
 

  

I.  INTRODUCTION 
 

Combining plasma and catalyst processes for low-

temperature oxidation of diluted VOCs or hydrocarbons 

is a very promising technology [1-5]. Compared to the 

exclusively plasma based process, the combined process 

offers better performances, such as higher DRE 

(Destruction Rate Efficiency), fewer by-product 

generation, and lower power consumption. These 

advantages of the combined process are attributed to the 

outcomes of various plasma-catalyst interactions, such as 

enhanced electrical field and extended spatial distribution 

of discharge in the presence of catalytic substrates [1-3, 

6-8], generation of micro discharge and short-living 

chemically active species in the catalytic pores [9-10], 

changes of surface chemistry by discharge [11-13], and 

improved surface area and structure [14-16]. The 

synergetic effects of the combined process are observed 

as well, even though the plasma zone is spatially 

separated from the catalyst.  In this case, the long-living 

species, e.g. O3, generated in the plasma zone and the 

increased retention time of the treated gases or the 

oxygen contribute to the enhanced performance of the 

combined process [4-5, 17-23]. 

One of the issues with the combined plasma-catalyst 

process is finding an appropriate reactor geometry that 

can accommodate high gas flow rate [21-26]. So far, 

packed-bed type plasma reactors, in which catalyst beads 

are packed into the reactor, have been extensively 

investigated.  However, in the packed-bed type reactors 

the pressure at a high gas flow rate becomes too high.  

Thereby, from the practical point of view, a technique of 

plasma generation utilizing a honeycomb-structured 

catalyst, producing low pressure loss and widely adopted 

in the industry, is worth investigating. In this regard, a 

simple and compact plasma-catalyst reactor, in which a 

honeycomb-structured catalyst was adopted, was 

proposed in the present study.  The plasma generation 

mechanism and the characteristics of the proposed 

plasma reactor will be discussed below. 

A small-scale C3H6 oxidation experiment utilizing 

the proposed plasma-catalyst reactor has been conducted 

to investigate the technical potential for automobile 

applications. Due to the tightening regulations on CO2 

emission from automobile, various innovative 

technologies of engine and exhaust treatment have been 

proposed recently [24-31]. Interestingly, even the EHC 

(Electrically Heated Catalyst) technology for cold-start 

engine, which has not been adopted for a couple of 

decades due to excessive consumption of electrical 

power, has been intensively investigated recently [30, 31], 

because an electrically controlled catalyst technology, 

including the plasma-catalyst technology, is ideal for the 

current automobile concepts featuring energy 

recuperation and start-stop functioning. Motivated by this, 

a study of C3H6 oxidation at low temperature was 

conducted as an early stage of the study of plasma-

catalyst technology for vehicle applications. The tested 

temperatures of the plasma-catalyst oxidation process 

ranged from room temperature to 200°C. The emissions 

from the plasma-catalyst reactor were detected at the rate 

of one sample per second, which provided information 

about the temporal evolution of C3H6 oxidation. 

 

 

II.  METHODOLOGY 

 

A.  Plasma Generation 

 

Fig. 1 shows a schematic diagram of the proposed 

plasma generation technique. The plasma generator 
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consists of a honeycomb-structured monolith substrate 

and a couple of metal wire-mesh electrodes. The 

monolith substrate is a commercialized automobile part, 

and consists of 400 cells per square inch. As shown in 

Fig. 1, high voltage was applied to the substrate and the 

electrodes. The peak voltage typically ranged from 8 kV 

to 20 kV. The AC power frequency varied from 60 Hz to 

2 kHz. Under such wide range of operating conditions, 

stable plasma was generated in the gap between the 

catalyst substrate and the electrode, as shown in Fig. 2. 

Preliminary tests showed that the characteristics of 

plasma generation with the honeycomb-structured 

substrate are affected by several catalyst properties, such 

as the coating materials (Al2O3, Pt-Al2O3, and zeolite), 

substrate's length, and temperature.  In the present study, 

the substrate was coated with Pt-Al2O3 (platinum 

loading: 0.507%), and cut into a small piece (20 mm 

thick and 40 mm long) to place the catalyst into the 

electrical oven. Fig. 3 shows the voltage and current 

oscillograms. Here, the current and voltage were detected 

by voltage and current probes equipped with a digital 

oscilloscope (P6015A and TCP0030 with DPO5054, 

Tektronix, Inc.). As shown in Fig. 3, the discharge 

current peaks were detected during the positive rising 

phase of the applied voltage. This current pattern looks 

like a typical current pattern of DBD (Dielectric Barrier 

Discharge), although the current pattern during the 

negative phase is not shown. The current pattern in Fig. 3 

indicated that the catalyst made of the ceramics serves as 

a dielectric barrier that inhibits transition into a spark and 

distributes the micro-discharge all over the surface. 

The authors believe that the present catalyst plays 

two roles in a high electrical field; it serves as a dielectric 

barrier and as a conductive medium [26]. Results of 

several tests showed that the conductive nature of the 

catalyst is noticeable, especially at high temperatures. 

For instance, as shown in Fig. 3, the current peaks 

increased at higher ambient temperature. This 

phenomenon should be related to the increased electrical 

conductance of the catalyst, and can be explained as 

follows by using the schematic in Fig. 4. The catalyst's 

conductance at high temperature is assumed to be higher, 

which decreases the electrical potential across the 

catalyst. As shown in Fig. 4, the decreased electrical 

potential of the catalyst results in the increased potential 

difference between the narrow gap. Because of the 

increased potential difference, the current peaks at higher 

temperatures were higher than those at lower 

temperatures. Thus, we hypothesized that the catalyst has 

conductive properties. 

Additional evidence for the conductive nature of the 

catalyst is provided by the Lissajous charge-voltage plot. 

As shown in Fig. 5, the Lissajous plot at 160°C has 

elliptical shape, and differs from a sharp parallelogram 
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Fig. 1.  Schematic diagram of plasma generator with honeycomb-

structured monolith substrate. 

 

   
 

Fig. 2.  Front and side views of the catalyst during the micro-

discharge generation (intensified CCD camera (Princeton 

Instruments) was used for the front view). 

 
 

Fig. 3.  Voltage and current oscillograms, Operating temperatures: 

140-160ºC, peak voltage: 12 kV, frequency: 2 kHz. 
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Fig. 4.  Schematic diagram of electrical potential across the catalyst 

and the gap. 
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observed in a typical DBD. This elliptical shape was 

obtained only at high temperatures, and returned to a 

parallelogram at low temperatures. A similar result, i.e. 

an elliptical shape of Lissajous plot of a plasma-catalyst 

reactor at high temperature, was also reported by Harling 

et al. [32]. As Kogelshatz stated [33], the resistive load in 

the DBD generator results in such elliptical Lissajous 

plot. The two observations, stronger current peaks and 

elliptical Lissajous plot at high temperature, supported 

the notion that the present catalyst serves as a dielectric 

barrier and a conductive medium. 

 

B.  Experimental Apparatus for C3H6 Oxidation 

 

  Fig. 6 is a schematic diagram of the test apparatus for 

the C3H6 oxidation experiment. A gas mixture containing 

900 parts per million carbon (ppmC) of C3H6, 5 standard 

liters per minute (lpm) of nitrogen, and 500 standard 

cubic centimeters per minute (ccm) of oxygen was 

supplied to the pre-heater and the reactor. In the C3H6 

oxidation test, the honeycomb monolith catalyst (catalyst 

thickness of 20 mm and diameter of 40 mm) was used. 

With this catalyst's volume and gas flow rate, the space 

velocity of the catalyst was estimated to be 1,200 h-1. The 

temperature was controlled in the second furnace, and 

was detected at the outlet section of the reactor. Typically, 

the power supply was operated with the voltage of 

8-12 kV at the frequency of 2 kHz. The discharge power, 

estimated using the Lissajous plot, ranged from 2.4 W to 

5.7 W. Thereby, the specific energy density [J/L] in the 

present study ranged from 26 J/L to 62 J/L. The THC 

concentrations at the outlet were measured at the rate of 

one sample per second in ppmC using a flame ionization 

analyzer (MEXA-1170HFID, Horiba, Ltd.). 

 

 

III.  RESULTS AND DISCUSSION 

 

  Fig. 7 shows the temporal evolution of THC 

concentrations detected at the outlet of the plasma-

catalyst reactor using the flame ionization detector. The 

tests were conducted in accordance with two different 

test procedures. In the first procedure, the plasma process 

started 10 minutes following the C3H6 injection into the 

reactor (scenario 1). In the second procedure, the plasma 

process and the C3H6 injection were simultaneously 

initiated (scenario 2). The initial operating temperature in 

these tests was set to 160°C. On the other hand, as shown 

in Fig. 8, the light-off temperature of the catalyst, 

corresponding to the temperature at which the conversion 

rate was 50%, was about 158°C. In scenario 1,400 ppmC 

of the THC were maintained for 10 minutes following 

the C3H6 injection. The initial decrease of THC from 

900 ppmC to 400 ppmC was attributed to the thermally 

activated catalyst. Ten minutes later, when the plasma 

process started, the THC concentration decreased 

gradually for 5 minutes, and reached a steady-state. In 

scenario 1, the final THC concentration was about 

280 ppmC. In scenario 2, 220 ppmC of THC was 

detected at the beginning of the plasma process, and 

remained the same throughout the plasma process. In 

both cases, THC concentration increased gradually after 

the plasma process was terminated. 

 The above oxidation test showed that plasma-catalyst 

process at high temperature is not an instantaneous 

process that is observed in exclusively plasma-based 

process. Such gradual THC variation was attributed to 

the adsorption-desorption behavior of the hydrocarbons 

on the catalytic surface. Also, the test showed that the 

final THC concentration of the plasma-catalyst process is 
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Fig. 5.  Elliptical Lissajous plot at 160ºC. 

 

Oscilloscope

QV Plot

V-I

Probe

MFC

Gas

FTIR

Flame 

Ionization 

Analyzer

(HORIBA Ltd.)

Reactor

Power Supply

2nd Furnace GC

N2 5 slpm + O2 500 sccm

Total HC 1K ppmC
(s.v. ~ 12K h-1)

< 12 kV @ 1 kHz sine

Pre-heater

1st Furnace

TC

 
 

Fig. 6.  Experimental apparatus for C3H6 oxidation. 
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Fig. 7.  Temporal evolution of THC emission in different operating 

scenarios. Scenario 1: plasma process starts 10 minutes following 

the C3H6 injection, Scenario 2: both "plasma on" and C3H6 injection 

start at the same time. Initial operating temperature: 160ºC, Input 

THC concentration: 900 ppmC, Applied voltage: 12 kV. 
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different, depending on the operating scenario of the 

plasma-catalyst process. In scenario 1, because the 

hydrocarbons are already adsorbed on the catalytic 

surface before the plasma process, the pre-adsorbed 

hydrocarbons could result in such relatively low 

conversion rate of hydrocarbons. 

 Consecutive tests showed that the adverse effects of 

pre-adsorbed hydrocarbons to the plasma-catalytic 

process were significant, especially when the initial 

temperature was higher than the light-off temperature. As 

shown in Figs. 9 and 10, the characteristics of the THC's 

temporal evolution differed depending on the operating 

temperatures; in one case the temperature was lower than 

the light-off temperature and in another case it was 

higher than the light-off-temperature. In these tests, the 

plasma process started 10 minutes following the C3H6 

injection, as in scenario 1. When the initial temperature 

was 140°C, which was lower than the light-off 

temperature, the temporal evolution of the THC was 

straightforward. Immediately following the plasma 

process initiation, the THC dropped abruptly. This 

reduced THC quickly recovered after the plasma process 

was terminated. The DRE of the plasma-catalyst process 

immediately following the plasma process initiation was 

about 20%, which as expected was higher than that of the 

catalyst only process at 140°C. 

When the starting temperature was 155°C, the THC 

evolution was more complicated compared with the 

previous case. As shown in Fig. 10, the THC variations 

triggered by "plasma on" (420 ppmC → 280 ppmC) and 

"plasma off" (280 ppmC → 500 ppmC) proceeded 

gradually. While the THC concentration was gradually 

decreasing, the temperature was also slowly increasing, 

eventually reached 178°C.  At 178°C, the DRE of the 

plasma-catalyst process was about 70%. Interestingly, 

this DRE was apparently lower than that of the catalyst 

only process at 170°C, i.e. 80% (see Fig. 8, DRE of the 

catalyst only process). In addition, the final THC 

concentration (500 ppmC) are higher than the initial one 

(420 ppmC). Again, the gradual decrease of the THC 

concentration and the relatively low conversion rates of 

the plasma-catalyst process were observed at higher 

temperatures. As mentioned earlier, the pre-adsorbed 

hydrocarbons could result in such poor plasma-catalytic 

process. 

Further investigation regarding the effects of the 

adsorption on the process was conducted by changing the 

applied voltage. Fig. 11 shows three different THC 

evolution plots at 160°C. At 8 kV, the THC 

 
 

Fig. 8.  DRE (Destruction Rate Efficiency) of the catalyst as a 

function of operating temperature. 

 

 
 

Fig. 9.   Temporal evolution of THC. Starting temperature: 140ºC, 

Applied voltage: 12 kV. 

 
 

Fig. 10.  Temporal evolution of THC, starting temp. 155°C, 

applied voltage: 12 kV. 
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Fig. 11.  Temporal evolution of THC at different voltages. 8 kV: 

2.4 W, 10 kV: 3.8 W, 12 kV: 5.3 W, Temp.: 160ºC. 
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concentration increased rapidly during the earlier stage 

and eventually reached a stable state. At 10 kV, 

desorption was again observed during the earlier stage 

and diminished gradually during the later stage. At 12 kV, 

THC emissions dropped by supplying the electrical 

power. 

Fig. 11 clearly shows that there exists a critical 

condition for the THC reduction. In other cases, 

supplying the electrical power even increased the THC 

emission from the reactor. The critical condition was not 

anticipated before the test. Whether or not this critical 

condition was anticipated, result of this test indicated that 

oxidation process competed with the desorption process, 

and predominated at a certain power. Conversely, this 

finding could imply that desorption process could be 

started with a little power, compared to the power 

required for the oxidation to start. At present, detailed 

understanding of desorption process in the present 

reactor is not available, since desorption could be driven 

by several mechanisms, such as heated catalytic surface 

by dielectric heating and resistive heating, plasma-driven 

desorption [20], and electrically modified desorption-

adsorption equilibrium [34]. Further research is needed to 

clarify the plasma-triggered desorption mechanism. 

 Similar to desorption, the oxidation in the present 

reactor at high temperature was also driven by the 

simultaneous thermal activation of the catalyst and 

plasma. As shown in Figs. 10 and 11, abrupt THC 

variations were observed immediately following "plasma 

on" and "plasma off" events. This implies that plasma-

driven oxidation, which is a fast reaction process and is 

not relevant to the temperature condition, somehow 

contributes to the oxidation process in the plasma-

catalyst reactor. Similar to desorption, further 

investigation is needed to decouple the contributions of 

the plasma-driven reactions from those of the thermally 

driven catalytic reactions. 

 The geometry of the present plasma-catalyst reactor 

can be categorized as a post-plasma catalysis reactor that 

consists of two separated reaction zones; the plasma zone 

and the catalyst zone. As pointed out by Roland et al. 

[35] and Kirkpatrick et al. [28], in the case of a post-

plasma catalysis reactor, the long-living species 

generated in the plasma zone, i.e. O3, plays a major role, 

and can deactivate the catalyst. Although the present 

plasma-catalyst process was conducted using the post-

plasma catalysis reactor, the effects of the above 

mentioned deactivation were not clearly observed. After 

the THC concentrations reached a steady state, as shown 

in Figs. 9 and 10, the THC concentrations remained 

constant for 5-10 minutes. In the present tests, after each 

oxidation test, the catalyst was regenerated with air under 

the high temperature conditions (200°C). 

 

 

IV.  CONCLUSION 

 

 One of the objectives of the present study was to 

evaluate the feasibility of the proposed plasma-catalyst 

reactor, in which a honeycomb-structured catalyst 

adopted in automobile exhaust system is used. The test 

showed that stable plasma can be generated in the narrow 

gap between the wire-mesh metal electrode and the 

catalyst. Here, the catalyst made of cordierite materials 

served as a dielectric barrier.  Additional tests in various 

temperature conditions showed that the catalyst had a 

conductive properties, too, which resulted in stronger 

current peaks and elliptic Lissajous plot at high 

temperatures. 

Several important characteristics of the present 

plasma-catalyst process were discussed, such as the 

adverse effects of adsorption on the C3H6 oxidation, and 

temperature condition required for the adsorption-

desorption processes, etc. The tests clearly showed that 

the adsorbed hydrocarbons hinder oxidation process, 

which results in lower conversion rate and slows the 

oxidation process.  Further investigations revealed that 

the reason for such adverse effects could be attributed to 

the competition between the oxidation and desorption 

processes. 
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