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Figure 7. Concentration of the products of decomposition of sample C (a), sample D (b), and sample E
(c) as function of time with a temperature of 630 °C in pure argon and flow rate of 30 mL/min; plasma
power is 2.1 W for sample C, 1.3 W for sample D, and 1.7 W for sample E. (d) Initial response of CO +
CO, concentration after activating the plasma for all three samples.

Figure 8. Sum of CO, and CO concentrations as function of power during decomposition of CaCO3
samples with different particles size (samples C, D, and E); all the experiments were performed at
630 °C, in pure argon, and at a flow rate 30 mL/min.
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Figure 9. CO + CO; (solid line), CO, (dashed line), CO (dash-dotted line), and O, concentrations
monitored by mass spectrometry during CaCO3 decomposition in different CO, feed concentrations in
Ar and different plasma power. The amount of CaO is 6 mg, temperature is 630 °C, and the flow rate is
90 mL min~!. The fed CO, concentration is 0 ppm (a), 1000 ppm (b), 2000 ppm (c), and 3200 ppm (d).
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The plasma power is 1.5 W (a), 1.3 W (b), 1.3 W (c), and 1.5 W (d).

Figure 9 shows the effect of CO, in the feed on plasma-enhanced decomposition at similar plasma
powers, i.e., between 1.3 and 1.5 W. The reaction rate substantially decreases in presence of extra CO,,
as can be estimated based on the sum of the concentrations of CO and CO, minus the CO, concentration

at the inlet. Furthermore, the CO concentration increases with increasing CO, concentration.

In order to correct for the differences in power, additional experiments at other plasma powers
were performed as shown in Figures A6—-A9 in Appendix A and the results allowed interpolation of
the CO and CO; values to 1.5 W plasma power, resulting in Figure 10. As the CO, concentration varies

along the axis of the reactor, an averaged value is calculated according to Equation (1):

[COZ]ave -
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Figure 10. CO outlet concentration vs. CO, average concentration obtained in a packed bed of
10 mg CaCOj3 and 90 mg Al,O3 at 630 °C with different CO, concentrations in Ar and a flow rate of
90 mL/min (squares); all results interpolated to 1.5 W plasma power. The same experiment was also
performed with 100 mg Al,O3 only (circles). Error margins of the CO concentration are provided, as
well as the window of the CO, concentrations (note these are not error margins).

The spread in the CO, concentration provides the window of concentrations occurring along the
axis of the reactor; note this is not an error margin. Figure 11 confirms that the CO concentration indeed
increases with increasing CO, concentration in the gas phase and this is observed for both CaCOs as
well as the blank experiment with x-Al,O3 only, which is shown in Figure A10 in Appendix A.
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Figure 11. Average increase of temperature in the plasma zone as function of power during the CaCOj3
decomposition previously shown.

3. Discussion

Scheme 1 presents a simple reaction scheme describing CaCO3 decomposition, both in the absence
and presence of plasma. Thermal decomposition without plasma involves exclusively R; (solid arrow),
whereas in the presence of plasma both R, and Rz might contribute. The observed enhancement of
decomposition by plasma might be caused by plasma chemistry according R, and/or by enhancing Ry
via increasing temperature, as will be discussed below. Furthermore, we will discuss whether R, or R3
is responsible for the formation of CO.

CalCOy g

Ry

= Caliy +COzq)
Ry
Ry ™. : 1
Calg) + COy) + 5 Oz2¢q)

Scheme 1. CaCO3 decomposition in Ar plasma.
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3.1. Formation of CO

Figure 10 shows that the CO formation rate is not affected by the presence of CaCOj in the plasma
atlow CO; feed concentrations. It is enhanced by feeding additional CO,. Hence, we conclude that CO
formation occurs only in the gas phase (R3) and not on the CaCOj surface (R;). The trend in Figure 11
also indicates that the order of CO formation in the CO, concentration is clearly smaller than one. This
is qualitatively in line with the results of Ramakers et al. [25] and Butterworth et al. [27], reporting
that Ar can enhance the activation of CO,, which is attributed to the fact that the electron density is
enhanced because Ar is much easier ionized than CO;. On the other hand, one may also speculate
that higher CO, concentration increases the probability of recombination of CO and O, quenching
the reaction.

The formation of CO responds extremely fast to switching the plasma on, as can be seen in
Figures 3-5 and Figure 7, much faster than the CO, response as will be discussed below. This is in line
with the conclusion that CO formation is plasma controlled. In cases when CO, concentration increase
slowly in time (Figures 4 and 5), it can be seen that the CO concentration follows, which is in line with
the conclusion that the consecutive pathway Rj is dominant over R,.

3.2. Thermal Effect or Plasma Chemistry?

The decomposition rate at a fixed power depends on the total surface area, as can be observed from
Figure 6. On the other hand, the decomposition rate remains constant within experimental error when
varying the particles size and consequently the external surface area, as shown in Figure 8. Therefore,
the external surface area has no influence on the rate of decomposition at any power. According to
the Paschen law, typically plasma cannot exist in pores smaller than 6 um, implying that any plasma
chemistry on the surface of CaCOj3 can exclusively contribute at the external surface of the particles.
Recent work [56] revealed that penetration into relatively large pores is possible; however, the pores
in CaCOj3 are much smaller, the electrical field is two orders of magnitude lower compared to [56],
and the calculated penetration depth is limited to 5 pm, which is much smaller than the particle size
used. Therefore, it seems reasonable to assume that penetration of plasma in this study is negligible.
As the external surface area has no significant effect, we conclude that R, does not contribute. The
enhancing effect of plasma power on the decomposition rate, as well as the observation that increasing
the specific surface area increases the rate of decomposition (both in Figure 6), both suggest that plasma
induced temperature increase is responsible for the increase in the decomposition rate. In fact, this is
a result that can be expected operating with an Ar plasma because a chemical reaction between Ar
ions and CaCO3; would not be expected. Work on DBD plasmas containing H, and H,O is ongoing in
which plasma induced chemical reactions are much more likely, in which we will use the methodology
developed in this work.

Figure 11 shows the apparent temperature increase, as estimated based on the temperature that
would be required to account for the increase in decomposition rate, based on the kinetics of the
decomposition reaction [57]. Remarkably, all observations converge to a single line independent of
both surface area and particle size. The order of magnitude of the temperature increase is quite similar
to results reported in literature. Typical temperatures estimated in DBD plasmas range up to typically
200 K [17,23,41-48]. It should be noted that determination of the temperature is cumbersome, e.g., the
temperature of the exiting gas provides only a minimum value because of rapid heat exchange between
small reactors and environment, whereas infrared cameras and UV-Vis spectroscopy measurements
have limited accuracy. Nevertheless, the order of magnitude agrees well with our observations. In
short, although experimental details vary, a temperature increase of 50 °C due to 4 W plasma power
input is concluded.

The temperature regulation of the oven played an important role in our study. It stabilized
the temperature at a few millimeters outside the low voltage electrode at 630 °C. Therefore, any
power input from the plasma will result in a decrease of the electrical power to the oven. Hence, the
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temperature effect of the plasma is actually larger than estimated above, in contrast to all experiments
performed at room temperature without any kind of temperature control.

The conclusion that thermal effects are dominant is further supported by the fact that the typical
response time of the decomposition rate is in the order of one minute for large particles and somewhat
faster for small particles (Figures 4 and 8d). The order of magnitude agrees well with the Fourier time
of CaCOj particles of the sizes used. In any case, the response times are longer than response times
observed for CO formation, as discussed above, which is in line with the conclusion that decomposition
is thermally controlled, whereas CO, dissociation is obviously plasma controlled.

The conclusion is also reinforced by the fact that the sum of CO, and CO concentrations obtained
by decomposition of sample C at 630 °C and 3.2 W plasma power corresponds to the CO, concentration
obtained by decomposition at 680 °C (i.e., increasing the temperature of 50 °C as calculated in Figure 11)
without plasma of the same sample, as observed by comparing Figures A3a and A1l in Appendix A.

The proposed method is validated, since it enables to distinguish between thermal and plasma
chemistry effect on the decomposition rate. This method is applicable to other systems in which a
plasma is in contact with a fixed bed of porous particles, including supported catalysts. It should
be noted that in general the increase in gas temperature in a DBD plasma cannot be neglected, as
done frequently in many studies. Second, only the external surface of catalysts particles interacts with
plasma: plasma—catalyst synergy is therefore maximal for nonporous catalytic materials. Further work
is currently ongoing to apply this method for CaCO3 decomposition in more reactive plasma, e.g., Hp
plasma, as well as for plasma catalytic conversions.

4. Materials and Methods

4.1. Plasma Reactor

Figure 12 shows a schematic representation of the equipment used to measure plasma enhanced
decomposition of CaCOs. The fixed bed reactor is fed with either pure Ar, or a mixture of Ar containing
5% CO,. The temperature of the oven is controlled with a Euro-Therm controller with an accuracy of
+0.5 °C between room temperature and 1000 °C. The isothermal zone is 8 cm long at 900 °C, defined as
the part of the reactor with less than £1 °C temperature variation. A Quadrupole Mass Spectrometer
(MS) measures the composition of the gas downstream of the reactor. The MS signal for CO, (44 m/e)
is calibrated between 0.16% and 5% CO,, resulting in a linear relationship as shown in Figure A14. The
reactor is a 4 mm inner- and 6 mm outer diameter quartz tube. The inner electrode is a stainless-steel
rod of 1 mm diameter placed coaxially in the center of the reactor section. The outer electrode is a 1 cm
long stainless-steel tube with 6 mm inner diameter, enclosing a plasma zone of 0.035 cm? in volume.
The amount of CaCO3; sample was limited to 10.5 + 0.3 mg in order to prevent CO, concentrations
approaching thermodynamic equilibrium, thus minimizing reabsorption of CO,. The 10 mg sample
was mixed with 90 mg «-Al, O3, filling the plasma zone completely and preventing any bypassing.
An AC voltage of up to 10 kV peak to peak was applied to the inner electrode with a frequency of
23.5 kHz using a PMV 5004000 power supply, while the outer electrode is connected to the ground via
a probe capacitor of capacity 4 nF. The power of the plasma was calculated using the Lissajous method
by measuring the voltage on the inner electrode with a Tektronix P6015A high voltage probe and on
the outer electrode with a TT-HV 250 voltage probe, as described in the literature [58]. A sample of
Lissajous plot is shown in Figure A12 in Appendix B.
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Figure 12. Schematic of the setup to study decomposition of CaCO3 in Ar plasma. The generator can
provide up to 30 kV peak to peak with a frequency range of 23.5 to 66 kHz. The plasma zone is 1 cm
long and the reactor is a quartz tube with 6 mm outer diameter and 4 mm inner diameter. The inner
electrode is a stainless-steel rod of 1 mm diameter.

4.2. Calcium Oxides Preparation

Three different precursors have been used to synthesize calcium oxide, respectively (batch
I) calcium L-ascorbate-di-hydrate (99%, Sigma-Aldrich, St. Louis, MO, USA), (batch II) calcium
D-gluconate-monohydrate (99%, Alfa Aesar, Haverhill, MA, USA), and (batch III) calcium carbonate
(99%, Sigma-Aldrich, St. Louis, MO, USA). The precursors were calcined in 20% O, in N, at
atmospheric pressure, heating the sample to 900 °C (heating rate 15 °C/min), and keeping the
temperature at 900 °C for 3 h. The calcined products were pelletized (pressure 160 bar), crushed and
sieved in different particle size range: 250-300 pm, 100-125 pm, and 38-45 pum.

4.3. Carbonation

Five CaCO3 samples have been produced via carbonation of CaO. The oxide synthesized from
calcium ascorbate (batch II) has been treated in situ with 5% CO, in Ar at 630 °C for 4 h (heating rate
15 °C/min), the other two batches I and III were treated in a calcination oven with 20% CO, in N,
at 630 °C for 5 h (heating rate 15 °C/min). The oxide synthesized from calcium carbonate (III) was
consecutively sintered in pure CO, at 900 °C for 24 h (heating rate 15 °C/min), as summarized in
Table 1. The resulting three samples (A, B, and C) were crushed and sieved, obtaining particles sizes in
the range between 250 and 300 pm. The material made from CaCOj3; was also obtained with smaller
particles, between 100 and 125 um (sample D) and between 38 and 45 pum (sample E), respectively.

4.4. Characterization

The specific surface area, pore volume, and pore size distribution of the samples were measured
both in CaO form as well as in CaCOj3 form, after carbonation. The samples were first degassed at
300 °C in vacuum for 3 h. The surface area was calculated based on the BET isotherm for N adsorption
at —196 °C in a Tristar 3000 analyzer (Micromeritics, Norcross, GA, USA). The pore size distribution
was measured by Hg porosimetry. The chemical composition was determined with X-ray fluorescence
analysis in a S8 Tiger (Bruker, Billerica, MA, USA).

4.5. Experimental Procedure

The carbonated samples (ex situ) were heated up in 5% CO; in Ar to the temperature at
which decomposition is to be measured, in order to prevent any premature decomposition. The
decomposition reaction is initiated by switching the gas composition from 5% CO; to pure Ar, at a
constant flow rate of 30 mL/min. Isothermal decomposition experiments have been performed at
different plasma powers by varying the applied voltage. The plasma power was varied during
the experiment in case of low decomposition rates, allowing observations of steady state CO,
concentrations for each plasma power. In case CaCOj is exhausted too fast, only one single power was
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applied. The rate of decomposition is calculated based on the sum of CO, and CO concentrations in
the exit of the reactor as measured with MS.

Sample C (Table 1, ex calcium carbonate, 250-300 um) was measured by performing 20
carbonation-decomposition cycles. The sample was recarbonated, after a decomposition experiment,
in the reactor (in situ) by CO; absorption at 630 °C in 5% CO, in Ar for 30 min in a constant flow of
90 mL/min. The carbonated samples were decomposed using a constant power plasma in the presence
of a relatively low CO, concentration in the feed, varied between 0 to 3200 ppm. During these 20
cycles, blank experiments were done every few cycles by decomposing in the absence of plasma, in
order to ensure that the sample did not change in the course of the experiments.

Blank experiments were performed with 100mg of x-Al,O3 with particles size of 250 to 300 um in
the absence of any CaCO3, operating with low CO, concentrations in the feed, i.e., 1000, 2000, and
3200 ppm. The plasma power was varied between 0 and 10 W and the responses of the CO and CO,
concentrations were measured with MS.

5. Conclusions

The effect of argon plasma on calcium carbonate decomposition was herein assessed by means of
a comparative method which allowed us to distinguish between thermal effects and plasma chemistry,
based on reaction rates and dynamics. It represents a systematic method to distinguish between
thermal effects versus plasma chemistry effect in fixed DBD plasma applications. Application of a
DBD Ar plasma causes two effects when decomposing CaCOs.

First, the rate of CaCO3 decomposition increases. We conclude that this effect is purely a thermal
effect, based on the fact that the rate of decomposition is enhanced when the total surface area is
increased, whereas the external surface area has no influence. If the contact of plasma with CaCOj3
would dominate, the opposite would be expected. Furthermore, the dynamics of CaCO3 decomposition
follow the dynamics of heat transfer in CaCOj particles.

Second, plasma induces formation of CO. We conclude that this occurs via decomposition
of CO; in the gas phase, based on the observation that the rate of CO formation is ruled by the
CO, concentration as well as the observation that dynamic changes are very fast, as expected for
plasma effect.
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Appendix A.

Appendix A.1. Decomposition in Argon Plasma of All the Samples

Figures A1-A5 show the results of all the CaCO3 decomposition experiments on samples A-E,
respectively, in presence of plasma and without recycling. The results with power higher than 6 W and
further than the second step of power have been rejected due to exhaustion.
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Figure Al. Concentration of the products of CaCO3; decomposition (sample A) as function of time at
630 °C in pure argon and flow rate of 30 mL/min. Plasma power is 0.3, 1.4, and 8.4 W (a); 1.4, 3.5, and
6.4 W (b); 5.1 W (c); 3.9 W (d); 22 W (e); and 3.7 W (f). Plasma is turned on after 2 min and changed
every 2 min (a,b), after 1.5 min (c), or at the beginning of the decomposition (d-f).
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Figure A2. Concentration of the products of CaCO3 decomposition (sample B) as function of time at
630 °C in pure argon and flow rate of 30 mL/min. Plasma power is 1, 4.1, and 5.8 W (a); 0.5, 2.1, and
8.5 W (b); and 2.1 W (c,d). Plasma is turned on after 2 min and changed every 2 min (a,b) or at the
beginning of the decomposition (c,d).
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Figure A3. Cont.
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Figure A3. Concentration of the products of CaCO3 decomposition (sample C) as function of time at
630 °C in pure argon and flow rate of 30 mL/min. Plasma power is 0.4, 3.2, and 9.6 W (a); 4.4 W (b);
and 2.1 W (c,d). Plasma is turned on after 2 min and changed every 2 min (a) or at the beginning of the
decomposition (b,c) or after 1.5 min (d).
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Figure A4. Concentration of the products of CaCO3; decomposition (sample D) as function of time at
630 °C in pure argon and flow rate of 30 mL/min. Plasma power is 0.2, 2.3, and 8.1 W (a) and 1.3 W (b).
Plasma is turned on after 2 min and changed every 2 min (a) or after 1.5 min (b).
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Figure A5. Concentration of the products of CaCO3 decomposition (sample E) as function of time at
630 °C in pure argon and flow rate of 30 mL/min. Plasma poweris4.4,1,4.9,and 1 W (a) and 1.7 W
(b). Plasma is turned on after 2 min and changed every 2 min (a) or after 1.5 min (b).

Figures A6—-A9 show the results of all the CaCO3; decomposition experiments on sample C in
presence of plasma when the sample is recycled 20 times, including experiments with extra CO, added.
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Figure A6. Concentration of the products of CaCO3 decomposition (sample C) as function of time at
630 °C, flow rate of 90 mL/min. The fed CO, concentration is 0 ppm and the plasma power is 1.5 W (a),
2.1 W (b), 1.7W (c), 2.2 W (d), 1.5 W (e), 2 W (f), and 1.1 W (g). The plasma is applied at the beginning
of the reaction. The decomposition cycles are in order #2, #3, #7, #8, #10, #11, #19.
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Figure A7. Concentration of the products of CaCO3 decomposition (sample C) as function of time at
630 °C, flow rate of 90 mL/min. The fed CO, concentration is 1000 ppm and the plasma power is 1.3 W
(a) and 1.5 W (b). The plasma is applied at the beginning of the reaction. The decomposition cycles are
in order #20, #21.
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Figure A8. Concentration of the products of CaCO3 decomposition (sample C) as function of time at
630 °C, flow rate of 90 mL/min. The fed CO, concentration is 2000 ppm and the plasma power is 1.4 W
(a) and 1.9 W (b). The plasma is applied at the beginning of the reaction. The decomposition cycles are
in order #13, #14.
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Figure A9. Concentration of the products of CaCO3 decomposition (sample C) as function of time at
630 °C, flow rate of 90 mL/min. The fed CO, concentration is 3200 ppm and the plasma power is 1.4 W
(a) and 1.5 W (b). The plasma is applied at the beginning of the reaction. The decomposition cycles are
in order #16, #17.

Appendix A.2. CO; Dissociation with Only «-Al;O3

Figure A10 shows the result of CO, dissociation experiments on a sample consisting of 100 mg
a-Al,O3 with particle size of 250-300 um. The applied gas composition is respectively 1000 ppm
(Figure A10a), 2000 ppm (Figure A10b), and 3200 ppm (Figure A10c) in Argon. The CO concentrations
at 1.5 W plasma power are obtained by interpolation and showed in Figure 11.
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Figure A10. Concentration of the products of CO, dissociation on 100mg «-Al,O3, particle size of
250-300 um, as function of time at 630 °C, flow rate of 90 mL/min. The fed CO, concentration is
1000ppm (a), 2000ppm (b), and 3200ppm (c); the plasma powers are 0.6, 1.6, 3.1, 4.8, and 7.2 W (a); 0.7,
1.8,4.1,and 5.6 W (b); and 0.5, 1.5, 3.1, and 4.9 W (c). The plasma is applied for a few minutes and then
turned off.
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Figure A11 shows the result of a CaCO3 decomposition experiment at 680 °C without plasma on
sample C. It is observed that the CO, concentration at the steady state corresponds within the error
margins to the sum of CO and CO, concentrations during decomposition at 630 °C with 3.2 W plasma
power, shown in Figure A3a. The comparison supports the estimation of a 50 °C increase for 3.2 W, as
shown in Figure 11.
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Figure A11. Concentration of CO, during CaCO3 decomposition (sample C) as function of time at
680 °C and a flow rate of 30 mL/min.

Appendix B.

Appendix B.1. Determination of Plasma Power

The Lissajous plot measured during decomposition of sample C in Ar with 3200 ppm extra CO,
and plasma power 1.5 W, indicating plasma charge as function of voltage for one cycle, is shown in
Figure A12. The hysteresis has a shape of parallelogram, indicating that a plasma is generated inside
the reactor. The slopes of the two sides indicate respectively a cell capacity of 2.8 pF with plasma off
and an effective capacity of 8 pF corresponding to the dielectric capacity and indicating that the plasma
occupies the whole empty volume within the electrodes. The power of the plasma is calculated based
on the area of the parallelogram:
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Figure A12. Lissajous plot of 1.5 W plasma applied on the CaCO3 and Al,O3 mixture with 3200 ppm
of CO, in Ar.
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Appendix B.2. Method

The assumptions made in order to evaluate the argon plasma effect on calcium carbonate
decomposition are the following:

e According to the Paschen’s Law the electron filaments and active species cannot exist inside the
pores of the carbonate particles, this is explained in the following paragraph.

e  Temperature gradients between particles outer surface and inner core are minimized within much
smaller times than the duration of the experiment, i.e., within 2 min, according to the Fourier time
calculated in the specific case.

Figure A13 shows the voltage needed to generate a plasma as function of the distance between
the charges at an argon pressure of 1 atm, where the parameters A, B, and v are determined
experimentally [59]. The physical mechanism can be explained for the 2 branches of the curve:

®  dgy > 6pm: In order to generate a discharge (that is produced by an avalanche of ionizations of
Argon atoms by high energy electrons), we need a minimum electric field that is able to accelerate
electrons above the ionization energy of Ar atoms in the mean free path of electrons at that
pressure (ca. 0.5 um). Since the electric field is inversely proportional to dgap at constant voltage,
V}, increases linearly with dgap.

®  dgg < 6pm: the gap distance is comparable with the mean free path, so the probability of collisions
that produce ionizations decreases. In order to have enough collisions to produce a discharge, the
voltage has to be increased.

It follows that plasma cannot form in the pores of CaCOj3 particles within the plasma zone, since
their diameter is below 2 um.
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Figure A13. Burning voltage in function of the gap distance for argon at 1 atm, as calculated by [59].

In order to discriminate whether the gas temperature increment or the active species drives the
CaCOj3; decomposition in presence of plasma, we compared the effect of plasma on the reaction rate
on samples with different specific surface area and perform a similar comparison for samples with
different particles size. By choosing different particles sizes or different specific surface areas, we can
vary selectively the external surface, exposed to the active species and temperature increase, and the
internal surface, exposed only to a temperature increase.

Appendix B.3. CO, and CO and Calibration

Figure A14 shows the CO, signal elaborated by MS (m/e = 44) for CO, concentrations up to 5%
in Ar and in the inset CO, concentrations up to 1000 ppm are expanded. In this range the signal is
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linear with the CO, concentration, with a R? coefficient of 0.9996. The CO signal (m/e = 28) for the
CO concentration of 5% in Ar is 1.15 + 0.05 times larger than the CO; signal (m/e = 44) at the same
CO, concentration.
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Figure A14. Mass spectrometer signal m/e = 44 for different CO, concentrations in Ar from 0 to 5%;
inset: enhancement of the CO, concentration range of 0 to 1000 ppm.

Appendix B.4. Sample Stability during Absorption—Desorption Cycles

Figure A15 shows the aging of the sample synthesized from calcium carbonate with the largest
particles size, within 22 absorption—desorption cycles: the concentration of CO, during the initial stage
of decomposition does not show significant change during the 21 absorption—desorption cycles at
630°C in absence of extra CO, and plasma, as expected for a sample already sintered at 900 °C for 24 h.
The experiments in presence of extra CO, and plasma were all performed from cycle 9 to cycle 22,
where the sample shows the highest stability.

1,2+
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Figure A15. CO; concentration at the first stage of decomposition of 10 mg CaCOj3 for different
cumulative number of cycles. The decompositions are performed at standard conditions, i.e., 630 °C
without plasma in absence of CO; in the gas mixture.

Appendix B.5. Heat Transfer in the Packed Bed

Plasma is considered as a uniform heat source at temperature T, around the particles which are
assumed spherical and have an initial temperature T(. We calculated the time needed to increase the
temperature of the center of the particles of the 90% of the initial temperature difference Too—Tp as

follows [60] cv —
_ Py 0~ loo
t= A 1n<Tme> (©)]
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The physical constants in the equation are the following: p is the density of CaCOj3 (2710 kg/m?);

Cyp is the heat capacity of CaCO3 at 630 °C (1.26 ] g*1 K1) [61]; V and A are the volume and section
of the CaCOj particles, respectively, and h is the convective heat transfer coefficient of a dry gas in a
packed bed reactor, approximated to 15 W m~2 K~! [60]. As a result, the times needed to heat up the
particles are respectively 4, 11, and 24 seconds for the smallest (38—45 pum), medium (100-125 um), and
largest (250-300 um) particles, respectively. Equation (1) is an approximation for spherical particles
without porosity, so we assume that more accurate calculation will give slightly longer times.
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Abstract: This study describes the decomposition of CO, using Dielectric Barrier Discharge (DBD)
plasma technology combined with the packing materials. A self-cooling coaxial cylinder DBD reactor
that packed ZrO; pellets or glass beads with a grain size of 1-2 mm was designed to decompose
CO;. The control of the temperature of the reactor was achieved via passing the condensate water
through the shell of the DBD reactor. Key factors, for instance discharge length, packing materials,
beads size and discharge power, were investigated to evaluate the efficiency of CO, decomposition.
The results indicated that packing materials exhibited a prominent effect on CO, decomposition,
especially in the presence of ZrO, pellets. Most encouragingly, a maximum decomposition rate of
49.1% (2-mm particle sizes) and 52.1% (1-mm particle sizes) was obtained with packing ZrO, pellets
and a 32.3% (2-mm particle sizes) and a 33.5% (1-mm particle sizes) decomposing rate with packing
glass beads. In the meantime, CO selectivity was up to 95%. Furthermore, the energy efficiency
was increased from 3.3%—-7% before and after packing ZrO, pellets into the DBD reactor. It was
concluded that the packing ZrO, simultaneously increases the key values, decomposition rate and
energy efficiency, by a factor of two, which makes it very promising. The improved decomposition
rate and energy efficiency can be attributed mainly to the stronger electric field and electron energy
and the lower reaction temperature.

Keywords: self-cooling; dielectric barrier discharge; CO, decomposition; CO selectivity;
packing materials

1. Introduction

The fast-growing consumption of fossil fuels has resulted in continually increasing emissions
of carbon dioxide, which is identified as one of the major contributors to global warming. Therefore,
the decrease of environmental pollution via CO, emissions has attracted worldwide attention. Different
strategies are being developed to address the wasted CO, instead of releasing it into the atmosphere,
such as: carbon capture and storage, transformation and utilization of carbon and CO, dissociation.
Direct dissociation of CO, into other value-added fuels and chemicals provides a potential route for
efficient utilization of CO, and reduction of CO, emissions [1]. Various progresses have been explored
to convert CO; into other value-added chemicals, such as CO, reforming of CHy for hydrogen and CO,
hydrogenation for the synthesis of methanol, methane, formaldehyde, dimethy], etc. [2,3]. Additionally,
direct decomposition of CO; into CO has also attracted great interest, which can not only relieve the
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pressure of economic growth, but also can achieve energy savings and emission reduction [4,5]. As a
common feedstock for industry, CO is a widely-used chemical feedstock that can be used as a reactant to
produce higher energy products. Not only can it be used for fuel synthesis, but also for the production
of chemicals, such as organic acids, esters and other chemicals. Thus, the selective decomposition of
CO; into CO is no doubt a promising candidate for clean energy and chemicals. However, due to
the high structural stability of the CO, molecule, considerable energy is needed for CO, activation
and decomposition. The conventional thermal-chemical process for CO, decomposition has many
different levels of limited scope. For example, the thermodynamic equilibrium calculation of CO,
conversion shows that CO, begins to split into CO and O, near 2000 K, yet with a very low conversion
rate (<1%). The decomposition of CO, can only be carried out at an extraordinarily high temperature
(3000-3500 K), which consumes high energy and involves considerable economic cost [6]. Nowadays,
Non-Thermal Plasma (NTP) is a newly-developed technology, as an attractive alternative, which has
been successfully applied in many fields, for instance gas purification and energy conversion [7-12].
It has advantages such as a non-equilibrium character, a low energy cost and a unique ability to
initiate chemical reactions at low temperatures [13,14]. As a kind of non-thermodynamic equilibrium
plasma, its distinct non-equilibrium character means the gas temperature in the plasma can be close
to room temperature, whilst the electrons are highly energetic with a typical mean energy of 1-10 eV.
NTP can initiate a series of chemical processes, including ionization, initiation and dissociation [15].
Various types of plasma, like glow discharge, corona discharge [16-18], microwave discharge, radio
frequency discharge [19] and gliding arc discharge have been explored for CO, decomposition [20].
Dielectric Barrier Discharge (DBD) plasma was also tested for CO, splitting into CO, and it can generate
high energetic electrons (1-10 eV) and initiate the chemical reactions while keeping the background
temperature under ambient conditions [6]. It has been applied in many fields, such as the removal
of NOx [21], as well as the preparation of catalysts [22] and other materials [23]. The decomposition
and conversion of the stable CO, using DBD plasma is no exception, which has attracted increasing
attention for its unique abilities.

Many relevant works have been reported for the direct decomposition of pure CO,, CO,
conversion or reacting with other gases, such as adding inert gases to dilute the pure CO, under the
assistance of DBD plasma [24,25]. It was reported that nitrogen is more effective for CO, decomposition
among argon, nitrogen and helium as diluents, but this will produce unwanted by-products inevitably,
which is not preferable from the industrial application point of view [26]. Therefore, many previous
works have focused on the dissociation or conversion of CO, without diluting. Further fundamental
works reported that different packing dielectric materials can enhance the conversion of CO;, and
improve the energy efficiency of the plasma process [14]. Yu et al. investigated the conversion of
CO; in a packed-bed DBD reactor using silica gel, quartz, a-Al,O3, y-Al,O3 and CaTiOj as packing
materials and proved that the introduction of dielectric materials into the plasma reactor resulted in
an increased electric field, which then increased the electron energy and led to an expected higher
CO; conversion [27]. Similarly, a series of Ca,Sr(; ) TiO3 has also been used as a dielectric material
for the splitting of CO, in a DBD reactor to prove the importance of the high permittivity dielectrics,
which can increase the discharge power of plasma accompanied by dense and strong micro-discharges,
thereby significantly enhancing the decomposition of CO, [28-30]. Yap et al. [31] reported the best
conversion with an Alternating Current (AC) sinusoidal activation when using the glass beads as
packing materials. In recent reports, CeO, was packed to understand the oxygen storage/release
capacity on the improvement of CO, conversion in the packed DBD reactor [32]. Duan et al. [33]
obtained a CO, conversion of 41.9% in a CaO-packed DBD micro-plasma reactor. Mei et al. [34] proved
that in the coaxial dielectric barrier discharge reactor, the discharge power was the most important
factor that affected the CO, conversion. Furthermore, they showed that BaTiO3 pellets exhibited a
better performance than TiO, pellets and glass beads due to the higher dielectric constant and the better
synergistic effect of plasma-catalysis [6,34]. Moreover, the design of the reactor is also of importance
for CO, conversion [35].
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In this study, a self-cooling coaxial cylinder DBD reactor was applied to decompose pure CO, into
CO and O; at atmospheric pressure and ambient temperature, which was the same as the previous
apparatus of Zhou et al. [36]. The commercial ZrO, pellets and glass beads were used as packing
materials to demonstrate the improvement of the decomposition rate and energy efficiency for CO,
splitting. Condensate water can take away the heat that is introduced in the process of plasma discharge
to maintain the temperature of the reactor. Key factors like packing materials and discharge power,
discharge length and bead size were investigated to evaluate the efficiency of CO, decomposition.
Interestingly, a high decomposition rate and energy efficiency could be obtained. The physical
discharge characteristics of DBD plasma were also investigated to understand the interactions between
the dielectric materials and DBD plasma in CO, decomposition.

2. Results and Discussion

2.1. Effect of Discharge Length on CO, Decomposition Rate and Energy Efficiency

In order to further be sure of the influence of DBD plasma on the decomposition of CO,,
the discharge length of the unpacked DBD reactor was changed to conduct the experiment. As Figure 1a
shows, the CO, decomposition rate increased clearly with the increasing discharge length. This can
be attributed to competing effects primarily. Firstly, increasing the discharge length from 100-200
mm significantly increased the residence time of CO, gas in the reactor, which positively increased
the probability of CO, molecules colliding with highly energetic electrons and reactive species [34].
However, a longer discharge region will need increasing surface area of the DBD reactor, leading to
higher energy loss due to heat dissipation [37], as shown in Figure 1b. In this study, increasing the
discharge length significantly increased the residence time of CO, in the reaction, which plays a more
dominant role in the decomposition of CO, compared to the negative effects (e.g., increased energy
loss); therefore, 200 mm was chosen as the optimum discharge length to conduct the experiment.
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Figure 1. CO, decomposition rate (a) and energy efficiency (b) in the reactor without packing at
different discharge powers (frequency: 12 kHz; feed flow rate: 20 mL/min; 20 °C condensate water).

2.2. Effect of Discharge Power and Beads Size on CO, Decomposition and Energy Efficiency

The CO, decomposition rate as a function of bead size at different discharge powers is illustrated
in Figure 2. ZrO; and glass beads with a size of 1 mm and 2 mm were applied to investigate the
influence on CO, decomposition. Figure 2a shows that the smaller bead size was more beneficial for
CO, decomposition under other fixed conditions. When decreasing the beads size, more dielectric
spheres would be needed to fill the reactor, which increased the discharge surface area, reinforced
the surface discharge and hence, caused, a higher CO, decomposition rate. Similarly, Van Laer and
Bogaerts [38] reported that a suitable range of bead size was needed to obtain a high CO, decomposition
and energy efficiency.
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Discharge power is also one of the key factors influencing CO, decomposition in the DBD plasma
technique. According to associated reports, the discharge power determined whether there was
sufficient energy for activating and decomposing the CO, molecule [6]. The CO, decomposition rate
and energy efficiency at different discharge powers in the DBD reactor are shown in Figure 2a,b. There is
a general observation that the CO, degradation rate increased with the increasing discharge power,
but the energy efficiency was affected in the opposite manner. A higher discharge power meant more
energy was injected into this system, therefore generating more chemically-active species and reactant
molecules in the reaction, and enough energy would activate electron and reactant molecules, as well as
increase the mutual collision opportunities between active species, so more chemical bonds would be
broken and more active substances formed. However, the CO, decomposition rate tends to saturate
when the discharge power rises above 55 W, so a suitable range of discharge power is necessary from
the viewpoint of energy savings. Furthermore, the reason for the decreased energy efficiency with the
increasing discharge power could be due to the lost energy, which was consumed as heat, and it can be
evidenced by the increasing temperature of the condensate water. At the same discharge power of 55 W,
the CO, decomposition rate in the unpacked reactor was 26.1%, but it reached 33.5% and 52.1% when the
DBD reactor was packed with 1-mm glass beads and ZrO, pellets, respectively. Meanwhile, the energy
efficiency only in ZrO, pellets packing was also improved by a factor of two.
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Figure 2. CO, decomposition rate (a) and energy efficiency (b) using different packing bead sizes at
different discharge powers (frequency: 12 kHz; feed flow rate: 20 mL/min; 20 °C condensate water;
discharge length: 200 mm).

Three reasons may account for this result. Firstly, filling materials in the discharge zone made a
more stable, uniform and stronger discharge, and all these were favorable for higher CO, decomposition
because it meant more CO, molecules were activated. Additionally, the intensity of the electric field
between the contact points of the pellets to pellets or the pellets to the reactor wall could be enhanced
because of the polarization of the dielectric materials. Though the electric field was enhanced by
the increased discharge power regardless of the packing materials used [27], the presence of packing
materials may have further strengthened the average electric field near contact points of the pellets,
heightening the electric electron temperature, which facilitated electron collision [39,40], hence causing
a higher CO, decomposition rate in the packed reactor. The morphology of ZrO; pellets may also be
conducive to the transfer of electrons, thus accelerating the decomposition of CO,. Because ZrO; is
a kind of high performance structure ceramic material, it owns a higher dielectric constant (27) than
glass beads (9), which is proven to play a significant role in CO, decomposition [39]. In addition,
ZrO; is also a kind of basic oxide, and it plays an important role in CO, decomposition due to the
acidity of CO,. This was proved in Duan X'’s study: the base properties of the packing materials
affected the chemisorption of CO; in the process of CO, decomposition [34]. That is advantageous to
CO, decomposition.

Furthermore, ZrO; exhibits better reaction activity than glass beads possibly due to the fast oxygen
ion migration rate of ZrO, [41,42], so the oxygen containing active substances was produced on the
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surface of ZrO, pellets, or oxygen ions could be quickly transferred, thus inhibiting the recombination
of oxygen free radicals with the generated CO to promote the continuous decomposition of CO5.
In addition, the thermal conductivity of ZrO; is higher than that of glass. It may also contribute to the
energy transfer in the reaction process and the activation of CO, molecules. Therefore, ZrO, enhanced
the CO, decomposition compared to glass beads.

2.3. Effect of Packing Materials on Discharge Characteristics

It can be noticed from the V-Q curve of the CO, discharge that the characteristics vary in the
reactor with and without packing. A typical filamentary discharge in the discharge with no packing
can be observed, and this be confirmed by the numerous peaks in the discharge signal of Figure 3a.
In contrast, as is shown in Figure 3b,c, packing ZrO, or glass beads into the discharge zone generates
a typical packed-bed effect and leads to a transition in the discharge behavior from a filamentary
discharge to a combination of surface discharge and filamentary discharge, because of the decrease of
the spikes in the discharge signal.
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Figure 3. Discharge characteristics of CO; in the Dielectric Barrier Discharge (DBD) reactor with or
without packing: (a) without packing; (b) glass beads; (c) ZrO, (discharge power: 55 W; feed flow rate:
20 mL/min; 20 °C condensate water; discharge length: 200 mm; beads size: 1 mm).

Figure 4 presents the Lissajous figure of CO, decomposition in the DBD reactor with or without
packing materials, at the discharge power of 55 W. It shows the change of the discharge characteristic
during the decomposition of CO,. Compared with non-packing materials, the Lissajous figure changed
from a parallelogram to an oval shape when ZrO, pellets or glass beads were filled in the DBD reactor.
At the same discharge power, the applied voltage increased from 9.8 kV (pk-pk) without packing to
11.5 kV with the ZrO, packing and to 10.6 kV (pk-pk) with the glass bead packing. It was obviously
observed that the discharge mode varied from filamentary discharge to a mode of filamentary discharge
combined with surface discharge, and we could obtain a more stable and uniform discharge form.
As a result, the introduction of packing materials into the DBD reactor had a promotional effect
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on the discharge characteristics. Yu et al. [27] also published a consistent report on the discharge
characteristics of CO; conversion in the dielectric packed-bed plasma reactor, and the result was
further proved by Mei et al. [6]. The introduction of packing materials caused the presence of a strong
electrical field and thus led to a high electron energy near the contact points of the pellets, hence the
improved CO, decomposition.

10
05k
:1 0.0
]
=}
o -
=
05k N i e
—— Gilass beads
——without packing
-1.0 | | i
-10 -5 o 5 10

Applied voltage (kV)

Figure 4. Lissajous figure of CO, decomposition in the DBD reactor with or without packing materials
(discharge power: 55 W; feed flow rate: 20 mL/min; 20 °C condensate water; discharge length: 200 mm;
beads size: 1 mm).

2.4. Effect of Packing Materials on CO Selectivity

The function of discharge power on CO selectivity is presented in the Figure 5a. The selectivity of
CO throughout the reaction remained around 94-96%, and the difference of CO selectivity in different
discharge power was not obvious in our experimental condition. It can be concluded that discharge
power played a minor role in the CO selectivity. The CO, decomposition at the same discharge power
and feed flow rate was also conducted to investigate the effect of packing materials on CO selectivity,
as is shown in Figure 5b. The CO selectivities of the three different conditions were almost the same,
and the CO selectivity remained at about 95% regardless of the packing materials. It can be concluded
that packing materials played a minor role in the CO selectivity using self-cooling dielectric barrier
discharge plasma.
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Figure 5. (a) CO selectivity at different discharge powers; (b) CO selectivity at a discharge power

of 55 W (frequency: 12 kHz; feed flow rate: 20 mL/min; 20 °C condensate water; discharge length:
200 mm; bead size: 1 mm).
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2.5. The Investigation of Carbon Deposition

After reaction, some black carbon deposition was clearly observed on the surface of the inner
electrode and ZrO; pellets present in the discharge zone, suggesting that carbon was produced during
the CO, decomposition in the DBD plasma combined with ZrO,. Figure 6 is the SEM pictures of the
surface of ZrO, pellets before and after the reaction; it shows that the surface of the ZrO, pellets was
covered with carbon deposition. Because high energy electrons generated by the DBD plasma had a
range of 1-10 eV [35], which was not enough for the dissociation of CO molecules, because of its high

dissociation energy (11 eV), the carbon deposition may have come from the decomposition of CO, at
temperatures higher than 20 °C of condensate water.
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Figure 6. SEM images of carbon deposition on the surface of ZrO, pellets (a) before the reaction and
(b) after the reaction.

2.6. Reaction of CO and O,

To gain insight into the role of packing dielectric materials and the principles of the CO,
decomposition, the oxidation of CO, which is the reverse reaction of CO, decomposition, was still
investigated using ZrO; pellets and glass beads as the packing materials at different discharge powers,
and the results are shown in Figure 7 CO conversion increased with the increasing discharge power.
Apparently, the CO conversion without packing was higher than that of the packed DBD reactor.
Though ZrO, exhibited a promotional effect on the CO, decomposition, it was not conducive for CO
conversion at the same condition. In all cases, CO, was formed as the only product, and no carbon
deposition was generated. This was in agreement with the above result that CO could not split into C
in this condition due to its high dissociation energy of CO molecules (11.1 eV). Therefore, the DBD

plasma conditions with electron energy in the range of 1-10 eV were optimum for the electron impact
dissociation of CO, [27].
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Figure 7. CO oxidation at different discharge powers (frequency: 12 kHz; feed flow rate: 20 mL/min;
20 °C condensate water; beads size: 1 mm).
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2.7. Comparison of Obtained Values in Different Packed DBD Reactors

Table 1 shows the compared values of the CO, decomposition and energy efficiency using
different packed DBD reactors. Though the DBD reactor made of quartz has been widely applied for
CO, decomposition, the self-cooling DBD reactor made of Pyrex glass can also be utilized for CO,
decomposition [37]. A relatively higher CO, decomposition rate, together with a stable CO selectivity,
was obtained when using the same packing materials like ZrO, pellets. Fifty two-point-one percent
(1-mm ZrO;) of the CO, decomposition rate was an accurate value, which has been repeatedly verified.

Table 1. Obtained values in different packed DBD plasma reactors.

Packing Materials ZrOy ZrO, BaTiO3 BaTiO3 CaTiO3

Reactor Quartz Glass Quartz Quartz Quartz
Decomposition rate (%) 42 52.1 28 38.3 20.5
Energy efficiency (%) 9.6 7.0 7.1 17 4.8
CO selectivity (%) 50 94-96 — — —
Power (w) 60 55 50 — 35.3
Reference 38 This work 6 35 27

3. Experimental Setup

Figure 8 shows the schematic diagram of the experimental setup, which is basically consistent
with the previous apparatus in Zhou et al. [37]. It contains 3 parts: a DBD plasma reactor, a flow control
device and a GC detection and analysis system. The experiments were performed using a self-cooling
DBD reactor (BEIJING SYNTHWARE GLASS, Beijing, China) made of Pyrex, which consisted of a
double coaxial cylinder, a High-Voltage (HV) electrode and a Low-Voltage (LV) electrode. The HV
electrode was a stainless steel rod (2 mm in diameter), on which a 1 mm-thick copper wire was wrapped,
and it was installed in the axis of the double coaxial glass cylinder and linked to an alternating current
power supply. Condensate water used as a cooling agent was fed into the shell of the concentric
cylinder DBD reactor. The LV electrode that grounded by a wire placed into condensate water. The HV
and LV electrodes formed a cylindrical discharge space.

. HV
Top view electrode
LV
electrode

Water «——
outlet

GC: Gas Chromatography
0S: Oscillosocope

PG: Plasma generator
CW: Circulating water
MFC: Mass flow controller

Figure 8. The schematic of the experimental setup.

During the course of the experiment, condensate water can take away the heat produced during
plasma discharge, to keep the temperature of the reactor at the designed temperature. It has been
proven that decreasing the temperature of the reactor was advantageous to CO, decomposition [43,44].
In this work, we controlled the temperature of the condensed water at 20 °C, while this value was
optimized in Zhou et al. [37]. The flow rate of pure CO, was fixed at 20 mL/min. The applied voltage
was measured by a high-voltage probe (Tektronix P6015A), and the current was recorded by a current
monitor. The voltage on the external capacitor was measured to obtain the charge generated in the
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discharge. All of the electrical signals were sampled by a four-channel digital oscilloscope (TDS3054B).
The discharge power was obtained by the area calculation of the Q-U Lissajous figure. The gas products
were analyzed by gas chromatography (GC-2014C), which was equipped with a thermal conductivity
detector (TCD), and H; was used as the carrier gas. For comparison, CO, decomposition was also
carried out in the DBD reactor without packing materials.

In this study, ZrO, pellets and glass beads with a grain size of 1-2 mm were fully packed in the
discharge area as dielectric packing materials, both of which were commercial reagents without any
treatment (Shanghai Gongtao Ceramics Co., Ltd., Shanghai, China).

To evaluate the performance of the plasma process, the Specific Input Energy (SIE), CO,
decomposing rate and selectivity towards CO were defined as follows:

CO; decomposition rate (%) = %fm % 100%
2

CO selectivity (%) = C()S%(;nm;:sed x 100%

Energy efficiency (1) = AH x Cgoz je‘jomxpl(j) sed < F x 100%
m

where P is the discharge power, F is the feed flow rate (mL/min) of CO,, AH is the enthalpy of reaction:
CO, —» CO+ %Oz ,AH = 279.8 k] /mol and V};, =22.4 L/ mol, and Vy, is the molar volume.

4. Conclusions

Decomposition of CO, into CO and O, has been carried out in a self-cooling DBD plasma
reactor packed with ZrO, and glass beads at low temperatures and ambient pressure. It could be
concluded that a longer discharge length and a smaller bead size were beneficial for CO, decomposition.
The introduction of packing materials shifted the discharge mode from filamentary discharge to a
combination of filamentary and surface discharge. In comparison with the CO, decomposition rate
in the empty reactor and glass-packed reactor, which reached 26.1% and 33.5%, respectively, a CO,
decomposition rate of 52.1% was obtained in the ZrO, (1 mm) packed DBD reactor at the same
condition. ZrO, exhibited a superior promotional effect on the decomposition of CO, and energy
efficiency by up to a factor of 1.9 and 2.1, respectively, compared with the result of the unpacked DBD
reactor. Additionally, the main product of this work was CO, with slight carbon deposition that came
from the dissociation of CO,. The results indicated that the dielectric constant and particle morphology
of the packing materials matter greatly in the decomposition of CO,.
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Abstract: We studied the influence of dense, spherical packing materials, with different chemical
compositions, on the dry reforming of methane (DRM) in a dielectric barrier discharge (DBD) reactor.
Although not catalytically activated, a vast effect on the conversion and product selectivity could
already be observed, an influence which is often neglected when catalytically activated plasma
packing materials are being studied. The x-Al,O3 packing material of 2.0-2.24 mm size yields the
highest total conversion (28%), as well as CO; (23%) and CHy (33%) conversion and a high product
fraction towards CO (~70%) and ethane (~14%), together with an enhanced CO/H, ratio of 9 in a
4.5 mm gap DBD at 60 W and 23 kHz. y-Al,Og3 is only slightly less active in total conversion (22%)
but is even more selective in products formed than «-Al,O3. BaTiO3 produces substantially more
oxygenated products than the other packing materials but is the least selective in product fractions and
has a clear negative impact on CO, conversion upon addition of CHy. Interestingly, when comparing
to pure CO, splitting and when evaluating differences in products formed, significantly different
trends are obtained for the packing materials, indicating a complex impact of the presence of CHy
and the specific nature of the packing materials on the DRM process.

Keywords: dry reforming of methane; dielectric barrier discharge; packing materials; plasma catalysis

1. Introduction

An increasing energy and resource demand from a growing population and the impact it has on
the environment, necessitate enhancing the share of renewable energy and replacing (part of the) fossil
fuels, by recycling waste streams. These challenges have given the incentive for new methodologies
that allow converting (two) greenhouse gasses (CO, and CHy) into value added chemicals (like syngas,
basic chemicals) and fuels [1,2].

Although syngas (CO and Hy) can be obtained in a two-step process, where hydrogen is added to
CO—originating from CO, splitting into CO and O,—it is much more efficient to produce it directly
through dry reforming of methane (DRM) in a one-step process, with the possibility of directly forming
higher hydrocarbons [3,4]. A recent study suggests that, together with the Fischer-Tropsch process,
DRM is economically the most promising method for CO, conversion [5]. Indeed, when executing
thermal DRM, a conversion of 100% can be reached (accompanied by an energy efficiency of 60%) or a
maximum energy efficiency of 70% (of the thermal thermodynamic optimum for syngas formation),
coinciding with a conversion of 83% [1]. These high values for conversion and energy efficiency are
a definite advantage of thermal DRM but require a high temperature (900-1200 K) and a catalyst.

Catalysts 2019, 9, 51; doi:10.3390/ catal9010051 112 www.mdpi.com/journal/catalysts
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Moreover, this reaction is prone to coking, deactivating the catalyst and therefore decreasing the
conversion and energy efficiency [6-10].

To avoid the need for severe reaction conditions and thus to provide a possible energy efficient
alternative, plasma technology can be used for DRM. Although multiple different types of plasma
reactors are being studied for their performance in DRM, the dielectric barrier discharge (DBD) is the
most applied [1]. It operates at or near room temperature (far away from local thermal equilibrium)
and the highest conversion and corresponding energy efficiency reported up to now (for a non-packed
DBD reactor) are 60% and 12.8%, respectively [1]. A DBD reactor has the advantages of operating
under mild reaction conditions, being easy to scale-up (evidenced via industrial ozone generation) and
having the possibility to operate with renewable energy (e.g., it is highly intermittent) [3,11]. Moreover,
in contrast to thermal dry reforming, plasma-based DRM can directly yield higher hydrocarbons,
apart from syngas [1,12]. To steer the selectivity of the products formed and to further increase the
conversion [1], a (catalytic) packing can be added to the DBD reactor. When combining plasma with a
catalyst, another advantage compared to thermal DRM arises: plasma also reduces the susceptibility
of the catalyst to coking [13].

For this reason, an increasing amount of research is being conducted towards CO,; splitting
and DRM in a DBD reactor, both with and without (catalytic) packing materials, as summarised in
Tables 1 and 2, respectively. Even though there is a growing number of literature reports, the current
literature indicates that still a substantial amount of work lies ahead to unravel all aspects of DRM in
a packed bed DBD. Indeed, some important observations can be made when comparing literature,
that underline the need for further research. For example, some papers contradict each other with
respect to the influence of frequency on CO; splitting in a non-packed reactor, reporting either a rise or
a drop or no influence of frequency on the results (see details in Table 1) [14-16]. Similar discrepancies
have been observed for DRM in packed bed DBD plasma reactors. For instance, adding a packing
has been reported to increase the conversion [17-24], while several other report a decrease in
conversion of both CO, and CHy [24-26] and still other papers show only an effect on one of the
two reacting gasses [12,23,27,28] (see Table 2). Moreover, also vast differences in selectivity are being
described, even for similar packing materials, as detailed in Table 2. Also, it is clear that even for the
non-packed reactor, both the process conditions and the reactor design already affect the selectivity
tremendously [12,17,29].

Furthermore, very often catalytically activated packing materials are being introduced
and discussed, without evaluating the impact of the non-activated packing on the DRM
process [17-20,23-25,30,31], even though the latter can be expected to have an influence on the
conversion and selectivity as well [12,13,32]. Indeed, in those papers where the packing materials
are being studied with and without catalytic activation, an influence of the packing material itself
can be observed [21,26,27,29,32]. For instance, Wang et al. reported the formation of liquid products
and a significant influence on the selectivity, when comparing different catalytic activations with
non-activated packing. Unfortunately, they only compared to one type of packing material [12].
Krawczyk et al. [21] and Sentek et al. [26] indicated only minor alterations in selectivity and conversion
when adding a catalytic element on a certain packing, whereas different packing materials with the
same active elements yielded major changes, suggesting that the packing itself could be responsible
for the selectivity and conversion and not the catalytic element. Other research [23,29] shows a larger
influence of the catalytic element on the conversion and selectivity. Unfortunately, these studies are
limited to specific packing materials and do not allow to compare the impact of different non-activated
packing materials, which would be necessary to elucidate a synergic combination of packing material
and catalytic active site. However, a large influence on (and possible control over) the conversion and
selectivity is in principle possible, depending on the packing, the catalytic element, the reactor and the
operating conditions. The packing material on itself is not necessarily catalytically active (although it
can have some catalytic activity or promoting effect as well) but it is typically used as support and/or
influences the plasma characteristics in a physical way (e.g., through changes in electric field, discharge,
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sorption processes). Most used catalytic elements for catalytic activation of the packing are Ni, Co, Fe,
Mn, Cu, Ag and Pd [1].

Also for other plasma-assisted processes, such as the abatement of diluted VOC’s, numerous
studies have shown that physical size and material properties of the packing materials in a DBD reactor
play a role to convert chemicals [33—40]. Even more, VOC decomposition is mainly influenced by the
adsorption process, rather than by the discharge characteristics [13,41].

Our previous work [32] suggested a large effect of the reactor setup and reactor/bead size
combination on the impact of the packing material on conversion of pure CO,. Thus, comparing
results obtained in different reactor setups should be done with care. Therefore, the results obtained in
different literature reports cannot be easily compared to one another and no general conclusion towards
the impact of the packing material itself on DRM can be drawn. This points towards an important
gap in the knowledge required to achieve a maximal synergy between the packing, the active catalytic
element and the plasma, ultimately yielding higher conversions and a better selectivity towards the
desired components in plasma-based DRM.

The aim of this work is thus to provide better insights in the influence of five different (dense,
spherical) packing materials, with different chemistry and size, on the conversion and product fractions
of DRM in a DBD reactor. Additionally, y-alumina is evaluated as porous packing material. Although it
is not possible to distinguish between catalytic effects of the packing material itself and physical effects
caused by inserting the packing, it is important to note that there is no explicit catalytic activation of
the packing materials in the present study, that is, we have not introduced an active element, such as
applied in many literature reports (e.g., Cu, Fe, Ni, Co, Pd, Ag and so forth. See Table 2 and [1]) on or in
the packing materials. Furthermore, the impact of these packing materials in DRM is being compared
to the insights gained for pure CO; splitting, providing surprising and valuable information on the
influence of adding CHy. To our knowledge, such a detailed comparison has not yet been carried out
before in literature.
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2. Results

2.1. CO; Conversion in DRM and Comparison with CO; Splitting

The influence of four different packing materials (5iO,, ZrO,, x-Al,O3 and BaTiO3) and three
different sphere sizes (1.25-1.4; 1.6-1.8 and 2.0-2.24 mm diameter) on the CO,, CH; and total
conversion is displayed in Figures 1-3, respectively. Figure 1 shows the CO, conversion in DRM,
compared to the conversion that we obtained before for pure CO, splitting [32], evidencing a clear
impact of the presence of CHy. Figure S1 in the Supplementary Materials shows all data on conversion
(CO,_, CH4— and total conversion) combined in one graph, for comparison.

CO, conversion for DRM (pattern fill) and CO, splitting (full bar)

20
#15
=
i=3 |
ﬂ 3
S R S sehhhehtl shish S s .| .
3 i
8 = l
ik i = )
5 ] i i B
. i J nOf B on f ERE
ﬂ—Ale; BEITIO; 2I’02 SIO; [I—AlgO; BEITIO; ZrCI; SIO; ﬂ—AlgO; BaTiO;
1.25-1.4 1.6-1.8 2.0-2.24
DRM non-packed (50 ml/min) DRM non-packed (192 ml/min)
- -C0; non-packed (50 ml/min) —CO0; non-packed (192 ml/min)

Figure 1. CO, conversion for different sphere sizes and materials, compared to the results for the
non-packed reactor, at the same flow rate (50 mL/min) and at the same residence time (5.52 s; flow rate
of 192 mL/min) for both DRM and pure CO, splitting. The bars with pattern fill show the results for
DRM, whereas the full bars show the results for CO, splitting [32].
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Figure 2. CHy conversion for different sphere sizes and materials, compared to the results for the
non-packed reactor, at the same flow rate (50 mL/min) and at the same residence time (5.52 s; flow rate
of 192 mL/min).
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Figure 3. Total conversion for different sphere sizes and materials, compared to the results for the
non-packed reactor, at the same flow rate (50 mL/min) and at the same residence time (5.52 s; flow rate
of 192 mL/min).
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The CO; conversion in DRM shows that, when comparing the packed bed reactor to the
non-packed reactor, only the largest a-Al,O3 spheres achieve a higher CO, conversion than the
non-packed reactor at the same flow rate. This indicates that only in this case, the positive influence of
the packing compensates for the volume loss (and thus lower residence time) caused by introducing
the packing. SiO,, ZrO,, a-Al,O3 (with the smaller bead sizes) and y-Al,O3 do not reach this
CO; conversion but still surmount the CO, conversion for the non-packed reactor at the same
residence time. In the case of BaTiOs, a negative effect of the packing is observed, even at the
same residence time. Furthermore, a clear impact of the size of the packing materials can be observed,
although the effect itself depends on the type of material. The order in which the materials perform is
BaTiO3 < ZrO; < SiO; < x-Aly O3, although SiO, only performs better than ZrO; for the largest bead
size. When looking at the effect of bead size, only SiO; and «-Al,O3 show a significantly increased
conversion for the largest bead size, in comparison to the other bead sizes. In case of BaTiO3 and ZrO,,
no significant impact of the bead size can be seen.

Interesting differences can be observed when comparing the CO, conversion in DRM with pure
CO;, splitting obtained in our previous experiments [32]. It is important to clarify that the total
flow rate (and thus the residence time) is kept constant for CO; splitting and DRM but with DRM,
the concentration of CO; is halved, as it has been “diluted” with 50% CHy. Diluting with another gas can
influence the conversion, even when the diluting gas does not actively participate in the reactions [45].
Indeed, Ramakers et al. have shown that the absolute conversion increases (from 5% to 41%) with a
decreasing percentage (from 100 to 5% in argon) of CO; [45]. In a 50/50 CO, / Ar mixture, the rise in
conversion of CO, is around a factor 1.6, compared to pure CO; splitting. Note, however, that the
effective CO, conversion drops upon dilution with argon, because there is less CO; in the mixture.
Our experiments clearly reveal that the absolute CO, conversion is also higher for DRM than for CO,
splitting, with the exception of BaTiO3 and 2.0-2.24 mm ZrO; packing. Indeed, in the non-packed
reactor at 50 mL/min and 192 mL/min (straight lines in Figure 1), the conversion is (on average) a
factor 1.8 and 1.5 higher in case of DRM, indicating that CHy aids the conversion of CO,. This is
confirmed by computer simulations for DRM in a non-packed DBD reactor, where the CO, conversion
was largely determined by collision with CHj radicals [46], originating from CH, dissociation.

For DRM in the packed reactor, the CO; conversion is always higher when using SiO, and x-Al,O3
packing materials than for pure CO, splitting. However, the enhancement of the CO, conversion
due to CHy depends on the size of the spherical packing material and is more significant for a-Al,O3
than for SiO,, except for the bead size of 1.6-1.8 mm. For ZrO,, a complex and striking behaviour
depending on the bead size is observed: the conversion drops for DRM for the 2.0-2.4 mm bead size,
while it is enhanced (even by a factor 3.3) for the 1.6-1.8 mm beads and to a lesser extent also for
the 1.25-1.4 mm beads. Finally, CH, has a clearly negative effect in case of the 2.0-2.24 mm beads of
BaTiO3, while the conversion is (more or less) equal for CO, splitting and DRM for the other BaTiO3
bead sizes. Last but not least, although BaTiOj3 in general performs best for CO; splitting, compared to
the other packing materials, it yields the worst results for DRM.

2.2. CHy and Total Conversion

The first observation to be made from Figure 2 is that the CH4 conversion is always higher than
the CO; conversion, which is logical, since the dissociation energy of a C-H bond in CHy is 412 k] /mol,
while it is 743 kJ /mol for a C=0 bond in CO, [47].

Comparing again to the non-packed reactor, it can be seen that in contrast to the CO, conversion,
none of the packing materials allow a better conversion at the same flow rate. However, with the
exception of BaTiO3, all materials do perform better than the non-packed reactor at the same residence
time. BaTiO3 again performs worse than the non-packed reactor, even at the same residence time.
The same trend is seen for the total conversion (Figure 3).

When comparing the results for the different bead sizes and materials, we can make the following
observations: Similar to the CO, conversion, BaTiO3 performs worst and a-Al,O3 performs best,
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for the four materials tested. Although the bead size had little impact on CO, conversion in case of
ZrO,, increasing the ZrO, bead size has a positive effect on the CH4 conversion. On the other hand,
the upward trend in conversion of CO, with increasing bead size of SiO; is much less pronounced for
CHy conversion, showing even a slight drop for the largest SiO, bead size. Finally, also for «-Al,O3
the dependence of bead size is somewhat different for CHy and CO, conversion. In Table 3, we list the
CH,4/CO; conversion ratios for all packing materials and sizes.

Table 3. Ratio of CHy conversion over CO, conversion and of the CO over Hy product fraction, for the
different sphere sizes and materials, as well as for the non-packed reactor.

CH,4 Conversion/CO, Conversion CO/H,

ZrO, 17 5.5

SiO, 17 48

1.25-14 mm a-Al,Os 15 95
BaTiO; 16 6.0

71O, 1.8 5.9

SiO, 1.9 47

g «-ALO; 18 8.8
BaTiO; 1.9 6.3

71O, 22 6.4

SiO, 12 5.3

2.0-2.24 mm «-Al,O3 1.5 9.0
BaTiO3 2.0 6.9

‘Y—A1203 2.3 8.3

50 mL/min 1.9 79

Non-packed reactor 192 mL/min 20 75

To interpret the above results, we compare to modelling results obtained by Snoeckx et al. [46],
keeping in mind the differences between their work and this work (70 W and 35 kHz in a non-packed
reactor, versus 62 W and 23.5 kHz in both non-packed and packed bed reactors, respectively).
The conversion of both CO, and CHy as a function of residence time, as predicted by the model,
is plotted in Figure 4. In our work, the residence time is kept constant at 5.52 s, for which the
model predicts a CO, and CHy conversion of 4.6 and 9.2%, respectively. We obtained 8.1% and
15.8% conversion for CO, and CHy, respectively, in the non-packed reactor, while the packed bed
reactor (with 2.0-2.24 mm «-Al,O3) can reach 22.5% (CO,) and 32.8% (CHy) conversion. Note that our
obtained values in the non-packed reactor are almost a factor 2 higher than the calculated values but it
is not possible to make an exact comparison, due to the different conditions (cf. above) and geometry.
Moreover, the exact calculated values are subject to uncertainties, due to uncertainties in the reaction
rate coefficients [48,49]. Hence, they should be interpreted merely based on trends. It is clear, however,
that the packed bed reactor can improve the conversion of both CO, and CH4 with more than a factor
two, at the same residence time.
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Conversion (%)
=]

Time (s)

Figure 4. Calculated CHy and CO, conversion as a function of residence time in a non-packed DBD
reactor, adopted from modelling. Adopted with permission from ref. [46]. Copyright 2018 American
Chemical Society.

Moreover, the data clearly exhibits that the CHy conversion is always higher than the CO,
conversion, both in the model and in the experiments (both for non-packed and packed reactor).
In addition, the model predicts that the CH4 conversion is typically twice as high as the CO, conversion,
in good agreement with our results for the non-packed reactor, while the packed bed reactors reveal
a ratio of CHy/CO; conversion varying between 1.5 and 2.2, with the exception of the largest SiO,
beads, where the ratio is only 1.2 (see Table 3), indicating a vast impact of the packing materials on
the conversion process. The underlying reasons for these differences in conversion are difficult to
link to specific material properties, as the materials diverge in many properties and there is no direct
(linear) correlation in the trends in properties that coincide with the trends in conversions (see material
characteristics in the Supplementary Materials). Hence, more research will be needed, using materials
that are modified, in a controlled way, in specific material properties that are expected to play a
key role.

2.3. Comparison Studies a/y-Al;O3

To obtain more insight in the effect of material parameters, we made a comparison between
a-Al,O3 and y-Al, O3 spheres of 2.0-2.24 mm. The CO,, CHy and total conversion are depicted in
Figure 5.

The CO; conversion appears a factor 1.7 higher for the x-Al,O3 spheres than for the y-Al,O3
spheres (i.e., 22.5% vs. 13.4%), while the CHy conversion is only a factor 1.05 higher (i.e., 32.8% vs.
31.2%). The total conversion is a factor 1.24 higher for x-Al,Oj3 (i.e., 27.7% vs. 22.3%). These results
show a clear impact of the bead material properties and/or surface area on conversion, possibly due
to a higher BET-surface, a difference in crystallinity, acidity, higher porosity and/or total open pore
volume of the y-Al,O3, as shown in the Supplementary Materials (Table S1). However, to understand
the underlying reasons for this effect, more detailed (operando) surface experiments would be needed,
which are outside the scope of this paper. In conclusion, these differences show the importance of
indicating as much as possible the material properties of packing materials applied, something that is
not systematically done in the majority of the plasma catalysis papers.
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Figure 5. Comparison of the CO,, CHy and total conversion between y-Al,O3 and «-Al,O3
(2.0-2.24 mm spheres).

2.4. Carbon, Hydrogen and Oxygen Balances

To determine whether all products have been identified by the GC (Gas Chromatograph),
we present the mass balances for carbon, hydrogen and oxygen in Figure 6. Important to note here is
that part of the deficit is possibly caused by the gas expansion, as explained above (see materials and
methods). As can be seen, the carbon, hydrogen and oxygen balances seldom reach 100%. The largest
deficit (between 20% and 30% loss of product) is in the hydrogen balance of the non-packed reactor at
50 mL/min, as well as for the BaTiO3 spheres of 1.6-1.8 mm, the x-Al,O3 spheres of 1.2-1.4 mm and
the ZrO; spheres of 2.0-2.4 mm. In all other cases, less than 20% product remains unaccounted for.
Moreover, the oxygen and carbon balances reach much higher values: close to 90% (and even up to
95%) and thus less than 10% loss. It thus suggests that mainly products with more than one hydrogen
atom are not taken into account in the converted products. We presume that mostly the formation
of HyO and the sum of less abundant (oxygenated) hydrocarbons, that were not calibrated on the
GC, lie at the basis of these incomplete balances. Indeed, the deficit in the hydrogen balance is for the
majority of the experiments double of the deficit in the oxygen balance, suggesting the formation of
H0. An example of a chromatogram, showing the number (and type) of products that have not been
calibrated and accounted for in the mass balances, is shown in Supplementary Materials (Figure 515).
In addition, also coke deposition could be at the basis of carbon losses. When looking at the Raman
measurements (see Supplementary Materials; Figures S16-523), it is clear that SiO, and to a limited
extent also a-Al,O3 and ZrO, suffer from coking at the sphere’s surface, unlike the y-Al,O3 and
BaTiO; spheres. To visually show the amount of cokes deposited on the spheres, photos are added in
the Supplementary Materials (Figure 524).
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Figure 6. Carbon, Hydrogen and oxygen balance for different sphere sizes and materials, as well as the
non-packed reactor.

More detailed carbon, hydrogen and oxygen balances (with the contribution of the different
components identified and calibrated by the GC) are shown in the Supplementary Materials
(Figures S25-527 for the carbon balance, Figures 528-530 for the hydrogen balance and Figures S31-S33
for the oxygen balance). They allow a clear view on all identified products in the treated gas
stream, as well as their relative contribution to the total converted products. From these balances,
clear differences in product fractions also become apparent when comparing different packing
materials. These are discussed in more detail in the following part.

2.5. Product Fractions

As explained in the materials and methods section, the calculation of selectivities and balances
induces an uncertainty, caused by the gas expansion. Therefore, we calculated the product fractions in
this work (see Equation (4)), as these values only show the relative contribution of each product in the
total identified product mixture, which is not subject to the gas expansion. The product fractions are
plotted in Figure 7, to provide a general overview and are also listed in Table 4, to better compare the
trends, based on quantitative data.
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Figure 7. Product fractions for different sphere sizes and materials, as well as for the non-packed reactor.

Before going into more detail on differences for the different packing materials, we can make a
general observation for the non-packed reactor. Indeed, it seems that the product fraction is to some
extent determined by the flow rate, although the ratio of CHy over CO; conversion is very similar
(see Table 3). Mainly the formation of CO, ethane, ethyne, DME (Dimethylether) and formaldehyde
seem to be affected by this. This can be attributed to different formation rates of different products,
as explained in the Discussion section, because the different flow rate yields a different residence time.

Table 4 and Figure 7 clearly show that CO is always the largest fraction, for all packing materials
and for the non-packed reactors. Moreover, by altering the flow rate (non-packed reactor) or packing
materials, the relative amount of CO versus higher hydrocarbons or oxygenates can be altered. Indeed,
the CO product fraction can vary from about 53% up to 72%. Therefore, we list in Table 3 also the
obtained CO/Hj, ratio for the different sphere sizes and materials. This value ranges from 4.7 to above
9, which is quite striking, because the ratio of CH4 over CO, conversion is always between roughly
1 and 2. It indicates that the majority of C (especially of CO;) is converted into CO, while the H
(originating from CHy) preferentially takes part in the formation of many products, not only for Hj
but also for higher hydrocarbons.

Furthermore, it is clear from Table 4 and Figure 7 that the type of packing material has a vast
impact on the product fractions. Moreover, in case of BaTiO3 and SiO,, also the sphere size seems to
have a clear impact, while this is much less visible for ZrO, and x-Al,O3. For example, when high
fractions of ethyne are envisioned, the smallest size of the SiO, spheres seems to be the best choice.
The o- or y-Al,O3 packing seems to produce the highest CO/Hj ratios (see also Table 3), while at the
same time producing substantially less dehydrogenated hydrocarbons (ethene and ethyne).

When comparing the different types of Al,O3 supports (non-porous x- and porous y-Al,O3),
we do not only see differences in conversion (cf. Figure 5 and Table 3), causing a large discrepancy in
CHy4/CO; conversion ratio (i.e., 1.5 vs. 2.3, respectively) but also interesting changes in the product
fractions. Indeed, although the CO fraction is similar, a larger fraction of ethane and ethanol is obtained
for the y-Al,O3 packing, while the fractions of ethyne and propane are lower and formaldehyde,
DME and methanol do not even reach the detection limits.
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Furthermore, the BaTiO3 packing with smallest bead size is the only material able to produce
a substantial fraction of formaldehyde and produces overall relatively more oxygenated products,
including higher amounts of DME, compared to the other materials.

When looking more closely to the results, four different trends can be observed when taking into
account the four largest component fractions (excluding CO, which is always the largest fraction):

e  For the non-packed reactor at 50 mL/min and all x-Al,O3 spheres, the order is: ethane > Hj >
propane > ethyne.

e  For the non-packed reactor at 192 mL/min, the order is: ethane > H, > ethyne > propane > ethene.

e  For the smallest ZrO, and BaTiO3 spheres and all SiO, spheres, the order is: ethyne = ethane >
H; > propane (formaldehyde in case of BaTiO3).

e  For the two largest BaTiO3 spheres and the intermediate ZrO, spheres, the order is: ethane >
ethyne = H, > propane > ethene.

Also the oxygenated fractions, which are much smaller, show clear differences depending on the
packing material and size, as detailed in Table 4.

3. Discussion

The results of the non-packed reactor show an interesting way of tuning product fractions.
By reducing the residence time (higher flow rate), the ratio of CO,/CH, conversion is similar but
the fraction of the products can be altered. Indeed, shorter residence times seem to produce less
CO and more oxygenates, hinting towards a kinetic effect that will determine the product fractions.
Indeed, model calculations predict that the rates of formation of different products are different [50]:
some products rise quickly, while others rise more slowly as a function of time or go over a maximum,
because they are converted into another product. Hence, depending on the residence time (and thus
flow rate), the product fractions can be altered.

Not only the residence time in the plasma/reactor has an influence on the conversion and product
fractions but also the residence time of species in contact with the packing material’s surfaces. Indeed,
according to the Sabatier principle, the residence time and binding energy between the adsorbing
molecule and the surface should be long/strong enough for conversion to take place, while the
residence time and binding energy between the products and the surface should be short/weak,
so that the product can easily desorb. However, in case of plasma-assisted conversion, also many other
underlying mechanisms, both physical and chemical, that take place simultaneously, can influence the
reactions (both partial chemical equilibrium and kinetics) and thus conversion and product distribution.

Indeed, based on the results, also packing materials clearly influence the plasma chemistry, as can
be deduced from the different CO,/CHjy conversion ratios and product fractions. The difference
in the CO,/CHj, conversion ratio can be caused by many factors, such as differences in discharge
type, the number and transferred energy of the streamers, the streamer propagation, electric field
enhancement, electron temperature difference, surface adsorption effects and so forth. We present the
electrical characteristics for the different sphere sizes and materials in the Supplementary Materials
but they do not reveal clear trends that can explain the observed differences in conversion ratios.
Probably it is a combination of different effects. Similarly, no clear correlation can be made to the
material properties (also presented in the Supplementary Materials). Indeed, all these differences
influence the CO, and CHy conversion and thus the resulting products formed, due to differences in
gain and loss reactions. In our previous work for pure CO, splitting, we could correlate the impact
of bead size and material to differences in number of contact points, size of void spaces and to some
extent the dielectric constant of the material but it could not explain all data, so other underlying
mechanisms must be present as well [32]. Even though we expect differences induced by changes in the
discharge mode and discharge properties, due to the differences in for example, dielectric constants of
the packing materials, the data extracted from the electrical characterisation (Supplementary Materials:
Table S2) display no straightforward correlation to the observed differences in CO,/CHy4 conversion.
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Nevertheless, not all differences in discharge behaviour can be measured. For example, modelling
has revealed important differences in streamer propagation and/or streamer versus surface discharge
behaviour, positive restrikes and local discharges, for packed bed reactors, depending on the dielectric
constant of the packing material [51]. Moreover, the same modelling study showed that the impact of
the discharge mode will be different for different chemical species and thus its impact on CO, and CHy
conversion, as well as on the intermediate species and products, might vary, resulting in the observed
differences in CO, /CHjy conversion and product distribution. This complex interplay induced by the
packing is too complex to postulate the underlying mechanisms for the observed differences in the
data [51] and requires much more extended research, focused on materials with systematically altered
properties, as well as extensive modelling.

Furthermore, some packing materials, such as Al,O3, behave superior to the others, both in case
of CO, and CH4 conversion, indicating that the observed results are not only related to the dielectric
constant and its effects on the electrical properties of the plasma. Indeed, otherwise, BaTiO3 (which has
the highest dielectric constant) would provide the best results, which is clearly not the case. Moreover,
if the results would only be correlated to the dielectric constant of the material, x- and y- Al,O3,
both having the same dielectric constant, would yield the same conversion. This indicates that other
effects, like for example, the surface area and/or the surface acidity, may lie at the base of this difference.
Nevertheless, the fact that BaTiO3 performs worse than the other materials can also be correlated to
some extent to the electrical properties, because Wang et al. predicted by modelling that materials
with higher dielectric constant constrain the discharge to the contact points of the packing materials.
They suggested that this can limit surface activation due to a lower surface area in contact with the
discharge [51]. On the other hand, materials with a higher dielectric constant result in a higher electric
field enhancement, which will also be beneficial for CO, and CHy4 conversion [52,53]. Hence, these are
opposite effects and this could explain why Al,Oj3 is a superior material, having an “intermediate”
dielectric constant of 9, while BaTiO3 (with a dielectric constant of ~4000 [54]) is performing worse.
It should be noted that BaTiO3; gave the best results in pure CO, splitting, indicating that the effect of
electric field enhancement was in that case more important than the effect of the surface discharges.
The role of surface discharge behaviour on CH, conversion (and vice versa) thus seems important,
although this is only a hypothesis.

Other literature reports also support this careful hypothesis, suggesting a difference in behaviour
of CHy and CO; conversion. Indeed, Snoeckx et al. predicted by modelling that CO, is not only
converted during the microdischarge filaments in a DBD reactor but is also able to react further in the
afterglow (both in between filaments as well as post-plasma), whereas CHy is mainly converted during
the filaments and is being formed again (by recombination of reaction products) in the afterglow [46].
Nevertheless, the effect of different packing materials and sizes on the CH4/CO; conversion ratios
might be more complicated, as a result of several other mechanisms as well, so it is not possible to
explain all differences in detail. Thus, due to the complex and intertwined nature of the chemistry and
physical effects at play, extensive modelling would be needed to confirm or reject this first hypothesis
as part of the possible underlying mechanisms.

In addition to the above possible mechanisms, also other interesting hypotheses can be made,
based on the surprising result of the difference in performance of BaTiO3 in DRM versus pure
CO; splitting.

Based on the results of pure CO, splitting, it is possible that BaTiO3 strongly promotes the
equilibrium of CO; splitting towards CO and O. In combination with a high CH, conversion (CHy/CO,
conversion ratio of 2), which results in a high fraction of H atoms, the O atoms might recombine
with H atoms into OH. The latter can further react towards oxygenated components (explaining the
higher fractions of oxygenates in the presence of BaTiO3), as well as towards H,O (and possibly HO,
and H,O,). The trapping of O atoms into OH radicals and H,O, when small amounts of CH, are
added to CO; streams, has been predicted by modelling [55]. In the latter paper, it was described as a
positive effect, because it allowed easier separation of the produced gas mixture but the study was
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only applied for a few % of CHy addition to CO,. Due to the high performance of BaTiO3 towards
CO; splitting, as demonstrated in our previous work [32], a much higher concentration of OH radicals
might be present here, engaging in other (more negative) reactions, lowering the conversion. Indeed,
recent modelling studies of CHy /O, mixtures have indicated a preferential formation of H,O from OH
radicals [50]. These H,O molecules will promote the back reaction of CO into CO,, as suggested based
on CO, /H,0 models [56]. This can explain the lower CO, conversion in DRM for a BaTiO3 packing,
compared to pure CO, splitting. We cannot measure H,O with our GC but the deficits in the oxygen
and hydrogen balance (see Figure 6) suggest that indeed a large amount of H,O might be formed.
However, more research is needed to verify the above hypotheses. Note that the high amounts of OH
radicals can not only cause back reactions of CO into CO; but can also explain the higher oxygenate
content in case of the BaTiO3 packing, compared to the other materials. It is thus advised, when aiming
for a suitable catalyst for plasma-based DRM, to search for a material that benefits the reaction of OH
towards CHO or further towards CH30; instead of towards H,O. The different reaction pathways
mentioned in this reasoning, are shown in the Supplementary Materials (Figures S34—S536).

Nevertheless, the above reasoning is only a first hypothesis, as other materials exhibiting a lower
CO;, conversion in case of DRM versus pure CO, splitting (i.e., ZrO, with bead size of 2.0-2.24 mm)
do not result in a higher fraction of oxygenated products. This might be due to a difference in kinetics
between the back reaction of H,O with CO, versus oxygenate formation. However, much more
experimental and modelling work is needed to substantiate this hypothesis.

Finally, the CHy4 conversion is always higher than the CO, conversion, due to the lower C-H bond
dissociation energy compared to C=0O bond dissociation energy, for all packing materials and sphere
sizes. However, the CH,/CO, conversion ratio varies from 1.2 to 2.3 (see Table 3), so the difference is
more pronounced for some materials than for others. This suggests that for those packing materials
with a lower CH,/CO, conversion ratio (e.g., 1.25-1.4 mm «-Al,O3 and BaTiO3 and 2.0-2.24 mm SiO,
and a-Al,Os; see Table 3), the situation is more complicated, for example, a back reaction or an impact
on the kinetics of CHy conversion or CO, conversion is taking place.

4. Materials and Methods

We applied the same setup as described in our previous work [32]. It comprises two concentric
electrodes: a grounded inner electrode made of stainless steel and the live outer electrode (10 cm)
consisting of a stainless steel mesh, wrapped around the dielectric barrier. The dielectric barrier forms
the reactor tube that encloses the gap with the inner electrode and is made of Al,O3. The gap is
confined between the inner electrode (8 mm outer diameter) and the dielectric barrier (inner diameter
17 mm, thickness 2.4 mm), resulting in a gap size of 4.5 mm. In this gap, we inserted the spherical
dielectric packing material. The packing spans the full discharge volume with a length of 10 cm
(the outer electrode length). To prevent the spherical packing from shifting, the beads were secured
with glass wool at both ends of the discharge zone. The high voltage was supplied by a generator,
a transformer and a power supply (AFS GmbH, Horgau, Germany). The voltage was measured
with a high voltage probe (Tektronix P6015A, Beaverton, OR, USA), while the current was measured
with a Rogowski coil (Pearson 4100, London, UK) and the condenser (10 nF) measures the charge.
The electrical signals were recorded with an oscilloscope (PicoScope 6402 A, Tyler, TX, USA).

Plotting Q versus U results in Q-U Lissajous figures, giving insight in the electrical characteristics.
Analysing the Lissajous data and the oscillograms with Matlab yields six different data. The plasma
power is calculated by multiplying the measured current and voltage. The burning voltage
(Upyr) and peak-to-peak voltage (Upp) are calculated from the Lissajous graphs. Furthermore,
the root-mean-square current (Irpss), number of micro discharges per period and displaced charge
per micro discharge are extracted from the oscillograms. More information about how these data
are obtained from the Lissajous plots and oscillograms can be found in ref. [32,57]. The data are
summarised in Table S2 of the Supplementary Materials. All packing materials result in a lower
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burning voltage, which has already been observed before [58], as well as more micro discharges per
period and a larger root-mean-square current.
The reaction conditions and packing materials tested in this work are listed in Table 5.

Table 5. Operating conditions and materials used in this work.

Parameter Specification
Gap (mm) 4.5
Frequency (kHz) 23.5
Power (Watt) 100
Gas flow rate (mL/min) 50 (or 192, for non-packed, to have the same residence time as in the packed reactor)
Type of material Non-packed reactor versus SiOp, x-Al,O3, y-Al,O3, ZrO; and BaTiO3
Diameter spheres (mm) ? 1.25-1.4;1.6-1.8;2.0-2.24
CO,/CHy ratio 1/1
Temperature Ambient (no external heating)
Pressure Atmospheric (£1.2 atm)

2 The y-Al,O3 spheres were only tested for a diameter of 2.0-2.24 mm.

Five different spherical packing materials were used in this work, that is, SiO, (SiLiBeads,
Warmensteinach, Germany), Y-stabilised ZrO, (SiLiBeads, Warmensteinach, Germany), BaTiO3 (Catal,
Sheffield, UK), y-Al,O3 (BASF) and «-Al,Os (in-house formulated by droplet coagulation at VITO
(Vlaamse Instelling voor Technologisch Onderzoek—Flemish institute for technological research),
with the a-Al,O3 being purchased from Almatis, Rotterdam, The Netherlands [32]). The different
physical and chemical characteristics of each material are reported in the Supplementary Materials:
Table S1 and Section 1 (Figures S2-514 and Table S4). The stability of the materials is also discussed in
the Supplementary Materials. (Section 2, Figures S16-524), which focuses on coking resistance.

The gas feed flow rates for both CO, and CHy are regulated with thermal mass flow controllers
(Bronkhorst, Ruurlo, The Netherlands) and the outlet gas is analysed with a custom made online
gas chromatograph (Trace GC 1310, Interscience, Breteche, France). The GC is equipped with a
TCD (thermal conductivity detector) and an FID (flame ionization detector) with a methanizer.
The separation of the gasses is accomplished with four columns: a Molsieve 5A, 2 RT-Q-bonds
and a RTX-f column.

The experiments are carried out as follows: the reactor is always packed with fresh packing.
A vibration step is applied during packing to ensure dense packing of the reactor and uniform
void spaces. Subsequently, the gas is flushed through the reactor for 10 min, followed by a blanc
(i.e., without plasma) measurement, consisting of four consecutive GC measurements and electrical
measurements, confirming the feed concentration CO,;, and CHy, (a constant CO,/CHy ratio of
1/1is applied in this study). Then, the plasma is ignited and stabilised for a duration of 40 min,
followed by four consecutive GC and electrical measurements. This plasma measurement is repeated
three times, each time with fresh packing. This way, the uncertainties introduced by packing the
reactor are included in the final result. The error bars on the data-points below are thus based on the
12 measurements executed as explained above.

Based on the peak areas of the GC chromatogram obtained from the plasma measurements
(COy,0ut and CHy o¢) and the blanc measurement, the conversions for CO, and CHy are calculated
(Equations (1) and (2)). The total conversion is calculated using the fractions of both gasses in the inlet
gas flow (in our case, both 50%; Equation (3)).

COZ,in - COZ,out

Xco, = 100% 1
co, COnm * 1
o CH4,in - CH4,0ut o
Xcn, = T, *100% (2)
Xco, + Xch,
XTot/zl = 2 B 4 (3)
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As explained in our previous work [32], the conversion of gasses into a larger number of molecules
leads to an expansion of the volume of the gas, causing a pressure increase. As the GC depressurizes
the gas to 1 bar upon sampling (sample loop volume of 100 uL), some converted volume could
thus be lost upon depressurizing, relative to the blanc experiment executed at a constant pressure
of 1 bar. The formation of higher hydrocarbons, on the other hand, would lead to an increase in
density. The extent of conversion, the type of products formed (density) and the product distribution,
thus determine the extent of pressure increase and thus the possible loss of converted gas upon
sampling. For CO, splitting, this can be easily accounted for, as demonstrated in refs. [32,45,57,59,60].
However, for DRV, it is nearly impossible to take this into account, because a plethora of products
can be formed, which are not a priori known or can even not all be identified in the GC. Yet, it is
still important to know that this process can play a role and expansion of the gas can influence
(slightly overestimate) the conversions. More details about the extent of its impact on the obtained
results can be found in the work of Pinhao et al. [59]. As it does not only affect the conversions but also
the way to calculate the product selectivities, we report the data as relative fractions of products to
the total of identified products. Indeed, these product fractions are not affected by the gas expansion.
The relative product fractions are defined as follows (shown for H, as example):

Hp
Fr. =
H CO+ Hjp + CyHg + CoHy + CoHy + CoHgO + CoHsOH + C3Hg + CH,O + CH30H

4

For information of the reader, the yields and selectivities (albeit with the uncertainties due to the
gas expansion) are also calculated and shown in the Supplementary Materials (Tables S5 and S6).

Next to the conversion, also the carbon, hydrogen and oxygen balances (CB, HB, OB) were
calculated, to give insights in the presence of products not yet identified in the analysis (or not possible
to identify in our analysis, for example, H,O) or losses such as in cokes. These are calculated as follows:

COy, gut +CHy, gut+CO+25Cy Hg+25Cy Hy+25Cy Hy+2Cy HsOH+25Cy HO+3+C3 Hg+ CHoO+ CH30H

0, —
CB (%) = Oy, iy +CH, 4y ®)
HB (%) — 2*Ha +4xCHy, ou6+CaH+4xCyHy+24CoHy+6+Ca HsOH +6+C HyO+8xCaHg +2+ CHyO+ 4sCH;OH (o
(%) = TCH, 1 (6)

2 % COZ’ out + CO+ CoH50H + CoHgO + CH,O + CH30H

OB (%) = 2+C0y

@)

In Formulas (5)—(7), the terms in the nominator are subject to the gas expansion explained before,
whereas the terms in the denominator are not. Hence, the mass balance percentage might be slightly
under- or overestimated, depending on the product mix.

The SEI (specific energy input) is defined as

Plasma power (kW) « 60 (L

~ Total gas flow rate (L) min

SEI (kf]) -

) ®)

The total gas flow rate is the sum of the flow rates of CO, and CHy4. For all experiments
in the packed bed reactor, this value is 50 mL/min, while in the non-packed reactor, we use a
flow rate of 50 mL/min or 192 mL/min. Indeed, the experiments with a non-packed reactor at
50 mL/min provide comparison with the packed bed reactor at equal flow rate, while the experiments
at 192 mL/min compare at the same residence time. This way, the reduction in the reactor volume
caused by the addition of the packing (estimated as 74% volume, independent of the packing size [61]),
is accounted for.

The plasma power in the above formula is the power generated in the plasma reactor,
calculated based on the measured voltage and current and not the power that is set on the power
supply (typically there is a power loss of ~40%, from 100 Watt to 60 Watt). The analysis of the
obtained Lissajous data gives a more correct value of the actual power that is supplied to the plasma
(see Supplementary Materials: Table S2).
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5. Conclusions

The aim of this research was to study the influence of different packing materials on the conversion
and product fractions formed in the dry reforming of CH, in a packed bed DBD reactor and to compare
this to our previous work on CO; splitting.

For this purpose, five different packing materials in three different sizes, that were not
explicitly activated with catalytically active elements but could be catalytic in nature, were compared.
The following conclusions can be drawn:

The highest CO,, CHy and total conversion obtained in the packed bed reactor was 22.5%,
32.8% and 27.7%, respectively, for a-Al,O3 spheres with a diameter of 2.0-2.24 mm. In the non-packed
reactor at equal flow rate, the CHy4 and total conversion yielded still higher values of 37.3% and 28.5%,
respectively, due to the longer residence time. Analysis of the packing materials before and after
plasma confirmed that most of the packing materials have a high resistance to coking, although SiO,
showed clear D and G bands.

It was clearly evidenced that the type and size of packing materials cannot only influence
the overall conversion but also the CH4/CO, conversion ratio and the product fractions,
even without being activated with catalytic elements. This emphasizes the importance of studying
all essential aspects of a catalyst in case of plasma catalysis, including the non-catalytically activated
support material.

Depending on the packing material applied, very high CO/Hj ratios can be obtained, hinting to
mechanisms where the H atoms (originating from CHy) are mainly involved in the formation of
hydrocarbons or oxygenated products, rather than into Hj.

By studying two types of Al,O3 (« and y), with the same dielectric constant, we can conclude that
apart from differences in electrical characteristics and discharge behaviour, other materials chemistry
or structural (e.g., porosity) related features have a vast impact on product formation, leading to
a very different product distribution, in case of a-Al,O3 versus y-Al,O3. It has to be noted that
v-Al,Oj results in the highest product selectivity (higher than a-Al,O3), with no detectable fractions
of oxygenated products, except for a 10-fold higher ethanol formation (fraction of 3%), in combination
with a high CO content (~70%), the latter being similar to x-Al,Os.

Another interesting observation was the discrepancy between the high CO, conversion of BaTiO3
for CO; splitting, in contrast to the low CO, conversion in case of DRM. A possible explanation for
this was put forward, based on models that hint towards the recombination of O and H atoms into OH
and possibly enhanced back reactions. However, further studies, including both extensive modelling
and plasma catalysis with materials with systematically altered properties, are required to confirm the
complicated interplay of the different mechanisms.

In general, we can conclude that, even without a catalytic activation, the packing material
already has a vast effect on the conversions and product fractions. This indicates the importance
of studying all materials aspects in case of plasma catalysis, including the non-activated packing
materials. Furthermore, it shows that more research is needed, combining extensive modelling with
material research, to unravel the mechanisms at play. Finally, it exemplifies the tremendous future
opportunities to create catalysts with true synergy in packing material and active element, that can
significantly impact both conversion and selective production of chemicals, allowing to steer DRM to
different types of products, ranging from oxygenates to higher hydrocarbons in a one-step process,
making plasma-catalytic DRM competitive with thermal DRM in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/1/51/s1.
Figure S1: UV-DR spectra of SiO; before (blue graph) and after (red graph) plasma exposure (milled spheres).
Figure S2: UV-DR spectra for ZrO, before (blue graph) and after (red graph) plasma exposure (milled spheres).
Figure S3: UV-DR spectra for BaTiO3 before (blue graph) and after (red graph) plasma exposure (milled spheres).
Figure S4: Nitrogen Sorption for SiO,. Figure S5: Nitrogen Sorption for ZrO,. Figure Sé6: Nitrogen Sorption for
«-AlyOs. Figure S7: Nitrogen Sorption for y-Al,O3. Figure S8: Nitrogen Sorption for BaTiO3. Figure S9:
Hg-porosimetry for SiO,. Figure S10: Hg-porosimetry for ZrO,. Figure S11: Hg-porosimetry «-Al,Os.
Figure S12: Hg-porosimetry y-Al,O3. Figure S13: Hg-porosimetry BaTiO3. Figure S14: Raman spectrum for SiO,,
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before and after plasma exposure. Figure S15: Raman spectrum for ZrO,, before and after plasma exposure.
Figure S16: Raman spectrum for «-Al,O3, before and after plasma exposure. For both spheres (before and after
plasma), 2 spectra are recorded: one with 90% of the light filtered out and one with 99% of the light filtered
out. Figure S17: Zoomed-in (at coking regions) Raman spectrum for «-Al,O3, before and after plasma exposure.
For both spheres (before and after plasma), 2 spectra are recorded: one with 90% of the light filtered out and one
with 99% of the light filtered out. Figure S18: Raman spectrum for y-Al,O3, before and after plasma exposure.
Figure S19: Zoomed-in (at coking regions) Raman spectrum for y-Al,O3, before and after plasma exposure.
Figure S20: Raman spectrum for BaTiO3, before and after plasma exposure. Figure 521: Zoomed-in (at coking
regions) Raman spectrum for BaTiO3, before and after plasma exposure. Figure S22: visual image of the spheres
before and after plasma treatment. Figure S23: CO,, CHy and total conversion for different sphere sizes and
materials, compared to the results for the non-packed reactor, at the same flow rate (50 mL/min) and at the
same residence time (5.52 s; flow rate of 192 mL/min). Figure 524: Part of a gas chromatogram obtained in
this work, zoomed in on the baseline. Figure S25: Total carbon balance for different sphere sizes and materials.
Figure S26: Detailed carbon balance for different sphere sizes and materials, without CO, and CHy contribution.
Figure 527: Normalized carbon balance for different sphere sizes and materials, without CO, and CHy4 contribution.
Figure 528: Total hydrogen balance for different sphere sizes and materials. Figure S29: Detailed hydrogen balance
for different sphere sizes and materials, without CHy contribution. Figure S30: Normalized hydrogen balance for
different sphere sizes and materials, without CHy contribution. Figure S31: Total oxygen balance for different
sphere sizes and materials. Figure S32: Detailed oxygen balance for different sphere sizes and materials, without
CO; contribution. Figure S33: Normalized oxygen balance for different sphere sizes and materials, without
CO;, contribution. Figure S34: Reaction scheme to illustrate the main pathways for the conversions of CHy
and O, and their interactions. Adopted with permission from ref. [17]. Copyright 2018 American Chemical
Society. Figure S35: Reaction scheme to illustrate the main pathways for dry reforming of methane. Adopted with
permission from ref. [17]. Copyright 2018 American Chemical Society. Figure S36: Reaction scheme to illustrate
the main pathways for the conversions of CO, and H,O and their interactions. Adopted with permission from
ref. [18]. Copyright 2018 Wiley-VCH. Table S1: Electrical characterisation for all experiments. Table S2: Physical
and chemical characteristics of the packing materials. Table S3: Specifics of the equipment for all characterization
techniques. Table S4: SEM-EDX measurements for all spheres before and after plasma, measured at 3 points per
sphere. Table S5: Identified products, ranked in decreasing order of their yields, for the different packing materials
and the non-packed reactor. The components highlighted are present for more than 1%, the others for more than
100 ppm. Table S6: Product selectivities (%) for the different packing materials and sizes and for the non-packed
reactor. The highest selectivities for each component are highlighted.
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Abstract: In the context of coupling nonthermal plasmas with catalytic materials, CeO, is used
as adsorbent for toluene and combined with plasma for toluene oxidation. Two configurations
are addressed for the regeneration of toluene saturated CeO,: (i) in plasma-catalysis (IPC);
and (ii) post plasma-catalysis (PPC). As an advanced oxidation technique, the performances of
toluene mineralization by the plasma-catalytic systems are evaluated and compared through the
formation of CO;. First, the adsorption of 100 ppm of toluene onto CeO; is characterized in detail.
Total, reversible and irreversible adsorbed fractions are quantified. Specific attention is paid to the
influence of relative humidity (RH): (i) on the adsorption of toluene on CeOy; and (ii) on the formation
of ozone in IPC and PPC reactors. Then, the mineralization yield and the mineralization efficiency
of adsorbed toluene are defined and investigated as a function of the specific input energy (SIE).
Under these conditions, IPC and PPC reactors are compared. Interestingly, the highest mineralization
yield and efficiency are achieved using the in-situ configuration operated with the lowest SIE, that is,
lean conditions of ozone. Based on these results, the specific impact of RH on the IPC treatment of
toluene adsorbed on CeO, is addressed. Taking into account the impact of RH on toluene adsorption
and ozone production, it is evidenced that the mineralization of toluene adsorbed on CeO; is directly
controlled by the amount of ozone produced by the discharge and decomposed on the surface of
the coupling material. Results highlight the key role of ozone in the mineralization process and the
possible detrimental effect of moisture.

Keywords: toluene; CeO,; mineralization; in plasma-catalysis; post plasma-catalysis; relative humidity

1. Introduction

Volatile organic compounds (VOCs), from both natural sources and human activities such as
transport, organic solvents and solvent-containing products, production processes and combustion
processes [1], have environmental and health impacts [2,3]. Toluene is widespread in the environment
owing to its use in a wide variety of household and commercial products [4]. In indoor environments,
toluene levels are higher than outdoor; this confinement effect is clearly enhanced by specific sources
such as tobacco smoke [5]. Therefore, the abatement of VOCs has motivated research toward an efficient
and economical approach. Nonthermal plasma (NTP) technology, as an alternative to conventional
VOC abatement techniques, received increasing interest during recent decades [6-15]. However,
the application of NTP for VOC abatement has three main drawback: first, the incomplete oxidation
of primary pollutants with unwanted side-product emissions; second, the low mineralization rate of
organic pollutants; and third, the low energy efficiency [16]. In order to overcome these weaknesses,
an alternative relies on the combination of plasma with catalysts. Plasma-catalytic systems can be
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divided into two categories depending on the location of the coupling material with respect to the
dielectric barrier discharge (DBD) reactor. If the catalyst is directly placed inside the discharge zone,
it is referred to as in plasma catalysis (IPC) [17,18]. If the catalyst is placed downstream the DBD
reactor, it is referred to as post plasma catalysis (PPC) [18,19].

In the PPC configuration, the main role of the plasma is to generate reactive chemical species,
mainly ozone, to convert the pollutants residing on the surface of the coupling catalyst. The role of the
catalyst is to enhance the process selectivity and efficiency as well as to remove undesired by-products
released by the plasma, such as NOx or O3. In the IPC configuration, coupling materials are directly
inserted in the discharge zone. In 2003, Ogata et al. [20] confirmed: (i) the positive impact of porous
and high specific surface materials; and (ii) the possible activation of catalytic surfaces under plasma
exposure. The activation of various catalytic surfaces, among them metal loaded catalysts, was also
confirmed by Hammer et al. [21], Kirkpatrick et al. [22] and Ayrault et al. [23]. Various papers pointing
out the synergetic effects between plasma and catalysts in the IPC configuration were published and
tried to raise and validate hypotheses to explain this positive interaction. In their review on the removal
of VOCs by single-stage and two-stage plasma catalytic systems, Chen et al. [18] rigorously attempted
to distinguish the influence of the catalyst on the plasma processes from the plasma influence on the
catalytic processes in the IPC configuration.

Besides the catalyst position, air relative humidity plays a key role into the VOC oxidation
process. Even in the absence of a catalyst, humidity strongly affects the plasma characteristics and
among them the ozone production. Some studies indicated [24-26] that a moderate relative humidity
present in the gas mixture has a favorable effect on the toluene decomposition in the plasma without
catalysts. However, in plasma-catalytic system, a negative effect both in in-situ and post-situ plasma
configurations was reported for different catalysts [26-28]. Indeed, the adsorption of water molecules
on the catalyst surface could hinder the sorptive and reactive sites [25] leading to a reduced catalyst
activity. It has also been reported that the various behaviors of the VOCs on TiO; surface are directly
related to their adsorption modes and parameters and to the VOC-water interactions in adsorbed
phase [29]. More generally, it is required to investigate the performances of any air treatment process
under humid conditions: first to address realistic conditions, second to be able to assess the effective
role of moisture on the process performance which can be twofold. Although water can be dissociated
to produce HOe radicals beneficial for VOC oxidation, high humidity levels are detrimental to O3 by
decreasing O concentration on the catalyst surface [30].

In a previous study [31], adsorption and oxidation of toluene on CeO, was reported under
plasma exposure using two different configurations and only surface monitoring diagnostics: IPC was
studied using Sorbent-TRACK device [32]; PPC was studied using Diffuse Reflectance Infrared Fourier
Transform Spectroscopy—DRIFTS [33]. The formations and the temporal evolutions of organic reaction
intermediates onto CeO, surface were discussed. Unlike the former study was centered on surface
processes, this paper focuses on the performances of CeO, coupled to NTP in the oxidation of toluene
through gas phase characterization. As a VOC oxidation process, the main performance parameter of
plasma-catalysis is the formation of CO5, that is, the mineralization. In that regard, specific attention
has been paid to the monitoring of CO, formation. The key process parameters such as specific
input energy of the plasma, level of relative humidity in the air flow and configurations of the reactor
(IPC and PPC) are evaluated in order to determine how they influence the mineralization performances
of the plasma-catalytic system. Obtained results aim (i) at determining the optimal conditions for
toluene mineralization and (ii) at understanding the limiting steps and the performances of such an air
treatment process.
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2. Results and Discussion

2.1. Characterization of the Adsorption of 100 ppm of Toluene on CeO,

The adsorption capacity of CeO, regarding 100 ppm of toluene is determined using the
experimental method reported in previous study [34] and described in the first three steps of the
experimental protocol reported in Section 3.5. Figure 1 displays the quantification of the (i) total,
(ii) reversible and (iii) irreversible fractions of toluene adsorbed on CeO, surface and expressed in
umol/m? for different RH levels (0-80%). Every experiment is repeated at least three times and the
corresponding standard errors are calculated by dividing standard deviations by the square root
of the number of experiments. Under 0% RH, a total of 3.4 umol/ m? of toluene are adsorbed on
CeO; right after toluene breakthrough. The flushing step under dry air leads to the desorption of
2.0 umol/m? of toluene which accounts for the reversibly adsorbed fraction. The amount of irreversibly
adsorbed toluene on CeO; is given by the subtraction of these two values, that is, 1.4 & 0.2 umol/ m?.
F. Batault. [35] reported the irreversible fraction of toluene as 0.77 £ 0.29 pmol/ m? onto P25-Degussa
TiO, for the same concentration range of toluene. Bouzaza et al. [36] reported that the total adsorbed
amount of toluene on TiO; is 3.9 umol/m?. Similarly, Takeuchi et al. [37] reported values ranging from
2 to 3 pmol/m? for toluene adsorption on zeolites. In spite of the contrasted chemical natures of these
materials, values obtained for the adsorption of ca. 100 ppm of toluene range within the same order of
magnitude onto metal oxides.
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Figure 1. Total, reversible and irreversible adsorbed amounts of toluene on CeO; for relative humidity
ranging from dry to 80% RH (flow: 0.5 L/min, 70 mg CeO,, 100 ppm of toluene, P = 101.3 kPa,
and T = 298 K).

In the presence of moisture, the total amount of toluene adsorbed acutely drops from 3.4 umol/m?
under dry condition to 1.7 pmol/ m? under 20% RH. Between 20, 50 and 80% RH, the total amount
of toluene adsorbed remains unchanged while the amount of irreversibly adsorbed toluene slightly
decreases with increasing RH. Goss et al. [38] have shown that mineral surfaces, that is, metal oxide
surfaces, exhibit monolayer coverage by water molecules as the relative humidity reaches 20-30%.
Below 20%, as the surface coverage of the material by water molecule is lower than 1, the VOCs
can either directly adsorb on the metal oxide surface or interact with the incomplete water layer.
Nevertheless, even with a RH lower than 20%, the adsorption of water molecules is favored because
of (i) the high affinity of water for metal oxide polar surfaces [38] and (ii) the high partial pressure of
water, ca. 6300 ppm for 20% RH under room temperature, compared to that of the considered VOC
(100 ppm). This explains the significant decrease in the tota amount of toluene adsorbed from dry
conditions to 20% RH. As RH increases over 20-30%, VOCs necessarily interact with water layers
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present on the surface of the metal oxide. Adsorption at the interface between the adsorbent and the
water layer is thermodynamically unfavorable for non-polar compounds such as toluene [39,40].

2.2. Comparison of PPC and IPC Performances under Dry Air Conditions

2.2.1. Performance Criteria

The performances of the PPC and IPC configurations are compared regarding their respective
abilities to regenerate CeO, surface saturated with toluene. The main criterion relies in the mineralization
yield, that is, the formation yield of CO, proceeding from toluene oxidation. The mineralization yield,
denoted by p (t) in the following, represents the evolution of the quantity of CO, produced per Joule of
injected energy (nmol CO,/J) as a function of time t Equation (1).

) = qco, (1) 1)

t
ol Pin

In Equation (1), gco, (t) represents the quantity of CO, produced as a function of time ¢ and
expressed in nmol. P;,; represents the discharge injected power (J/s). The integration of p (t) on the
time interval [0, t] enables the calculation of the mineralization efficiency # as reported in Equation (2).

t
y = he @

2.2.2. Formation of Ozone Using PPC and IPC Configurations

First, the ability of each reactor configuration to generate ozone has been addressed. Figure 2
reports ozone concentration as a function of the specific input energy for both PPC and IPC reactors,
under dry and humid conditions, with and without ceria. On the one hand, no difference in ozone
production by the PPC and IPC configuration reactor is noticeable in the absence of ceria. Both reactors
provide the same increasing ozone generation with respect to specific input energy (SIE) up to 55 J /L.
This behavior evidences the ability of both experimental devices to generate the same flow of ozone
for the same specific input energy. On the other hand, when ceria is coupled to IPC and PPC reactors,
no ozone is detected at the reactor outlets regardless of IPC or PPC configuration. Under both
configurations, CeO, provides a complete conversion of the ozone molecules produced whether
the material is placed inside or downstream the discharge. Moreover, CeO; has higher oxygen
storage/transport capacity combined with the ability to shift easily between reduced and oxidized
states (i.e., Ce>*~Ce**) which results in an oxygen vacancies. The ozone decomposition to reactive
oxygen species on CeO; has been proposed by Mao et al. [41] in the following reaction:

Ce0, [0* 1+ 05 — Oy + O* + CeO, [0*] 3)

The mechanism of toluene decomposition could be initiated by the reaction of toluene with O*
and form CO; and H,O.
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Figure 2. Evolution of ozone concentration as a function of the specific input energy (SIE) in post
plasma-catalysis (PPC) and in plasma-catalysis (IPC) configurations, with and without ceria, under dry
condition (dry air flow: 0.5 L/min, P = 101.3 kPa, and T = 298 K).

2.2.3. Influence of the SIE on CO, Formation Yield: p (t)

Once the adsorption equilibrium of toluene is reached on CeO, and the reversible fraction has
been removed by flushing, plasma is ignited either in the IPC or PPC configuration. The ignition time
of the discharge corresponds to t = 0 on Figure 3a-d. The temporal evolutions of CO, concentration
(ppm) monitored at the reactor outputs for the PPC and IPC configurations respectively are reported
in Figure 3a,c. It has to be noted that CO; is considered the single mineral by-product of toluene
mineralization, since CO is formed in an extent that remains lower than 1% of CO, concentration in
all experiments.

At low input energy, that is, 1.9 J/L for IPC (Figure 3a) and 2.1 J/L for PPC (Figure 3c),
CO, production is constant along the whole plasma phase. As the input energy increases, a peak
of CO; is first observed, but CO; production gradually decreases with of treatment time. The same
phenomenon is noticeable whether CeO; is located inside (IPC) or downstream the discharge (PPC).
The observed decrease in CO, production with the treatment time could be contributed by (i) the
depletion of toluene or (ii) the poisoning of the CeO, surface. The by-products (benzyl alcohol, phenol,
benzoate-like species) resulting for incomplete oxidation of toluene and reported on ceria surface in
our previous study [31] using in-situ infrared spectroscopies, may induce a surface poisoning effect.
Similar observations have been reported in the literature [42,43] related to toluene oxidation and
support the second hypothesis.

Interestingly, it is observed on Figure 3b,d that the efficiency of toluene conversion into CO,,
characterized by p (t), is higher by a factor of ca. 3 for a lower SIE for both IPC (Figure 3b) and PPC
(Figure 3d) configurations. At low SIE, it can be suggested that the number of toluene molecules
involved in the oxidation process per time unit is lower, but the advancement of the oxidation is
enhanced. As a result, in spite of the fact that the removal of toluene from the sorbent surface is
decreased by a lower SIE, the formation of adsorbed side-products is limited. Thus, on the time scale
of the reported experiments the depletion of toluene is not reached and no poisoning of the surface is
induced. As a consequence, CO; production appears as a constant process and CO; yield is optimal.
On the contrary it can be suggested that an increase in SIE chiefly initiates the oxidation of a larger
number of adsorbed toluene molecules, but it appears to be detrimental to the advancement of the
oxidation process and the mineralization.
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Figure 3. Evolution of CO, concentration as a function of time at the output of IPC reactor (a) and PPC
reactor (c) for different specific input energies (SIE); evolution of CO, formation yield as a function of time
for IPC reactor (b) and PPC reactor (d) for different specific input energies (SIE) (dry air flow: 0.5 L/min,
60 min plasma treatment, 70 mg ceria, 1.4 £ 0.2 pmol/ m? toluene initially adsorbed, P = 101.3 kPa,
and T =298 K).

2.2.4. Influence of the SIE on the Mineralization Efficiency: 7

The mineralization efficiency (7) of adsorbed toluene has been calculated over 60 min plasma
treatments for both IPC and PPC configurations using different SIE as reported in Figure 4. Two mains
observations can be retrieved from Figure 4: (i) the mineralization efficiency of adsorbed toluene into
CO;, is significantly promoted by a decrease in SIE below 2 J/L; under this condition, 7 is enhanced by
65% in IPC compared to PPC; and (ii) above 8 J /L, no difference is observed between IPC and PPC.
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Figure 4. Evolution of the mineralization efficiency 7 as a function of the specific input energy

(SIE) for the IPC and PPC reactors (dry air flow: 0.5 L/min, 60 min plasma treatment, 70 mg ceria,
1.4 + 0.2 umol/m? toluene initially adsorbed, P = 101.3 kPa, and T = 298 K).
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As observed in Figure 2, all ozone molecules produced in IPC or PPC configuration are
decomposed on the surface of CeO,. Each of them leads to the formation of one O, molecule and
one active oxygen atoms. Assuming that these oxygen atoms are involved in the mineralization of
adsorbed toluene, the Reaction is considered.

CgHsCHs + 18 O — 7 CO, + 4 H,O @)

Based on Reaction the theoretical stoichiometric ratio of ozone to toluene is 18:1. Both IPC and
PPC reactors have the same capacities to generate ozone. The amounts of ozone produced during
60 min plasma using IPC or PPC are reported in Table 1 for different SIE. They vary from 24 umol of
ozone, for a SIE of 2 J /L, to 204 umol, for a SIE of 19 J/L. Considering that the minimum amount of
toluene adsorbed onto CeO; surface present in the IPC or PPC reactor is 7.1 pmol, the ratios of ozone
to toluene are calculated for different SIE and reported in Table 1.

Table 1. Quantities of ozone produced during a 60min-plasma for different SIE under IPC or PPC,
and corresponding ozone/toluene ratios (dry air: 0.5 L/min, 70 mg ceria, a minimum of 7.1 pmol of
toluene initially adsorbed, P = 101.3 kPa, and T = 298 K).

SIE (J/L) Ozone Produced During 60 min (ttmol) Ratio of Ozone to Toluene
2 24 3:1
8 120 17:1
19 204 29:1

Based on Table 1, the specific input energy of 8 J/L appears as the minimum SIE to reach the
stoichiometric conditions of toluene oxidation within 60 min. Indeed, with a SIE of 2J /L, the ratio
of ozone to toluene is only 3:1 which signifies an import lack of ozone. With a specific input energy
of 19 J/L the amount of ozone available within 60 min highly exceeds the stoichiometry of Reaction
(IT). Irrespectively of the IPC or PPC configuration, the SIE directly controls the amount of ozone
provided to the catalytic surface. As the amount of ozone exceeds the stoichiometry required for
toluene mineralization (SIE > 8 J/L) no difference is noticed between IPC and PPC regarding their
mineralization efficiency (Figure 4). The higher mineralization efficiency of the IPC configuration
is observed as ozone is provided in sub-stoichiometric conditions. Remarkably, Figures 3 and 4
and Table 1 evidence that the in-situ configuration (IPC) offers the highest mineralization yield and
efficiency under lean conditions of ozone. These findings are supported by the works of Harling et
al. [44], using Ag/TiO; and Ag/Al,O3, and Van Durme et al. [45], using TiO,, who similarly report an
increase in the energy efficiency of toluene degradation for lower SIE as the coupling material is used
in-situ (IPC). The main hypothesis proposed to explain the higher efficiency of IPC configuration relies
on the presence of additional short lived species.

2.3. Influence Relative Humidity on the Performances of IPC

IPC is evidenced as the optimal configuration because it provides the highest mineralization
yield for the lowest SIE, thus this section aims at investigating more in details this configuration and
especially the most impacting process parameter: the relative humidity (RH).

2.3.1. Influence of Relative Humidity on O3 Formation

The evolution of ozone concentration as a function of the specific input energy in IPC reactor is
reported in Figure 5. The data series of Figure 5 differ through (i) the relative humidity levels used and
(ii) the absence or presence of CeO; in the reactor. In the absence of ceria, the concentration of ozone
produced by the discharge decreases as the relative humidity increases; while in the presence of ceria,
no ozone is detected at reactor outlet.
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Depending on the relative humidity condition, the major oxidants produced on the surface of
the coupling material are different. On the one hand, under dry conditions, and using CeO, /y-Al,O3
catalyst, Wu et al. [46] reported that atomic oxygen (O%) is massively generated from the surface
decomposition of O3 on the catalyst. On the other hand, under wet conditions and using cerium-based
mixed oxides in the ozonation of oxalic acid, Orge et al. [47] concluded that the oxidizing species
are predominantly HO radicals formed by the interaction between ozone and Ce (III) centers on
the water-covered catalyst surface. Consequently, moving from dry to wet conditions turns the key
oxidizing species from atomic oxygen to hydroxyl radicals.
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Figure 5. Evolution of ozone produced as a function of the specific input energy (SIE) in the IPC
configuration, with and without ceria, and with different relative humidity levels (flow: 0.5 L/min,
injected power from 0 to 50 J /L, P = 101.3 kPa, and T = 298 K).

2.3.2. Influence of Relative Humidity on the Mineralization of Adsorbed Toluene

Investigating the influence of relative humidity on the mineralization of adsorbed toluene requires
first to recall the impact of RH on toluene adsorption. The adsorption of toluene on CeO, has been
quantified varying RH from 0 to 80%. Based on Figure 1, the irreversibly adsorbed fractions of toluene
are reported in Table 2 for different relative humidity levels. As discussed in Section 2.1, the increase of
RH induces a significant lessening of the irreversible fraction of toluene adsorbed on the surface of CeO,.

Table 2. Quantities of irreversibly adsorbed toluene on CeO, expressed in pmol/ m? for different
relative humidity levels (%) (flow: 0.5 L/min, 70 mg ceria, P = 101.3 kPa, [Tol.] = 100 ppm and

T =298 K).
RH (%) Amount of Irreversibly Adsorbed Toluene (umol/m?)
0 1.40
20 0.80
50 0.66
80 0.56

Considering that the concentration of ozone produced by the discharge varies with RH (Figure 5)
and that the amount of toluene adsorbed on CeO, depends on RH as well (Table 2), the parameter ¢ (t)
is proposed to enable accurate comparisons of toluene mineralization from one RH level to another.
This parameter is defined by Equation (3) as the ratio of CO, concentration (ppm), monitored at the
outlet of the IPC reactor, to the amount of toluene adsorbed (umol/m?) and the concentration of
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ozone (ppm) at the corresponding RH. As a consequence, in the following, ¢ (t) is referred to as the

normalized mineralization.
[CO,]

e(t) = [adsorbed Toluene| x [O3]

Figure 6a,c report the temporal evolution of CO, concentration at the IPC reactor outlet during 60
min plasma treatments of irreversibly adsorbed toluene on CeO,. Experiments have been performed
with RH levels of 0, 20, 50 and 80%. Figure 6a,c differ by their specific input energies, respectively 2 J/L
and 19 J/L. Under both SIE conditions, the CO, concentration dramatically falls down as RH increase.
The most significant drop being observed as RH is increased from 0 to 20%. This behavior could
be related to the modification of the major oxidizing species or the decrease in toluene adsorption.
In order to propose more accurate discussions, Figure 6b,d report the temporal evolutions of the
normalized mineralization ¢ (t) taking into account the initial amount of toluene adsorbed and the
quantity of ozone produced. Interestingly, under both SIE conditions, after a short transient regime,
values of ¢ (t) tend to converge towards similar values, irrespectively of (i) the RH level, (ii) the initial
amount of toluene adsorbed and (iii) the concentration of O3 produced by the discharge. Under 2J/L,
¢ tends to 0.07 m?/ umol while it tends to 0.04 m?/ umol under 19 J/L. The convergence is noticeably
faster under 2 J/L compared to 19 J/L. This difference could be related to higher concentrations of O3
produced using 19 J/L. However, it has to be noted that the normalized mineralization (e) is always
higher using the lowest SIE, irrespectively of the RH level, confirming our former observations on the
more effective use of low SIE by IPC.

®)

2 0.10

E g
= N\i 0.05-
8\‘ o RH80% é —
& : "
O, “ g o Rioon
0 RHB80%
. 0.00+ : ;
0 20 40 60 0 20 40 60

Time (min)

0.10
O RHO0%
0 RH20%
o RH50%
0 RH80%
%mmmﬁmmr —
o
£ 0.05
=3
N\
S
= o
i
0 RH80%
0+ , . 0.00 2 . .
0 20 40 60 0 20 40 60
Time (min) Time (min)

Figure 6. Temporal evolutions of CO, concentration at the IPC reactor outlet during a 60-min plasma
exposure of toluene adsorbed on CeO, under different RH levels with SIE of 2 J/L (a) and 19 J/L (c);
and temporal evolutions of the normalized mineralization of toluene &(t) under different RH levels
with SIE of 2 J/L (d) and 19 J/L (b) (flow: 0.5 L/min, 70 mg ceria, P = 101.3 kPa, and T = 298 K).

These observations reveal that the mineralization is directly proportional to the amount of toluene
adsorbed on the surface of CeO,. It means that on the investigated range of surface concentration of
toluene, the concentrations of the oxidizing species produced by the discharge are not the limiting
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factor of the process. Besides, Figure 6b,d evidence that the mineralization is also directly proportional
to the concentration of ozone produced by the discharge. In the presence of moisture, the main
oxidizing species turns from oxygen atoms to hydroxyl radicals. However, oxygen atoms produced
from O3 decomposition appear as the most effective oxidizing agents to lead to toluene mineralization.
The convergence of € parameter irrespectively of the RH levels indicates that the role of water molecules
consists of preventing toluene adsorption and ozone formation, while the generation of hydroxyl
radical does not impact the process.

3. Materials and Methods

3.1. Gas Flow Preparation

Certified gas cylinders are supplied by Air Liquid. In all experiments, the inlet concentration of
toluene is 100 ppm. This concentration insures that the adsorption equilibrium of toluene onto CeO,
catalyst is achieved within a time span of typically 90 min. The regulation of gas flows is insured using
Brooks mass flow controllers. The mass flow controller attributed to the main dilution line can go up
to 2000 mL/min =+ 1%, that is., it is less accurate below an imposed flow of 20 mL/min; while the one
used for VOC cylinder regulation has a maximum of 10 mL/min and can be used accurately down
to 0.1 mL/min. As shown in Figure 7, experiments are performed with a constant total gas flow of
500 mL/min. A 494.3 mL/min air flow is sent through gas line (1) connected with the water bubbler.
Relative humidity (RH) can be adjusted from 0% to 80% using water bubbler containing de-ionized
water by adjusting the bubbler temperature from 274 K to 294 K with a Huber® cryostat. For dry
conditions, the cryostat containing water is by-passed. A 5.7 mL/min air flow is sent through gas
line (2) connected to the toluene bubbler. The toluene concentration at the toluene bubbler outlet is
8960 ppm. Once both lines are mixed together the concentration of toluene is 100 + 2 ppm at the
reactor inlet.

Toluene
Teryo: 273.15K

Figure 7. General scheme of the experimental set-up.

3.2. Materials

70 mg of CeO, powder (CAS 1306-38-3, Sigma-Aldrich, Lyon, France are used as coupling material.
The specific surface of the material is determined as 84 + 5 m?/g. The CeO, powder is first pressed,
and then split up into smaller pieces. These pieces have been first passed through a 12 mesh screen
and then trapped by a 16 mesh screen that allows producing CeO, agglomerates with particle sizes
ranging from 1.2 mm to 1.6 mm. Such particle size in experimental reactor could minimize the gas
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by-passes and pressure-drops. Complementary specific surface measurements evidenced that the
abovementioned agglomeration of CeO, particles do not impact the specific surface of the material.

3.3. FTIR Monitoring

The detection and the quantification of the gas phase species are performed using a high-resolution
Nicolet 6700 Fourier Transform Infrared spectrometer (FTIR) equipped with a 10 m long optical-path
White cell and a cooled mercury cadmium telluride (MCT) detector. The cell is heated at 50 °C to ensure
thermal regulation and to prevent adsorption onto the walls. Two spectra per minute are collected with
16 scans per spectrum by Omnic software and a spectral resolution of 0.5 cm 1. Figure 8 shows the gas
phase spectra acquired during calibration of the main detected species. CO quantification is carried
out using the average of two rotational absorption peaks (2159.2-2157.2 cm ™!, 2166.9-2164.2 cm 1)
associated to the C-O stretch vibration. The regions 2388-2348 cm™! and 1021.6-1000.4 cm™~! are
respectively selected for CO, and O3 quantification. The presence of toluene is detected in the region
(732.0-724.0 cm™ 1), corresponding to molecule-specific aromatic C-H out of plane vibrations [48] where
the water signal is minimal. The detection limits of the analytical instrument have been determined as
two times the signal/noise ratio in the regions of interest; they are reported in Table 3.
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Figure 8. Fourier transfer infrared (FTIR) gas phase spectra acquired during toluene (a), O3 (b), CO; (c)
and CO (d) calibrations. The framed regions (Q) indicated the portions of the spectra are used to
quantify the corresponding species.

Table 3. FTIR detection limits of the main detected species.

Compound Detection Limit (ppbv)
Toluene 130
CO, 20
Cco 10
O3 15
H,O 2800

3.4. Post vs in Plasma—Catalytic Reactors

The two following sections describe the plasma-catalytic reactors under both configurations:
post-situ and in-situ. For the post-situ configuration, the system consists of two distinct reactors
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whereas for in-situ configuration, the catalyst is placed inside the dielectric barrier discharge (DBD)
reactor. Injected power is calculated using the Lissajous figure method, also known as “Manley
method”; calculations are described in reference [31]. Specific input energy (SIE), expressed in J /L,
is defined as the ratio of the injected power to the gas flow rate.

3.4.1. Post Plasma Reactor-PPC

In the post-situ configuration, the material is placed in a U-shape Pyrex tube (Figure 9a) in the
form of CeO, agglomerates as described above. The DBD reactor is placed upstream the U-shape
reactor. It consists of a Pyrex glass (dielectric) tube of 1.7 mm inner diameter, 3.3 mm outside diameter
and 235 cm length. The inner electrode consists of a tungsten (W) wire of 0.2 mm diameter placed in
the middle of the tube. The outer electrode is a copper sheet of 16 mm wrapped around the dielectric
Pyrex tube. The U-shaped reactor containing the catalyst is a Pyrex tube with an external diameter
of 8 mm and wall thickness of 2.2 mm. The Pyrex tube is conceived with glass tips in the middle to
stabilize the material, yet avoiding any pressure drop in the gas flow.

a) PPC b) IPC

Plasmareactor Vent

—»U-shape reactor catalyst

—» U-shape reactor

Figure 9. Scheme of the plasma-catalytic reactors in the PPC (a) and IPC (b) configurations.

3.4.2. In Plasma Reactor—IPC

In the in-situ configuration, the catalyst is directly placed inside the DBD, more precisely, in the
discharge zone. The catalyst is placed in the same U-shaped reactor used for the post-plasma
configuration. The inner electrode consists of a tungsten (W) wire of 0.2 mm thickness placed in
main axis of the Pyrex tube. The counter electrode is a hollow brass cylinder, 16 mm high, screwed
along the catalyst bed area of the U-shape reactor. The height of the catalyst bed is ca. 8 mm which
is inferior to the counter electrode height. In order to compare the results obtained in IPC and PPC
configuration, the charge used for both reactors is the same.

3.5. Typical Experimental Protocole

The experimental procedure is composed of five steps irrespectively of PPC or IPC configurations:

e  Pretreatment of CeO, sample under dry air at 400 °C to remove water and other adsorbed species
and ensure repeatability of experiments.

e Adsorption of 100 ppm toluene on CeO, until breakthrough: the air flow with different RH
levels (0-80%) containing toluene breaks through the CeO, bed and is gradually adsorbed on the
catalyst surface until equilibration of the sorption sites.

e Flushing of CeO, under synthetic dry air flow to remove the reversibly adsorbed fraction of
toluene. Flushing the sorbent bed under air desorbs the molecules with the weakest heats of
adsorption, that is, physisorbed species, leaving only the irreversibly adsorbed toluene molecules
on CeO, surface.
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e  Surface exposure under air flow with different RH levels (0-80%) by switching on the nonthermal
plasma for 60 minutes for IPC or PPC. Once the plasma is turned off, the system is purged with
synthetic air flow until ozone concentration returns to zero.

e Temperature programmed oxidation (TPO) under synthetic air flow with different RH levels
(0-80%) at 400 °C is performed in order to remove the remaining adsorbed species and regenerate
the CeO, surface.

4. Conclusions

The oxidation of toluene adsorbed on CeO; has been studied using two configurations: (i) in
plasma-catalysis (IPC) and (ii) post plasma-catalysis (PPC), respectively. The mineralization yield
o (t) and the mineralization efficiency 7 were used to compare the performance of IPC and PPC
configurations with different injected powers and relative humidity levels. Under dry air condition,
CO; production appears as a constant process and CO; yield p (t) was optimal with a lower SIE (2] /L)
for both IPC and PPC configuration. Moreover, 17 was enhanced by 65% in IPC compared to PPC with
a lower SIE but no difference was observed for a SIE above 8] /L.

Both ozone concentrations without ceria and amount of irreversibly adsorbed toluene on ceria
decreased with the increasing of the relative humidity levels. The parameter ¢ (t) was proposed
to enable accurate comparisons of toluene mineralization considering these two variable values.
Interestingly, under both SIE conditions, after a short transient regime, values of ¢ (t) tended to
converge towards similar values, irrespectively of: (i) the RH level; (ii) the initial amount of toluene
adsorbed; and (iii) the concentration of O3 produced by the discharge. Results highlight the key role of
ozone in the mineralization process and the possible detrimental effect of moisture.
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Abstract: Tar removal is one of the greatest technical challenges of commercial gasification
technologies. To find an efficient way to destroy tar with plasma, a rotating gliding arc (RGA)
discharge reactor equipped with a fan-shaped swirling generator was used for model tar destruction
in this study. The solution of toluene, naphthalene and phenanthrene is used as a tar surrogate and
is destroyed in humid nitrogen. The influence of tar, CO; and moisture concentrations, and the
discharge current on the destruction efficiency is emphasized. In addition, the combination of
Ni/y-Al,O3 catalyst with plasma was tested for plasma catalytic tar destruction. The toluene,
naphthalene and phenanthrene destruction efficiency reached up to 95.2%, 88.9%, and 83.9%
respectively, with a content of 12 g/Nm3 tar, 12% moisture, 15% CO, and a flow rate of
6 NL/min, whereas 9.3 g/kW-h energy efficiency was achieved. The increase of discharge current
is advantageous in terms of decreasing black carbon production. The participation of Ni/y-Al,O3
catalyst shows considerable improvement in destruction efficiency, especially at a relatively high flow
rate (over 9 NL/min). The major liquid by-products are phenylethyne, indene, acenaphthylene and
fluoranthene. The first two are majorly converted from toluene, acenaphthylene is produced by the
co-reaction of toluene and naphthalene in the plasma, and fluoranthene is converted by phenanthrene.

Keywords: rotating gliding arc plasma; tar destruction; toluene; naphthalene; phenanthrene; catalyst

1. Introduction

Owing to the rapid consumption of fossil fuels and increasing emphasis on environmental issues,
the use of biomass and municipal solid waste (MSW) as alternative fuel has received considerable
attention. Gasification is considered one of the most flexible fuel conversion processes [1-3], which has
the advantages of low secondary pollution compared with the traditional incineration method.
The products of gasification can not only be used as fuel in gas turbines and gas engines, but also offer
some basic building blocks for producing valuable chemicals, liquid fuels and hydrogen [4-6].

However, besides the useful fuels, tar exists in the syngas as an undesirable by-product,
which can cause fouling, clogging, and corrosion problems in downstream equipment after cooling
and condensing [1,6-9]. The secondary pollutants produced by the aromatic hydrocarbons in the tar
component may also pose serious harm to the environment and human health. Tar removal, conversion
and destruction is considered to be one of the greatest technical challenges, which must be overcome
for the successful development of commercial gasification technologies [9-13]. Aromatic compounds
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are the most important contents in the tar, which are not only in large amounts but are chemically
stable in the gasifier environment [14]. The traditional methods for the removal or destruction of tar
can be categorized into (i) mechanical separation (by Venturi scrubbers, water scrubbers, electrostatic
precipitators (ESPs), rotational particle separators, or cyclones), which is unattractive since it causes
secondary pollution and wastage of chemical energy contained in tar while shows low efficiency in
tar removal [1,15,16]; (ii) thermal cracking, which normally requires 1250 °C and takes a few seconds
to get good results, and has the drawbacks of high cost and production of heavier products and
agglomerated soot particles [17,18]; (iii) and catalytic cracking, which enables obtaining higher yields
of valuable H, and CO but has a significant limitation on the catalyst lifetime [2].

Non-thermal plasma methods, on the other hand, can tackle the drawbacks mentioned above.
Various non-thermal plasma sources have been applied for the tar destruction, such as dielectric barrier
discharges (DBDs) [19], corona discharges [20,21], microwave plasma [2,22-24], arc plasma [25,26],
and gliding arc discharges (GAD) [11,17,18,27-30]. In non-thermal plasmas, the electrons have a high
average temperature of 1-10 eV, which are highly excited to activate reactant molecules to form reactive
species, such as radicals, excited species, ions, and photons, by electron impact excitation, ionization,
and dissociation, etc., while the bulk gas temperature remains at low level (e.g., 800 °C) [11]. In addition,
the flexibility (high specific productivity, instant on/off, high energy density, power scalability) of
non-thermal plasma systems provides a high adaptability to different application cases [31].

Recently, gliding arc discharge plasma has received much attention as an application to destroy
or reform heavy hydrocarbons, and is considered to be a promising route to destroy tars from
gasification. Pemen et al. [32] removed tars produced by biomass gasification with a gliding arc
discharge. Nam et al. [27] used a three-blade gliding arc reactor to destruct benzene and naphthalene
and obtained a destruction efficiency of 95% and 79% respectively. Gliding arc is a unique plasma,
featuring the merits of both thermal plasmas (high energy density) and non-thermal plasmas (high
energy efficiency) [33]. Most of the gliding arc power consumed (75%-80%) is dissipated in the
nonequilibrium zone meanwhile the specific energy input (SEI) can be up to 1 kW-h/m? [34], which
means a good reaction capability can coexist with a high energy efficiency.

In this study, a modified atmospheric pressure rotating gliding arc (RGA) discharge reactor is
developed for the destruction of tars. A fan-shaped swirling generator is innovatively equipped
upstream the inner electrode, which provides a stable swirling flow field that is conducive to the
stability of the arc. Unlike the limited planar plasma zone generated by traditional blade-type GAD,
the arc generated by the RGA reactor can rotate rapidly and steadily without extinction (with a
rotational frequency of up to 100 rotations per second [35]), creating a large three-dimensional plasma
region. Previous work by our team has studied the destruction of toluene both in nitrogen and syngas
atmospheres, where the destruction efficiency reached over 95% [8,36]. Most of the work done by our
team or others chose only one kind of substance as a tar surrogate injected into the reaction at one time
(benzene, toluene, or naphthalene). However, the composition of actual tar is very complex, containing
substances of monocyclic, diphenyl, and even higher rings simultaneously. There is a lack of data for
the study of multi-component tar, especially having a substance with more than two benzene rings.

For this reason, a toluene solution of naphthalene and phenanthrene as simulated tar is used to
investigate the reaction of tar compounds in the RGA reactor. Toluene, naphthalene and phenanthrene
are among the dominant components of tar with one, two or three benzene rings [25,26,37] so that
the result in this study can match more closely to the conditions prevailing in practical application.
The effects of concentrations of tar, moisture, carbon dioxide, and discharge current on destruction
efficiency, energy efficiency, and main products are studied. Moreover, in order to further enhance the
reaction performance, plasma catalysis, i.e., the combination of plasma with catalyst, was investigated
for tar destruction, which, to the best of our knowledge, is the first attempt in gliding arc plasma used
for tar destruction. Ni/y-AlyO3 catalyst was used in this study because of its proven performance for
tar destruction and its merits of high mechanical strength, easy preparation, and low cost [38].
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In the whole experiment, the total flow rate was kept at 6 NL/min, the total tar concentration was
keptat 12 g/Nm3, and the moisture content was kept at 12% unless otherwise mentioned. Naphthalene
and phenanthrene were dissolved in toluene with a mass ratio of 1:1:20.

2. Results and Discussions

2.1. Effect of Tar Concentration

The effect of tar concentration on the destruction efficiency is presented in Figure 1. A destruction
efficiency of 94.3% for toluene, 87% for naphthalene, and 83.5% for phenanthrene is obtained under
a total flow rate of 12 NL/min, moisture concentration of 12%, and tar concentration of 12 g/ Nm?,
yielding an energy efficiency of 10.2 g/kW-h. The destruction efficiency decreases remarkably when tar
concentration is over 16 g/Nm?, in contrast to our previous study of toluene and naphthalene (without
phenanthrene) destruction, where the destruction efficiency has a high value at a tar concentration of
20 g/Nm3. This is because, as the experiment shows, phenanthrene addition tends to cause frequent
breaking of the gliding arc, especially when both tar and moisture concentrations are high. Although
the arc can be regenerated, the breaking decreases the destruction efficiency.
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Figure 1. Effect of tar concentration on the destruction efficiency.

The order of destruction efficiency of the three components is consistently n(toluene) >
n(Naphthalene) > n(Phenanthrene). The result that n(toluene) > n(Naphthalene) is in line with
the results of Zhu et al. [14] and Nunnally et al. by gliding arc [15]. In the simulation work by
Fourcault et al., similar results were also obtained in a plasma torch [16]. The order of activation
energy of the three component is phenanthrene > naphthalene > toluene, explaining why a substance
with more benzene rings is hard to destroy.

Figure 2 shows that the energy efficiency increases as the total tar concentration increases until
reaching 16 g/Nm?, after which the efficiency started decreasing. The instability of the reactor caused
by the addition of phenanthrene is probably the factor that limits the maximum energy efficiency to
13 g/kW-h. The selectivity of CoH; and CO rises monotonously with increasing tar concentration,
while the selectivity of CO, drops (Figure 3), though the absolute production of them as well as of H,
increases significantly as the tar concentration increases (Figure 4). The reason for this can be explained
by water-gas shift reaction (Equation (1)) and reforming reaction of C;H; (Equation (2)). The increase
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of tar concentration leads to the increase of CO and CyHj. The increase of CO and C,H; promote
the positive reaction of water-gas shifting and reforming reaction respectively, which increases the
production of all the gas products. However, the concentration of H,O is constant, which limits the
conversion rate of CO and C,H, in the case of high tar concentration, leading to a high selectivity of
CO and C,H, while lowering the selectivity of CO,.
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2.2. Effect of Moisture Content

Figure 5 indicates that as the moisture concentration increases, the destruction efficiency of
toluene, naphthalene, and phenanthrene increases first to a maximum at a moisture concentration
of 8% or 12% and then starts decreasing. Previous studies by Zhu et al. [36] and Chun et al. [39]
showed a similar phenomenon for the decomposition of tar surrogate using gliding arc. The proper
amount of moisture facilitates the reaction because of the generation of OH radicals [40], while too
much water has an adverse effect on tar destruction due to its electronegative characteristics, which
limits electron density and quenches reactive species [30]. When the moisture concentration is up to
20%, the destruction efficiency declines suddenly because high concentration of moisture makes the
reactor unsteady due to the existence of a high concentration of phenanthrene. The energy efficiency
decreases linearly as the moisture concentration increases, as shown in Figure 6.
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Figure 5. Effect of moisture concentration on destruction efficiency.
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Figure 6. Effect of moisture concentration on energy efficiency.

As Figure 7 presents, the selectivity of CO and CO, increases with the increase of the moisture
concentration, while the selectivity of C;H, decreases because water brings oxygen to the reaction.
The selectivity of CO, CO,, and C,H; can be over 80% in total if enough water molecules are provided,
and reach a maximum of 95% at a moisture concentration of 20%. However, the selectivity of C,H is
13% and selectivity of CO and CO; is 0 under the dry conditions, which means most of the carbon
element turns into black carbon in water deficient conditions. In addition, the increase of moisture
concentration raises the hydrogen production remarkably, as presented in Figure 8. It is interesting to
note that proper concentration can turn the production of solid carbon into gas, especially flammable
gas like Hy and CO, which are highly desirable.
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Figure 7. Effect of moisture concentration on the selectivity of CO, CO,, CoHj.
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Figure 8. Effect of moisture concentration on the composition of the off-gas.

2.3. Effect of CO, Concentration

Figure 9 shows that with increasing CO, concentration, the destruction efficiency of the toluene,
naphthalene, and phenanthrene increases to a maximum at an input of 15% CO, concentration,
and then slightly reduced. Uncommon voltage waveform was observed under the condition with
proper concentration of CO;, which can explain why the highest destruction efficiency is obtained in
the atmosphere of 15% CO;. The voltage waveform is shown in Figure 10 under the condition with
or without CO,. Compared with the typical condition without CO,, the waveform becomes regular
in the condition of 10%-20% CO;. The voltage as well as the input energy have increased about 15%
(from 1.80 kV to 2.07 kV of voltage), while the discharge current is the same. When the CO; increases
to about 25%, the waveform of voltage again becomes similar to the waveform without CO, and the
average voltage reduces simultaneously but remains higher than that in the condition without the
participation of CO,. The role of oxidation of CO, in destruction efficiency is slightly lower compared
to HpO that can provide sufficient O atoms.
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Figure 9. Effect of CO, concentration on destruction efficiency.
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When the concentration of CO, increases, the amount of CO in the product increases and
the amount of Hy and CyH, decreases because of the reverse reaction of water-gas shift reaction
(Equation (1)) and the dry reforming reaction of C;H; (Equation (3)). Although the components of gas
production change a lot because of CO,, the heating value of the fuel after the reaction changes little
because the production of CO increases while the production of H, decreases. As shown in Figure 11,
the negative effect of CO, on the destruction is that it can reduce the energy efficiency of the reaction
(Figure 12).
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Figure 11. Effect of CO, concentration on the composition of the off-gas.
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2.4. Effect of Discharge Current

As expected, with an increasing discharge current, destruction efficiency increases (Figure 13).
However, compared to this slight improvement in destruction efficiency (about 3%), decreased energy
efficiency it causes is much higher (more than 10%, as shown in Figure 14). The production of H, and
CO; increases significantly with the increase of discharge current, which indicates that extra input of
energy is probably consumed for splitting of water as discharge current rises (Figure 15). The total
selectivity of carbon-contained gases (CO, CO; and C,H,) increases from 80% to 88% as the discharge
current increases from 200 mA to 250 mA (Figure 16), which means increasing discharge current
reduces about half of the production of solid carbon. This result is desirable to achieve maximum
conversion of carbon to gas components.
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Figure 13. Effect of discharge current on destruction efficiency.
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Figure 16. Effect of discharge current on the selectivity of CoH,, CO and CO,.

SEI goes up as the discharge current goes up, but less pronouncedly, because the voltage of the
reactor decreases with increase of discharge current. The discharge current increases 25% (from 200 mA
to 250 mA) while the SEI increases about 13% (from about 1.05 kW-h/m? to about 1.20 kW-h/m?,
as shown in Figure 17).
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Figure 17. Effect of discharge current on specific energy input (SEI).
2.5. Effect of the Coupling of Catalyst with Plasma

In this section, the influence of catalyst in the reaction is investigated under different flow rates.
A tray containing catalyst is placed downstream the plasma area, i.e., 18 mm under the anode. In this
distance the rotating gliding arc can just touch the catalyst surface. The diameter of the spherical
catalyst particles is 2 mm. Tar and moisture concentration were fixed as 12 g/Nm? and 12% respectively.
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To understand whether the performance variation in the experiment is caused by the catalysis or flow
field, comparative experiments have been performed with glass beads on the tray.

Figure 18 illustrates the influence of catalyst on destruction efficiency under different flow
rates. The catalyst has little effect when the flow rate is relatively low (6 NL/min), as shown in
Figure 18a. This is possibly because the destruction efficiency of plasma alone is so high that the
amount of remaining tar is too low to involve in catalytic reaction. However, the catalyst reflects to
be effective and improves the destruction efficiency remarkably under the flow rate of 9 NL/min
and 12 NL/min. For instance, for a flow rate of 12 NL/min, the destruction efficiency of toluene,
naphthalene, and phenanthrene increases to 90%, 86%, and 76% respectively, with the presence of the
catalyst in the tray, from 85%, 80%, and 70% respectively with only glass beads in the tray (Figure 18c).
The destruction efficiency in the condition of glass beads in the reactor is similar to that without a
tray in the reactor according to Figure 18a—c, which indicates that the flow field changed by the tray
contributes little to the change of destruction efficiency. In addition, the catalyst increases the energy
efficiency when the flow rate is high, especially at a flow rate of 12 L/min, from 19.1 g/kW-h to
21.3 g/kW-h (Figure 19). As shown in Figure 20, the catalyst increases the production of gas products
as well as destruction efficiency, indicating that the tar is definitely destroyed instead of being absorbed
on the catalyst. The result illustrates that the Ni/y-Al,O3 catalyst can be highly effective when single
plasma cannot reduce the tar concentration to an ideal standard. As a result, plasma coupled with
catalyst is worth using when the flow rate is high. It should be noted that a slight carbon deposition
was observed on the catalyst after an operation of 1.5 h, which should be considered in the application
of plasma catalysis.
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Figure 18. Effect of catalyst on destruction efficiency at flow rates of (a) 6 NL/min, (b) 9 NL/min and
(c) 12 NL/min.
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2.6. Liquid By-Products Analysis

To investigate the reaction mechanisms in the destruction of toluene, naphthalene,
and phenanthrene together, liquid by-products collected in the absorption bottle were analyzed using
GC/MS. Results in two working conditions are presented in this section. The first one is the typical
working condition (a total flow rate of 6 NL/min, tar concentration of 12 g/ Nm?3, and moisture
concentration of 12%), and the second one is similar to the first but there is 15% CO; in the atmosphere,
occupying the content of nitrogen. The composition of the two liquid products have some differences,
as shown in Table 1. The corresponding product structures are schematically shown in Table 2.

The major by-products are phenylethyne, indene, acenaphthylene, and fluoranthene, according
to the full scan GC/MS result presented in Table 1, irrespective of the presence or absence of CO,
in the atmosphere. Among the four major products, phenylethyne and indene were also found in
by-products in the previous study of single toluene destruction by gliding arc [8], which indicates
that these are probably majorly converted from toluene. The possible reaction pathway is shown in
Equations (4)-(10) [22,24]. The yield of acenaphthylene in the previous study of single toluene or single
naphthalene destruction by gliding arc was far lower [8,41], compared with present work with very
high efficiency of naphthalene toluene solution destruction, which means naphthalene and toluene are
both involved in the reaction of acenaphthylene production.
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Table 1. Liquid by-products detected by GC/MS (in typical atmosphere with or without CO;).

Area Percentage (%, the Area Percentage (%,
Retention Area Percent of Input the Area Percent of
No Time (min) Species Naphthalene is 1000%) Input Naphthalene is
under Typical 1000%) when 15%
Atmosphere CO; Exists
1 6.590 Ethylbenzene 0.9 0.9
2 6.865 Phenylethyne 17.2 15.3
3 7.109 Styrene 0.7 1
4 8.222 Benzaldehyde <0.1 0.7
5 8.477 Phenol <0.1 0.4
6 8.572 Benzonitrile 0.7 0.8
7 9.383 Indene 11.3 16
8 9.685 Phenol, 2-methyl- <0.1 0.3
9 11.791 Cyclobuta[de]naphthalene 0.9 1.1
10 12.085 Naphthalene, 2-methyl- 1.1 1.3
11 12.240 Naphthalene, 1-methyl- 0.7 13
12 12.538 Benzene, 2,4-pentadiynyl- 0.2 0.7
13 12.775 Biphenyl 1.3 1.2
14 13.354 Acenaphthylene 39.8 16.2
15 13.813 Bibenzyl 0.4 1.7
16 14.269 Fluorene 27.9 23.4
17 16.040 4H-Cyclopenta[def]phenanthrene 1.0 0.9
18 16.622 Fluoranthene 29 1.1
19 16.847 Pyrene 59 1.1

The feasible way is shown in Equations (7), (11), and (12). In the case of fluoranthene, it is not
detected by the GC/MS when phenanthrene was not involved in previous study, indicating that it
is converted from phenanthrene. The molecular structure of this substance also corresponds to this
speculation. The conversion of phenanthrene to fluoranthene is a vital reaction, as the area percentage
of fluoranthene is up to 15% compared with unreacted phenanthrene. The feasible way is shown in
Equations (13) and (14).

CgHsCHj + Np*—CgHsCH, + H + N @)
CeHsCHj3 +N*—~C¢HyCH3 +H + N (5)
CgH5CHj3 + Np*—CgHs + CH3 +N» (6)
CgHsCHj + Np*—CsHg + CoHp +N) @)
CeHs + CoHp —+CeHsCoH (Phenylethyne) + H (8)
CgHsCH, + CoHy; —CgHyC3Hy (Indene) )
CgH4CHj3 +CoHy —CgH4C3Hy (Indene) (10)
CypoHg (Naphthalene) + No*—CqoH7 + H + Ny (11)
CioHy + CoHy;—Cq2Hyo (Acenaphthylene) + H (12)
C14Hjp (phenanthrene) + N, —Cy3Hy + CH + N, (13)
Cyi3Hy + H—Cy3H; (Fluorene) (14)

As shown in Table 2, the main difference in products under two working conditions is the content
of oxygen-containing by-products (e.g., benzaldehyde, phenol, 2-methyl-) when CO; is involved in
the reaction compared with no participation of CO,. This is because CO, provides an oxygen element,
which is easy to react.

It should be noted that there must be anthracene in the by-product, but the detection of it is
interfered as the phenanthrene is not completely pure (95% purity) and most of the impurity in it is
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anthracene according to the GC/MS result of blank test. Despite this, the impurity in phenanthrene
is not high enough to influence other results discussed in this paper. Moreover, the quantity of
by-products heavier than phenanthrene molecules do not reach a level worth mentioning.

Previous study indicates that the destruction of naphthalene in this reactor can produce
phenylethyne. Therefore, it is expected that the partial cracking of phenanthrene can also lead to the
formation of bicyclic or even monocyclic products.

Table 2. Relevant liquid by-product structures.

O~ O

Monocyclic Products

¥
1T

Ethylbenzene Phenylethyne Styrene Benzaldehyde
HO
QOH @7 /
Phenol Benzonitrile Indene Phenol, 2-methyl-
X
X

Benzene, 2,4-pentadiynyl-

Bicyclic Products

8
3

“ Fluorene

Naphthalene, 1-methyl-

o e

Biphenyl Bibenzyl

Acenaphthylene

Pyrene

Cyclobuta[de[naphthalene Naphthalene, 2-methyl-

X

Tricyclic and Quadruple Products

<7

4H-Cyclopenta[def]phenanthrene

O

Fluoranthene

3. Experimental

3.1. Experimental Setup

Figure 21 schematically shows the rotating gliding arc (RGA) experimental setup for model tar
destruction. The whole system consists of 4 parts: The Feeding System, the Reactor System, the Circuit
System, and the Measurement System.
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Figure 21. Schematics of the rotating gliding arc (RGA) assisted model tar destruction system.

Nitrogen was used as the carrier gas, and the flow rate was controlled by a mass flow controller
(Sevenstar CS 200). Naphthalene and phenanthrene were dissolved in toluene with a mass ratio of
1:1:20 before mixing with H,O in the carrier gas. Liquid tar and H,O were injected into the gas line by
two high-resolution syringe pumps (Harvard, 11 plus). Heating coils were put around the inlet of the
gas line to ensure that the tar and water can be vaporized as soon as they enter into the pipe. All the
reactants were mixed and preheated in a pipe furnace (400 °C) before flowing into the reactor. The gas
flow after the reaction passed through three absorption bottles successively, the first two containing
n-hexane and the third kept empty, to collect the entrained droplets and condensable liquid. The three
absorption bottles were placed in an ice water bath.

The reactor consists of a thermostable ceramics base, a conical inner electrode (anode) and a
grounded cylindrical outer electrode (cathode) as the wall of the reactor, both made of stainless steel
(18/8 Cr—-Ni). The upper part of the inner electrode is surrounded by a fan-shaped swirling generator
to provide a stable swirling flow field. The outer electrode is surrounded by a ring magnet and with
a quartz cover connected with it. The minimum distance between the inner and outer electrodes is
2 mm for the ignition of the discharge. Once the catalyst is used, 10 g of it is contained in a round
quartz tray with a diameter slightly smaller than the cathode. The tray is placed downstream (18 mm
in vertical distance) the inner electrode. The gaseous reactants flow through the swirling generator to
form a vortex flow before pass through the gliding arc. After being ignited initially at the narrowest
gap, the arc moves down to the lower point of the conical electrode. Finally, it is anchored at the tip
of the inner electrode and rotates rapidly and steadily due to the combined effect of vortex flow and
Lorentz force, forming a stable cylindrical plasma zone.

A DC power supply (Teslaman TLP2040, 10 kV) is used in the circuit system. The voltage and
discharge current of the reactor are measured by an oscillograph (Tektronix DPO4030B) equipped with
a high-voltage probe (Tektronix P6015A) and discharge current probe (Tektronix TCP393) to calculate
the electrical power deposit of the reactor.

The effluent gas of the reactor passes through three absorption bottles filled with n-hexane to
collect the unreacted toluene, naphthalene, and phenanthrene. Each time the working condition
kept changing, before the remaining tar was collected, 10 min passed before the reactor stabilized.
A three-way valve is used to control the exhaust into absorption bottles or to the atmosphere.
After 10 min collection, the liquid in all three absorption bottles is collected and diluted with
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n-hexane to a final volume of 100 mL. The gas products are collected in a gas bag after passing
through the absorption bottles. The collected gas products are quantitatively analyzed by gas
chromatography (Agilent Micro GC 490, Agilent Technologies Inc., Santa Clara, CA, USA) and the
liquid products dissolved in the absorption solution are detected by the gas chromatography with
mass spectrometry (GC/MS, Agilent 6890N GC/5977B MSD, Agilent Technologies Inc., Santa Clara,
CA, USA). The column temperature of GC (Agilent Micro GC 490) is 80 °C. For the GC/MS detection,
the initial temperature of the oven is 40 °C, holding time for 4 min; the temperature increases to 140 °C
at a rate of 15 °C/min, increases to 210 °C at a rate of 20 °C/min, increases to 280 °C at a rate of
30 °C/min, then holds for 10 min. The injector temperature is set to 300 °C. Helium is used as the
carrier gas, with a flow rate of 1.0 mL/min. For the mass spectrometer, the electron impact ionization
is maintained at 70 eV, and the ion source temperature is 230 °C. The unreacted toluene, naphthalene,
and phenanthrene are quantitatively detected based on the obtained calibration curve, and the other
liquid by-products are qualitatively measured.

3.2. Catalyst Preparation

The Ni/y-Al,O3 catalyst was prepared using the impregnation method reported by
Qian et al. [42], in which the y-Al,O3 particles were added into an aqueous solution of nickel nitrate
under stirring. The mixture was kept at room temperature overnight before being evaporated out at
80 °C. The solid was dried at 110 °C for 10 h before final calcination at 700 °C for 3 h. The catalyst was
formulated with Ni loadings of 16 wt.%. The y-Al,O3 particles are spherical with a diameter of 2 mm.

3.3. Reaction Performance Parameters

The destruction efficiency ng (toluene, naphthalene or phenanthrene), energy efficiency ne,
hydrogen selectivity S(Hz), CO, CO; and CoHj selectivity S(C;H;Oy, C;H;O; = CoH,, CO, COy),
energy consumption per liter hydrogen production W(H,) is defined as in Equations (15)—(19).

cin(X) = cout(X)

- % 100% 15
T ) o

_ (pin(tar) — pout(X)) x Q/60 o
e = P/3600000 x 100% (16)
S(Hp) = Cout (Hp) x 100% 17)

T4 x (Cin(tar) — Coue(tar))
(% Cout(CiH]'Ok)

S(CiHOf) = as)
(14 x (Ciy (C14H10) — Cout(C1aHio)) + 10 x (Cyy (C10Hs) — Cout (C10Hs))
+7 x (Cin(C7Hg) — Cout (C7Hs))) x 100%
W(H;) = _ P/iooo % 100% (19)

Cguf(Hz) X Q/60

where, ¢, (X) and Cout(X) (mol/L) are the molar concentration of substance X in the inflow gas and
effluent gas respectively. X is toluene or naphthalene.

pin(tar) and p,y (tar) (g/L) are the mass concentration of simulated tar (toluene and naphthalene)
in the inflow gas and effluent gas respectively. Q (L/min) is the total flow rate. P (W) is the power
input on the reactor.

Cout(Hz), Ciy(tar) and Coy¢ (tar) (mol/L) are the molar concentration of input Hy, input simulated
tar and output simulated tar respectively.

Cout (CiH;Ox), Cout(C10Hs), Cout(C7Hg), Cin(CioHg) and Ci,(C7Hg) (mol/L) are the molar
concentration of output C;H;Oy, output naphthalene, output toluene, input naphthalene, and input
toluene, respectively.
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4. Conclusions

In this study, a modified rotating gliding arc discharge reactor equipped with a fan-type
swirling generator is developed for the destruction of model tar compounds (toluene, naphthalene,
and phenanthrene). The influence of tar concentration, discharge current, different atmospheres
(CO,, Hy0), and the addition of catalyst on the destruction efficiency is investigated in this study.
The destruction efficiency of all three tar components decreases as tar concentration increases, not only
because of the limitation of the destruction capacity, but also the instability caused by the addition of
phenanthrene. Mostly, 8%-12% of moisture benefits the reaction, while a further increase of moisture
decreases the destruction efficiencies.

Although the participation of CO, increases the energy consumption of the reaction, a moderate
amount of it (about 15%) improves the destruction efficiency by stabilizing the reactor, which is
desirable. The toluene, naphthalene, and phenanthrene destruction efficiency reached up to 95.2%,
88.9%, and 83.9% respectively, with a tar content of 12 g/Nm?, 12% moisture content, and 15%
CO; content, with a flow rate of 6 NL/min. Increasing the discharge current causes the increase
of destruction efficiency slightly (by 3%) but lowers the energy efficiency (by more than 10%). It is
notable that the increase of the discharge current can increase the selectivity of carbon-contained gas
products from 80% to 88%, as the discharge current increases from 200 mA to 250 mA. The increased
production of flammable gaseous products may not make up the power consumption in the reaction
but decreasing black carbon production by almost 50% is extremely desirable.

The addition of Ni/y-Al,O3 catalyst shows little effect as the flow rate is low, but great
improvement in destruction efficiency is achieved when flow rate is high (9 or 12 NL/min), indicating
that catalyst coupling with plasma is worth considering in industrial application to deal with large
amounts of tars.
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Abstract: Three typical Mn-based bimetallic nanocatalysts of Mn—Fe/TiO;, Mn—Co/TiO,,
Mn—Ce/TiO, were synthesized via the hydrothermal method to reveal the synergistic effects of
dielectric barrier discharge (DBD) plasma and bimetallic nanocatalysts on NO, catalytic conversion.
The plasma-catalyst hybrid catalysis was investigated compared with the catalytic effects of plasma
alone and nanocatalyst alone. During the catalytic process of catalyst alone, the catalytic activities
of all tested catalysts were lower than 20% at ambient temperature. While in the plasma-catalyst
hybrid catalytic process, NOy conversion significantly improved with discharge energy enlarging.
The maximum NO, conversion of about 99.5% achieved over Mn—Ce/TiO, under discharge
energy of 15 W-h/m® at ambient temperature. The reaction temperature had an inhibiting
effect on plasma-catalyst hybrid catalysis. Among these three Mn-based bimetallic nanocatalysts,
Mn—Ce/TiO, displayed the optimal catalytic property with higher catalytic activity and superior
selectivity in the plasma-catalyst hybrid catalytic process. Furthermore, the physicochemical
properties of these three typical Mn-based bimetallic nanocatalysts were analyzed by N, adsorption,
Transmission Electron Microscope (TEM), X-ray diffraction (XRD), H,-temperature-programmed
reduction (TPR), NHj-temperature-programmed desorption (TPD), and X-ray photoelectron
spectroscopy (XPS). The multiple characterizations demonstrated that the plasma-catalyst hybrid
catalytic performance was highly dependent on the phase compositions. Mn—Ce/TiO; nanocatalyst
presented the optimal structure characteristic among all tested samples, with the largest surface
area, the minished particle sizes, the reduced crystallinity, and the increased active components
distributions. In the meantime, the ratios of Mn**/(Mn?* + Mn?* + Mn**) in the Mn—Ce/TiO, sample
was the highest, which was beneficial to plasma-catalyst hybrid catalysis. Generally, it was verified
that the plasma-catalyst hybrid catalytic process with the Mn-based bimetallic nanocatalysts was an
effective approach for high-efficiency catalytic conversion of NOy, especially at ambient temperature.

Keywords: NO, conversion; DBD plasma; Manganese; bimetal; nanocatalyst

Catalysts 2019, 9, 103; doi:10.3390/ catal9010103 179 www.mdpi.com/journal/catalysts



Catalysts 2019, 9, 103

1. Introduction

Nitrogen oxides (NOy) are regard as the main air pollutant contributing to acid rain,
photochemical smog, greenhouse effects, and ozone depletion [1]. Selective catalytic reduction
(SCR) of NOy by NHj3 or urea is proposed to be the highly effective and completely developed
method to eliminate NO, pollution [2]. In coal fired power plants, the commercial catalyst of
V,05-WO3(MoO3)/TiO; is used for its excellent catalytic performance in the typical standard SCR
reaction [3]:

4NO + 4NHj 4+ O, — 4N, + 6H,0 1)

While the V,05—WO3(Mo0O3)/TiO; catalysts demand a strict temperature window of 300400 °C,
which limit the arrangement flexibility of this kind of catalyst. The vanadium-based catalysts can not
reach satisfactory efficiency of eliminating NO, when the reaction temperature is lower than 250 °C.
In recent years, the fast selective catalytic reduction (fast SCR) attracted the attention of many research
groups due to its lower reaction temperature and higher reaction efficiency [4]:

NO + NO, + 2NH; — 2N, + 3H,0 @)

The catalysts appropriate to low temperature SCR are strongly desired, which could be located
at downstream electrostatic precipitator and desulfurizer suitably [5]. However, the fast SCR still
needs reaction temperature within 150-300 °C to achieve high efficiency of NOy elimination [4,6].
Furthermore, the mole ratio of NO:NO; maintained at 1:1 is difficult in the real flue gas. Hence, it
is necessary to develop an effective approach to eliminate NO, with light concentration of NO, at
low temperature region, which could be beneficial to the deNO, device arrangement, as well as the
SO, resistance.

Plasma-catalyst hybrid catalysis has been proved as an efficient technology to unite the high
reactivity of plasma and the high selectivity of catalyst [7-9]. During the plasma-catalyst hybrid
process, the plasma modifies not only the chemical properties and morphologies of the catalysts,
but also changes the reaction pathway of an original catalytic process [10]. Plasma is confirmed
to form an abundance of active species, such as O and O3 radicals, which could oxidize NO into
NO,, further promoting catalysis via the fast SCR approach, especially at low temperature [4].
For the plasma-catalyst hybrid catalysis, the catalysts of V,05—-WO3/TiO; [11], Ag/r-Al,O5 [12],
Cu-ZSM-5 [13], and Mn—Ce/ZSM5—-MWCNTs [4] have presented acceptable NO, conversion
efficiency under relatively low specific input energy. While the NO, conversion maximum could still
be further promoted at lower reaction temperature and smaller energy consume. Among the various
transition metal elements applied in the catalysts for NOy reduction, manganese displays superior
activity especially at the low temperature, which can be attributed to the multifarious types of labile
oxygen and high mobility of valence states [1]. Meanwhile, it has been found that iron, cobalt, and
cerium species can combine with manganese to produce bimetallic catalysts, which contain abundant
oxygen vacancies on the catalyst surface, forming strong interaction bands at atomic scale, such as
Mn-O-Fe [14], Mn-O-Co [15], and Mn-O-Ce [16]. Moreover, the active metal species of FeO,, CoOy, and
CeOy, are also regarded as the three typical promoters for NO, conversion, which serve as core catalyst
components of active metal oxides, supplying surface oxygen to accelerate NO, elimination [14,15,17].
However, the effects of Mn-based bimetallic catalysts on the plasma-catalyst hybrid catalysis, especially
the Mn—Fe/TiO,, Mn—Co/TiO;, and Mn—Ce/TiO; nanocatalysts have not been explored clearly.

In this study, we systematically synthesized three typical Mn-based bimetallic nanocatalysts of
Mn—Fe/TiOp, Mn—Co/TiO,, and Mn—Ce/TiO;. The synergistic effects of non-thermal plasma and
Mn-based bimetallic nanocatalysts on NO, catalytic conversion were investigated compared with the
catalytic effects of plasma alone and nanocatalysts alone. Meanwhile, the influence factors of reaction
temperature and discharge energy were taken into consideration during studying the synergetic
mechanisms focusing on NOy conversion of plasma and bimetallic nanocatalysts hybrid system.
Furthermore, the physicochemical properties of these three typical Mn-based bimetallic nanocatalysts
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were analyzed by Brunauer-Emmett-Teller (BET), transmission electron microscopy (TEM), X-ray
diffraction (XRD), Hp-temperature-programmed reduction (TPR), NH3-temperature-programmed
desorption (TPD) and X-ray photoelectron spectroscopy (XPS), in order to expose the relationship
between structures and activities. The purpose of this work was mean to explore the synergistic
reinforcement mechanism of plasma-catalysis hybrid catalytic process over Mn-based bimetallic
nanocatalysts for NO, elimination with high catalytic efficiency and satisfied catalytic selectivity,
especially at atmospheric temperature.

2. Results and Discussion

2.1. NOy Conversion of Catalyst Alone Catalytic Process

The NOy catalytic conversion and the catalytic selectivity of three typical Mn-based bimetallic
nanocatalysts of Mn—Fe/TiO,, Mn—Co/TiO,, and Mn—Ce/TiO, were exhibited in Figure 1, and
the catalytic ability of Mn/TiO; catalyst was also depicted as a contrast. For all the tested Mn-based
bimetallic nanocatalysts, the NO, conversion increased significantly with the temperature rising
from 25 °C to 250 °C and presented excellent performance (>90%, above 150 °C). Compared with
the Mn/TiO, catalyst, the catalytic activities of Mn-based bimetallic nanocatalysts were remarkably
improved at the whole temperature range, potentially due to the strong interaction of Mn—O—X
bond (X refered to Fe, Co or Ce), the improvement of Brensted acid sites and Lewis acid sites, and
the enhancement of Eley-Rideal (E-R) mechanism reaction [18], which could be further verified
by the following physicochemical properties. As shown in Figure 1a, Mn—Ce/TiO, nanocatalyst
achieved higher catalytic activity than the other samples in the temperature range of 25~200 °C.
The Mn—Fe/TiO; nanocatalyst showed the minimum NO, conversion among these three Mn-based
bimetallic nanocatalysts, while still much larger than that of Mn /TiO, sample. However, the catalytic
selectivity of Mn—Fe/TiO, nanocatalyst was lower than that of Mn—Co/TiO, and Mn—Ce/TiO,
within 175~250 °C, as exhibited in Figure 1b. Furthermore, it could be easy to find there was no
obvious difference of NO, conversion or catalytic selectivity over these three Mn-based bimetallic
nanocatalysts at ambient temperature, which was proposed to be due to the low catalytic activities for
all the tested catalysts.
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Figure 1. Catalytic performance of catalysts without plasma. Gas mixture composition: 300 ppm NO,
300 ppm NH3, 8% Oy, ~0.1% H,O and N} as balance gas. Gas hourly space velocity (GHSV) 20,000 h .
(a) NOy conversion of Mn-based nanocatalysts; and (b) N selectivity of Mn-based nanocatalysts.

2.2. NOy Conversion of Plasma-Catalyst Hybrid Catalytic Process

The NO conversion and NO, concentration over three typical Mn-based bimetallic nanocatalysts
were compared in Figure 2. The performance of all prepared nanocatalysts were measured in terms of
various discharge energies to reveal the interaction of Mn—O—Fe, Mn—O—Co, and Mn—O—Ce.
As shown in Figure 2a, both Mn—Co/TiO; and Mn—Ce/TiO; nanocatalysts could reach NO,
conversion maximum >99% within the discharge energy range of 18~24 W-h/m?>. While the start
discharge energy of Mn—Ce/TiO, nanocatalyst with superior SCR activities was much lower than
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that of Mn—Co/TiO;nanocatalyst. The Mn—Ce/TiO, bimetallic nanocatalyst raised the optimal NO,
conversion to 93.3% with the relatively low discharge energy of 12 W-h/m?3. For the other Mn-based
bimetallic nanocatalysts, a lower NOy elimination efficiency was achieved with NO, conversion less
than 85% at 15 W-h/m? and the maximum obtained at 24 W-h/m3, which meant that the higher
discharge energy was required to induce the plasma-catalyst catalytic process, and the narrower
discharge energy window was limited to the hybrid catalytic reaction.

The N, and O, contained in the gas mixture were motivated to form N and O atoms via the
collision of active electrons in the plasma-catalyst hybrid system. Compared to the chemical-bond
dissociation energies of Ny (945.33 kJ/mol), the O, was much easier to react with the energetic
electrons for its lower chemical-bond dissociation energies of 498.36 k]/mol. As a result, a high
concentration of O radicals was produced in the plasma-catalyst system. The generated dominating O
radicals and subordinate N radicals could react with NO/O,/N,/NHj gas mixture in the following
reactions (3)~(8) [19]. The oxidation reactions (5) and (6) occurred between the radicals of O and O3
and the NO molecules to generate NO, were regarded as the positive main steps to enhance NO
conversion [7,9].

O+ 0O, = O3 3)

034+ NO — NO, + O, (4)
O + NO — NO, ®)
O 4+ NO, = NO + O, (6)
O+ N — NO @)
NO + N — N +0 8)

Thus, in the plasma-catalyst hybrid catalytic process, the catalytic reactions (2) and (3) become
the predominant paths for NO elimination [4]. It had been testified that the reaction rate of fast SCR
reaction (2) was more than 10 times larger than that of standard SCR reaction (1) below 200 °C [17].

Meanwhile, the NO, concentrations over Mn-based bimetallic nanocatalysts were relatively lower
compared to that of plasma without catalyst assistance. Under discharge energy of 24 W-h/m3, more
than 120 ppm NO, generated in the plasma-only catalytic process. However, the NO, concentration in
Mn-based bimetallic nanocatalysts combining with plasma was no more than 20 ppm, which indicated
that almost 100 ppm NO; took part in the catalytic reaction probably via the fast SCR reaction or the
catalytic oxidation, as shown in Figure 2b. Therefore, it was believed that both the fast SCR and the
standard SCR reactions occurred in the plasma-catalyst hybrid system simultaneity and the proportion
of NO, conversion via the fast SCR reaction improved with the discharge energy increasing. The
N selectivity over the Mn-based nanocatalysts was displayed in Figure 2c. The Nj selectivity of the
plasma-catalyst hybrid catalytic process was obviously larger than that of plasma-only process within
discharge energy range of 0~24 W-h/ m3, which was owing to the possibility of higher NO conversion
and lower NO, formation, discussed above in Figure 2a,b. All test results presented a decreasing
trend of N selectivity with the discharge energy rising, which resulted from a great deal of N,O
produced in this reaction operation. It was proposed that the pivotal disadvantages of catalyzing NO,
by plasma were the low selectivity and the complex chemical productions that formed via diverse
reaction pathways [10]. In order to verify the actual reactions during the plasma-catalyst hybrid
process over the Mn-based bimetallic nanocatalysts, the NO, conversion and the N, selectivity over
Mn—Ce/TiO, sample in the balance gas of N, and Ar were tested, as shown in Figure 2d. It was
obvious that the variation tendency of NO, conversion obtained in the balance gas of N, and Ar were
quite similar. While within the whole discharge energy range of 0~24 W-h/m?, the NOy conversion in
Ar was slightly higher. According to a previous report, under abundant O radicals or O,, the N species
is ten times more likely to react with O, than with NO [20]. Hence, almost N atoms produced from N,
in the plasma transformed to NO via reaction (7), which was further oxidized into NO, and eliminated
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via fast SCR reactions immediately [7]. Therefore, in the balance gas of N, the NO concentration
formed from N and O radicals was relatively small compare to the initial NO, concentration, which
caused little influence on the NO, conversion during the plasma-catalyst hybrid process. Meanwhile,
there was no obvious difference between the N, selectivity obtained in the balance gas of N, and
Ar. The NO; conversions over Mn—Ce/TiO; nanocatalyst with and without O, were analyzed as
exhibited in Figure 2e. The NO, conversion decreased drastically from 99.1% to 43% with the O,
concentration dropping from 8% to 0%, which demonstrated the oxidation pathway for NO reduction
by O species via reactions (3), (4), and (5) was dominant during the plasma-catalyst hybrid process.
The NO, conversions under O, 8% and 4% were almost the same, indicating the amount of oxygen
excessive for NOy redox reactions. Due to the dissociation energy of O, much smaller than that of Ny,
the rate for dissociation of O, was much higher compared to the dissociation of Ny, which was the

main reason for the remarkable promotion of O, on NO, conversion [21].
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Figure 2. Catalytic performance of plasma-catalyst hybrid catalytic process at ambient temperature.
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(e) NOy conversion over Mn—Ce/TiO, with and without O,.

The interaction effects of discharge energy and temperature on NOy conversion in plasma with
and without Mn-based bimetallic nanocatalysts reaction process were shown in Figure 3. The variation
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tendency of NO, conversion in plasma-only process was opposite to that in plasma-catalyst hybrid
process with reaction temperature increasing. As displayed in Figure 3a, high reaction temperature
led to significant reduction in NOy elimination, with the maximum catalytic conversion of 49.5%
at 21 W-h/m3, 25 °C declining to 20.5% at 12 W-h/m?, 200 °C. In the plasma catalytic process,
the NO, generation via interaction between the radicals of O and O3 and the NO molecules was
conducive to deNOy as analyzed above. While with the formed NO, accumulation in the plasma-only
process, the inhibition of reaction (6) on NO elimination progressively intensified. The concentration
of O radical could be improved under high temperature, which could further promote reaction (5),
(6), and (7). As a result, the temperature increase spurred the formation of NO and impeded NO
oxidation into NO, [19]. Considering the energy consume during the plasma-catalyst process, the
reaction temperature in the catalyst bed could be higher than the outside of nanocatalysts. In order
to clearly realize the relation between reaction temperatures and plasma, an infrared thermometer
was introduced to detect the specific temperature of discharge area during the plasma process. The
test results were shown in Figure 3b. The plasma energy caused the temperature of the discharge
area improved at different degrees and the largest temperature increase could reach 47 °C under the
discharge energy of 24 W-h/m3. While the reaction temperature of gas mixture influenced by the
plasma energy was relatively smaller with the Maximum temperature rise no larger than 13 °C, due
to the short residence time of the gas mixture in the discharge area. Therefore, under the experiment
conditions of this research, the plasma effects on NO conversion could be primarily analyzed by the
discharge energy based on the gas mixture temperature.

It was apparent that the trends of NO conversion of these three Mn-based bimetallic nanocatalysts
were consistent, as exhibited in Figure 3c—e). The NO conversion under different reaction temperatures
and various discharge energies could be divided into three zones. In zone I, the NO, conversion
>90% only depended on the discharge energy and not affected by the reaction temperature.
In zone II, the satisfied NO, conversion (>90%) was achieved and both depended on the discharge
energy and the reaction temperature. In zone III, it was impossibility to acquire a desired NOy
conversion. Mn—Ce/TiO, nanocatalyst presented superior catalytic property than Mn—Co/TiO, and
Mn—Fe/TiO, samples with much broader zone I, which signified high NO, conversion obtained with
lower reaction temperature and the less discharge energy. A variety of previous works had revealed
the optimal NOy conversions obtained with the specific input energy varying from 4.7 to 40.3 W-h/m?
and the temperature changing from 25 to 350 °C, as shown in Table 1. In this study, Mn—Ce/TiO,
sample exhibited the superior performance with NO, conversion of 99.5% under 15 W-h/ m> at
25 °C, respectively, which was believed to be a potential excellent catalyst for the NO removal via the
plasma-catalyst process.

Table 1. Plasma-catalyst performance in previous researches.

Specific Input NO, Gas Flow
Samples Energy Conversion Tem:lecra;ture Reductant C(i]fl_s]\)/ Rate Ref
(W-h/m?) (%) (m®/h)

V,05-WO3/TiO, 4.7 ~76.5 170 NH; - 31.8 [11]

H-mordenite 5 76 160 NH3 20,000 31 [7]

Ag/Al,O3 16.72 ~91 350 C3Hg 10,000 12 [12]

BaTiO3-Al,03 ~40.32 ~61.5 150 CH30H 11,000 - [22]

Cu-ZSM-5 3752 ~90 25b CoHy - 0.12 [13]

Co-ZSM-5 837 ~70.6 150 CoHy+NH;3 1000 0.12 [22]

Co-HZSM-5 38.3 ~92 300 CoH, 12,000 0.03 [23]

Mn—Ce/ZSM5-MWCNTs 16.72 ~85 25 NH; 60,000 0.12 [4]
Mn—Ce/TiO, 15 99.5 25 NH3 20,000 0.1 This study

2 calculated according to the data in the report (1 W-h/ m? =3.6]/L);? room temperature.
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Figure 3. Effect of temperature on NO conversion. Gas mixture composition: 300 ppm NO, 300 ppm

NHj3, 8% O;, ~0.1% HyO, and N as balance gas. Gas hourly space velocity (GHSV) 20,000 h—L

(a) plasma-only process; (b) plasma cooperate with Mn—Ce/TiO; nanocatalysts; (c) plasma cooperate

with Mn—Co/TiO; nanocatalysts; and (d) plasma cooperate with Mn—Fe/TiO, nanocatalysts.

2.3. Morphological Characterization

2.3.1. BET Measurements

In order to achieve the physical properties of these three typical Mn-based bimetallic nanocatalysts,
the results of specific surface areas (Sgt), total pore volumes (Viyta1), and average pore diameters (D)
were summarized in Table 2. It was evident that Mn—Ce/TiO; nanocatalyst obtained larger specific
surface areas than Mn—Co/TiO; nanocatalyst and was more than twice as much as Mn—Fe/TiO,
nanocatalyst, which was probable, owing to the Mn—Ce—O, species better dispersed on the
nanocatalyst surface. Meanwhile, there were noticeable changes of D), increasing from 17.57 nm in
Mn—Ce/TiO; to 33.06 nm in Mn—Co/TiO, and further rising to 54.85 nm in Mn—Fe/TiO,. It was
proposed that the Mn—Ce—Oy species were more likely to promote nanocatalyst to form micropores
compared with Mn—Co—Oy and Mn—Fe—O, species [24,25]. However, the difference of total pore
volumes among these three Mn-based bimetallic nanocatalysts was not obvious. The total pore
volumes of Mn—Ce/TiO, and Mn—Co/TiO, samples centered on 0.53 cm?-g!, approximately. While
the total pore volume of Mn—Fe/TiO; decreased to 0.424 cm®-g™! slightly, which was probable due
to the mesoporosity formation that suppressed the micropore generation, resulting in the total pore
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volume reduced a little. Thereby, it was believed that Mn—Ce/TiO, nanocatalyst had superior physical
properties than the other two samples with larger specific surface area, more micropores structure and
satisfied total pore volumes, which coincided with catalytic performance of catalysts without plasma,
as shown in Figure 1.

Table 2. Physical properties of Mn-based bimetallic nanocatalysts.

Samples Sger (m?-g™) Viotal (cm®-g™") Dp (nm)
Mn—Ce/TiO, 239.7 0.527 17.57
Mn—Co/TiO, 189.9 0.531 33.06
Mn—Fe/TiO, 104.6 0.424 54.85

2.3.2. TEM Analysis

The morphological characterization and grain structure of these three typical Mn-based bimetallic
nanocatalysts were collected by TEM analysis. From Figure 4a, it could be observed that Mn—Ce/TiO,
nanocatalyst was constituted of fine uniform nanoparticles with narrow size distribution, smooth
elliptic surfaces, and without evident agglomeration. The distinct and unbroken mesh structure of
micropore was formed in the Mn—Ce/TiO; sample. According to the TEM images of Mn—Co/TiO,
nanocatalyst, as shown in Figure 4b, there were some tightly aggregated metal oxide nanoparticles
interfused into the smaller regular particles, which increased the average pore diameters and reduced
the specific surface areas to some extent. However, from Figure 4c, a noticeable augment in the particle
size was observed over Mn—Fe/TiO; nanocatalyst, which was consistent with Barrett-Joyner-Halenda
(BJH) results. The nanoparticles were irregular, lots of which stacked on the catalyst surface with an
abundant micropore structure collapsing and regional accumulations.

Figure 4. TEM of Mn-based bimetallic nanocatalysts. temperature on NO conversion. (a) Mn—Ce/TiO,;
(b) Mn—Co/TiO,; and (c¢) Mn—Fe/TiO,,
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2.4. Structural Characterization

2.4.1. Textural Properties

Figure 5a exhibited the XRD spectra of Mn-based bimetallic nanocatalysts and the phases
contained in the nanocatalyst samples were identified by the software of MDI Jade 6.5. Among
all these three nanocatalysts, there were strong and distinguished diffraction peaks at about 26 values
of 25.3°, 37.8°, 48.0°, 53.9°, 62.7°, 68.8°, 70.3°, 75.1°, and 82.7° well matched the XRD pattern of
anatase TiO, (ICDD PDF card # 71-1166) [26]. While the diffraction peaks for the structure of TiO,
support were reserved completely, the diffraction angles of the matching peaks shifted at different
degrees. In Mn—Ce/TiO; nanocatalyst, the anatase TiO, presented the lowest diffraction angle for
every corresponding peak, which probably verified the interaction between MnCeO, and anatase
TiO, was stronger than that between MnCoO, or MnFeO, and anatase TiO,. Comparing these three
nanocatalysts, it could be found that the diffraction peaks of anatase TiO, in Mn—Ce/TiO, nanocatalyst
were broader and weaker than that in the other two nanocatalysts, indicating the crystalline of TiO,
reduced by the MnCeOy loading. Meanwhile, there was no obvious characterization reflections for
MnOy or CeOy in Mn—Ce/TiO; nanocatalyst that manifested the active species were finely dispersed
on the nanocatalyst surface or the active species of MnO, and CeQOy incorporated into TiO, lattice [27].
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Figure 5. XRD patterns of Mn-based bimetallic nanocatalysts and element contents of Mn—Ce/TiO,
before and after plasma-catalyst reaction. (a) XRD patterns of Mn—Ce/TiO,, Mn—Co/TiO, and
Mn—Fe/TiO; nanocatalysts; and (b) EDS patterns of element contents on the surface of Mn—Ce/TiO,.

In the XRD patterns of Mn—Co/TiO; and Mn—Fe/TiO; nanocatalysts, the diffraction peaks
accord with MnO, were very complex due to the transformation among MnO,, Mn,O3, Mn3Oy,
and MnO in the incomplete crystallization of manganese oxides. The diffraction peaks matched
with MnO, exactly at 20 = 22.10°, 35.19°, 36.96°, 38.72°, 47.86°, and 57.166°, corresponding to the
crystallographic plane reflections of (110), (310), (201), (111), (311), and (420), respectively (ICDD PDF
card # 82-2169) [28]. At the same time, the diffraction peaks of Mn,;O3 and Mn3O4 were evident in
Mn—Co/TiO, and Mn—Fe/TiO, nanocatalysts. The intensive and sharp characteristic peaks at 260
values of 23.08°, 26.72°, 32.87°, and 56.89° could be primarily ascribed to Mn,O3 matching with the
crystallographic plane reflections of (211), (220), (222), and (433), correspondingly (ICDD PDF card
#78-0390), and the distinct signals at 36.28°, 40.67°, 41.80°, 57.73°, and 64.17° could be assigned to
MnzOy4 corresponding to the crystallographic plane reflections of (112), (130), (131), (115), and (063),
respectively (ICDD PDF card # 75-0765) [28,29]. Comparing the pattern of Mn—Co/TiO, nanocatalyst,
it could be noticed that the diffraction peaks of both Mn,O3 and Mn3O,4 were remarkably decreased
in Mn—Fe/TiO; nanocatalyst, simultaneously, the diffraction peaks matched anatase TiO, were also
visibly weakened. These possibly suggested the addition of cobalt into manganese oxides had better
effects than iron on diminishing the crystallization of MnOy and TiO; at the same time. Furthermore,
there were no obvious distinct diffraction peaks of CoO, were observed in Mn—Co/TiO; nanocatalysts,
which indicated the addition ratios of cobalt not only enhanced the dispersion of MnOy, but also
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promoted the dispersion of CoO;, entirely on the nanocatalyst surface. A similar proposal could
be obtained over Mn—Fe/TiO, nanocatalysts. Generally, among Mn—Ce/TiOp, Mn—Co/TiO,, and
Mn—Fe/TiO; nanocatalysts, the MnCeO, loading on anatase TiO, performed the superior properties
with smaller the nanoparticle sizes, reducing the chemical compounds crystallinities and increasing
the active species distributions, which were facilitated to the SCR reactions [30]. In order to confirm
the presence of nitrates in the mixtures during the plasma-catalyst process, the Energy Dispersive
Spectrometer (EDS) test was introduced to qualitatively analyze the elements changes, as exhibited in
Figure 5b. It was apparent that the variation of nitrogen contents on the Mn—Ce/TiO, sample before
and after the plasma-catalyst reaction was tiny, which indicated little deposition of nitrates on the
catalyst surface.

2.4.2. Reducibility Properties

In order to explore the oxidation states and the reduction potentials of the active species contained
in the Mn-based bimetallic nanocatalysts, H>-TPR analysis was performed with the reduction peaks
fitted by Gaussian functions, as exhibited in Figure 6. The H, consumptions together with all reduction
temperature values were summarized in Table 3. On account of the support of anatase TiO, induced
no noteworthy reduction peaks in the test temperature region, all the H, consumption peaks displayed
in Figure 6 could be ascribed to the reduction reactions of diverse active species of MnOy, CeOy, CoOy,
and FeOy. For Mn-based catalysts, the typical reduction peaks were regard as following the order
of MnO; — MnyO3 (Mn3O4) -MnO [31]. For Mn—Ce/TiO, nanocatalyst, as shown in Figure 6a,
there were five main H, consumption peaks appearing within the temperature range of 50~850 °C.
The initial dominating reduction peak (R1) at around 261 °C was mainly caused by the reduction
reaction of the high oxidation state of Mn** reducing to Mn3* [32]. The subsequent asymmetrical
reduction peak from 260 °C to 410 °C could be further divided into two reduction peaks (R2 and R3),
according to the two processes of Mn,O3 reducing to Mn3zO4 and Mn,O3 reducing to MnO reported in
previous literatures [28,31]. The converting from Mn, O3 to Mn3zOy preferred to occur on the primal
amorphous Mn,Oj3 [33], which was consistent with appearance of R2 peak. While the transformation
from Mn, O3 to MnO was apt to happen at higher reaction temperatures [34], well coinciding with the
temperature value of R3 peak. For Ce-containing sample, the typical CeO, reduction process usually
presented two separated peaks, the one of CeO,® converting to Ce;O3° on the catalyst surface occurred
at about 450 °C, the other one of CeO,P transforming to Ce;O3P in the catalyst bulk came up at 730 °C
approximately [35]. Therefore, the fourth wide reduction peak (R4) in the Mn—Ce/TiO, nanocatalyst
was related to the reduction processes of MnzOy4 to MnO and CeO,* to Ce;O3° simultaneously, and
the fifth peak (R5) at around 717 °C was potentially associated with the CeO,? reduction reaction.
Among these three Mn-based bimetallic nanocatalysts, Mn—Ce/TiO, nanocatalyst displayed the
highest low-temperature reducibility and exhibited a noticeable lack of high-temperature reduction
peaks at the same time, which manifested the higher oxidation states of manganese ion (Mn** and
Mn®*) constituted the dominating phase [34].

Comparing with Mn—Ce/TiO, nanocatalyst, the H,-TPR curve of Mn—Co/TiO; nanocatalyst was
conspicuously different in both the reduction temperatures and the peak intensions. For Mn—Co/TiO,
nanocatalyst, the reduction peak of MnO; to Mn,Oj3 shifted toward lower temperature (218 °C) and
weakened significantly. Meanwhile, the reduction peaks of Mn,O3 to Mn3zO4 and Mn;O3; to MnO
moved to higher temperatures and strengthened noticeably. The two reduction processes of Mn,O3
presented as a whole peak centered at about 418 °C. The reduction reaction of cobalt oxides exhibited
two peaks at around 327 (R2) and 517 °C (R4), which could be ascribed to the transformation of Co?*
— Co%* and Co%* — Co?, respectively [15]. However, these two reduction peaks were overlapped
with the MnOy peaks in whole or partly. For Mn—Fe/TiO, nanocatalyst, considering the coexistence
of FeO, and MnQy, the joint peaks (R2 and R3) from 330 °C to 530 °C were mainly attributed to the
conversion of Mn,O3 to Mn3O4 combining with the transformation of Fe;O3 to Fe304. According
to previous report [36], the majority of Fe,O3 (Fe;O3™) was in the form of nanoparticles, oligomeric
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clusters or isolated ions locating at effortlessly reducible sites. After the Fe,O3™ reduction reaction,
the reduction of residual Fe;O3 (Fe;O3") to Fe3O4 accomplished at the higher temperature [37]. The
remarkable strong peak (R4) at about 501 °C was ascribed to the overlapped peaks of MnzO4 to MnO
and Fe;Oy4 to FeO.

As exhibited in Table 3, the total Hy consumptions of Mn—Ce/TiO, and Mn—Co/TiO,
nanocatalysts were 4.86 mmol-g”! and 4.43 mmol-g, respectively, much larger than that of
Mn—Fe/TiO; nanocatalysts. It was proposed that the peaks appearing at lower temperatures
demonstrated superior catalytic activity in low temperature region [2]. While the starting reduction
peak temperature of Mn—Co/TiO; nanocatalyst was the lowest at 218 °C, its total H, consumption
was obvious smaller than that of Mn—Ce/TiO; nanocatalyst, which was regarded as a more important
factor affecting the reducing capacity. Based on the H, consumption as a vital factor to the redox
property of catalyst, it was reasonable that Mn—Ce/TiO, nanocatalyst presented the higher NO,
conversion with and without plasma than Mn—Co/TiO, and Mn—Fe/TiO, nanocatalysts.
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Figure 6. H)-TPR profiles of Mn-based bimetallic nanocatalysts: (a) Total H-TPR curves;

(b) multi-peaks Gaussian fitting for Mn—Ce/TiO, nanocatalyst; (c) multi-peaks Gaussian fitting
for Mn—Co/TiO, nanocatalyst; and (d) multi-peaks Gaussian fitting for Mn—Fe/TiO, nanocatalyst.

Table 3. Hy-TPR quantitative analysis of Mn-based bimetallic nanocatalysts.

Temperature (°C) H; Consumption (mmol~g’1)

Sammol

; R1 R2 R3 R4 R5 R1 R2 R3 R4 R5 Total
Mn-Ce/TiO, 261 336 367 423 717 252 124 036 067 007 4586
Mn-Co/TiO, 218 327 418 517 - 114 021 212 09% - 443
Mn-Fe/TiO, 276 387 436 501 -~ 08 041 054 159 - 337

2.4.3. Ammonia Adsorption Properties

Besides the redox property, the acid capacity on the catalyst surface was another crucial factor
influencing the catalytic performance in SCR reactions [14,38]. NH3-TPD and NO-TPD tests were
introduced in order to establish the connection between the surface acidities and the SCR activities for
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the Mn-based bimetallic nanocatalysts. The test results were analyzed and compared in Figure 7 and
Table 4, respectively. The NH3-TPD curves for these three typical Mn-based bimetallic nanocatalysts
were attributed to four desorption peaks of chemisorbed NH;z within the temperature range of
150~750 °C. It was obvious that the first weak NH3 desorption peak (P1) of Mn—Fe/TiO, nanocatalyst
appeared at about 209 °C ascribed to the NHj3 desorption from the weak acid sites, which was deemed
too weak to be stable bound NHj in the gas mix during the SCR reactions [14]. The second and the third
successive desorption peaks (P2 and P3) located from 398 °C to 585 °C indicated the distribution of
medium strong acid sites. Additionally, the final and relatively stronger peak (P4) at 649 approximately
were attributed to strong acid sites, which could be regard as plenty of Lewis acid sites generated
on the nanocatalyst surface with adsorbing a large amount of strongly bound ammonia [39]. For
Mn—Co/TiO; nanocatalyst, the NH3 desorption result demonstrated superior acidity capacity at
medium and high temperatures, but an undesirable temperature shift towards higher temperature
regions appeared at the same time. The desorption peak temperature value of weak acid sites (P1),
medium strong acid sites (P2 and P3), and strong acid sites (P4) reached 276 °C, 402 °C, 587 °C,
and 653 °C, respectively, which signified that it is more difficult for the chemisorbed NHj to desorb
from the acid sites and participate in SCR reactions [40]. Compared with the NH3-TPD curve of
Mn—Co/TiO; nanocatalyst, the four desorption peaks of Mn—Ce/TiO; nanocatalyst shifted towards
lower temperatures slightly and became much stronger. The enrichments of the weak acid sites, the
medium strong acid sites and the strong acid sites were all positive to ammonia adsorption, which
could undoubtedly form more abundant Brensted acid sites and Lewis acid sites promoting NHz
adsorption on the nanocatalyst surface [41,42]. This change was regard as an important reason for the
outstanding catalytic performance of Mn—Ce/TiO; nanocatalyst with and without plasma.
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Figure 7. NHj3-TPD profiles of Mn-based bimetallic nanocatalysts: (a) Total NH3-TPD curves;
(b) multi-peaks Gaussian fitting for Mn—Ce/TiO, nanocatalyst; (c) multi-peaks Gaussian fitting
for Mn—Co/TiO, nanocatalyst; (d) multi-peaks Gaussian fitting for Mn—Fe/TiO, nanocatalyst.
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Table 4. Quantitative analysis of NH3-TPD profiles.

s Temperature (°C) NH; Composition (mmol-g ")
amples

Peak 1 Peak 2 Peak 3 Peak 4 Peak 1 Peak 2 Peak 3 Peak 4 Total
Mn—Ce/TiO, 245 396 583 647 0.27 0.52 0.58 0.39 1.76
Mn—Co/TiO, 276 402 587 653 0.11 0.49 0.52 0.32 1.44
Mn—Fe/TiO, 209 398 585 649 0.14 0.24 0.39 0.20 0.97

In order to exactly confirm the total acid capacity, the quantitative analysis of the desorption peaks
of Mn—Ce/TiO,, Mn—Co/TiO, and Mn—Fe/TiO; nanocatalyst was performed and summarized
in Table 4. Among these three nanocatalysts, the total NH; desorption of Mn—Ce/TiO, sample
achieved the maximum value of 1.76 mmol-g!, which further verified the better promotion effects of
MnCeOy on the surface acidity than that of MnCoO, and MnFeO,. It was noteworthy that, although
Mn—Fe/TiO, nanocatalyst exhibited the weak acid sites at the lowest temperature, the acid capacity
of its weak acid sites was only 0.14 mmol-g™ too small to satisfy the NHj adsorption requirements
during SCR recations. Therefore, Mn—Ce/TiO, nanocatalyst with NHj3 desorption of 0.27 mmol- g'1
at around 245 °C was qualified for the best acidity properties at the low temperature. However, it
had been revealed that NHj3 could block NO adsorption and activation onto the metal active sites on
the catalyst surface via the undesired electronic contact between the adsorbed NH3 and the metal
sites [43]. As a result, NHj3 presented inhibiting effects on SCR reactions at low temperature. Hence,
the acidity properties on the surface of the Mn-based bimetallic nanocatalysts were closely related to
the redox performance. It was required to achieve an adequate equilibrium between the oxidation
states of active species and the acidity properties of active metal compounds in order to develop the
optimal catalyst.

2.4.4. Oxidation States of Active Species

The elemental valence states and the atomic concentrations on the surface of Mn-based bimetallic
nanocatalysts were explored by XPS analysis for the purpose of a better insight into the metal oxidation
states and the surface compositions. The XPS spectra of Mn 2p, O 1s, Ti 2p, Fe 2p, Co 2p, and Ce 3d
in the nanocatalysts were exhibited in Figure 8. The valence state of every element was determined
numerically according to Gaussian fitting, respectively. The specific binding energy and the individual
element concentration in various valence states were summarized in Table 5. Figure 8a displayed
the XPS spectrum for Ti 2p of catalyst support, which comprised two peaks of Ti 2p; /, locating at
about 464.3 eV and Ti 2pj3 , situating at around 458.7 eV, respectively [44]. Comparing the three XPS
spectrum of Ti, it could be easily found that, although the Mn-based bimetallic nanocatalysts were
doped with different active elements of iron, cobalt, and manganese, no significant changes were
observed in the Ti peaks. The +4 valence state of titanium on the catalyst surface was stabilized and
dominating in Mn—Fe/TiO,, Mn—Co/TiO,, and Mn—Ce/TiO; nanocatalysts.

The XPS spectra of Mn 2p in these three typical Mn-based bimetallic nanocatalysts consisted of
two characteristic peaks, assigned to Mn 2p; /, peak at around 653 eV and Mn 2p;/, peak at about
642 eV [45], as shown in Figure 8b. The asymmetrical Mn 2p3/, peak further verified the complicated
manganese species in divers valence states coexisting in the nanocatalysts. The curve of Mn 2p3,, peak
could be split into three peaks via multi-peaks gaussian fitting, the first peak at around 641.2 4 0.3 eV
was assigned to Mn?2*, the second one at 642.6 + 0.2 eV associated with Mn3*, and the third one at
644.1 + 0.5 eV consistent with Mn**, respectively [46]. The complex MnO, including three valence
states were apparently difficult to distinguish with the binding energy difference no more than 3.7 eV.
In order to make an accurate identification of the atomic composition and Mn™* concentration on the
nanocatalyst surface, a quantitative analysis was introduced based on the area covered under each
separated peak, as listed in Table 4. According to previous studies [28,33,47], NO, conversion over
pure MnO, could been ranked as MnO, > Mn,O3 > Mn3O4. Hence, the improved concentration of
MnO; on the nanocatalyst surface was advantageous to SCR reactions [48]. Among the three Mn-based
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bimetallic nanocatalysts, the major amount of manganese primarily presenting +4 valence state on
the catalyst surface dispersedly, as shown in Table 4. While Mn—Ce/TiO, sample presented the
highest atomic composition of Mn** /Mn"™* (56.5%), which was much larger than 46.8% and 40.2% in
Mn—Co/TiO; and Mn—Fe/TiO, nanocatalysts, respectively. It was regard as the reason for the higher
catalytic activity of Mn—Ce/TiO, nanocatalyst, as exhibited in the above results.

@ Tizp,
[
|| Tilp,,
HE / IS 3
; MComio, ;

MueFe/Ti,

S Vi
Mn-FeTily,

450 3 o 635 640 45 i 655 L
Temperature {°C)
) ¢
! Colp
% cap,,
Colp,

T satellite
) L

/ W

satellise

) '..‘ i
o, Ay
Mt A

gl

TCD Signal (a.u.)
TCD Signal (a.u.)

800 w5 810

TS 710 715 25 730 735 s TE 785

720 k- T 95
Temperature (°C) Temperature (“C)

in

Mn-CeTio,

E E
e e
E E
& 5| ] so000
n w Me-CaTich,
a2 a :
Mn-FeTr,
) SN
a0 a0 130 hra) 528 529 330 55 532 533 534 535

Ll 880 890 0 3 3
Temperature (“C') Temperature (“C')

Figure 8. XPS analysis of Min-based bimetallic nanocatsalysts: (a) XPS spectra for Ti 2p; (b) XPS spectra
for Mn 2p; (c) XPS spectra for Fe 2p; (d) XPS spectra for Co 2p; (e) XPS spectra for Ce 3d; and (f) XPS
spectra for O 1s.

Table 5. Surface atomic compositions of the catalysts determined by XPS.

Binding Energy (eV)/Atomic Composition (%)

Samples Mn Fe Co Ce o

MnZ*  Mn* Mn%**  Fe?*  Fe¥*  Co**  Co*  Ce** Ce'*  Oq Og
885.6/ 8824/ 5312/ 530.2/

6409/ 6424/ 6440/
Mn-Ce/TiOy "4 342 565 -/ -/ -/ -/ 404 596 404 596
6412/ 642.6/ 6441/ 7796 7821/ 5314/ 530.3/
Mn=Co/TiO 35" 304 468 /- -/ 393 607 -/ /- 337 663
6414/ 6428/ 6446/ 7096/ 77/ /- - .. 5316/ 5303/
282 718

Mn—Fe/TiO2 513" ‘355 402 434 566
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For Mn—Fe/TiO, nanocatalyst, the Fe 2p XPS spectra was was presented in Figure 8c with two
individual peaks attributed to Fe 2p3/, at about 710 eV, Fe 2p; /, at around 724 eV and a satellite peak of
Fe* in Fe,O3 exhibited at 718.3 eV [49]. The broad peak of Fe 2p3,, was composed of two overlapped
peaks, the one ascribed to Fe?t locating at around 709.6 eV and the other one attributed to Fe®* seated
at about 711.6 eV. These two peaks confirmed the co-occurrence of iron in +2 and +3 valence states on
Mn—Fe/TiO; nanocatalyst surface, as quantified in Table 5. The promotion effect of iron on Mn-based
bimetallic nanocatalysts was ascribed to the interaction happening in the redox circulation: Fe?* +
Mn?* & Fe?* + Mn** [50]. For Mn—Co/TiO, nanocatalyst, there were two main peaks in the Co 2p
spectrum ascribed to Co 2p3, at about 780.6 eV and Co 2p; /, at around 796.5 eV. Each of these two
peaks was accompanied by an adjacent satellite peak at 786.8 eV and 803.1 eV correspondingly, as
depicted in Figure 8d. The two broader and gentler satellite structures at the relatively higher binding
energy region were caused by the metal-to-ligand charge transfer, also known as the shakeup process
of cobalt in its high spin state. While this process can only be observed with the high spin state of Co?*
ion, but cannot be observed with the diamagnetic low-spin Co>* ion [51]. The XPS spectra of Co 23,
scope could be further divided into Co®* spectrum at binding energy of 780.0 eV and Co?* spectrum
at 781.6 eV. This test result showed the ions of Co?" and Co®" were co-existed on Mn—Co/TiO,
nanocatalyst surface and the Co®* exhibited a comparatively higher atomic composition of 60.7%. The
Co>* species existed in a relatively high valence state and gave rise to more anionic defects, generating
abundant surface oxygen to enhance the process of adsorption and oxidation during SCR reactions [52].
For Mn—Ce/TiO; nanocatalyst, the Ce 3d spectra result was depicted in Figure 8e. The Ce 3d pattern
was composed of u and v multi-peaks matching to the spin orbit split 3d5,, and 3d;3, core holes [53].
According to the binding energies of different peaks, the Ce 3d spectra could be elaborately separated
into eight peaks, labeled as u, u’, u”, u'" and v, v/, v/, v'/, respectively [54]. The 1’ and v’ peaks were
matched with the 3d'%4f! electronic state of Ce®*, and the u, u”’, u’", v, v, and v’ peaks were ascribed
to the 3d104f9 electronic state of Ce** [55]. These distinctive peaks verified the coexistence of of Ce3*
and Ce** species on Mn—Co/TiO; nanocatalyst surface. The Ce3* species were important incentives
for the formation of unsaturated chemical bonds and the generation of electric charge balance. [56].
In the active compounds of manganese and cerium, the negative charge transferred from Mn?* or
Mn?* to Ce** strengthening the interaction between manganese and cerium [1,2]. The oxygen circle of
storing and releasing was easier for the Mn—Ce/TiO, nanocatalyst with the redox couple of Ce3* /Ce**
to form more surface oxygen vacancies that were advantageous to oxygen adsorption and chemisorbed
oxygen generation [57].

The O 1s spectra for Mn-based bimetallic nanocatalysts were displayed in Figure 8f. On the
base of curve-fitting results, the O 1s spectra was divided into two peaks: The O peak ascribed
to chemisorbed oxygen centered at binding energy of 531.2 ~ 531.6 eV, the Op peak attributed to
lattice oxygen appeared at binding energy of 530.2 ~ 530.3 eV. Compared with the O 1s spectra of
nanocatalysts, it could be found that the binding energies of O shifted to lower values from 531.6 eV
in Mn—Fe/TiO; to 531.4 eV in Mn—Co/TiO; and to 531.2 eV in Mn—Ce/TiO,, and similar variation
tendency occurred on the binding energies of Og. Meanwhile, as shown in Table 4, the surface atomic
composition of chemisorbed oxygen over Mn—Ce/TiO; nanocatalyst reached the maximum 40.4%,
much higher than 33.7% on Mn—Co/TiO; and 28.2% on Mn—Fe/TiO, samples. The chemisorbed
oxygen was the most energetic oxygen species due to its high mobility [58]. Therefore, these surface
atomic composition of Mn—Ce/TiO; nanocatalyst were regard as another reason for its superior
catalytic performance with and without plasma.

2.5. Reaction Mechanism Analysis

According to the catalytic performance of NO, conversion over Mn-based bimetallic nanocatalysts
with and without plasma and the physicochemical properties of these nanocatalysts presented above,
the complex bimetallic oxides of MnFeOy, MnCoOy, and MnCeOy affected the hybrid catalyst-plasma
catalytic process obviously with the different redox characteristics of active chemisorbed sites. All the
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three bimetallic nanocatalysts enhanced the catalytic ability of manganese species by increasing the
ratio of Mn** /Mn"*, generating more lattice oxygen and plenty of oxygen vacancy on the catalyst
surface [2]. In the catalyst-plasma hybrid catalytic system, the plasma derivatives reformed the
chemical compositions of the gas mix and modified the electronic states on the nanocatalyst surface. For
Mn—Fe/TiO;, Mn—Co/TiO; and Mn—Ce/TiO, nanocatalysts, a dynamic equilibrium was sustained
on their surfaces with the electron transfer between Mn and Fe (Co or Ce) ions during the catalytic
oxidation process, which could be expressed as Fe** + Mn3* < Fe?* + Mn**, Co®* + Mn®* «» Co?* +
Mn**, Ce®* + Mn®* < Ce?* + Mn** and Ce** + Mn®* « Ce®* + Mn**, respectively.

Besides originally partial NO oxidation into NO; over the lattice oxygen of MnOy, FeO,, CoOy
and CeO,, more NO was oxidized to NO, via the reaction (4) and (5) under the energetic particles.
The valence state part of manganese cations increased, which was caused by the electron transition
from Mn** to Mn** via lattice oxygen [59]. Mn** was more desirable for the oxidation of NO to NO,
over Mn-based catalysts [16] and it was reduced to Mn3* during the SCR reactions [58]. Under the
plasma derived species, such as O3 or O radicals, the Mn3* could be fast re-oxidation into Mn**, thus
accelerating the catalytic oxidation process and the fast SCR reaction. Furthermore, the concentration
of chemisorbed oxygen on the nanocatalyst surface was also improved in the catalyst-plasma hybrid
catalytic system. More surface oxygen species could form via the direct interaction of MnOy, FeO,,
CoOy, and CeO, with plasma excited oxygen species. Considering the inhibiting effect of NO on O3
formation, the surface oxygen species were more likely to generate from O radicals. The adsorbed
oxygen reacted with NO to form NO; according to the following reaction steps (9)~(11):

O+ M — M—0,4 )
NO 4+ M- 0,45 = M —0 —NO,q4 (10)
M—0—NO,4s = M + NO, (11)

where M represented the active sites on the nanocatalyst surface, O,qs and NO, 4 represented adsorbed
NO and oxygen on the nanocatalyst surface, respectively. During this process, the NO,4 liberated
electron to Mn** and the O,y trapped electron from Fe?* or Co?* or Ce", respectively, which
transform into absorbed NO* and O~. Then formed NO* further reacted with O~ to generate
NOs,. Simultaneously, a part of NO was oxidized to NO; directly by the active oxygen produced from
O, activation on the surface oxygen vacancies. The possible catalyst-plasma hybrid catalytic process of
SCR reaction over Mn-based bimetallic nanocatalysts was exhibited in Figure 9.

_.,._.;__)\1..,, J p /_@

, P

plasma

Figure 9. The possible catalyst-plasma hybrid catalytic process of SCR reaction over Mn-based
bimetallic nanocatalysts.
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3. Materials and Methods

3.1. Catalysts Preparation

The three typical Mn-based bimetallic nanocatalysts were prepared by hydrothermal method.
Mn(NOs); (analytical pure 50%, Sinopharm, Shanghai, China), Fe(NO3)3-9H,O (analytical pure 99.9%,
Sinopharm, Shanghai, China), Co(CH3COO),-4H,0O (analytical pure 99.9%, Kermel, Tianjin, China),
and Ce(NOj3)3-6H,0 (analytical pure 99.9%, Nanjing-reagent, Nanjing, China) were introduced as
the precursors of MnOy, FeO,, CoOy, and CeOy, respectively. The tetrabutyl titanate was used as the
precursors of TiO, for supporting the active metallic oxides. Mn(NO3), was added into deionized
water at room temperature and then Fe(NO3)3-9H,0 was dissolved in the solution. Amount of glycol
was added into the above mixture with magnetic stirring continuously. A Teflon-lined stainless steel
autoclave was introduced to heat the homogeneous solution at 180 °C for 8 h. After the autoclave
cooling down to the ambient temperature, tetrabutyl titanate was added into this solution and aged in
the autoclave again at 180°C for 3 h. The mixture was collected by reduplicative centrifugation and
wash. Finally, the precipitate was dried at 150 °C for 12 h and calcined in air at 500 °C for 4 h. The
produced Mn-based bimetallic nanocatalysts were triturated and filtered with 60—80 mesh for activity
tests and characterization analysis. The nanocatalyst was denoted as Mn—Fe/TiO, with the molar
ratios of Mn:Fe:Ti = 2:1:7. The Mn—Co/TiO, and Mn—Ce/TiO, nanocatalysts were prepared under the
same process with Co(CH3COO),-4H,0 and Ce(NO3)3-6H,O replacing Fe(NO3)3-9H,O, respectively.

3.2. Catalysts Characterization

The Maxon Tristar II 3020 micropore-size analyzer (Maxon, Chicago, IL, USA) was used for
testing Ny adsorption isotherms of the prepared nanocatalysts at -196 °C. The surface areas and
the pore-size distributions of the nanocatalysts were measured after the nanocatalysts degassing
in vacuum at 350 °C for 10 h. BET plot linear portion was used to determine the nanocatalysts
specific surface areas, and the desorption branch with Barrett-Joyner-Halenda (BJH) formula was
introduced to calculate the pore-size distributions. The XRD data was captured by a Bruker D8 advance
analyzer (Bruker, Frankfurt, Germany) with Mo K, radiation, diffraction intensity from 10° to 90°,
point counting time of 1s and point counting step of 0.02°. The element phases contained in the
nanocatalys were distinguished by comparing characteristic peaks presented in the XRD patterns with
the International Center for Diffraction Data (ICDD). The advanced microstructural image data and the
surface element contents of the nanocatalysts were achieved by a high resolution transmission electron
microscope JEOL JEM-2010 combined with EDS ((Japan electronics corporation, Tokyo, Japan). H,-TPR
and NH3-TPD tests were performed with a Micromeritics Autochem II 2920 chemical adsorption
instrument (Micromeritics, Houston, TX, USA). During H,-TPR experiment, nanocatalysts were
pretreatment in He at 400 °C for 1 h, and then cooled to environment temperature in Hy and He gas
mixture at 30 mL/min. The test temperature range of H, consumptions was from 50 °C to 850 °C with
the heating rate of 10 °C/min. The operating process of NH3-TPD test was similar to that of H-TPR
test with NHj3 replacing Hy. XPS analysis was performed on a Thermo ESCALAB 250XI (Thermo
Fisher, Boston, MA, USA) with pass energy 46.95 eV, Al K, radiation 1486.6 eV, X-ray source 150 W
and binding energy precision 4 0.3 eV. The C 1s line at 284.6 eV was measured as a reference.

3.3. Catalytic Performance Tests

The catalytic performance of Mn-based bimetallic nanocatalysts was explored in a catalyst-plasma
hybrid system as shown in Figure 10. The dielectric barrier discharge (DBD) plasma reactor was
comprised of two electrodes and a quartz tube. The high voltage electrode was a stainless-steel rod
with diameter of 3 mm, installed inside the quartz tube coaxially. The ground electrode was a copper
wire mesh wrapped outside the quartz tube tightly. The discharge energy was produced by an AC
power transverter with a digital controller of voltage, electricity, and frequency. The quartz tube was
in the height of 800 mm, outer diameter of 12 mm and thicknesses of 0.8 mm. 5 mL of nanocatalyst
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was filled in the discharge zone of plasma reactor. A resistance furnace was introduced to maintain
the desired reaction temperature located upstream plasma reactor, connected to the temperature
controller. The concentration of gas mixture was measured by German MRU MGA-5 analyzer (MRU,
Berlin, Germany) joint with an external special detector for NO and NHj3. An Infrared Thermometer
(HCJYET, HT-8872, Hongcheng, Shanghai, China) was introduced to detect the specific temperature
of discharge area during the plasma process. During plasma-catalyst catalytic activity experiment,
the inlet mixed gas included 300 ppm NO, 300 ppm NH3, 8% O, ~0.1% H,O and N as balance gas.
The gas hourly space velocity (GHSV) was about 20 000 hl. The NOy conversion rate was calculated
according to Equation (12), where [NOy] = [NO] + [NO;]. The N selectivity was calculated by the
concentrations of N,O and NO,, as shown in Equation (13). Each experiment was repeated three times
to assure the results accuracy. The discharge energy density was defined as discharge power divided
by the inlet gas flow rate [9], which was calculated using Equation (14) [60], where E (W-h/m?) was
energy density, P (W) was discharge power, and Q (m3/h) was the gas flow rate. More basic data
relating to the discharge energy was listed in Table 1.

NOy conversion rate = <M> x100% (12)
[NOxJ;,
i 2[N20] ¢
N selectivity = 1— —————9" - x100% (13)
’ YT T INOJ;, — INO
E (W-h/m?®) __FrW (\;V) (14)
Q (m*/h)

141

Figure 10. The schematic diagram about the catalyst-plasma hybrid system. 1, standard gas; 2, mass
flowmeter; 3, shutdown valve; 4, water carrier; 5, gas mixer; 6, resistance furnace; 7, temperature
controller; 8, nanocatalysts; 9, ground electrode; 10, high voltage electrode; 11, AC power transverter;
12, flue gas analyzer; 13, record system; 14, gas washing bottle; and 15, induced draft fan.

4. Conclusions

The Mn-based bimetallic nanocatalysts of Mn—Fe/TiO;, Mn—Co/TiO;, Mn—Ce/TiO,,
synthesized by hydrothermal method, presented obvious synergistic effects on NO, catalytic
conversion via the plasma-catalyst hybrid catalytic process. In the catalytic process with catalyst
alone, the NO, conversions of all tested catalysts were lower than 20% at ambient temperature.
While in the plasma-catalyst hybrid catalytic process, the catalytic activities for NO, elimination
improved significantly with discharge energy enlarging. The maximum NO, conversion of about
99.5% achieved on Mn—Ce/TiO, with discharge energy of 15 W-h/m? at ambient temperature. The
reaction temperature had an inhibiting effect on plasma-catalyst hybrid catalysis.
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Among these three Mn-based bimetallic nanocatalysts, Mn—Ce/TiO, displayed the optimal
catalytic property with higher catalytic activity and superior selectivity in the plasma-catalyst hybrid
catalytic process. Furthermore, based on the multiple characterizations performed on the Mn-based
bimetallic nanocatalysts, it could be confirmed that the catalytic property of plasma-catalyst hybrid
catalytic process was highly dependent on the phase composition of the catalyst. Mn—Ce/TiO,
nanocatalyst presented the optimal structure characteristic among all tested samples, with the largest
surface area, the increased active components distributions, the reduced crystallinity and the minished
particle sizes. In the meantime, the ratios of Mn#** /(Mn%* + Mn®* + Mn**) in the Mn—Ce/TiO, sample
was the highest, which was beneficial to plasma-catalyst hybrid catalysis. Generally, it was believed
that the plasma-catalyst hybrid catalytic process with the Mn-based bimetallic nanocatalyst was an
effective approach for high-efficiency catalytic conversion of NOy, especially at ambient temperature.
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Abstract: In this work, plasma-catalytic removal of H,S over LayMnOj3 (x = 0.90, 0.95, 1, 1.05 and 1.10)
has been studied in a coaxial dielectric barrier discharge (DBD) reactor. The non-stoichiometric effect
of the LayMnOj catalysts on the removal of H,S and sulfur balance in the plasma-catalytic process
has been investigated as a function of specific energy density (SED). The integration of the plasma
with the La,MnOj catalysts significantly enhanced the reaction performance compared to the process
using plasma alone. The highest H,S removal of 96.4% and sulfur balance of 90.5% were achieved
over the LaggoMnOj3 catalyst, while the major products included SO, and SO3. The missing sulfur
could be ascribed to the sulfur deposited on the catalyst surfaces. The non-stoichiometric La,MnOj3
catalyst exhibited larger specific surface areas and smaller crystallite sizes compared to the LaMnO3
catalyst. The non-stoichiometric effect changed their redox properties as the decreased La/Mn ratio
favored the transformation of Mn®* to Mn**, which contributed to the generation of oxygen vacancies
on the catalyst surfaces. The XPS and H-TPR results confirmed that the Mn-rich catalysts showed
the higher relative concentration of surface adsorbed oxygen (O,4s) and lower reduction temperature
compared to LaMnOjs catalyst. The reaction performance of the plasma-catalytic oxidation of H,S is
closely related to the relative concentration of O, 45 formed on the catalyst surfaces and the reducibility
of the catalysts.

Keywords: plasmas-catalysis; non-thermal plasmas; perovskite catalysts; nonstoichiometry;
H,S oxidation

1. Introduction

The emission of odors from various sources including wastewater treatment and municipal
solid waste (MSW) treatment facilities have become a public concern due to their negative effect
on air quality and human health, especially on sensitive or sick people [1]. As a result, air quality
control in the waste treatment facilities is important to ensure a comfortable environment for the
workers and local residents. Great efforts have been devoted to the research and development of
odor abatement technologies including wet scrubbing, active carbon adsorption, incineration and
biofiltration, etc. [2-4]. However, these technologies are not cost-effective when dealing with low
concentrations of odors in high-volume waste gas streams. For example, biological treatment is not
flexible for the variation of odor loadings and volume of waste gas streams [5].

Recently, non-thermal plasma (NTP) has been regarded as a promising alternative for
deodorization due to its unique characteristics of fast reaction, compact system and adaptability
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towards complex working conditions [6,7]. Typically, air plasma could generate electrons and various
chemically reactive species, which could react with the odor molecules, leading to the purification
of the odor-containing waste gas streams. Anderson et al. performed an on-site test of a pilot scale
plasma reactor to purify a 138 m3-h~! odor-containing waste gas stream with the main compositions
of acetic acid, propanoic acid, trimethylamine and indole, etc. The average odor removal efficiency
of 97% could be achieved at an input power of 140.8 W [8]. Kuwahara et al. developed a dielectric
barrier discharge (DBD) reactor with a laminated film-electrode for odor control, while the complete
removal of 100 ppm odor was achieved at a discharge power of 10 W and a flow rate of 5 L-min~! [9].
Lu et al. reported the decomposition of ammonia and hydrogen sulfide with self-designed gliding arc
plasma reactor, while a removal efficiency of 100% was achieved at the applied voltage of 11 kV and the
velocity of 4.72 m-s~! [10]. Some researcher also performed scale-up studies of plasma technologies in
odor control [11]. Dobslaw et al. performed a 35-day-long scale-up test of plasma odor removal in two
industrial sites in Germany, while the odor concentration was significantly reduced by 95.9-98.3% [12].
They also used the scale-up plasma units to enhance the performance of a biotrickling filter, the
odor removal efficiency of using plasma alone reached up to 93.9% [13]. However, the relative low
selectivity towards the desired final products in the NTP process remains the main challenge for the
use of NTP-based technologies in environmental clean-up.

In the last three decades, the combination of non-thermal plasma and heterogeneous catalysis,
known as “plasma-catalysis” has been demonstrated as a promising emerging process for the removal
of low concentration gas pollutants including odors with reduced formation of by-products and
enhanced process performance [14-17]. Although LaMnOj3 perovskite type catalysts have been
used in thermal catalytic reactions due to their relatively low cost, comparable activity, and thermal
stability [18-20], the use of these catalysts in plasma chemical reactions for environmental clean-up or
the synthesis of fuels and chemicals has been very limited. Hueso et al. found that the combination of
lanthanum based perovskite catalysts and a microwave discharge plasma enhanced the conversion
of low concentration methane (3600 ppm) by around 30% compared to the plasma process in
the absence of a catalyst at a same energy density of 10 W-m~2 [21,22]. Vandenbroucke et al.
reported that the removal of trichloroethylene was increased by 13.9% when packing a Pd/LaMnOj3
catalyst into a negative DC corona discharge reactor at a specific energy density (SED) of 460 J-L.
compared to the plasma reaction without a catalyst. They also found that the coupling of the
plasma-catalyst coupling significantly reduced the formation of major by-product CHCl3 [23]. It is
well recognized that the substitution of A and B sites of the perovskite catalysts could result in a
structural non-stoichiometry, which might generate excess oxygen species on the catalyst surfaces
and consequently affect the reaction performance [24]. To the best of our knowledge, the use of
perovskite catalysts in plasma-catalytic odor control has not been reported yet, while the knowledge
about the underlying mechanisms of the non-stoichiometric effect of the perovskite catalyst on the
plasma-catalytic oxidation processes are still missing.

In this work, hydrogen sulfide (H;S) is chosen as a model pollutant since it accounts for over
90% of the total mass concentration in the odor emissions [25]. The non-stoichiometric effect of
LayMnOj catalysts on the plasma-catalytic removal of low concentration H,S was investigated in
a DBD plasma reactor in terms of the removal of H,S and sulfur balance. The physicochemical
properties of the catalysts were determined using various characterization techniques, including
Brunauer-Emmett-Teller (BET) surface measurement, X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS) and temperature programmed reduction of Hy (H,-TPR) to understand the
structure-activity relationships between the La,MnOj3 catalysts and the plasma-catalytic process
and the role of these catalysts in the plasma-catalytic process.
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2. Results and Discussions

2.1. Physicochemical Properties of the Catalysts

Table 1 show the results of N, adsorption-desorption experiments. The non-stoichiometric effect
of the LayMnOj catalysts enlarged the specific surface areas (Spgr) by 5.7% to 23.5% compared to that of
the LaMnOj catalyst (12.3 mz-g’l), while the Lag gMnOj catalyst had the highest Sggt. Figure 1 shows
the XRD patterns of the LayMnOj catalysts. The formation of the perovskite phase was observed in all
the catalysts and no obvious segregated phases of La,O3 and MnO, were found. The stoichiometric
LaMnOj catalyst exhibited a typical cubic perovskite structure (JCPDS 75-0440) of LaMnOs. The cubic
structure of the La,MnOj catalysts remained unchanged when the La doping amount was decreased,
while the orthorhombic structure of LaMnOj5 (JCPDS 89-2470) was observed for the La-rich catalysts
(x> 1). According to Table 1, the cell volume of the La,MnOj catalysts increased with the increase
of La/Mn molar ratio. The expansion of unit cell could be attributed to the transformation of Mn**
into Mn®* and the incorporation of La®* into the perovskite lattice of LayMnO3 considering the larger
ion radius of La®" (1.06 A) and Mn®* (0.65 A) compared to that of Mn** (0.54 A). The characteristic
diffraction peak of LaMnOj (1 2 1) located at around 32.6° was slightly shifted to a lower 20 value for
the La-rich catalysts, while this peak in the XRD pattern of the Mn-rich catalysts (x < 1) was shifted to
a higher 26 value [26]. The non-stoichiometric catalysts had a smaller crystallite size compared to the
LaMnQOs catalyst (16.1 nm), while the Lag goMnOj5 catalyst had the smallest crystallite size of 15.4 nm.

Table 1. Physicochemical properties of LayMnOj catalysts.

SBET 1 Crystalline  Cell Volume ~ Mn**/(Mn3 +  O,q5/(0,q4s +
Sample (m?.g~") Size (nm) (A3) Mn**) (%) Orap) (%)
Lag.goMnO3 15.2 15.4 58.6 432 60.7
LagosMnO; 13.0 15.8 58.7 922 59.9
LaMnOs 12.6 16.1 58.9 415 58.1
Laj 0sMnO; 13.7 15.9 2332 40.8 57.6
Laj.10MnO; 14.6 15.7 234.4 382 56.6

! Calculated from the diffraction peak of LayMnOj located at 20 = 32.6°.
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Figure 1. XRD patterns of LayMnOj catalysts.
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2.2. Redox Properties of the Catalysts

The chemical states of major elements (Mn 2p and O 1s) in the La,MnOj catalysts were examined
using XPS, as shown in Figure 2. The binding energies of La 3ds,, (838.1 eV and 855.0 eV) were
observed for all the catalysts (not shown), while those of La 3d3,, were located at around 834.8 eV and
851.5 eV. The binding energies and the spin-orbit splitting of La 3d were close to those of pure La;O3,
indicating that the lanthanum ions were in trivalent state of the La,MnOj3 catalysts [27].

Mn* Mn® e OHCOs* O... Ot O1s
La1oMnOs -
Lai«MnO:
- 99.2%
- —-—
= =
< s
2 2
wn —
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@ =
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Mn*/(Mn**
La:=MnO: +Mn*)
43.2%
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648 646 644 642 640 638 534 532 530 528
Binding Energy (eV) Binding Energy (eV)
(a) (b)

Figure 2. XPS spectra of LayMnOj catalysts: (a) Mn 2p35; and (b) O 1s.

Figure 2a shows the XPS spectra of Mn 2p3, of the LayMnO; catalysts. The co-existence of Mn2*,
Mn?* and Mn** species in the LaMnOs-based perovskite catalysts has been reported [28]. However, in
this work, Mn?* species were unlikely existed due to the missing satellite peaks at around 648.8 eV [29].
The XPS signals of Mn 2p3/, can be deconvoluted into two major peaks. The XPS peaks at 641.6 eV
were assigned to the generation of Mn3* cations, while the peaks at around 643.0 eV was associated to
the formation of Mn** cations. The relative concentration of Mn** in the LayMnOj3 catalysts, defined
as Mn** /(Mn**+Mn**), was calculated based on the deconvoluted peaks (Table 1). The relative
concentration of Mn** of these catalysts varied from 38.2% to 43.2%, and the LaggoMnOj catalyst
showed the highest value of 43.2%. The relative Mn** concentration of the catalysts decreased with
the increase of nominal La/Mn molar ratio.

The deconvoluted O 1s spectra of the La,MnOj perovskites suggested the coexistence of various
oxygen species on the catalyst surface (Figure 2b). The peaks located at around 532.9 eV, 531.2 eV and
529.4 eV could be attributed to the formation of oxygen-containing groups: hydroxyl/carbonate species,
surface adsorbed oxygen (O,4s) and lattice oxygen (Oy,), respectively [30]. The non-stoichiometric
effect did not significantly change the binding energy of these three major oxygen species.
Table 1 presents the relative concentration of O,4s of the catalysts, defined as O,4s/(Oags + Olar)-
The Lag 9goMnOj3 catalyst showed the highest relative O,q45 concentration of 60.7%, while the relative
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concentration of O,q4s of the catalysts decreased with the increase of nominal La/Mn molar ratio.
Note that the variation of O,4s/(O,qs + Ojat) with the La/Mn molar ratio followed the same trend as
Mn*/(Mn3* + Mn*).

The reducibility of the LayMnQOj catalysts was analyzed using H,-TPR experiment (Figure 3).
For all the La,MnOj catalysts, two major reduction peaks were observed. The first broad peak located
between 200 °C and 500 °C could be divided into three sub-peaks. The shoulder peak centered
between 200 °C and 300 °C could be ascribed to the reduction of weakly adsorbed oxygen species,
while the second peak locate at around 350 °C was associated to the reduction of Mn** to Mn?* with
concomitant of surface adsorbed oxygen species. The third peak indicated the reduction of Mn3*
with coordination-unsaturated compose, while the peaks at higher temperature (above 600 °C) can be
attributed to further reduction of Mn®* to Mn2* [27,31]. The lowest reduction temperature of the first
broad peaks (335 °C and 392 °C) was observed over the LaggoMnQOj catalyst. Increasing the nominal
La/Mn molar ratio slightly shifted the reduction peaks to higher temperatures. For example, the
reduction temperatures of the LaMnOj3 catalyst were 342 °C and 393 °C, while those for La; 1pMnO3
were 351 °C and 401 °C, respectively. This phenomenon indicated stronger interactions between La
and Mn species, which inhibited the oxygen mobility on the La,MnOj catalysts, and consequently
decreased the reducibility of the catalysts.

LaiwMnOs
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1 1 L L 1 1 1
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Temperature (°C)

Figure 3. Hp-TPR profiles of La,MnOj catalysts.

2.3. Plasma-Catalytic Oxidation of H»S

The effect of the LayMnOj catalysts on the removal of H,S and the sulfur balance of the
plasma-catalytic process was shown in Figure 4. The removal of H,S increased monotonically with
the increasing SED regardless of the presence of the catalysts. In the plasma reaction without a
catalyst, the H,S removal increased significantly from 10.7% to 41.5% when increasing the SED from
304.8]-L 7! to 604.0 J-L 1, while the sulfur balance of the plasma process decreased from 98.2% to 74.3%.
The input energy in a typical air plasma is mainly used to generate highly energetic electrons and
chemically reactive species, including O, OH-, and nitrogen excited states N»(A), which contributed to
the decomposition of the H,S through direct electron-impact dissociation of H,S and radical attack [6].
The dissociation of H,S molecules by electrons with sufficient energy forms H- and SH- radicals [32],
while the collision of H,S with radicals (e.g., O and OH-) and excited nitrogen species also takes place
in the plasma reaction [33]:

e+ H,S—e+H:- +SH- (1)
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Figure 4. Effect of SED on plasma-catalytic removal of H,S over LayMnOj catalysts: (a) removal
efficiency; and (b) sulfur balance of the plasma-catalytic process.

The generated H- radicals could be oxidized to form OH- by the oxidative species and participate
the consequent plasma-induced reactions [6]. The SH- radicals were unstable in the oxidative
environment and could be reacted with O and OH- radicals to form the major reaction product
of SO,:

SH- +O- — SO- + H- (5)
SH- + OH- — SO- + H. (6)
SO +0- — SO, %)
SO- + OH: — SO, + H- ®)

The inner energy of the rotational and vibrational excited species, which were insufficient to
break chemical bonds of H,S molecules, could be transferred to the electronically excited species and
accelerate the plasma-catalytic reactions [34]. NTP generated by the dielectric barrier discharge reactor
consisted of numerous micro-discharges in the plasma region. The number of micro-discharges in
each discharge period was increased at a higher SED with fixed gas flow rate, which creates more
reaction channels for the decomposition of H,S and intermediates, resulting in the enhanced removal
of H,S [35-37]. It is worth noting that no ozone was detected in this work, which might be consumed
by local heating, catalytic effect, or plasma oxidation reactions [38]. The decreased sulfur balance at
a higher SED can be ascribed to the formation of sulfur via: (1) electron impact dissociation of SH-
radicals, and (2) disproportionation of SH- radical and recombination between SO, and H,S [14]:

e+SH- - e+S+H- )
SH- + SH- — S + H,S (10)
st + 802 — S+ Hzo (11)

The oxidation of SO, to SOz by highly oxidative species present in a plasma was reported by
Jarrige et al. [39]:
S0O2 + O — SO3 (12)
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SO2 + OH- — SO3 + H- 13)

The presence of the LayMnOj catalysts in the plasma region significantly enhanced the removal
of H,S and the sulfur balance compared to the plasma processing of H,S without a catalyst. Figure 4
shows that the removal of H,S increased from 34.3% to 91.6% in the plasma reaction over the
stoichiometric LaMnOj; when increasing the SED from 303.6 J-L ! to 573.6 J-L !, while the sulfur
balance of the plasma-catalytic process increased from 59.2% to 87.0% under the same operating
conditions. The increase of sulfur balance could be attributed to the enhanced oxidation of solid
state sulfur to SO, at a higher SED, whilst the formation of a small amount of SO3 was also observed.
However, the formation of SOj3 in the plasma process was relatively low in this work (less than 8%),
which was comparable to the results reported by Chang [40] and Kim et al. [41]. The non-stoichiometric
effect of the LayMnOj catalysts imposes a distinct effect on the plasma-catalytic removal of H,S.
Coupling the plasma with the Lag9yMnOj catalyst showed the highest HyS removal of 96.4% and
highest sulfur balance of 90.5% at a SED of 593.7 J-L~1. The increase of nominal La/Mn molar ratio
inhibited the performance of the plasma-catalytic system for H,S removal. The removal of H,S and the
sulfur balance follows the order of Lag9goMnOj3 > Lag9sMnO3 > LaMnOj3 > La; gsMnO3 > Laj 1oMnO3
> NTP in the tested SED range, which is the opposite to the order of La/Mn molar ratio. Part of
the missing sulfur element was found on the surface of the spent catalysts by XPS, which was also
confirmed by a previous work [14].

Clearly, the La,MnOj catalysts played a crucial role in the enhancement of the performance of
the plasma-catalytic system. The non-stoichiometric effect slightly increased the specific surface area
of the La,MnOj catalysts by 3.2 to 20.6% compared to pure LaMnOj catalyst (12.6 m?-g~1), while
the crystalline size of the La,MnOj catalysts was decreased by 0.9-9.8% (16.1 nm for the LaMnO3
catalyst). The changes in the specific surface area and crystalline size of the catalysts indicated that
the non-stoichiometric effect contributed to the strong interactions between the La and Mn species
of the catalysts. Larger specific surface area could offer more adsorption sites and active sites in the
plasma-catalytic reaction, which prolonged the residence time of H,S and intermediates in the plasma
reaction [42]. Previous study also confirmed that smaller crystallite sizes of the catalysts favored the
exposures of active sites on the catalyst surface [43]. To sum up, the changes in the physicochemical
properties of the La,MnQOj catalysts would increase the possibilities of effective collisions between
the reactive species and the pollutant including H,S and intermediates, which benefited the reaction
performance of the plasma-catalysis system.

The XPS spectra confirmed the coexistence of Mn®* and Mn** cations in the La,MnOj catalysts.
Charge imbalance may occur in the non-stoichiometric LayMnOj regarding the change of the nominal
La/Mn molar ratio in the perovskite structure [18,44]. Taking the Lag 9oMnOj catalyst as an example,
the decrease of La®* content could form La vacancies in the perovskite lattice. The form of La vacancies
could be compensated by the conversion of Mn®* to Mn** to maintain the neutrality, which was
evidenced by the production of highest relative concentration of Mn** of 43.2% in the LagooMnO;
catalyst. Similar results were reported for the La-rich samples as more Mn®* can be generated to
maintain the electron neutrality in the presence of excess La cations [45]. The redox cycle between
Mn®* and Mn*" was closely associated with the redox properties of the catalysts. The value of
Mn**t/(Mn®* + Mn4+) decreased from 43.2% to 38.2% when the La/Mn molar ratio increased from
0.90 to 1.10 in this work. The presence of Mn*" species was also correlated with the formation
of oxygen vacancies on the surface of the LayMnOj catalysts [46]. Oxygen vacancies acted as the
adsorption-desorption centers for the generation of O,4s from gas-phase oxygen species including
O, molecules and O radicals in the plasma process. The oxygen species adsorbed on the oxygen
vacancies (O,4s) played an important role in the plasma-induced surface reactions for the oxidation of
H,S and the intermediates due to the higher mobility of O,qs compared to the lattice oxygen (Oyyy) [47].
Thus, perovskite catalysts with abundant oxygen vacancies were more active for the oxidation of
pollutants on the catalyst surface in the plasma region. The Lag 99pMnO3 catalyst possessed the highest
O,ds/ (Oags + Olar) value of 60.7%, while increasing the nominal La/Mn molar ratio reduced the value
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t0 59.9% for LaMnOj3 and 55.2% for Laj 1)MnQO3, respectively. Note the decrease of O,qs/(Oads + Olat)
at higher La/Mn molar ratio was in line with the decreased Mn?t/ (Mn3+ + Mn4+).

The reducibility of the La,MnOj catalysts was also significantly affected by the non-stoichiometric
effect. Figure 3 shows that the reduction temperatures of the Mn-rich catalysts were much lower
compared to the La-rich catalysts and LaMnQO3, indicating that on the Mn-rich catalysts had a higher
oxygen mobility. As mentioned before, the compensation effect of the insufficient or excess La species
could promote or inhibit the formation of oxygen vacancies, which could contribute to the formation
of surface adsorbed oxygen (O,4s) with higher oxygen mobility and consequently contributes to the
enhanced oxidation of the adsorbed H;S and intermediates to the final product of H,O, SO,, sulfur and
possibly SOz in the plasma-catalytic system. It is noteworthy that the order of the reduction temperature
of these catalysts was in consistent with the sequence of O,4s/(Oags + Olat) and Mn**/(Mn3* + Mn**).
Combining the results of XPS and H,-TPR of these catalysts, it is clear that the redox properties of the
catalysts play a determining role in the reaction performances of the plasma-catalytic removal of H,S,
while the non-stoichiometric effect at higher nominal La/Mn ratio inhibited the removal of H,S in the
plasma-catalytic system. The possible reaction mechanisms in the plasma-catalytic oxidation of H,S
over the La,MnOjs catalysts have been summarized in Figure 5.
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Figure 5. Reaction mechanisms of plasma-catalytic removal of H,S over the LayMnQj catalysts.

3. Experimental Setup

3.1. Catalyst Preparation

The non-stoichiometric La,MnOj3 (x = 0.9, 0.95, 1, 1.05 and 1.1) perovskite-type catalysts were
synthesized using a citric acid method, while lanthanum nitrate hexahydrate and 50 wt % manganese
nitrate solution were used as the precursors [1]. All chemicals were analytic reagent and purchased
from Aladdin Co. Ltd. (Shanghai, China) The synthesis procedures of the LayMnOj3 catalysts were:
(1) weighted amounts of all precursors and deionized water were mixed to obtain 0.1 M solutions;
(2) a 50% excess amount of citric acid (comparing to the total amount of the metal cations) was added
to the solution obtained in step 1 as the ligand; (3) the solution was thoroughly stirred for 3 h and
evaporated in an 80 °C water bath to form viscous gel; (4) the gel was dried in an oven overnight
at 110 °C and then calcined at 700 °C for 5 h; (5) the samples was then pressed and sieved to 35-60
meshes for testing.

3.2. Catalyst Characterizations

The specific surface area, average pore size and pore volume of the La,MnOj catalysts were
measured using N, adsorption-desorption experiments (Quantachrome Autosorb-1, Boynton Beach,
FL, USA) at 77 K. The La,MnOj catalyst samples were degassed at 200 °C for 5 h before each test.
The specific surface area (Spgr) of the La,MnOj catalyst was obtained by the Brunauer-Emmett-Teller
(BET) equation.
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The X-ray diffraction (XRD) measurements were carried out on a Rikagu D/max-2000 X-ray
diffractometer (Tokyo, Japan) using Cu-K« as the radiation source.

The X-ray photoelectron spectroscopy (XPS) experiments were performed with a Thermo
ESCALAB 250 spectrometer (Waltham, MA, USA) using an Al Ko X-ray source (hv = 1486.6 eV).
The XPS results were calibrated using the C 1s spectra at a binding energy (B.E.) of 284.6 eV.

The hydrogen temperature-programmed reduction (H,-TPR) were performed using a
Micrometrics Autochem II 2920 instrument (Ottawa, ON, Canada). For each test, 50 mg LayMnO3
catalyst samples were loaded and pretreated at 250 °C in a flowing N for 1 h to remove the weakly
adsorbed impurities and then cooled down to 50 °C. The samples were then heated from room
temperature to 800 °C in a 5 vol % H;/Ar flow (40 mL-min—1). The heating rate was constant at
10 °C-min~!. The H, consumption was calculated based on the H,-TPR profiles.

3.3. Experimental Set-Up

The schematic experimental set-up is shown in Figure 6. The details of the DBD reactor were
described elsewhere [26]. The reactor was co-axial type with the discharge length of 60 mm. The inner
diameter of the discharge tube was 8 mm, while the outer diameter was 10 mm. The diameter of
the stainless high voltage rod was 2 mm. Thus, the total plasma discharge volume was 2.26 mL.
The carrier gas (high-purity air) and H,S was generated from gas cylinders purchased from Jingong,
Hangzhou, China. All gas streams were regulated by mass flow controllers and mixed prior to the
plasma reactor. The total flow rate was 2 L-min~!, while the initial H,S concentration was 100 ppm.
In this work, 100 mg La,MnOj catalyst was used in each test. The catalysts was held in place by
quartz wool, while only quartz wool was packed in the plasma region in the cases using plasma
alone. The reactor was energized by an AC power supply (Suman CTP2000-K, Nanjing, China) and
the discharge frequency was fixed at 10 kHz. The temperature at the outer wall of the reactor was
measured using an infrared thermometer (Omega OS540, Norwalk, CT, USA). During the experiment
process, it gradually increased to approximately 80 °C, while the outlet gas temperature was about
30 °C.
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Figure 6. Schematic diagram of the experimental setup.

The applied voltage across the plasma-catalytic reactor was measured using a Tektronix 4034B
digital oscilloscope connected to a Tektronix 6015A voltage probe (1000:1). An external capacitor
was connected in series with the grounded electrode across which the voltage was measured using a
TPP500 voltage probe (Tektronix, Beaverton, OR, USA). The average discharge power was calculated
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by integrating the voltage waveforms by Q-U Lissajous method. The specific energy density (SED) of
the plasma-catalysis process can be obtained as:

P(W)

SED(J-L ') = m

X 60 14)

where P is the discharge power of plasma-catalytic process and Q is the total gas flow rate.

H,S was measured by using a PTM-400 H,S analyzer (Yiyuntian, Shenzhen, China) with the
measuring range of 0-200 ppm and an accuracy of +2%, while the concentration of formed SO,
was measured by using a Testo 350XL gas analyzer (Lenzkirch, Germany) with an accuracy of
+5%. The concentration of outlet SO3 was measured using a SO3 analyzer (R]-SO3-M) (Ruijing
Tech., Shenzhen, China) based on the US EPA method 8 (specific IPA absorption method for SO3
measurement). The detection range of the SO3 analyzer was 0-200 ppm, while the average measuring
error was less than 10% [48]. All data given in this work was the average value of three repeated
measurements. The removal of H,S (17p,s) and sulfur balance of the plasma-catalytic oxidation of H,S

can be defined as:
Cin — Cout

T]st(o/o) = o X 100% (15)
mn
Sul fur balance(%) = €50, T €50 x 100% (16)
Cin — Cout

where ¢, and coyt are the HpS concentration at the inlet and outlet of the reactor, respectively, while
¢so, and csp, are the outlet SO, and SO3 concentrations.

4. Conclusions

A series of non-stoichiometric La,MnOj3 catalysts were evaluated in the plasma-catalytic oxidative
removal of H,S using a non-thermal plasma DBD reactor in terms of H»S removal and sulfur balance
of the plasma process. The coupling of the DBD plasma with the LayMnOj catalysts enhanced both
HjS removal and sulfur balance compared to the plasma process without using a catalyst. The highest
H,S removal of 96.4% was achieved at a SED of 593.7 J-L~! when placing the Lag 9goMnOj catalyst in
the DBD plasma reactor. In addition, the combination of the plasma with the Lag 9oMnO3 catalyst also
showed the highest sulfur balance in the plasma-catalytic process. The non-stoichiometric effect of
the La,MnOj catalysts significantly affected the removal of H,S since the reaction performance of the
plasma-catalytic process decreased with the increasing nominal La/Mn molar ratio. Compared to pure
LaMnOj catalyst, the non-stoichiometric La,MnOj3 catalyst showed enhanced specific surface area
and smaller crystallite size. The decreased La/Mn molar ratio in the LaxMnOj3 catalysts favored the
transformation of Mn3* cations to Mn**, which contributed to the formation of oxygen vacancies on
the catalyst surfaces. The results of XPS and H,-TPR demonstrated that the Mn-rich catalysts possessed
higher relative concentration of surface adsorbed oxygen (O,qs) and better reducibility (lower reduction
temperature) compared to pure LaMnO3, which suggests that the relative concentration of O,4s
and reducibility of the catalysts played a key role in determining the reaction performance of the
plasma-catalytic removal of H5S.
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Abstract: The Haber-Bosch process has been the commercial benchmark process for ammonia
synthesis for more than a century. Plasma-catalytic synthesis for ammonia production is theorized
to have a great potential for being a greener alternative to the Haber-Bosch process. However,
the underlying reactions for ammonia synthesis still require some detailed study especially for
radiofrequency plasmas. Herein, the use of inductively coupled radiofrequency plasma for the
synthesis of ammonia when employing Ga, In and their alloys as catalysts is presented. The plasma
is characterized using emission spectroscopy and the surface of catalysts using Scanning Electron
Microscope. A maximum energy yield of 0.31 g-NH3/kWh and energy cost of 196 MJ /mol is achieved
with Ga-In (0.6:0.4 and 0.2:0.8) alloy at 50 W plasma power. Granular nodes are observed on the
surface of catalysts indicating the formation of the intermediate GaN.

Keywords: plasma catalysis; gallium; indium; Ga-In alloys; radiofrequency plasma; ammonia synthesis

1. Introduction

The alternatives to the Haber—Bosch process have been explored for decades. The global
production of ammonia will exceed 176 million tons by the end of 2018. Such huge production also
accounts for 1-2% of the global greenhouse gas emissions [1,2]. With the growing consciousness as well
as the threat of global warming, alternatives to the Haber-Bosch process for ammonia synthesis are not
only required for scientific advancement but also as an effort to reduce the effects of global warming.

Ammonia was discovered by Fritz Haber at laboratory scale but the scale-up of the process to an
economical scale was performed by Carl Bosch [3]. The early catalysts osmium and uranium used
by Haber were replaced with a pure iron metal catalyst by Bosch [4]. The nitrogen is obtained from
air and hydrogen is obtained via methane reformation with oxygen from air. The N, and H; are
separated from other gases by refrigeration process and sent to the reactor. The iron catalyst in the
reactor helps with the breaking of the dinitrogen triple bond. The ammonia is removed from the exit
gas stream via refrigeration [5]. In the terms of formation mechanism, the major energy consumption
step for the Haber—Bosch process is the dinitrogen triple bond breaking. Due to the high stability of
the dinitrogen triple bond, either high pressure or high temperature is needed. The commercial plants
running on the Haber-Bosch process operate at 400-500 °C and 150-250 bar to keep the production
economically feasible [5]. This limits the thermodynamic yield for ammonia synthesis to 15%, since at
these process conditions the reaction of ammonia formation is reversible. At higher pressure and
higher temperature, the decomposition reaction becomes more dominant. The yield can be improved
at lower temperatures, but the exothermic nature of the reaction increases the process temperature
thus imposing a thermodynamic limit on the ammonia yield [6]. To curb the energy consumption
issue, iron catalysts with promoters such as potassium, calcium, and aluminum are employed to break
the dinitrogen bond [7].

Catalysts 2018, 8, 437; d0i:10.3390/ catal8100437 214 www.mdpi.com/journal/catalysts
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There have been some advances in the field of alternative pathways for ammonia synthesis.
Plasma catalysis has gained attention as an alternative. The discharge is created by exciting the
nitrogen and hydrogen molecules, which further break down into charged species, ions, and excited
atoms. The already excited species help in shifting the rate-limiting step from breaking of dinitrogen
to a surface reaction [8]. In recent years, there have been several reports of ammonia synthesis using
dielectric barrier discharge, microwave, glowing arc discharge, and radiofrequency (RF) plasma [9].
Among the most notable reports are Patil et al. (Ru/Tubular Alumina) [10], Iwamoto et al. (metal
wool) [11,12], and Kim et al. (Ru/Al,O3) [13], all of them performed in a dielectric barrier discharge
(DBD). These reports indicated the highest energy yield of ammonia in the range of 5-35 g-NHj3/kWh.
The reaction mechanism in a DBD plasma reactor is reasonably understood without a catalyst, but with
the introduction of a catalyst it becomes extremely complex [14]. Herein, we focus on tailoring the
catalyst for radiofrequency plasma catalytic ammonia synthesis. The catalysts used by other researchers
for plasma catalytic ammonia synthesis include Pt,Ni,Fe/Alumina Membrane [15], Ni/SiO, [16],
Ru/MCM-41 [17], Mo wires [18], MgO [19], CaO, WO3 [20], and Ru/Carbon nanotube [18,21-24].
The only reports for RF plasma ammonia synthesis were presented by Matsumoto’s group with an
energy yield of 0.075 g-NH;3/kWh. Moreover, the only catalyst explored by this group was iron
and the effect of the catalyst introduction on plasma species was not clearly described. The use of
a simple metal catalyst opens the probability of understanding the complex interactions of catalyst
and plasma experimentally by studying the point-emission spectra at the metal plasma interface.
Pure transition metals have been quite widely studied using molecular simulation for ammonia
synthesis [25,26]. However, a novel class of metals and alloys known as low-melting point alloys
has been ignored for catalytic applications in experimental as well as simulation reports. Very few
reports on the use of molten metals and alloys as catalysts for chemical reactions exist (discussed in
the following paragraph).

Raney Ni, a very well-known catalyst, is a Ni rich alloy with Al, developed by Murray Raney in
1929 [27,28]. Since then, alloys have been used as catalysts. Molten metals are postulated to have better
activity as compared to solid forms due to higher enthalpy and entropy of the liquid (or semi-liquid)
state [29]. Molten metals and alloys have been used as catalysis since the 1970s. Ogino’s group has been
utilizing molten metal Ga, In, Ti, Pb, Cd, Bi, Sn, and Zn for this purpose. These catalysts were used for
dehydrogenation in different organic compounds such as ethers, amines, and alcohols [30-33]. It was
stated that a lone pair interaction from oxygen with the molten metal was responsible for the catalytic
effect [31]. Another important finding was that there was little decline in catalytic activity for a catalyst
used over a year, assuring extremely large catalyst life-cycles [32]. Stelmachowski reported the use of
molten metals for pyrolysis of polyolefins and rubber from waste-tires using Zn, Pd, and Sn for the
studies. It is noteworthy that he was able to obtain a good yield of liquid hydrocarbons in the range of
gasoline and diesel [34,35]. In 2017, Upham et al. reported hydrogen production via methane pyrolysis
using molten metal alloys. Interestingly, the catalyst was not poisoned even after several recycles.
It was stated that molten alloys worked as bifunctional catalysts. One metal helped in breaking the
C-H bond while the other helped in precipitating the carbon, mitigating the poisoning [36]. In recent
years, a major application has been the growth of carbon and silicon nanostructures. Specifically,
Ga and In have gained attention for this purpose [37-43].

Carreon et al. employed Ga and Ga alloys for the growth of Si nanowires. Pure Ga and Ga-Al alloy
presented different reaction kinetics as compared to traditional Au catalyst while the activation energy
indicated the difference in catalyst-plasma interaction with the new catalysts [44,45]. Carreon et al.
also reported the interaction of hydrogen and nitrogen plasma with gallium. It is essential to note
that hydrogen as well as nitrogen species were absorbed into the molten metal, which was strongly
inferred by the pressure drop in the chamber. Interestingly, this only happened when the plasma
was ignited and not with the neutral gas [46]. From our catalytic results for pure metals, Ga showed
the best energy efficiency as well as highest conversion in gentler plasma. Indium has very similar
properties to gallium. It forms a MN (metal nitride) similar to gallium and also has a low melting
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point. Owing to the enhanced catalytic activity of gallium and other molten metals as well as alloys,
it was thought interesting to study the catalytic effect of In and Ga-In alloys. It would not only shed
light on the behavior of these low-melting point alloys in plasma but might also help in understanding
the driving factor for ammonia yield for pure Ga and In. Also, the melting points of these metals make
the alloy preparation and loading easier.

2. Results and Discussion

2.1. Catalytic Activity for Ammonia Synthesis

The catalytic activity was tested for all catalysts at a temperature of 400 °C and pressure of
0.27 torr. As the reflected power was less than 5% of input power, the input power is assumed to be
the plasma power. Plasma power is defined as the electrical energy supplied from the power supply to
the RF coils. To understand the effect of plasma power, the catalytic activity was tested at 50 W, 150 W,
and 300 W. The reactions were repeated twice with standard deviation being less than 2-5%. A total of
seven different catalyst compositions were tried. The various alloy compositions and their melting
points are represented in Table 1.

Table 1. Composition of various alloys with their melting points.

Gallium Weight % Indium Weight % Melting Point (°C) 1

100 0 29.8
80 20 16.3
60 40 50.2
50 50 61
40 60 65
20 80 90

0 100 156.6

1 Melting points interpreted from phase diagram in Anderson and Ansara [47].

The molten catalyst was spread on the outside of glass tubes and the tubes were placed in the
reaction chamber. The detailed experimental setup is described in Section 3. The temperature of the
gas was assumed to be the furnace temperature i.e., 400 °C. To decouple the effect of plasma and
thermal energy, a reaction was run at 400 °C without any plasma. Interestingly, no ammonia was
detected, which confirms that plasma is the main driving factor for the synthesis of ammonia and
the temperature only aids the process. To confirm the catalytic activity of metal coated glass tubes
vs. uncoated glass tubes, reactions were run with an empty reaction chamber with uncoated glass
tubes in the reaction chamber. There was no difference in the ammonia yield for these sets of reactions.
In the manuscript they are referred to as blank reactions. For the complete plot of catalytic activity at
different powers for blank reactions, please refer to Figure S1.

The catalytic activity for various alloy compositions at different powers is presented in Figure 1.
The steady state ammonia yield is reported in these plots. For ammonia yield (%) vs. time (min)
plots for various alloys at different powers, please refer to Figure S2, Figure S3, Figure S4, Figure S5,
Figure S6, Figure S7 and Figure S8, in Supporting Information. The order of catalytic activity for Ga and
In changes with increase in plasma power. At 50 W and 150 W, pure Ga exhibits better catalytic activity
as compared to In, whereas at 300 W, In leads to an ammonia yield 1.5 times higher than employing
pure Ga as catalyst. At 50 W, the ammonia yield is slightly higher when a catalyst is employed as
compared to blank reactions. As can be observed at 150 W and 300 W, there is a drastic increase in
the ammonia yield. This can be attributed to the increase in concentration of excited species with
increase in plasma power. At low powers the concentration of excited species is lower. Hence, it can
be conjectured that to achieve a significant increase in yields of the final products or to achieve the full
potential of a catalyst in plasma reactions, a minimum threshold concentration of excited species must
be achieved.

216



Catalysts 2018, 8, 437

In (Mass%) In (Mass%) In (Mass%)
100 80 60 40 20 0 00 8 6 40 20 0 100 8 60 40 20 0
[T g—— s -~ - |3l 27 T
404 NS B 121 ' 2 4
{ 14 .
F{ e = ® ts = ® Fo] . . §:§ _ .
320 o . e o gn i
$25 >4 * >12 $ s
8204 2 64 2 104
§ s 5 (3 ]
E'sy g4l £ |
<10} g 3 <,
0sl = Projected 24 « Projected 2] * Projected
] __»_Experimental| ;; «  Experimental o] « Experimental|
0 20 40 6 8 100 0 20 40 6 8 100 0 20 4 6 8 100
Ga (Mass%) Ga (Mass%) Ga (Mass%)
(a) (b) (c)
Figure 1. Ammonia yield at steady state (%) vs. alloy composition at various powers (a) 50 W, (b) 150 W,

(c) 300 W.

Ideally, it was assumed that the catalytic activity would follow a linear trend as we changed the
composition of the alloy. The formula used to determine the projected catalytic activity is represented
as Equation (1)

Xa = (XGa * MGa) + (Xin * 1) 1)

where X, = projected ammonia yield for alloy, Xg, = ammonia yield using gallium as catalyst,
MG, = mass fraction of Ga, X, = ammonia yield using indium as catalyst and my, = mass fraction
of indium. From experiments, this hypothesis was proven wrong. The alloys show better activity
than pure metals. Irrespective of the power used for the reactions, the ammonia yield followed
the same trend with change in alloy composition. The catalytic activity follows a bow-type curve
instead of a linear one. The bow-type curve (experimental yields) overlaps the linear curve (projected
yields) at three points, obviously at the points of pure metals and at equal mass composition i.e.,
50:50 for all powers (Figure 1). There are two maxima achieved with varying the alloy composition.
The maxima have almost identical yields at a particular power. At 50 W, the maxima are achieved at
alloy concentrations of 80:20 and 40:60 (In:Ga) and the maximum yield is 4.5%. The ammonia yield
using pure In as catalyst is 3.5% while it is 3.6% with pure Ga. At 150 W, the maxima are achieved
at alloy compositions of 80:20 and 20:80 (In:Ga) with the ammonia yield being 12%. The ammonia
yields for pure Ga and In as catalysts are 9.8% and 7.3% respectively. At 300 W, the slope of the curve
inverted as the ammonia yield with In as the catalyst i.e., 18.1% was higher than ammonia yield with
Ga as the catalyst i.e., 11.2%. The maxima are found at alloy compositions of 80:20 and 20:80 (In:Ga)
with the ammonia yield being 20%. Interestingly, as the alloy concentration approaches 50:50, the
ammonia yields tend to approach the projected yields.

These experiments shed light on the fact that there is some interaction between the metals in the
alloys which leads to enhanced catalytic activity as opposed to the pure metals. There is a slight dip in
the melting point of the Ga-In phase diagram (see Figure S9). It was hypothesized that it might be
a factor for such a catalytic activity trend. Ammonia yields were plotted against the melting points,
of the alloys but no pattern emerged (see Figure S10). Daeneke et al. in their review on liquid metals
and alloys described in brief the interactions between Ga-In alloys. They found that the alloy properties
are highly altered by the composition of the alloy. Specifically, the metallic bonds, free electron density,
and plasma frequency (frequency of oscillation of free electron cloud) were determined to be important
parameters in determining of the alloy properties for application like energy storage and catalysis.
Moreover, indium also acts as an atomic lubricant for free electron clouds to move freely in the
alloy [48]. This leads to complex phenomena and interaction between the free electrons in the plasma
phase and in the alloys. The electric potential also adds to the dynamics of electron densities and
plasma oscillations (also known as Langmuir waves). Hence, it becomes extremely complex to explain
the phenomena at quantum or molecular level without simulations, but it does explain the non-linear
change in ammonia yield with respect to composition as well as change in catalytic activity order with
respect to power. The electron densities in plasma increase as the power increases which increases the
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interaction between the free electrons of plasma and the free electrons in alloys. However, to explain
the ammonia yield trends, a more simplistic approach using the emission spectra is discussed in the
next section.

The energy yields plot for all powers is shown in Figure S11. The highest energy yield observed in
this study is 0.31 g-NHj3/kWh with an energy cost of 196 MJ/mol. The energy cost decreased by 20%
by using an alloy instead of pure metal while all other parameters were fixed. The energy cost achieved
in this study is the lowest as compared to other pure metals employed as catalysts in this study and in
our previous publication [49]. Earlier, we reported an energy cost of 237 MJ/mol when Au was used
as catalyst in the same reaction system at the same conditions [49]. The present study materializes
the potential of molten alloys as catalysts for ammonia synthesis and other plasma-catalytic reactions
employing metal catalysts. It unlocks a new range of bimetallic and possible polymetallic materials
as catalysts in plasma systems, with the possibility of increasing the energy yield by simply tailoring
the catalyst. Moreover, it can help in decreasing the overall cost of the operation by reducing the
cost of expensive catalysts like gold or silver by exchanging them with molten alloys, for example
gold-gallium alloy, silver-indium alloy, etc.

2.2. Emission Spectroscopy of Plasma

The emission spectra were studied at the same point for all catalysts using a CCD detector
and a fiber optic cable. Multiple species were detected in the plasma. There were four nitrogen
species detected: Nj second positive system (C3Hu — B3Hg, 337.1nm), N,* first negative system
(B?Lf — X?%f,391.4nm), N, first positive system (B°Ilg — AL}, 6623 nm), and atomic N
(2p23 p — 2p?3s, 746.8 nm). The hydrogen lines observed at 486.1 nm and 656.3 nm represent H and
H species, respectively. The only NH, species detected is NH at 336 nm (a pre-shoulder to the N,
second positive system). The representative spectra for different catalysts are shown in Figure S12,
Figure S13 and Figure S14. In our previous work, it was found that Hy species played a major role in
determining the ammonia yield when Cu, Pd, Ag, and Au were used as catalysts [49]. The intensities
of the Hy species were calculated by processing the data with Origin software package. The intensities
are plotted against alloy composition in Figure 2. No clear pattern is observed for 50 W but for 150 W
and 300 W, it follows the same trend as ammonia yield with some shift in the maximum concentrations.
It can be easily inferred that the Hy species concentration has a direct impact on ammonia yield,
but there are also some other factors which regulate the yield. As the intensity of H, species increases,
the ammonia yield also increases which indicates that the pathway for ammonia formation in metals
like Cu, Pd, Ag, and Au [49] is different than the pathway for metals like Ga and In. As discussed in
the earlier section, there are many more quantum phenomena which involve free electron densities,
Langmuir waves, free electron clouds, and the combined conductivity of the alloy at bulk and quantum
levels which also have a great impact on the ammonia yield.
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Figure 2. H, Peak Intensity (a.u.) vs. Alloy Composition (mass%) for various powers (a) 50 W,
(b) 150 W and (c) 300 W.
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2.3. Characterization of Alloys

The surface of the catalysts underwent some color change which can be observed with the naked
eye. Further characterization was carried out using Scanning Electron Microscopy. The SEM images of
Ga-In (50,50 wt%) alloy unexposed and exposed to N-H, are shown in Figure 3. In the unexposed
alloy sample (Figure 3a), it is possible to observe a clean surface with minor irregularities due to
rough covering of the glass tubes. On the contrary, the alloy exposed to N>-H; plasma shows two
distinct phases. The left side of the image in Figure 3b is similar to the unexposed sample but the
right side has granular nodes on its surface. There is a boundary differentiating both the phases.
It was suspected that these granular formations were occurring due to the interaction of N derived
species with Ga, which at optimal processing conditions will lead to GaN formation. To validate
this hypothesis, experiments were conducted at elevated temperature to support the formation of
GaN only in Nj plasma. Similar granular nodes were observed for short-time synthesis (<15 min) of
GaN with gallium coated on glass substrate. At longer times (>60 min), these structures form a more
uniform durian-like formation finally converting to GaN nanowires. These durian-like structures have
been reported by Nabi et al. [50]. The SEM images of Ga treated in Nj plasma for various times are
shown in Figure S15. The non-uniformity in the samples is due to lower temperature and milder
plasma conditions. Carreon et al. reported that hydrogen has a better interaction with Ga as compared
to nitrogen [46]. Having a hydrogen-rich environment can result in non-uniformity of these granular
nodes on the surface as hydrogen as well as nitrogen derived species competing to interact with the
metallic surface. Also, the temperature does not provide enough activation energy for the formation
of GaN nano- or micro-structures, for which elevated temperatures are required. When gallium was
treated in pure Hj plasma, no granular nodes were observed. Instead, etching was very dominant.

(@) (b)

Figure 3. Scanning electron microscope (SEM) images of Ga-In (50:50 wt%), (a) fresh (unexposed to
plasma), (b) spent (exposed to Np-H; plasma).

3. Materials and Methods

The experiments were performed in an in-house built plasma reactor (Figure 4). The reaction was
conducted by introducing nitrogen (Praxair, 99%) and hydrogen (Praxair, 99.99%) at a 1:4 N,:H, ratio
to the reaction chamber using mass flow controllers. The nitrogen and hydrogen flow rates were 4 and
16 sccm, respectively. The plasma was ignited using an RF Power Supply with a Matching Network
from Seren IPS, Inc. (Vineland, NJ, USA). The typical reaction pressure and temperature were 0.27 torr
and 400 °C, respectively. The plasma excitation was started when the furnace reached the desired
temperature. The catalysts were coated on inert glass capillaries and loaded in the reactor. The mass
of the catalyst loaded was 1 g for all catalysts. The reaction products were bubbled into deionized
water. The reactor was uniquely designed for ammonia synthesis by adding an on-line Agilent 7820A
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gas chromatograph (GC) (Santa Clara, CA, USA), equipped with a gas sampling valve and HP-PlotQ
column (30 m x 0.32 mm x 20 um). The gases were analyzed every 3 min for 30 min using the GC.
All experiments were repeated twice. The experiments were performed for input powers of 50 W,
150 W, and 300 W.

Plasma (Glow) Zone (80-86 cm)

Furnace or Heated Zone
G ————
Excitation Zone

Furnace
RF Coils = __] Afterglow Zone
3 Way Valve 0000000000
— Quartz Tube Mo
| Sappont

POOOOC0O0O00O0 | f!!f! ZE I

Coaxial Cable

RF Power Supply
Matching Network

Emergency Vacuum
Release

30-Inch Bellow

Inline Valve 4-Inch Bellow

3-Way Valve 3-Way Valve

To GC

To Vent H, to purge Sample Line

Figure 4. Schematic of the in-house built RF plasma reactor and surrounding equipment for gas inlet
and outlet.

The SEM characterization was performed on an FEI Helios NanoLab Scanning Electron
Microscope in field emission mode. The emission spectra of plasma were collected with a UV-VIS-NIR
spectrophotometer (Avantes ULS3648 series, Louisville, CO, USA) equipped with a dual channel
CCD detector. The light was transmitted to the spectrophotometer using a stainless-steel jacketed
bifurcated fiber optic cable with a 400 pum fiber. The spectra were collected in the range of 200-1100 nm.
The spectral resolution of the spectrophotometer 0.4 nm and grating is 600 lines/mm.

4. Conclusions

Herein, we describe the unusual catalytic behavior of Ga-In alloys for plasma catalytic ammonia
synthesis. An increase of 20% is achieved in ammonia energy yield by using an alloy instead of
pure metals. There are two optimum compositions of alloys for obtaining maximum ammonia
yield for every power. The maximum energy yield of ammonia was obtained at 50 W with catalyst
composition of 0.6:0.4 and 0.2:0.8 (Ga:In) having a value of 0.31 g-NH3 /KWh. The emission spectra
show the direct dependence of ammonia yield on the concentration of H, species in the plasma.
The SEM characterization shows surface changes on the catalyst due to plasma which are indicative
of GaN formation. It is extremely difficult to determine the exact quantum or molecular phenomena
experimentally due to involvement of free electron densities and cloud from plasma as well as the
alloys. It can be understood more clearly when employing a simulation approach.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2073-4344/8/10/437/s1,
Figure S1: Ammonia Yield (%) vs. Time (min) for reactions run with no catalyst title, Figure S2: Ammonia Yield (%)
vs. Time (min) for reactions with pure In as catalyst, Figure S3: Ammonia Yield (%) vs. Time (min) for reactions run
with Ga-In Alloy (20:80), Figure S4: Ammonia Yield (%) vs. Time (min) for reactions run with Ga-In Alloy (40:60),
Figure S5: Ammonia Yield (%) vs. Time (min) for reactions run with Ga-In Alloy (50:50), Figure S6: Ammonia
Yield (%) vs. Time (min) for reactions run with Ga-In Alloy (60:40), Figure S7: Ammonia Yield (%) vs. Time (min)
for reactions run with Ga:In Alloy (80:20), Figure S8: Ammonia Yield (%) vs. Time (min) for reactions run with
pure Ga as catalyst, Figure S9: Ga-In Alloy Phase diagram, Figure S10: Ammonia Yield (%) vs. Alloy Melting
Point (°C) for various plasma powers, Figure S11: Energy Yield (g-NH3/kWh) vs. Composition of Alloy (mass%)
for various plasma powers, Figure 512: Formation of GaN (plasma treatment time), (a) Starting of Nucleation
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Process (5 min), (b) Dissolution of Nitrogen in the Gallium Droplet (15 min), (c) Durain-like GaN Nanostructures
(30 min), (d) Nanowires of GaN being generated from a single droplet (120 min), Figure S13. XPS Spectra of spent
catalyst (pure Ga), Figure S14: Schematic of the in-house built RF plasma reactor and surrounding equipment for
gas inlet and outlet, Figure S15: Formation of GaN (plasma treatment time), (a) Starting of Nucleation Process
(5 min), (b) Dissolution of Nitrogen in the Gallium Droplet (15 min), (c) Durain-like GaN Nanostructures (30 min),
(d) Nanowires of GaN being generated from a single droplet (120 min).
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Abstract: Previous studies reveal that combining non-thermal plasma with cheap metal catalysts
achieved a significant synergy of enhancing performance of NH; decomposition, and this synergy
strongly depended on the properties of the catalyst used. In this study, techniques of vacuum-freeze
drying and plasma calcination were employed to improve the conventional preparation method of
catalyst, aiming to enhance the activity of plasma-catalytic NH3 decomposition. Compared with
the activity of the catalyst prepared by a conventional method, the conversion of NHj3 significantly
increased by 47% when Co/fumed SiO, was prepared by the improved method, and the energy
efficiency of H, production increased from 2.3 to 5.7 mol(kW-h)~! as well. So far, the highest energy
efficiency of Hy formation of 15.9 mol(kW-h)~! was achieved on improved prepared Co/fumed
Si0, with 98.0% ammonia conversion at the optimal conditions. The improved preparation method
enables cobalt species to be highly dispersed on fumed SiO, support, which creates more active sites.
Besides, interaction of Co with fumed SiO, and acidity of the catalyst were strengthened according
to results of Hy-TPR and NHj-probe experiments, respectively. These results demonstrate that
employing vacuum-freeze drying and plasma calcination during catalyst preparation is an effective
approach to manipulate the properties of catalyst, and enables the catalyst to display high activity
towards plasma-catalytic NHz decomposition to produce H.

Keywords: plasma catalysis; catalyst preparation; NH; decomposition; H, generation

1. Introduction

NH; decomposition has been considered to be an attractive route to supply COx-free H; for
proton exchange membrane fuel cell (PEMFC) vehicles [1-3]. Until now, the noble metal Ru, due to its
high turnover frequency (TOF), is still the most active component for NH; decomposition, and the
formation rate of Hy reached as high as 4.0 mol/ (h-gcat)’1 using K-Ru/MgO-CNTs catalyst with
complete conversion of ammonia at 450 °C, but the scarcity and high price of Ru limits its use on a
large scale [4-6]. Whereas, cheap metal catalysts show low activity towards NH; decomposition due
to the strong adsorption of N atoms onto the surface of cheap metal catalysts [1,7-10]. As far as we
know, the highest formation rate of H, was 2.0 mol/(h- gcat)*1 using CeO,-doped Ni/Al,O3 catalyst
with 98.3% ammonia conversion at 550 °C [7]. Recently, the combination of non-thermal plasma with
cheap metal catalyst displayed a powerful ability in enhancing NH3 decomposition [11-13]; 99.9%
conversion of NHj3 was achieved in combination mode, but only 7.4% and 7.8% was obtained for
Fe-based catalyst alone and plasma alone, respectively, which experienced an unexpected strong
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synergy between plasma and catalyst [11], and this synergy strongly depended on the properties of
catalyst [12,14].

The preparation approach of catalyst could directly affect the properties of the catalyst, such as
crystal size, shape, composition, acidity, and basicity [15-17]. Normally, catalyst preparation was
operated in a thermodynamic equilibrium state of gas, liquid, and solid state, but faces the limitation of
thermodynamic equilibrium. For example, the calcination temperature for supported metal catalysts
is usually over 500 °C, and high temperature operation causes aggregation of metal particles, but low
temperature operation results in incomplete decomposition of catalyst precursors. Besides, it is difficult
to achieve a high dispersion of catalyst with a high metal loading above 20 wt % in a thermodynamic
equilibrium state.

Non-thermal plasma is the fourth state of matter and characterized by non-equilibrium character.
Typically, the overall gas temperature in a field of non-thermal plasma can be as low as room
temperature, while the generated free electrons are highly energetic with a typical electron temperature
of 1-10 eV, which can collide with carrier gas to produce chemically reactive species such as radicals,
excited species, and ions [18]. Such a characteristic of plasma enables some thermodynamically
unfavorable chemical reactions to proceed at moderate conditions, especially for inert molecule
conversion, such as CO,, CHy, and N, [19-24].

Similarly, the non-equilibrium character of non-thermal plasma also benefits catalyst preparation
to achieve controllable morphology and chemical property by controlling the reaction rate of nucleation
and crystal growth in a non-equilibrium environment. Different from the conventional thermal process,
the catalyst preparation with plasma is not based on the thermal effect, but on the inelastic collision of
those energetic species (free electrons, radicals, excited species and ions) with catalyst precursors to
accomplish the purpose of calcination or treatment. Catalyst preparation with plasma has attracted
increasing interest since the 1990s [25-34], and a variety of plasmas, such as glow discharge, radio
frequency discharge, microwave discharge, and dielectric barrier discharge, were employed for
calcination and reduction of supported catalyst, which can make metal highly dispersed on a support
with a narrow distribution of particle size, manipulate metal-support interaction, and shorten the time
of catalyst preparation due to high reaction rates in the plasma process. Besides, with regard to the
characteristic of low temperature, plasma removal of template was well developed for synthesis of
microporous and mesoporous materials, instead of thermal removal that could destroy the porous
structure of the materials [35]. Bogaerts and coworkers found that plasma could be formed inside
pores of material with pore size above 200 um at 20 kV by two-dimensional fluid modeling, and the
possibility of discharge forming inside pores and discharge behavior strongly depended on pore
size and applied voltage [36]; this observation helps to understand the process of plasma removal
of template. Very recently, Wang, et al. and Dj, et al. summarized the advances in preparation of
catalyst with plasmas, and the mechanism of preparation was discussed as well [29,30]. Although low
temperature operation of non-thermal plasma enables catalyst preparation in a more efficient and
more controllable way, normally, low temperature operation leads to incomplete decomposition or
removal of precursors, along with poor growth of materials with residues.

In this study, a novel combination of vacuum-freeze drying technique with atmospheric pressure
dielectric barrier discharge (DBD) calcination technique was proposed for the preparation of supported
Co catalyst with a high Co loading of 30 wt %. To calcine catalyst completely, DBD reactor was placed
in a furnace to prevent heat dissipation of electric heat from discharge, so as to keep plasma calcination
at a temperature of about 400 °C by tuning energy input of power supply (note that the furnace here is
not used to heat the reactor, but used for electric heat preservation). Compared to Co/fumed SiO,
with conventional preparation method, the improved preparation method enabled the conversion
of plasma-catalytic NHj to increase by 47%, and greatly enhanced the formation rate of Hy. Besides,
the reaction performance can be further improved through increasing specific energy input.
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2. Results and Discussion

2.1. Characterization

The physicochemical properties of as-prepared Co catalysts were examined using various
characterization techniques, including X-ray diffraction (XRD), X-ray fluorescence (XRF),
transmission electron microcopy (TEM), H, temperature-programmed reduction (H,-TPR), and NH3
temperature-programmed desorption (NH3-TPD). In this study, the fumed SiO, used as a support
for Co catalyst was an amorphous material with a Brunauer—-Emmett-Teller (BET) surface area of
297.8 m2-g~1. The theoretical Co loading was designed to be 30 wt %, but the actual Co loading
through XRF analysis was 27.7 wt % and 27.4 wt % for the improved prepared catalyst and the
conventional prepared catalyst, respectively (see Tables S1 and S2 in Supporting Information). Figure 1
shows the XRD patterns of as-prepared fumed SiO;-supported Co catalysts using conventional and
improved preparation methods, respectively. Besides, pure fumed SiO, was analyzed as a reference in
Figure 1 (a). Clearly, the same diffraction peaks were observed at 26 of 31.1, 36.7, 44.6, 59.2, and 65.2 as
shown in Figure 1 (b) and (c), which matched well with the characteristic structure of Co3O4 (JCPDS
file No: 43-1003), and those diffraction peaks represented the (220), (311), (400), (511), and (440) planes
of Co30y, respectively [37,38]. Namely, the difference in preparation approach did not influence
the phase structure of Co catalysts, and they both finally existed in the form of CozOy4 over fumed
Si0, support. However, by contrast, the intensity of diffraction peaks of Co catalyst prepared with
improved method was weaker than that with conventional preparation method, suggesting that the
average particle size of the former is smaller than that of the latter according to the Debye-Scherrer
formula [39]; this observation is also supported by the results of TEM as follows.
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Figure 1. XRD patterns of as-prepared Co/fumed SiO, catalysts using different approaches (CozOy,

JCPDS file No: 43-1003): (a) pure fumed SiO,, (b) improved preparation method, and (c) conventional
preparation method.

TEM images of as-prepared Co catalyst supported on fumed SiO, using different approaches
were shown in Figure 2. Clearly, a very poor dispersion of Co catalyst was observed on fumed SiO,
using the conventional preparation method, and the particle size of Co was much larger than 5 nm;
some particle sizes were around 50 nm, as shown in Figure 2a,b. However, the use of combining
vacuum-freeze drying and plasma calcination techniques in the process of catalyst preparation enabled
the Co particles to disperse highly and homogeneously onto the fumed SiO, support, and the average
Co particle size was less than 5 nm, mostly around 2-3 nm in Figure 2¢,d. Actually, it is difficult to
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obtain such smaller nanoparticles with a high metal loading of about 27 wt % using the conventional
preparation method.

Figure 2. TEM images of as-prepared Co/fumed SiO, catalysts using different approaches: (a) and (b)
conventional preparation method; (c) and (d) improved preparation method.

Using NHj as probe molecule, the influence of preparation approach on the chemical properties
of catalyst was evaluated through NH;3-TPD, as displayed in Figure 3. Clearly, two major desorption
peaks were observed, one at the low temperatures of 150-220 °C corresponded to the weak adsorption
of NHj on the catalyst, and the other at the high temperatures of 220-350 °C was attributed to the
strong adsorption of NHj3. It is worth noting that the desorption amount of NHj over Co catalyst
prepared with the improved method was much higher than that with the conventional preparation
method, revealing that the improved method leads to an increase in the number of active sites for NH3
adsorption; this finding can be ascribed to the high dispersion of Co nanoparticles, as evidenced by the
results of TEM in Figure 2. In addition, the desorption temperature of adsorbed NHj on the catalyst
with improved preparation method shifted towards higher temperature, reflecting that the binding
ability of NHj with the catalyst was stronger than that with the catalyst prepared using conventional
preparation method. This inferred that the acidity of catalyst was strengthened by the improved
preparation method as well and, more importantly, the increase in active site number and acid strength
both facilitated the adsorption of NHj on the catalyst, finally promoting the dissociation of NH3 on
the catalyst.

227



Catalysts 2019, 9, 107

3.0

—— Conventional preparation method
—— Improved preparation method

Intensity, a.u.

150 200 250 300 350 400 450 500
Desorption temperature, °C

Figure 3. NH;-TPD profiles of as-prepared Co/fumed SiO, catalysts using different approaches.

H,-TPR technique was used to evaluate the reduction behavior of Co30,/fumed SiO, prepared
with different methods, and the resulting profiles are displayed in Figure 4. Clearly, the reduction
of Co304 on fumed SiO, support occurred in the temperature range of 275-550 °C. Two groups of
reduction peaks were observed, i.e., the low temperature reduction peaks (x) consisted of «; and «,
in the range of 275-400 °C, and the high temperature reduction peaks (f3) with a consecutive-broad
peak consisted of 31 and (3, in the range of 370-550 °C. More importantly, by contrast, the reduction
temperature of catalyst with improved preparation method shifted towards higher temperature,
representing that the improved method strengthened the interaction of Co with fumed SiO, support.
This difference in metal-support interaction can be explained by the difference in particle sizes of
Co catalyst prepared by different methods (Figure 2). Actually, the reduction process of as-prepared
catalyst was very complicated, since these peaks obtained were heavily overlapped. Therefore,
the analysis of each peak area using peak fit function (Gaussian) of Origin software was employed to
understand the H,-TPR profiles obtained (see Figure S1 in Supporting Information), the area ratio of
31/ B2 was found to be 1/3, which is quantitatively consistent with the theoretical value (1/3) of area
ratio of Co3O4 reduction peaks [40,41]. This indicates that 3; and 3, corresponded to the two-step
reduction of Co®* — Co?* — Col of Co304, as do &1 and «, based on 5/16 (~ 1/3) area ratio of &1/ y.
Besides, the result of XRD in Figure 1 also supported the assignment of « and 3 to CozOy4. According
to the reduction temperature of Co3Oy, the low temperature reduction peaks (x; and o) could be
due to the reduction of bulk Co304, whereas the high temperature reduction peaks (3; and 3,) were
attributed to the reduction of Co30y that interacted with fumed SiO, [42,43].

Interestingly, the above results reveal that the application of vacuum-freeze drying and plasma
calcination techniques in the preparation process of catalyst not only results in highly dispersed metal
nanoparticles along with the increase of active site number, but also strengthens the acidity of catalyst
and the metal-support interaction. Thus, it is feasible and crucial to manipulate the properties of
catalysts through exploiting novel preparation techniques.
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Figure 4. H,-TPR profiles of as-prepared Co/fumed SiO, catalysts using different approaches.

2.2. Performance of Prepared Catalyst in Plasma-Catalytic NH3z Decomposition

Our previous studies showed that Co-based catalyst exhibited the best activity towards NHjz
decomposition to Hj in the presence of DBD plasma [12]. Here, the influence of catalyst preparation
method on the performance of plasma-catalytic NH; decomposition was investigated, as shown in
Figure 5. Compared to the conventional preparation method, Co/fumed SiO, catalyst prepared with
the improved method greatly promoted the reaction performance, and the conversion of NHj increased
from 25.8 to 72.7% at the reaction temperature of 400 °C in Figure 5a, increased by a factor of almost 3
and, correspondingly, the energy efficiency of H, formation increased from 2.3 to 5.7 mol(kW-h)~! in
Figure 5b. In addition, changing the reaction temperature from 300 °C to 450 °C through increasing
DBD energy input resulted in a significant increase of NHj3 conversion by 80.8% (from 16.1 to 96.9%)
in the case of catalyst prepared by the improved method whereas, at the same conditions, the NHz
conversion only increased by 47.3% (from 4% to 51.3%) over catalyst using the conventional preparation
method. Note that the reaction temperature required for complete conversion of NHj in the case
of using improved preparation method shifted towards lower temperature, at least 50 °C lower in
comparison with that using conventional preparation method in Figure 5a.

100 10
Improved preparation method e (a) —a— Conventional method (b)

80 8 —=— Plasma method
2 60t n? 6l
4 £
c q
8 g

n 40} = af

e B °
=z E

20} 2 T ol

~ Conventional preparation method
o 1 1 1 ' i D 1 L L 1 i
300 350 400 450 500 300 350 400 450 500
Reaction temperature, °C Reaction temperature, °C

Figure 5. Plasma-catalytic NH3 decomposition over Co/fumed SiO, catalyst with different preparation
methods: (a) the conversion of NHj3; (b) the energy efficiency of H, generation (NHj feed rate
40 mL/min "', supported catalyst 0.88 g, discharge gap 3 mm, discharge frequency 12 kHz; The
reaction temperature originated from electric heat released by discharge, and was determined using an
IR camera and thermocouple tightly attached to the outer wall of the reactor [12]).
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Combining the results of characterizations in Figure 1 to 4, the improved preparation method did
not affect the phase composition of catalyst (Figure 1), but significantly increased the dispersion of
catalyst with a narrow particle size of 2-3 nm (Figure 2), which actually creates much more active sites
for NH3 decomposition, enhancing the specific reactivity of catalyst, and this is also directly evidenced
by the result of NHz-probe experiments presented in Figure 3. Notably, the adsorption amount of
NH; over the catalyst with improved preparation method is much larger than that with conventional
preparation method (Figure 3), this directly points to the fact that enhancing the adsorption step of
NHj3 decomposition is one of the reasons for the high activity of catalyst with improved preparation
method. Recently, CoPt/TiO, with Co particle size of ~1 nm displayed a much higher Fischer-Tropsch
reaction rate, which was also found to be due to increasing the amount of active site caused by using
plasma-assisted preparation [44]. More importantly, in this study, the improved preparation method
increased the acid strength of catalyst as well (Figure 3), as demonstrated by the increase in adsorption
strength of NHj3 over catalyst, which can promote the dissociation step of NHj; this is another crucial
reason that explains the high activity of catalyst with the improved preparation method. Besides,
the improved preparation method strengthened the interaction of Co with fumed SiO, (Figure 4),
indicating the difference in electronic structure of catalyst with different preparation methods, and this
could influence the activity of catalyst as well.

In addition, using Co/fumed SiO; catalyst prepared by the improved method, the influence of
the combining mode of plasma and catalyst was investigated on the performance of plasma-catalytic
NHj; decomposition, as shown in Scheme 1 and Figure 6. About 3 g Co/fumed SiO, was packed in
the reactor with a packing volume of about 3.1 mL, and the combining mode of plasma and catalyst
changed through changing discharge volume “V”, but the packed catalyst was fixed. Namely, changing
“V” from 3.3 to 0.4 mL enabled the catalyst to be partly packed in the field of plasma, as shown in
Scheme 1.
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Scheme 1. Scheme of combining mode of plasma and Co/fumed SiO, catalyst (note: HV denotes high
voltage; catalyst was fixed at about 3 g , but the discharge volume changes with the shortening of the
length of the HV electrode, which results in the catalyst being partly packed in the field of plasma by
changing the discharge volume “V” from 3.3 to 0.4 mL).

In Figure 6a, interestingly, the conversion of ammonia was greatly enhanced with discharge
volume decrease, and partly packing catalyst into the discharge area was found to be better than
that of full-packing mode. Among the cases studied, the discharge volume with 0.4 mL showed
the best activity towards NH3 decomposition, in this case, the reaction temperature with 98.0%
NHj3 conversion was only 380 °C, which was 140 °C lower than that in the case of catalyst alone.
At the reaction temperature of 380 °C, the conversion of NHj3 over Co/fumed SiO; is only 6.2%
without plasma whereas, at the same conditions, the use of DBD plasma significantly enhanced the
reaction performance, and the conversion of NHj increased by a factor of 16 (from 6.1% to 98.0%)
with decreasing discharge volume from 3.3 to 0.4 mL. Correspondingly, the energy efficiency of H,
formation increased from 11.9 to 15.9 mol(kW-h)~1; this is the highest H, formation rate obtained
in ammonia decomposition so far, as shown in Figure 6b. In addition, Figure 6¢ displayed that the
specific energy input (SEI) significantly increased with decreasing discharge volume, which might be
the reason for the high performance shown in Figure 6a,b. To exclude the effect of heat caused by SEI
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increasing on the reaction performance, the reaction temperatures with different discharge volumes
were all controlled at around 350 °C by adjusting energy input, then the relationship of ammonia
conversion and SEI was presented in Figure 6d. Clearly, the conversion of ammonia increased with SEI
increasing, demonstrating that the high performance resulting from high SEI was not due to heating of
the catalyst. Furthermore, our previous studies revealed that increasing energy input of discharge can
significantly facilitate the desorption of the strong-adsorbed N from catalyst surface (rate-limiting step
in ammonia decomposition) [11], thus, the nature of the contribution of high SEI was to accelerate the
rate-limiting step of ammonia decomposition.
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Figure 6. Influence of discharge volume on (a) ammonia conversion, (b) energy efficiency of Hy
formation, (c) specific energy input (SEI) and (d) relationship of ammonia conversion with SEI (NH3
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feed rate 40 mL/min, discharge gap 3 mm, discharge frequency 12 kHz, and the packing amount and

packing volume of catalyst in the reactor was fixed at about 3 g and 3.1 mL, respectively. Changing the

discharge volume “V” from 3.3 to 0.4 mL enabled the catalyst to be partly packed in the discharge area,

as shown in Scheme 1, and the catalyst was fully packed in the field of plasma only when the discharge

volume was over 3.1 mL; The reaction temperature originated from electric heat released by discharge,

and was determined using an IR camera and thermocouple tightly attached to the outer wall of the

reactor [12]).

3. Materials and Methods

3.1. DBD Plasma-Catalytic Reactor

NHj; decomposition for H, generation was carried out in a DBD reactor with a catalyst bed in the
discharge area at atmospheric pressure (Scheme 2). The DBD reactor was a typical cylindrical reactor
using a stainless-steel rod (2 mm o.d.) as a high-voltage electrode placed along the axis of a quartz tube
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(10 mm o.d. x 8 mm i.d.) which was used as a discharge dielectric. An aluminum foil sheet tightly
covered the outside of the quartz cylinder and served as a ground electrode. A 3 mm of discharge gap
was used, and catalyst was fully packed in the discharge area unless otherwise noted. The DBD reactor
was connected to an AC high voltage power supply with a peak voltage of up to 30 kV and a variable
frequency of 5-20 kHz. In this study, the discharge frequency was fixed at 12 kHz, and NH3 with a
purity of 99.999% was fed into the DBD reactor at a total flow rate of 40 ml/min. The products of NHj
decomposition were analyzed on-line using a gas chromatograph (Shimadzu GC-2014) equipped with
a thermal conductivity detector (TCD). The input power driving the reaction was determined from
the product of the apparent voltage and current of AC power supply, and the discharge power was
measured using a four-channel digital oscilloscope (Tektronix DPO 3012, high-voltage probe Tektronix
P6015A, Tektronix Tech. Corp., Beaverton, OR, USA, current probe Pearson 6585, Pearson Electronics,
Inc., San Jose, CA, USA).
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Scheme 2. Schematic diagram of experimental setup.

To evaluate the reaction performance of plasma-catalytic NH; decomposition to produce Hy,
the conversion of NH3 was calculated using Equation (1). The energy efficiency of H, formation
(mol(kW-h)~1), defined as the number of moles of H, produced per kilowatt hour, was calculated
using Equation (2). The specific energy input (SEI), defined as the energy input per discharge volume,
was calculated using Equation (3).

moles of NHj converted

moles of initial NHj3 x 100 M

XNH; (%) =

_ 3'XNH3'FNH3 X 60
B = 337000 x 224 x P @
Ep,: Energy efficiency of H, formation, mol(kW-h)~!
Xnm,: Conversion of NH3 , %
Fnp,: NH;3 flow rate, mL-min~!

P: Plasma power, kW
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3.2. Catalyst Preparation

Cobalt nitrate was provided by the Tianjin Kermel Chemical Reagent Co., Ltd (Tianjin, China).
Fumed SiO; was purchased from the Dalian Luming Nanometer Material Co., Ltd (Dalian, China).
Catalysts were synthesized either using the conventional preparation method and improved
preparation method. Incipient wetness impregnation was used in this study. Briefly, cobalt nitrate (the
theoretical metal loading was 30 wt %) was dissolved in deionized water. The support of fumed SiO,
was calcined, in advance, at 400 °C for 5 h to remove impurities, such as HyO, before impregnation,
and then the pretreated support was added to the cobalt nitrate solution and stirred until it was
thoroughly mixed. For “conventional preparation method”, the resulting mixture was kept at room
temperature for 3 h and dried in air overnight at 110 °C. The dried sample was finally calcined in air at
540 °C for 5 h. Different from the conventional preparation method, for the “improved preparation
method”, the resulting mixture was kept at room temperature for 3 h, followed by vacuum-freeze
drying overnight at —50 °C before dried in air at 120 °C for 5 h, then the dried sample was calcined in
a He-DBD plasma environment at 400 °C for 3 h to obtain the as-prepared catalyst. In addition, all the
as-prepared catalysts were treated in NH3-DBD plasma at 400 °C for 0.3-1.0 h to reduce catalysts
before evaluating their activity in NH3 decomposition.

3.3. Catalyst Characterization

X-ray diffraction (XRD) patterns of as-prepared catalysts were recorded using a Rigaku D-Max
2400 X ray diffractometer with Cu K radiation. Transmission electron microcopy (TEM) was used
to characterize metal particles formed on the support surface (FEI Tecnai G2 F30 microscope, point
resolution 0.2 nm, operated at 300 kV, Utrecht, Netherlands).

The reduction behavior of as-prepared catalyst was evaluated by H, temperature-programmed
reduction (Hp-TPR) using a Chemisorption instrument (ChemBET 3000, Quantachrome, Boynton Beach,
FL, USA). The sample (100 mg) was pretreated at 500 °C for 1 h under He flow (20 mL/min), and then
cooled to 50 °C. The pretreated sample was exposed to a H, /He mixture (10 vol% H;) and was heated
from 150 to 800 °C at a constant heating rate of 14 °C/min to get a Hp-TPR profile. The acid-base
properties of the as-prepared catalyst were tested by NH; temperature-programmed desorption
(NH;3-TPD) using the same Chemisorption instrument with operating Hy-TPR. The sample (140 mg)
was pretreated at 500 °C for 1 h under He flow (20 mL-min~1), and then cooled to 150 °C. The pretreated
sample was saturated with NH3 for 30 min, and then purged with He flow for 1 h at 150 °C. The TPD
profile was recorded while the sample was heated from 150 to 600 °C at a constant heating rate of
14 °C-min~! under He flow.

The specific surface area (Sg) of fumed SiO, support was tested by N, physisorption at —196 °C
(Micrometrics ASAP 2020, Norcross, GA, USA). Prior to the Nj physisorption measurement, fumed
SiO, was degassed at 350 °C for 3 h, and Sg was calculated using the Brunauer—Emmett—Teller
(BET) equation.

The metal loading of fumed SiO, supported catalyst with different preparation methods was
determined using X-ray fluorescence (XRF, SRS-3400, Bruker, Germany).

4. Conclusions

COx-free Hy generation from plasma-catalytic NH3 decomposition has been significantly
promoted over Co/fumed SiO, catalyst prepared with an improved preparation method,
which featured the use of vacuum-freeze drying and DBD plasma calcination techniques during
catalyst preparation. Compared with the activity of the catalyst prepared by the conventional
preparation method, the conversion of NHj increased by 47% on Co/fumed SiO, catalyst prepared
by improved method and, correspondingly, the energy efficiency of H, production increased from
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2.3 to 5.7 mol(kW-h) 1. The enhanced activity was mainly attributed to the high dispersion of Co
particles on fumed SiO; with a narrow particle size distribution (2-3 nm), which brought more active
sites, stronger acidity, and a strong metal-support interaction. In addition, the reaction performance
was significantly improved with the increase of specific energy input. At 380 °C, the highest energy
efficiency of H, formation achieved, so far, was 15.9 mol(kW-h)~1 over improved prepared Co/fumed
SiO, catalyst with 98.0% ammonia conversion at the optimal conditions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/2/107 /s1.
Figure S1. Peak analysis of Hy-TPR profile obtained over CozO4/fumed SiO, catalyst; Table S1. XRF analysis of
Co/fumed SiO, with improved preparation method; Table S2. XRF analysis of Co/fumed SiO;, with conventional
preparation method.
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