content plays a decisive role. Walnut shell biochar prepared at relatively high pyrolysis
temperatures of 773K and 873K exhibited the best CO, conversion and energy efficiency. The

pattern of gas-solid reaction was shown to be of importance as well to the reaction
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performance. A fixed bed system showed significantly better results in comparison to a
fluidized bed system, probably owing to a prompt consumption of O, by biochar that retarded
the recombination reactions of CO.. In both systems, the conversion of CO, was proved to be

initiated by the CO; dissociation reactions rather than the reactions with biochar.

The OES derived results showed that the plasmatron features a notably higher electron density
of up to 10" cm™ in comparison to typical non-thermal plasmas such as dielectric barrier
discharge and corona discharge (10°-10" cm™), enabling a high processing capacity. The
moderate electron temperature (1.1-1.5 eV) facilitates an efficient vibrational excitation of CO.,
as evidenced by the high vibrational temperature (6300-8200K). This behavior facilitates the
most effective channel for CO, dissociation in plasmas. A relatively high rotational (gas)
temperature is reached in the core plasma area (2100-2400K), indicating the possible
importance of thermochemistry in the plasmatron chemical process. A two-stage reaction
network proceeds in the plasmatron assisted CO. reaction with biochar, where plasma
chemistry dominates in the 1 stage for CO, dissociation while thermochemistry dominates in
the 2™ stage for the reactions of CO, + C and O + C to produce CO. Continuous consumption
of the produced O, by biochar from the 1" stage can promote the forward reactions of CO,
dissociation. Consequently, the co-existence and interaction of plasma chemistry and

thermochemistry allow for an efficient conversion of CO, into CO in the presence of biochar.

The investigated plasmatron assisted CO, reaction with biochar showed promise for effective
conversion of CO; into O,-free fuel gas CO. Nevertheless, further improvement of the reaction
performance can still be expected by inhibiting the thermally stimulated reverse reactions of

CO, dissociation.
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Supporting Information is available:

Supporting Information (Sl). Further information on (1) the determination of the outlet gas
flow rate, (2) the specific energy input, (3) the results of thermal CO, + C experiments, (4) the
specific surface area, pore structure, and scanning electron microscopy (SEM) images of the
walnut shell biochar as well as (5) the determination of electron density,

electron / vibrational / rotational temperatures, and O atom density.
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