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Summary

This thesis focusses on combining non-thermal plasma (NTP) technology and catalysts for

air purification applications. NTP technology has been researched for the past few decades

for environmental remediation, bio-medical and surface engineering applications. For the

NTP technology, to get commercialize, it should be made energy efficient at low cost with

minimum size requirements. Recent studies have indicated that combining the plasma reactor

with catalytic materials can improve the energy efficiency and product selectivity. There

have been various arrangements proposed in the literature to combine the plasma reactor

with catalysts: namely the in-plasma configuration (IPC) and the post-plasma configuration

(PPC). In practical applications, the exhaust gases contains various pollutants at different

concentrations and under various conditions (such as temperature, humidity, flow rate,

hydrocarbons and so on). In order to improve the performance efficiency of a DBD reactor,

one has to understand the effect of the various parameters and choose an appropriate catalytic

material depending on the type of the pollutants. Thus, one of the main purpose of this

work is to identify the influence of various parameters on the NOx removal efficiency and

screening for various suitable catalytic materials.

The thesis can be divided in to three main parts. The first part is to understand the effect

of various electrical and operational parameters on the performance of the DBD reactor.

The second part is to look at various catalytic materials and understand the interaction

between the plasma and the catalytic materials. The third part is to develop an SDBD based

plasma-catalytic reactor which could easily be scaled-up and scaled-down for industrial

applications.

In the first part of the study, to investigate the influence of electrical and operational parame-

ters, we have used a pulsed DBD-plasma reactor and combined this with various commonly

used support materials such as Al2O3, TiO2, zeolites and SiO2. We performed a systematic

study using the three reactor configurations: plasma-alone, IPC and PPC configurations.

From the study on the effect of electrical parameters on NOx removal, we observed that

i



ii Summary

the NOx removal efficiency depends more on the energy density than on the applied peak-

voltage. With increasing energy density, the conversions and the formation of by-products

increases. With increase in applied peak-voltage, the energy costs increases. The optimal

performance in terms of conversion, by-products formation and energy costs is delivered at

low applied peak-voltages. With increase in the applied peak-voltage, the energy deposition

per pulse increases. This high energy deposition leads to the increased microdischarges but

on the other hand also leads to the increased energy losses due to heating up of the gas. All

the three reactor configurations that we have tested showed the similar results.

Irrespective of the reactor arrangement configurations, positive polarity pulses show

better NO and NOx conversion. The reason for the increased conversion with positive pulses

might be due to increased reactive species production with positive pulses as compared to

the negative pulses. Few studies have indicated that the negative polarity pulses produces

less streamer volume. The formation of by-products are not significantly effected by the

pulse polarity. The study on the effect of rise time of the pulses shows that the short rise-

time pulses perform better with respect to NO conversion but at the expense of increased

by-products formation. Short rise-time pulses generates the high energetic electrons leading

to increased radicals production. The better performance of the short rise-time pulses for

NO conversion is observed in all the three tested reactor configurations.

The NOx conversion decreases with increasing input concentrations due to the reduced

availability of active species. This is applicable to all the three configurations that we

have tested. The effect of flow rate on NOx removal efficiency depends on the reactor

configuration. With increasing flow rate, the NO conversion decrease for the plasma-alone

and for the PPC configuration. The IPC configuration does not show significant dependance

up to a certain flow rate and above that flow rate lower NO conversions are observed. This

is probably due to transport limitations of the catalytic reactions. The higher conversions

at lower gas flow rates comes at the expense of higher N2O and O3 concentrations. With

increase in temperature, the by-products formation can be suppressed. PPC configuration

showed a similar behaviour to that of the conventional thermal catalysis which means, higher

conversions can be achieved at higher temperatures. The IPC configuration show reduced

NO conversion with increase in temperature which could be due to the favourable conditions

for the back reaction of NO2 to NO in the presence of atomic oxygen. The addition of

additives such as hydrocarbons, ammonia may enhance the performance of the DBD reactor

at higher temperatures.

In the second part of the study, we performed screening of catalytic materials for NOx
removal. We did this by loading various metal oxides on TiO2 and Al2O3 supports and

by using them in a IPC and in a PPC configuration in combination with a pulsed DBD

reactor. The effect of metal loading on the support materials is studied by loading various

amounts of metal oxides on TiO2 and Al2O3 supports. We studied the role of catalytic

material in changing the plasma discharge characteristics. We did this by considering the

voltage-current waveforms and correlating them to the corresponding dielectric constant

of the catalytic materials. We showed that the discharge activity is changed significantly

with introduction of the catalytic material inside the plasma reactor. For the plasma-alone
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reactor, the capacitance of the reactor is low, resulting in a higher discharge current and more

discharge activity. The microdischarge activity is much lower when the reactor is packed

with TiO2 as compared to the Al2O3 packing. These differences in microdischarge activity

can be explained by the different capacitances due to the different dielectric constants of

the two materials. The intense microdischarge activity of the plasma-alone configuration

might have led to the increased NO conversions, NO2 and by-products concentrations. The

by-products were greatly reduced with the catalytic materials in both the IPC and the PPC

configurations.

In the third part of the study, as a part of the environmental sensors for energy efficiency

(ESEE)- EU project, we have developed a modular plasma-catalytic surface-dielectric-

barrier-discharge (SDBD) reactor to handle large flows which could be scaled-up and scaled-

down easily. We have evaluated the performance of the SDBD reactor for NOx and VOC

removal. We have used ethylene as a model compound for VOC due to its interest in the food

and floral industry. In general, DBD performed better than SDBD with respect to NO and

NOx conversions. This probably might be due to the high energy deposition per pulse by the

SDBD modulator. We have observed in our parametric study that high energy deposition

per pulse leads to high energy losses and thus high energy costs. To reduce the by-products

formation, we used TiO2 coated Al2O3 plates as a catalyst in parallel to the SDBD plates

(electrode plates). With the use of the catalytic plates the NO and C2H4 conversions, CO

and CO2 selectivities have been marginally improved. The by-products formation have been

slightly reduced by combining the SDBD plates with catalytic plates. Although, we observed

better performance of the SDBD reactor with the catalytic plates, it is not clear whether the

catalytic plates acts more like a catalyst to increase the product selectivity or behave like

walls to quench the reactions. Probably, if we can increase the thickness of TiO2 coating

from 60 nm to few μm thickness then we can understand the role of these catalytic plates.





Chapter 1

Introduction

One of the main sources of air pollution is the transportation sector. Motor vehicles emissions

include unburned hydrocarbons (UHCs), carbon monoxide (CO), carbon dioxide (CO2),

nitrogen oxides (NO and NO2), sulfur oxides (SOx) and particulate matter (PM). According to

the European Environment Agency 2017 data (EEA-32), the transportation sector contributes

around 41%, 49%, 12% and 20% of NOx, SOx, PM2.5 and PM10 emissions respectively [1].

These emissions are significant as they have a negative impact on human health. With

increasing concerns about these impacts, the introduction of emission control standards

has been started. With increasingly stringent regulations, the lower limits of the emissions

standards can be reached by applying gas purification techniques for the efficient reduction

of UHCs, NOx, SOx, and PMs coming from the exhaust.

Non-thermal plasma appears to be a promising technology for decomposition of gaseous

pollutants with relatively low energy consumption [2–9]. The high energy electrons produced

in non-thermal plasma collide with the gas molecules to generate radicals such as reactive

oxygen species, metastables and ions by electron-impact dissociation and ionization. The

mentioned reactive oxygen species induce oxidative degradation of the pollutants.

In this thesis we aim to combine non-thermal plasma (NTP) technology and catalysts

and screening for various suitable catalytic materials for NOx removal. Non-thermal plasma

is able to oxidize NO to NO2 which is further converted to HNO3 and HNO2 in the presence

of water vapor [10–13]. Without the help of a catalyst, NOx cannot be reduced to N2
just with electrical discharges. From literature, it is understood that using a catalyst with

a plasma reactor can enhance the product selectivity and the energy efficiency [14–18].

Yamamoto et al. concluded that the operating cost of a plasma-chemical hybrid system is

approximately 15 times more economical compared to the conventional selective catalytic

reduction process [19]. Hence, plasma-assisted catalysis is a promising way for improved

pollutant removal efficiency and selectivity. Also, the production of unwanted by-products

can be minimized. Non-thermal plasma can be generated at atmospheric pressure and

1
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at ambient temperature with various techniques such as with corona discharges, pulsed-

corona discharges, dielectric barrier discharges (DBDs), microwave and radio frequency

discharges [20–22]. DBDs are widely used for VOCs and NOx reduction [23–32].

We believe that there are two main approaches to improve the performance efficiency of

a DBD reactor for the purpose of NOx removal. The first approach would be to optimize

the discharge characteristics. The second approach is to combine the plasma reactor with

catalysts. The first approach includes optimizing the reactor configuration and the power

source. The major parameters of the power source that should be tuned to improve the

efficiency of the plasma are the frequency, applied peak-voltage, waveform of the voltage,

polarity, pulse rise-time and the pulse duration. Puchkarev et al. stated in their study on

energy-efficient plasma processing of gaseous emission that the efficiency of NOx reduction

is a complex function of parameters as the pulse width, pulse polarity, current density,

repetition rate, and reactor design. Careful optimization of all these parameters is required

to reach cost effective NOx reduction [33].

The second approach is to combine plasma with appropriate catalysts. Combining a

plasma reactor with a catalytic reactor can help in reducing the NO and NO2 to molecular

nitrogen with minimum by-products if the plasma operating conditions are selected care-

fully [34, 35]. There have been various arrangements proposed in the literature to combine

a plasma reactor with a catalytic reactor such as a one-stage configuration, or in-plasma

catalytic configuration (IPC), and a two-stage configuration, or post-plasma catalytic config-

uration (PPC) [36–38]. In both of these configurations, different catalysts have been tested

and an overview of the published papers on NOx removal is presented in table 1.1. From

this table, we can see that γ- Al2O3 [34, 39], TiO2 [40], Al2O3 loaded with different metals

such as Ag [41], Pd [40], and In [42], TiO2 loaded with BaTiO3 [43] and V2O5-WO3 [44]

and zeolites [45] are among the various catalysts that have been tested with non-thermal

plasma. Although, there happens to be a lot of work done on NOx removal using plasma

and plasma-catalytic configuration explaining the effect of operating conditions, a system-

atic parametric study on NOx removal using similar reactor configuration operating under

similar conditions is never performed. Such a study is needed to get more insights on how

these parameters influence the performance efficiency so that we can obtain the optimum

performance of the reactor.

In this thesis, we have applied these two approaches to optimize the performance of the

DBD reactor in a systematic manner. We have used a pulsed non-thermal DBD reactor at

atmospheric pressure. We have studied the effect of applied peak-voltage, polarity and the

pulse waveform of the voltage by varying pulse repetition rate (we used this as a factor to

vary the energy density). The pulsed DBD reactor is combined with catalysts such as TiO2,

Al2O3 and metal-oxides loaded on TiO2, Al2O3 to study the synergy between the plasma

and the catalysts in terms of removal efficiency and energy efficiency. These two approaches

led us to formulate the following research goals and also enabled us to achieve a systematic

study using the commonly used support materials with the configurations.



3

Reactor con-

figuration

Conditions Catalyst NOx Conversion Energy

density

Ref

DBD T: 773 K Indium doped γ- Al2O3 Approx. 60% @ 473 K 700 J/L [42]

V: 3-16 kV >90% @ 623 K 100 J/L

Addition of primary alcohols > 80% @ 773 K 100 J/L

SDBD Wet gas γ- Al2O3 Approx 60% 133 J/L [39]

Initial NO conc: 100 ppm

Packed DBD 60 Hz AC power supply BaTiO3 Approx 96% 55.5 J/L [34]

Initial NO conc: 200 ppm

Packed DBD Initial NO conc: 300 to

500 ppm

γ- Al2O3 Approx 66% 140 J/L [43]

NO2 : 15 to 50 ppm BaTiO3 + γ- Al2O3 (1:5 ratio) 60% 140 J/L

frequency: 300-350 pulses

per sec

γ- Al2O3 + TiO2 (1:1 ratio) 21% 140 J/L

Addition of methanol as addi-

tive (1000ppm)

Co- ZSM-5 post-plasma 78% 60 J/L

T: 150 ◦C

Packed DBD Initial NO conc: 570 ppm [46]

frequency: 900 Hz pulse per

sec @ 9 kV

Degussa P-25 80%

Gas flow rate: 5 L/min PCVD method 58%

T: 298 K

DBD Initial NO conc: 500 ppm V2O5-WO3/TiO2 55% @ 100 ◦C 80 J/L [44]

NH3 : 500 ppm Ethene as additive 70% @ 100 ◦C

Gas flow rate: 25 L/min

T: 100–250 ◦C

DBD Initial NO conc: 500 ppm Al2O3 60% @ 300 ◦C [40]

Propene: 0-2000 ppm TiO2 15% @ 350 ◦C

Gas flow rate: 1 L/min ZrO2 55% @ 300 ◦C

Alumosilicate 20% @ 300 ◦C

Pd/Al2O3 10% @ 230 ◦C

Ag/mordenite 30% @ 325 ◦C

Cylindrical

DBD

T: 250 ◦C Cu-ZSM-5 Approx. 40% @ 273 K 3.5 W [47]

Initial NO conc: 400 ppm Approx. 25% @ 473 K 3.5 W

Coaxial-type

DBD

Initial NO conc: 360 ppm γ-Fe2O3 Approx. 44% 50 J/L [48]

T: 110 ◦C

DBD Initial NO conc: 1200 ppm Ag/ Al2O3 > 50% @ 250 ◦C 60 J/L [41]

> 74% @ 250 ◦C 180 J/L

> 90% @ 350 ◦C 60 J/L

DBD Initial NO conc:245 ppm NaY 59% @ 200 ◦C 10 J/L [49]

C3H6 : 520 ppm 5% NH3 loaded on NaY 68%@ 200 ◦C

Gas flow rate: 2.1 L/min 40%NH3 loaded on NaY 80% @ 200 ◦C

80%NH3 loaded on NaY 82% @ 200 ◦C

DBD Initial NO conc: 400 ppm V2O5-WO3/TiO2 Approx. 68% 40 J/L [50]

T: 220 ◦C

DBD Initial NO conc:200 ppm V2O5/TiO2 Approx. 90% 40 J/L [51]

Initial NO conc:300 ppm Approx. 85%

Initial NO conc:400 ppm Approx. 80%

DBD Initial NOx conc:300 ppm V2O5/TiO2 Approx. 85% 50 J/L [52]

T: 220 ◦C Cr2O3 /TiO2 Approx. 42% 60 J/L

DBD Initial NOx conc:241 ppm Ba-Y Approx. 90% 15 J/L [53]

T: 170 ◦C

Gas flow rate: 2 L/min

DBD Initial NOx conc:550 ppm V2O5/TiO2 Approx. 90% @ 200 ◦C 98 J/L [54]

CO: 720 ppm Approx. 80% @ 200 ◦C

NO2: 80 ppm Approx. 71% @ 200 ◦C

Aldehydes: 80 ppm

THC: 1700 ppm

DBD Initial NOx conc:500 ppm Co-HZSM-5 Approx. 94% 144 J/L [55]

T: 300 ◦C

Gas flow rate: 520 L/min

DBD Initial NOx conc:550 ppm NaY Approx. 59% @ 200 ◦C 98 J/L [56]

Gas flow rate: 2.1 L/min Ba-Na-Y(20%) Approx. 65% @ 200 ◦C

Ba-Na-Y(40%) Approx. 70% @ 200 ◦C

Ba-Na-Y(60%) Approx. 70% @ 200 ◦C

Ba-Na-Y(80%) Approx. 72% @ 200 ◦C

Ba-Y Approx. 78% @ 200 ◦C

DBD Initial NOx conc:445 ppm Ag/Al2O3 Approx. 90% @ 200 ◦C 703 J/L [57]

C2H4 : 6000 ppm

Gas flow rate: 500 mL/min

Table 1.1 – Literature review on NOx removal with plasma-catalysis.



4 1. Introduction

1.1 Research goals

In this thesis, we investigated the combination of non-thermal plasma (NTP) technology

and catalysts for air purification applications and the effect of various parameters on the

plasma and plasma-catalytic processing efficiency. NOx have been taken as target pollutant

and the effect of various parameters on its removal efficiency have been researched using a

pulsed-DBD and SDBD reactor. The main goals of this research were:

• To systematically study the effect of various electrical and operational parameters on

NOx removal and to optimize the performance of our DBD configuration.

• To understand the plasma-catalytic interactions by studying the physical interaction

of the plasma with the catalyst and to correlate this interaction with the chemical

processing efficiency.

• To develop an on-demand air purifier which could be scaled-up and scaled-down easily

by using plasma-catalytic technology.

1.2 Organisation of the thesis

Chapter 2 In this chapter, we describe the experimental setup that we have used in major

parts of our research study. Over the course of time, we have adapted the experimental setup

for some particular series of experiments and the details will be presented in the related

chapters.

Chapter 3 In this chapter, we investigated the optimization of electrical parameters to

obtain energy efficient NOx remediation. We have varied the electrical parameters such as

applied peak voltage, pulse polarity and pulse rise-time to study the degree of removal of

NO and NOx, by-products formation and energy consumption in the DBD reactor. We have

used all the three configurations: plasma-alone, in-plasma catalytic configuration(IPC) and

post-plasma catalytic configuration (PPC). Commonly used catalyst support materials such

as TiO2, Al2O3, zeolites and SiO2 have been used in the IPC and the PPC configuration.

Chapter 4 In this chapter, we analyzed the influence of various operational parameters

such as input NO concentrations, gas flow-rate, and temperature on the efficiency of NOx
removal. We have evaluated the performance by considering the increase in the NOx removal

and decrease in the by-products formation. First, we have studied the effect of operational

parameters with the plasma-alone configuration and then we have packed the reactor with

the catalytic materials to use it in the IPC and the PPC configurations to investigate the

efficiency of NOx removal with minimum by-products formation. Commonly used catalyst

support materials such as TiO2, Al2O3, zeolites and SiO2 have been used in the IPC and the

PPC configuration.

Chapter 5 In this chapter, we have studied NOx removal by loading various metal oxides

on TiO2 and Al2O3 using a pulsed DBD reactor. The metal-oxides that we have used in this
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study are NiO, MnO, CuO, Fe3O4, Co3O4. To understand the effect of support material,

we have loaded 3% of these metal oxides both on TiO2 and Al2O3 and looked into the

NO conversion, NOx concentration and by-products formation using both the in-plasma

configuration (IPC) and post-plasma configuration (PPC). It is followed by the study on the

effect of metal loading where we have compared the performance of 3 wt% and 5 wt% of

these metal oxides loaded on TiO2 and Al2O3 with both the IPC and PPC. We have attempted

to study the role of catalytic material in changing the plasma discharge characteristics by

looking into the voltage-current waveforms and measuring the dielectric constants of these

materials to correlate them to the discharge characteristics.

Chapter 7 In this chapter, we have developed a modular plasma-catalytic surface-

dielectric-barrier-discharge (SDBD) reactor to handle large flows which could be scaled-up

and scaled-down easily. A SDBD power modulator was developed to generate 7-kV high-

voltage pulses with microsecond duration that can power two SDBD reactor plates at a

maximum of 5 kHz pulse repetition rate. The developed reactor can accommodate up to 20

SDBD plates and thus 10 such SDBD driver units are needed to deliver high power to treat

larger flows. The electrical and chemical characterization of this developed SDBD reactor

is done and discussed in detail in this chapter. The operational efficiency of the developed

SDBD has been investigated by studying the removal of NOx and ethylene. Finally, we

combined the SDBD plasma reactor with catalyst by placing the Al2O3 plates without TiO2
coating and with TiO2 coating alternatively to the SDBD plates in a parallel arrangement.

Chapter 8 In this chapter, we present the conclusions and recommendations for future

work.





Chapter 2

Experimental setup

The description of the entire experimental setup is presented in this chapter. We present the

complete description of the catalytic materials, reactor and reactor configurations, chemical

and electrical diagnostics, and pulsed power supply that we have used. The experimental

setup can be explained in four main parts. The DBD reactor, the gas feeding system, the

electrical part (pulse source and electrical measurements) and the gas diagnostics as shown

in Fig. 2.1.

2.1 Reactor configuration

2.1.1 DBD reactor

The DBD-plasma reactor is made of quartz glass with a diameter of approximately 14 mm

and with a wall thickness of 2 mm. The reactor consists of two electrodes, a high-voltage

electrode and a grounded electrode. The high-voltage electrode which is connected to the

high-voltage power source is made up of a stainless-steel rod with a diameter of 1.5 mm

and is mounted at the center of the reactor. The steel mesh around the reactor acts as the

grounded electrode. We have used two DBD reactors in this study. The difference between

these two reactors are the length of the reactor. The short reactor measures 220 mm in length

and the long reactor measures 300 mm in length. The material of construction, thickness,

inside and outside diameter are kept the same. We use a short reactor in most part of our

study due to the ease in synthesizing less catalytic materials. The cross-sectional view along

with the detailed dimensions of both the DBD reactors operating at ambient temperature and

atmospheric pressure are shown in the Fig. 2.2. We have used the long reactor only in the

study on the effect of the rise time in the Chapter 3. This reactor is designed and developed

in our group by dr.ir. F.J.C.M. Beckers and dr.ir. W.F.L.M. Hoeben.

7
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Figure 2.1 – Schematic overview of the experimental setup with pulsed DBD reactor for NOx
removal.

Throughout our study, we have used two configurations for placing the catalytic materials:

The in-plasma configuration (IPC) and the post-plasma configuration (PPC). The IPC and

the PPC configurations of the DBD reactor used in the experiments are shown in the Fig. 2.3.

2.2 Catalyst preparation

The most commonly used catalyst support materials such as TiO2, Al2O3, zeolites (NaY)

and silica have been used in this study to compare the various electrical and operational

parameters. Despite many studies on NOx removal using these support materials, a system-

atic study where these support materials are compared under the similar conditions such as

reactor geometry, operating conditions and gas concentrations, has never been reported. In

this thesis, we report on a systematic study on these commonly used support materials to

study the effect of various parameters on removal. We have observed that silica is not a

suitable support as the NOx concentration remains high despite high NO conversions. Thus,

we have loaded metal-oxides on TiO2 and Al2O3 supports and studied the effect of various

metal-oxides and various wt% of metal-oxides on NOx removal.

Catalysts precursors were obtained from Sigma-Aldrich: cobalt nitrate hexahydrate

(Co(NO3)2 . 6H2O), copper nitrate trihydrate (CuN2O6 . 3H2O), manganese nitrate tetrahy-

drate (MnN2O6 . 4H2O), iron(III) nitrate nonahydrate (Fe(NO3)3 . 9H2O), nickel nitrate hex-

ahydrate (Ni(NO3)2 . 6H2O). A series of TiO2 (Degussa P-25) and Al2O3 based catalysts

with different metals were prepared by using wet impregnation method. The desired amount
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Figure 2.2 – Cross-sectional view of the cylindrical quartz tube DBD reactor operating at ambient

temperature and atmospheric pressure. Short reactor is used in most parts of our study. We have

used the long reactor only in the study on the effect of rise time on NOx removal.

of metal nitrates and CeZrO4 were dissolved in deionized water and stirred for 2 hours. Then

water was removed by means of a rotary evaporator. The catalysts were dried at 110 ◦C
in air and then calcined at 350 ◦C. The specifications of the various catalytic materials that

are being used in this study are given in table 2.1. The crystalline structure of the catalysts

was confirmed by recording X-ray diffraction (XRD) patterns with a Bruker D4 Endeavor

diffractometer using Cu-Kα-radiation in the 2θ range of 10–80 ◦C with a step length of 0.01 ◦
and step time of 0.2 s. The XRD of the catalytic materials is presented in Appendix 7.6 in

Fig. A.1 and Fig. A.2. To determine how well the metal particles are dispersed on the support

surface, we performed Transmission electron microscopy (TEM) imaging for the selected

catalytic materials, which are presented in Appendix 7.6 in Fig. A.3. From the TEM images

and XRD patterns, we can say that the metal particles are very well dispersed on the Al2O3
support. On TiO2 support material, we have observed little peaks of TiO2 on the Fe3O4
and CuO loaded on TiO2 in XRD pattern which means that the metal particles may not be

completely dispersed.
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Figure 2.3 – Schematic overview of the plasma alone configuration and the two plasma-catalytic

configurations that are used in the experiments of this paper. (note: in (c), the catalytic reactor is

not powered)

2.3 Power modulator topology

2.3.1 Microsecond (μs) pulse source

The schematic representation of the MOSFET-based solid state microsecond pulse power

source is shown in Fig. 2.4. The buffer capacitor C1 of the circuit is directly charged to

250 V via a 1:1 transformer and a rectifier. Capacitor C2 will be continuously charged

to approximately 300 V via C1-L1-D1. A pulse cycle starts by closing MOSFET M1.

Now a linearly increasing current flows via C2 and the primary winding Lpri of the pulse

transformer. When the MOSFET is now closed, this current is interrupted in a very short time

dt (depending of the switch off time of the MOSFET which is around 10 ns). Consequently,

this very fast dI/dt results in the induction of a voltage pulse at the secondary side of the

transformer. The magnitude of this high-voltage pulse depends on the dI/dt and is set to

17 kV. The duration of this high-voltage pulse depends on the dt and is set to 2 μs. The

pulse rise time is 0.9 μs. The maximum repetition rate (f) of the source is 1000 pulses per

second. The typical voltage and discharge current for the microsecond pulse source is shown

in Fig. 2.5a and the power and energy per pulse is shown in Fig. 2.5b respectively.
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Catalyst size (mm) BET surface

area (m2/g)

Composition

TiO2 1.5 50 75% anatase

CuO-MnO2-TiO2 1.5 50 3wt% CuO, 6.8wt% MnO2
CuO-MnO2-Al2O3 2 80 30wt% Cu-/mn-oxide

TiO2 (p-25) 1-2 50 75% anatase

NiO-TiO2 1-2 50 3wt% Ni-Oxide

MnO-TiO2 1-2 50 3wt% mn-oxide

Fe3O4-TiO2 1-2 50 3wt% Fe-oxide

CuO-TiO2 1-2 50 3wt% Cu-oxide

Co3O4-TiO2 1-2 50 3wt% Co-oxide

Al2O3 1.5 120

NiO-Al2O3 1-2 120 3wt% Ni-Oxide

Fe3O4-Al2O3 1-2 120 3wt% Fe-oxide

CuO-Al2O3 1-2 120 3wt% Cu-oxide

Co3O4-Al2O3 1-2 120 3wt% Co-oxide

NiO-TiO2 1-2 50 5wt% Ni-Oxide

MnO-TiO2 1-2 50 5wt% mn-oxide

Fe3O4-TiO2 1-2 50 5wt% Fe-oxide

CuO-TiO2 1-2 50 5wt% Cu-oxide

Co3O4-TiO2 1-2 50 5wt% Co-oxide

SiO2 1-2 200

zeolites 1-2 1700 2.6 mol% SiO2/ mol%Al2O3

Table 2.1 – Specifications of the catalysts that are used in the experiments of this study.

Triggering 
Unit

Power Switch 
including 

Signalization

230 VAc

T1 F1

C1

L1Vdd

T2

HV 
Output

Reactor
D1

M1
Gate Drive

C2

D2

R1 Lpri

Figure 2.4 – Schematic overview of the MOSFET based solid state microsecond pulse power

source. This power source has been designed and developed by dr.ir. F.J.C.M. Beckers.
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Figure 2.5 – Typical waveforms in the DBD reactor with the μs pulse source: (a) Applied voltage

and discharge current (b) Power and energy deposited per pulse.

2.3.2 Nanosecond (ns) pulse source

The schematic of the spark-gap based high-voltage nanosecond pulse circuit is shown in

Fig. 2.6. Pulse generation is realized by first charging capacitor C1 in less than 10 ms by a

60-kV DC power supply. Resistor R1 limits the charging current and prevents a near short

circuit of the power supply output when the spark gap fires. The spark gap is a multiple-gap

spark gap consisting of three disc-shaped electrodes (two gaps) [58]. A trigger unit applies

a 30-kV trigger pulse (μs rise-time) to the center electrode which causes the right pair of

electrodes to fire. The current path of the trigger discharge is via D1-R2-SG-R3. The full
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voltage on C1 will now be over the left and the center electrode causing the full spark-gap to

fire. Capacitor C1 will be rapidly discharged (in less than 100 ns) into the 50Ω coaxial cable,

creating the high-voltage pulse on the output of the cable. R2 is added to protect the trigger

unit from transient voltages and possible voltage reversal on C1. The energy transfer to the

reactor stops after the plasma in the reactor quenches after the pulse voltage has dropped

below the plasma extinction voltage. The spark gap remains conducting until all energy

remaining in the circuit is consumed. The spark-gap channel and resistor R3 dissipate the

remaining energy in the circuit, including the energy due to reflections of the pulse voltage

due to improper impedance matching between the reactor and the coaxial cable. Resistor R3
has a high impedance (R3 � Zcable) and consumes only a small amount of energy during

the pulse generation. The maximum repetition rate of the pulse source is 100 pulses per

second. The typical voltage and discharge current for the nanosecond pulse source is shown

in Fig. 2.7a and the power and energy per pulse is shown in Fig. 2.7b respectively. Both the

μs pulse source and the ns pulse source was developed by dr.ir. F.J.C.M. Beckers.

C1 R3

60kV DC 
Power 
Supply Spark 

gap

Trigger 
unit

Coaxial 
Cable

R1

Reactor

R2D1

Figure 2.6 – Schematic overview of the spark-gap based high-voltage nanosecond pulse circuit.

This power source has been designed and developed by dr.ir. F.J.C.M. Beckers.

2.3.3 Electrical measurements
A Northstar PVM-5 high-voltage probe and a Pearson 6600 current probe were used to

measure the voltage over the reactor and the discharge current respectively. These two

probes were connected to a Lecroy Wavesurfer 454 oscilloscope to record the signals and to

calculate the power and the energy of a pulse.

For all experiments, the magnitude of the high voltage pulse was kept constant (unless

otherwise mentioned). For both pulse sources, the pulse repetition rate was varied for the

energy density. The pulse repetition rate for the μs pulse-source and ns pulse-source can be
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Figure 2.7 – Typical waveforms in the DBD reactor with the ns pulse source: (a) Applied voltage

and discharge current (b) Power and energy deposited per pulse.

varied from 1 Hz–1 kHz and 1 Hz–100 Hz respectively . The energy per pulse (Ep, [J]) is

calculated by using equation (2.1).

Ep =

∫
pulse

V (t)I(t)dt (2.1)

V(t) and I(t) in equation (2.1) represent the measured pulse-voltage and current respectively.

The energy measurements were taken after the voltage and current reach a stable end value.

It can be observed in Fig. 2.7a that oscillations occur in the nanosecond voltage and current

waveforms. These oscillations and reflections might occur due to the mismatch between the

output impedance of the power source (which is 50 ohm) and the reactor impedance (which

is expected to be a few hundred ohm).

The plasma energy density (ε , [J/L]) was used as the main parameter to compare the

efficiency of treatment with different plasma-catalytic configurations and at varying electrical
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and operational parameters. The plasma energy density is defined as the energy deposited

into the gas per unit volume and can be calculated by using equation (2.2). F in equation

(2.2) is the volumetric gas flow through the reactor (L/s), Ep is the energy-per-pulse [J] and

f is the pulse repetition rate [Hz].

ε =
f Ep

F
(2.2)

The energy yield for removing one molecule of NO is represented by the W-value in eV/NO

molecule and the removal efficiency of NO is represented by G-value in mol/J. These

parameters are determined by equations (2.3) and (2.4) respectively.

Energycost (W − value) =
Vm × ε

Δ[NO]×10−6 ×Na × e
(eV/NOmolecule) (2.3)

Energyyield(G− value) =
Δ[NO]×10−6

Vm × ε
(mol/J) (2.4)

where Δ[NO] is the amount of NO removed in ppm. Vm is the molar volume which is

24.48 L/mol at 20 ◦C and 1 atm. Na is the Avagadro number and e is the charge of the

electron.

2.4 Gas concentration measurements

The gas used in our experiments consists of a mixture of synthetic air with NO in N2 (1%

of NO in N2 base), or of a mixture of synthetic air with C2H4 (1% of C2H4 in N2 base). We

have used ethylene (C2H4) as a model compound for testing the removal of VOCs with our

developed SDBD reactor in Chapter 6. The 1% NO in N2 mixture is diluted with synthetic

air (less than 3 ppm of H2O content), using mass flow controllers to get the desired initial

concentrations for the experiments. All experiments were done at room temperature and

atmospheric pressure. The initial composition of the gas is tested with a Testo 350 XL flue

gas analyser and the flow was controlled by mass flow controllers. The Testo 350 XL flue

gas analyser is calibrated periodically and is used only when the plasma is turned off to

determine the input concentration of NO and NO2 and to calibrate the FTIR. The treated

gas from the DBD reactor was sampled out to a Fourier Transform Infrared Spectrometer

(FTIR, BRUKER Tensor 27) with a 20-cm optical path gas cell to measure the exit gas

concentration.

For quantitative measurements, the FTIR was calibrated for NO, NO2, N2O, O3, C2H4,

CO and CO2. NO and NO2 calibration was done by varying the respective input concentra-

tions and measuring the absorbance area of the FTIR at each concentration. A calibration

factor can be obtained by plotting the absorbance area versus concentration. This calibration

factor can be multiplied with the absorbance area to calculate the unknown concentrations
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of NO and NO2. Similarly, N2O calibration was done by using a calibration gas-mixture

of 1% N2O in N2. CO and CO2 calibration was done by means of 1% CO-CO2 in N2
calibration gas mixture. The typical FTIR calibration curves for various gases is given in the

Appendix. A.6. The typical FTIR spectra for plasma-off and plasma-on for NOx removal

experiments and C2H4 experiments is presented in Appendix 7.6 in the figures A.4 and

A.5. The measured compositions in our experiments falls in the linearity range. For O3
calibration, we used UV-absorption spectrometry to calibrate the FTIR spectrometer. For

UV absorption measurements, we have used a 11-mm optical path cell and the optic fibers

connect this path cell with the UV source and the spectrometer. We have used Micropack

D-2000 as UV source and Ocean Optics HR2000 spectrometer. The detailed description

of the UV-absorption spectrometry can be seen in the thesis of Winands, Huiskamp and

Beckers [59–61].

The resulting spectra from the FTIR are used to determine the reactor-outlet concentra-

tions of NO, NO2, O3 and N2O. With these concentrations, the removal efficiency of the

DBD reactor could be calculated. The conversions of NO, NOx and C2H4 are determined

with:

NO conversion[%] =
[NO]i − [NO]o

[NO]i
×100 (2.5)

NOx conversion[%] =
[NOx]i − [NOx]o

[NOx]i
×100 (2.6)

C2H4 conversion[%] =
[C2H4]i − [C2H4]o

[C2H4]i
×100 (2.7)

where [NO]i and [NO]o are the reactor-inlet concentration of NO and the reactor-outlet

concentration of NO respectively. [NOx]i and [NOx]o are the inlet concentration of NOx and

the outlet concentration of NOx respectively. [C2H4]i and [C2H4]o are the inlet concentration

of C2H4 and the outlet concentration of C2H4 respectively.

The selectivity towards CO and CO2 is defined as the percentage of the total amount of

C2H4 that is being converted to CO and CO2 respectively. The selectivity towards CO and

CO2 in C2H4 measurements are determined with :

SCO[%] =
[CO]o

2× [[C2H4]i − [C2H4]o]
×100 (2.8)

SCO2 [%] =
[CO2]o

2× [[C2H4]i − [C2H4]o]
×100 (2.9)

where [CO]o and [NO2]o are the outlet concentrations of CO and CO2 from the reactor

respectively.
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2.5 Impedance measurements

One of the parameters that is expected to influence the discharge behaviour is the dielectric

constant of the catalytic material that is packed in the discharge reactor. Therefore, in this

section we measure the dielectric constants of the various catalytic materials that we have

used. Also, it is analyzed if the dielectric constant of the catalyst varies with the type and

amount of the metal oxide loading on both the TiO2 and the Al2O3 supports. The dielectric

constants have been measured by means of a Keysight 16451B Dielectric Test Fixture [62].

This instrument can measure the permittivity in the frequency range of 100 Hz - 10 MHz

[123]. The test kit consists of a test cell having parallel electrodes with a diameter of 5 mm and

the distance between the two electrodes can be varied up to 10 mm. The capacitance of the

test kit, filled with a catalytic material, is measured by the HIOKI 3532-50 LCR HiTESTER

which can measure impedances in the frequency range from 42 Hz - 5 MHz [63].

Figure 2.8 – Dielectric constant of reference materials as a function of frequency measured at

ambient temperature.

The synthesis and characterization of the catalytic materials are mentioned in section 2.2.

The catalytic materials were made into pellets of diameter 5 mm with a known thickness

varying from 2-3 mm. After pelletizing, the catalytic materials were kept in oven at 400 ◦C
overnight to avoid moisture content. Moisture content in the samples may vary their dielectric

properties. Every sample was taken from the oven and immediately tested for its dielectric

property, thus avoiding moisture content in the sample as much as possible just as in the
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experiments with the IPC and the PPC configurations. All the measurements were repeated

5-times to check for the reproducibility. It is observed that the error is high at low frequencies

up to 1 kHz. As this probe is a parallel plate probe, the dielectric constant can be calculated

by the formula :

εr =
d×Cp

A× εo
(2.10)

where ε r is the relative dielectric constant (permittivity) of the material of interest, d is the

thickness of test material [m], Cp is the capacitance of the parallel plate [F], A is the area of

the electrode [m2] and εo is the vacuum permittivity which is 8.854× 10−12 [F/m].

Figure 2.9 – Dielectric constant of TiO2 and metal oxides loaded on TiO2 as a function of

frequency measured at ambient temperature.

Before testing our catalytic materials, we have tested reference materials to check the

performance of the probe. We have used glass (microscopic slide) and teflon as reference

materials as their dielectric constants are well known, do not vary with frequency (atleast

until the tested frequency of 1 GHz) and have much lower loss factor. The measured dielectric

constants of the glass and Teflon as a function of frequency are shown in the Fig. 2.8. It

can be seen that the dielectric constants are almost constant for both the materials over the
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Figure 2.10 – Dielectric constant of Al2O3 and metal oxides loaded on Al2O3 measured at

ambient temperature.

tested frequency range. Also the measured values are in agreement with reference values as

reported in literature [64–66].

The measured dielectric constant as a function of frequency for TiO2, with and without

metal oxides loaded on the TiO2, is shown in Fig. 2.9. The results for Al2O3, with and without

metal-oxides loaded on Al2O3 are shown in Fig. 2.10. As the rise-time of the pulses in most

of our experiments is 0.9 μs, the frequency that is more important for our pulses is upto

0.4 MHz. It can be seen from Fig. 2.9 that the dielectric constant of TiO2 decreases when

metal-oxides were loaded on this material. In literature, it is reported that different phases

of TiO2 have different dielectric constants [67]. 3% MnO/TiO2 showed a slightly higher

dielectric constant than unloaded TiO2 at low frequencies. At low frequencies, the error

bars are also quite high and so at this point it is unclear to comment whether 3% MnO/TiO2
shows a higher dielectric constant or not. When comparing the dielectric constants of

3% MnO/TiO2 with the values for 5% MnO/TiO2, It can be seen that 3% MnO/TiO2 showed

higher dielectric constant values than 5% MnO/TiO2 at all frequencies. Thus, we may say

that with increase in the metal-oxide loading, the dielectric constant decreases. Gafoor et al.,
in their study on AC conductivity and diffuse reflectance studies of Ag-TiO2 nanoparticles,

investigated the effect of Ag nanoparticles on dielectric constant of TiO2 as function of

frequency [68]. They observed that an increasing metal loading resulted in a decrease of
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the dielectric constant. They attributed this decrease in dielectric constant to the increase in

thickness of grain boundaries in case that a metal loading is present. The thicker the grain

boundary the less polarized the material becomes and hence resulting in lower dielectric

constants.

The dielectric constant as a function of frequency for Al2O3 showed a different depen-

dence on the metal oxides as compared to the results for TiO2. The measured dielectric

constants for Al2O3 increase when the Al2O3 is loaded with metal-oxides. The difference

in the values of the dielectric constants was reducing from 10 kHz and above 100 kHz. For

all the metal oxides on Al2O3, the dielectric constant converged to a value of 2.5-3.0. A

similar trend for dielectric constants of Al2O3 loaded with ZrO2 were observed in [69]. The

difference in the behaviourial trend of the dielectric constant for metal-oxides loaded on

TiO2 and Al2O3 needs further understanding of material chemistry.



Chapter 3

Investigation on the effect of

electrical parameters on NOx removal

3.1 Introduction

During plasma treatment, highly active radicals and ions are produced by energetic elec-

trons which initiate the chemical reactions to decompose pollutants. To obtain efficient

remediation these active radicals and ions should be utilized in a effective way to improve

the selectivity and to reduce the by-products formation. For this, careful optimization of

electrical parameters and operational parameters is required to obtain energy efficient NOx
remediation irrespective of using a plasma-alone configuration or plasma combined with

catalysts. In this chapter, we have varied the electrical parameters such as applied peak

voltage, pulse polarity and pulse rise-time to study the degree of removal of NOx (sum of

NO and NO2), by-products formation and energy consumption in the DBD reactor. By

varying the electrical parameters, the energy cost and yield change considerably. A useful

parameter to optimize the energy consumption and removal efficiency in the NTP reactor is

the energy cost [7, 70] which is defined as the energy transferred to the plasma per mol of

NO or NOx removed from the gas stream. By varying the applied-voltage, energy deposition

per pulse in the reactor changes which in turn effects the energy costs. To study the effect

of the electrical parameters all the three configurations that were discussed in Chapter 2:

plasma-alone, in-plasma catalytic configuration(IPC) and post-plasma catalytic configura-

tion (PPC) were used. Commonly used support materials such as TiO2, Al2O3, NaY and

SiO2 have been used in the IPC and the PPC configuration.

21
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Figure 3.1 – Energy deposited per pulse in the DBD reactor for different applied peak-voltages.

3.2 Effect of applied peak-voltage

In this section, we studied the effect of applied peak-voltage on the NO and NOx removal

efficiency and by-products formation. The main by-products that we have reported here are

N2O and O3, although also N2O5 was observed at high energy densities. We varied the

applied peak-voltage from 15 kV to 19 kV with an interval of 1 kV. Below 15 kV, there is no

plasma generation in our DBD reactor. By increasing the applied peak-voltage, the energy

deposition per pulse in the reactor increases from 8 mJ to 24 mJ, as seen in Fig. 3.1. For each

input voltage, the pulse repetition rate was varied to vary the energy density. The input NO

concentration is 200 ppm diluted in 5 slm of dry synthetic air. Experiments were conducted

at atmospheric pressure and room temperature. All the experiments in this chapter were

performed for 4 times and are reproducible within +/- 5% error margin.

3.2.1 Plasma-alone configuration
Figure 3.2 shows the effect of applied-voltage on the NO and NO2 concentrations at various

energy densities. It can be observed that with increasing energy density, NO concentration

reduces to below 6 ppm for all the applied voltages. Thus we can say that the NO conversion

does not depend on the applied peak-voltage but is a function of energy density. Few other

researchers also reported the same [71–73]. The NO2 concentration keeps increasing up

to 40 J/L and then starts to reduce. The amount of radicals production scales linearly with

energy density which in turn leads to higher density of radicals and in this case, production of

more O and N atoms as shown in equation (3.1) and (3.3). Thus the produced atomic oxygen

and atomic nitrogen react with O2 and NO2 to produce O3 and N2O respectively as shown

in the equation (3.4) to (3.7). NO3 is a transient species and reacts with NO2 to form N2O5
by the reaction (3.10). Although NO+, H3O+ ions are major ions in air plasmas, the ion

densities are relatively small and are not chemically active in the NOx removal process [74].

Therefore, we have not considered ions in our reaction pathways.
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Figure 3.2 – NO and NO2 concentrations as a function of energy densities for various applied

voltages for input NO concentration of 200 ppm and gas flow rate of 5 L/min.

e+N2 → e+N+N (3.1)

N+N+M → N2+M (3.2)

e+O2 → e+O+O (3.3)

O+O2 → O3 (3.4)

NO+N → N2+O (3.5)

NO+O → NO2 (3.6)

NO+O3 → NO2+O2 (3.7)

NO2+N → N2O+O (3.8)

NO2+O3 → NO3+O2 (3.9)

NO2+NO3+M → N2O5+M (3.10)

(3.11)

With increasing energy densities, the collisions between the electrons and the neutrals

are more frequent which leads to the production of more O and N atoms as shown in

equation (3.1) and (3.3) which leads to increasing removal efficiency but also increases the

by-products formation. Increasing the energy densities also increases energy costs; i.e. the

energy needed to remove one mol of NO or NOx.

When the energy cost for NO and NOx is plotted as a function of applied voltage

at various energy densities as shown in Fig. 3.4a and Fig. 3.4b , it is observed that with

increasing applied voltage the energy cost first decreases to a minimum at 16 kV and then
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Figure 3.3 – N2O and O3 concentrations as a function of energy densities for various applied

voltages for input NO concentration of 200 ppm and gas flow rate of 5 L/min.

(a) Energy cost per molecule of NO removed. (b) Energy cost per molecule of NOx removed.

Figure 3.4 – Energy cost for NO and NOx removed as a function of energy density for various

applied voltages for input NO concentration of 200 ppm and gas flow rate of 5 L/min in a plasma-

alone configuration.

increases for all energy densities. A similar trend is observed when energy cost for NOx
molecule is plotted as a function of applied voltage. The energy costs for NOx molecule

first decreases to a minimum at 16 kV and then increases at 17 kV and above this applied

peak-voltage, the energy costs decreases again. We observed high energy costs at 17 kV

upto an energy density of 20 J/L. This is probably due to high energy deposition per pulse

at 17 kV as compared to 16 kV leading to high energy density and higher NO conversions.

But this applied energy density is just enough to convert NO to NO2 giving rise to lower

NOx removal. This lower NOx removal and high energy per pulse might have lead to higher
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energy costs below 20 J/L. Above 20 J/L, the NO conversions are high and the produced

NO2 is consumed to form N2O and N2O5 resulting in higher NOx removal and leading to

low energy costs at energy densities of 30 J/L and 40 J/L for applied voltage of 17 kV. For

applied voltages of 18 kV and 19 kV, the energy cost for NOx removal is observed to be low.

This is because, at this energy density, NO2 is being consumed to form N2O5.

(a) NO yield (b) NOx yield

Figure 3.5 – NO and NOx removal yield as a function of NO and NOx removal efficiency

respectively for various applied voltages for input NO concentration of 200 ppm and gas flow rate

of 5 L/min in a plasma-alone configuration.

When the removal yields for NO and NOx are plotted as a function of NO and NOx
conversion respectively, it is observed that the removal yields (i.e. the mol of NO removed

per Joule) increase with increasing applied voltage at lower energy densities which can

be seen in Fig. 3.5. With increasing energy density as the NO is removed significantly,

the removal yields are almost the same irrespective of the increase in applied voltage. At

such high energy densities, NO is already consumed and gets converted to NO2. The term

NOx conversion was used here to illustrate the yields with respect to the sum of NO and

NO2 concentrations for the convenience despite mixing the fact that NO2 is present in small

amounts (in the range of 5-10 ppm) in the input gas concentration. This small concentrations

of NO2 is due to mixing with synthetic air and subsequent NO-NO2 equilibrium. The removal

yield for NOx at 15 kV is far less than that of the removal yields at other applied voltages

as seen in the Fig. 3.5. At this applied-voltage, the rate of NO conversion is low as the

input energy per pulse is low and thus NO2 concentration gradually increases. On the other

hand, this energy per pulse is not enough to convert NO2 to N2O and thus we can see lesser

concentrations of N2O and O3 compared to higher applied voltages. With the increasing

removal of NOx, the removal yield first decreased and then increased for all the applied

voltages and again starts to decrease at higher NOx removal. Higher NOx removal rates

are obtained at an applied voltage of 16 kV. The removal yield for an applied voltage of

16 kV started to reduce from 34 nmol/J to 28 nmol/J until the NOx conversion reaches 13%
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and after this 13% NOx removal, the NOx removal yields started to increase and reaches a

maximum of 38%. The trend is same for all the other applied peak-voltages. In the study on

the effect of electrode shape in dielectric barrier discharge plasma reactor for NOx removal

by Koichi Takaki et al. [72], suggests that with the increase in applied peak-voltage, the

number of microdischarges and capacitive current increases. This increase in capacitive

current leads to the increased energy losses in the dielectric barrier which in turn reduces

the energy efficiency.

3.2.2 In-plasma configuration
The effect of the plasma combined with catalyst in an in-plasma (IPC) configuration for NO

and NOx removal as a function of energy density for various applied peak-voltages is shown

in Fig. 3.6 and Fig. 3.7 respectively. For plasma-alone, NO conversion reaches 99% at an

energy density of around 30 J/L for all the applied peak-voltages whereas when the catalyst

materials are introduced in to the plasma reactor, the NO removal rate is lower than that of

the plasma-alone configuration which was also observed by Jeon et al. [75]. 99% conversion

of NO is achieved above 40 J/L for all the materials that are used here. The plasma-alone

configuration showed that the NO conversion does not depend much on the applied peak-

voltages but depends mainly on the energy densities whereas in the IPC configuration, NO

removal is function of both applied peak-voltages as well as the energy density. For TiO2,

the maximum NO conversion is achieved at 35 J/L for an applied peak-voltage of 16 kV.

With increasing applied peak-voltage, NO conversion started to slightly decrease. All the

other materials showed the same trend except the clear distinction of NO removal at 16 kV.

As shown in Fig. 3.7, the maximum NOx removal with TiO2 and Al2O3 was also achieved

at 16 kV but at different energy densities. For TiO2 and Al2O3, 38% NOx removal was

obtained at 47 J/L and 80 J/L respectively. There appeared to be a clear distinction in the

NOx removal at this applied peak-voltage with TiO2 and Al2O3 whereas the NaY and SiO2
does not show a big difference with varied applied peak-voltage. With increasing applied

peak-voltage, NaY showed negative NOx conversion at 18 kV and 19 kV applied peak-voltage

as NOx is produced intrinsically. SiO2 showed increasing NOx conversion with increasing

applied-voltage. The maximum NOx conversion achieved was 46% at 69 J/L.

Thus different materials reacted differently to the applied peak-voltage but what is the

impact of the applied peak-voltage on by-products formation? Do all the materials follow

same trend or do they perform differently? To answer that, N2O concentration and O3
concentrations as a function of energy density for various applied peak-voltages have been

plotted as shown in Fig. 3.8. Al2O3 showed higher by-products formation at applied peak

voltage of 16 kV despite its high NO and NOx removal at this voltage. For TiO2, NaY and

silica, it is observed that with increasing applied peak-voltage the amount of by-products

formation increased. But this increase in by-products may be due to high energy densities

that are applied at higher applied peak-voltages. With increasing applied peak-voltage, at

low energy densities, the N2O concentrations are low but increase with increasing energy

density. Whereas O3 concentration showed the opposite trend. O3 concentration tend to

increase with increasing applied peak-voltage and energy densities.
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(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 3.6 – NO conversion as a function of energy density for various applied voltages for input

NO concentration of 200 ppm and gas flow rate of 5 L/min in an IPC configuration.

When looking at the energy costs as a function of applied peak-voltages for plasma-alone

and plasma combined with catalyst in the IPC configuration, it can be seen from Fig. 3.9 that

the energy cost for NO removal is less for plasma-alone configuration at all applied peak-

voltages. This comparison of energy costs was done at an energy density of 30 J/L as at least

80% conversion of the NO has been reached before 30 J/L for all the materials. The energy

cost for NO removal at 16 kV is almost the same for TiO2, Al2O3 and NaY and it is lower

compared to other peak-voltages. At an applied peak-voltage of 15 kV to 16 kV, there is a

dip in energy cost as more NO is converted to NO2 and from 16 kV to 17 kV, the energy cost

seems to rise because of the slight intrinsic production of NO and above 17 kV, the conversion
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(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 3.7 – NOx conversion as a function of energy density for various applied peak-voltages

for input NO concentration of 200 ppm and gas flow rate of 5 L/min in an IPC configuration.

of NO2 to N2O5 dominates thus reducing the energy costs again. But when looking at the

energy costs for NOx removal, plasma-alone configuration has higher costs compared to all

the tested IPC-configurations. To summarize, the energy costs for NO removal using the IPC

configuration are in the order of plasma-alone< NaY (up to 17 kV) < Al2O3 < Silica < TiO2
and the energy costs for NOx removal using the IPC configuration are in the order of NaY

< Al2O3 = TiO2 < Silica < Plasma-alone. The plasma-alone configuration showed lower

energy costs for NO removal because of its efficiency to convert NO to NO2 at low energy

density while the IPC configuration requires slightly higher energy densities for complete

conversion of NO.
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(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 3.8 – By-products formation as a function of energy density for various applied peak-

voltages for input NO concentration of 200 ppm and gas flow rate of 5 L/min in an IPC configu-

ration.

Previously, we have shown that with increase in the applied peak-voltage, the energy

deposition per pulse increases. This increases the plasma energy density which in turn

increases the radicals production. Gentile et al. in their study on the reaction chemistry and

optimization of plasma remediation of NxOy [74] have stated that the rates of majority of

remediation reactions (such as reactions 3.5 and 3.6) scale linearly with radical concentrations

and the rate of radical recombination reactions (such as reaction 3.2) scale non-linear with

the radical concentrations. At low energy densities, the radicals will be more utilized

in the remediation reactions and less in radical recombination reactions. The more the

radicals utilized in the remediation reactions, the more efficient will be the remediation

process. Thus, the low applied peak-voltages provide better remediation due to less energy

deposition per pulse. As an applied peak-voltage of 16 kV showed better results with respect

to removal efficiency, energy costs and by-products formation, the rest of the experiments
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(a) Energy cost for NO removal (b) Energy cost for NOx removal

Figure 3.9 – Energy costs for NO and NOx removal as a function of applied peak-voltages in an

IPC configuration for input NO concentration of 200 ppm with gas flow rate of 5 L/min and at an

energy density of 30 J/L.

were conducted at this peak-voltage unless otherwise mentioned.

3.2.3 Post-plasma configuration
The effect of plasma combined with catalyst in a post-plasma (PPC) configuration for NO

and NOx removal as a function of energy density for various applied peak-voltages is shown

in Fig. 3.10 and Fig. 3.11. As observed in the plasma-alone configuration and in the IPC

configuration, the PPC configuration also shows that the NO conversion does not depend

much on the applied peak-voltages but depends only on the energy densities. To obtain 90%

NO conversion, energy densities higher than 50 J/L are required for all the materials that are

used here whereas plasma-alone configuration achieved 99% conversion at 35 J/L. Thus for

higher NO conversions, PPC configurations requires more than 1.5 times of higher energy

densities compared to the plasma-alone configuration.

When looking into the NOx conversion for various applied peak-voltages as a function of

energy density, PPC configurations performed better than the plasma-alone configuration.

The PPC configuration with NaY showed higher NOx removal at 19 kV as compared with

plasma-alone, IPC configurations and to other materials that have been used in the PPC

configuration. NaY achieved 71% NOx removal at approximately 70 J/L for the applied peak-

voltage of 19 kV. Ogata et al. [76] also observed that the formation of NOx was suppressed

by combining the plasma reactor with NaY. Adelman et al. [76] made a temperature-

programmed desorption (TPD) study on the adsorption capacity of NOx on different zeolites

and have reported that in the presence of O2 much of the NOx can be adsorbed on the NaY

zeolites. The zeolites are also able to convert NO to N2O and N2O3 which is called as a

disproportionation reaction as is reported in [77].

When the N2O and O3 concentrations are plotted as a function of energy density as in
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(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 3.10 – NO conversion as a function of energy density for various applied voltages for

input NO concentration of 200 ppm and gas flow rate of 5 L/min in a PPC configuration.

Fig. 3.12, it can be seen that Al2O3 and NaY produced higher N2O concentrations than TiO2
and silica. On the other hand, O3 formation was less for NaY compared with Al2O3, TiO2 and

silica at all applied peak-voltages. In the PPC configuration, the by-products formation does

not depend on applied peak-voltage but varied significantly with varying energy densities

which follows the same trend as the NO-removal. In general, the by-products formation is

less for PPC configurations compared to IPC and plasma-alone configurations especially

with regard to O3 concentrations.

The energy costs for NO and NOx removal as a function of the applied peak-voltages

for the PPC configuration can be seen in Fig. 3.13. The energy cost for NO removal is less

for plasma-alone configuration at all applied peak-voltages than with the plasma-combined

with catalysts which has the same trend as seen in the IPC configurations. The increase
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(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 3.11 – NOx conversion as a function of energy density for various applied voltages for

input NO concentration of 200 ppm and gas flow rate of 5 L/min in a PPC configuration.

and decrease of energy costs at various applied peak-voltages followed the same trend as

mentioned earlier for the IPC configuration. When a comparison is made between the energy

cost for NOx removal using the plasma-alone and the PPC configurations, it can be seen that

the energy costs per mol of NOx removal is much higher for the plasma-alone configuration

as the NO2 concentrations are higher. To summarize, the energy costs for NO removal using

the PPC configuration are in the order of plasma-alone< NaY < Silica < TiO2 < Al2O3 and

the energy costs for NOx removal using the PPC configuration are in the order of NaY <

Al2O3 < TiO2 < Silica < Plasma-alone.
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(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 3.12 – By-products formation as a function of energy density for various applied voltages

for input NO concentration of 200 ppm and gas flow rate of 5 L/min in a PPC configuration.

3.3 Effect of pulse polarity

From the literature, it can be found that the plasma processing depends on the polarity of

the applied high-voltage pulses [60, 78, 79]. In the study on control of NOx by positive and

negative pulsed corona discharges by Masuda et al. [78], they stated that positive pulsing

produces more reactive species as compared to the negative pulsed corona. In the study by

Huiskamp et al. [73,80], study was done on the streamer development and propagation with

positive and negative polarity pulses. The positive and negative streamers were studied by

ICCD fast imaging. He observed that the negative pulses produced less streamer volume

compared to positive pulses and hence less O3. Muaffaq et al. [79] also reported that

for dielectric barrier discharges, positive pulses lead to a formation of large number of

positive streamers with a high electric field region at their heads. They also observed that
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(a) Energy cost for NO removal (b) Energy cost for NOx removal

Figure 3.13 – Energy costs for NO and NOx removal as a function of applied peak-voltages in

PPC configuration for input NO concentration of 200 ppm with gas flow rate of 5 L/min and at an

energy density of 30 J/L.

the NOx removal is higher with positive pulses than with negative pulses. Thus, different

configurations showed different effects with positive and negative pulses and it will be

interesting to see how the pulse polarity affects the NOx removal in our configuration. In

this section, we have investigated the effect of polarity on NOx removal in the dielectric

barrier discharge reactor. The experiments were conducted at applied peak-voltage of 16 kV

and an initial NO concentration of 200 ppm. The pulse repetition rate was varied from

10 Hz–1 kHz to vary the energy density. We have used TiO2, Al2O3, NaY, and SiO2 in the

IPC and the PPC configurations.

3.3.1 Plasma-alone configuration
The effect of pulse-polarity on the NO and NOx removal as function of energy density

is shown in Fig. 3.14. The negative polarity pulses showed slightly better NO conversion

whereas the positive polarity pulses showed a bit better NOx conversion. The NO2 con-

centrations are observed to be higher with negative polarity which resulted in lower NOx
conversions. Similar results were obtained in [81] where the authors have studied the ef-

fect of polarity on NOx removal in a coaxial corona discharge reactor and they have also

observed that at higher temperatures, the negative polarity resulted in higher NOx removal.

There happens to be no significant difference in the by-products formation with the positive

polarity pulses and negative polarity as seen in Fig. 3.15.

3.3.2 In-plasma configuration
The effect of pulse-polarity on the plasma combined with catalyst in a IPC for NO and NOx
conversion as a function of energy density is shown in Fig. 3.16. The positive pulses show
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(a) NO conversion (b) NOx conversion

Figure 3.14 – NO and NOx conversion as a function of energy density for the positive polarity

pulses and the negative polarity pulses for input NO concentration of 200 ppm and gas flow rate

of 5 L/min in a plasma-alone configuration.

Figure 3.15 – N2O and O3 concentrations as a function of energy density for the positive polarity

pulses and the negative polarity pulses for input NO concentration of 200 ppm and gas flow rate

of 5 L/min in a plasma-alone configuration.

better conversion especially with regard to NOx for TiO2, Al2O3, and NaY. It is interesting

to see the effect of polarity on NOx conversion with NaY as the difference between positive

and negative pulses is quite obvious above 20 J/L. The maximum NOx conversion for NaY

with negative pulse is approximately 17% whereas a conversion of approximately 45% is
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achieved with positive pulses which is around 2.5 times higher than that for the negative

pulses. This behaviour is also observed with TiO2 and Al2O3. For TiO2, the NOx conversion

was approximately 39% with positive pulses but only 11% with negative pulses. For Al2O3,

38% of NOx conversion was achieved with positive pulses and 15% with negative pulses.

It can be seen that for both Al2O3 and TiO2, the NOx conversion started to increase above

40 J/L. This is due to the consumption of NO2 to form N2O5. In contrast, silica showed

better NOx conversion with negative pulses than positive pulses above 15 J/L.

(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 3.16 – NO and NOx conversion as a function of energy density for the positive polarity

pulses and the negative polarity pulses in the IPC configuration for input NO concentration of

200 ppm and gas flow rate of 5 L/min.

The effect of polarity on by-products formation is shown in the Fig. 3.17. It can be

observed that TiO2 does not show any significant difference of N2O concentrations with

polarity but showed higher O3 concentrations with positive pulses and no O3 formation was

observed for negative pulses. On the other hand, Al2O3 did not exhibit any considerable

difference in both N2O and O3 concentrations with change in the polarity. For NaY, the
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change in polarity does not appear to effect the N2O concentration but a small concentration

of O3 (7 ppm) can be noticed with negative pulses. The performance of silica is in-line with

NaY where the polarity did not show significant effect on N2O concentrations but positive

pulses give better results with respect to O3 concentrations. As mentioned earlier, in the study

by Huiskamp [73, 80], lesser O3 yields were observed with negative pulses and in our case

it is in-line with performance of TiO2 and contradicts with NaY and silica. Though there

is no clear evidence on why these materials behaved differently with change in polarity,

an in-depth study on the amount of micro-discharges formed with different materials for

different polarities with ICCD imaging or optical spectrum measurements to investigate the

electron energies with streamer for positive pulses and negative pulses may give a clue for

this difference in the performance.

(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 3.17 – By-products formation as a function of energy density for the positive polarity

pulses and the negative polarity pulses in the IPC configuration for input NO concentration of

200 ppm and gas flow rate of 5 L/min.
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3.3.3 Post-plasma configuration
Figure 3.18 shows the effect of polarity of the pulses when the plasma is combined with

catalysts in a PPC configuration. With TiO2, the negative pulses show higher NO conversion

whereas a higher conversion for NOx was obtained with the positive pulses. For the negative

pulses, NOx conversion started to fall above 25 J/L. Al2O3 showed slightly higher NO

conversion with the negative pulses above 15 J/L but again the positive pulses showed better

NOx conversion similar to the behaviour of TiO2. A maximum NOx conversion of 11%

is achieved with the negative pulses whereas the positive pulses achieved a maximum of

23% for Al2O3. NaY showed better NO and NOx conversions with the positive pulses

whereas silica achieved better NO conversion with positive pulses. Higher NOx conversion

for silica was achieved with positive pulses up to 15 J/L and above 34 J/L and in between

15–34 J/L, the negative pulses performed better in terms of NOx removal. When the IPC

and PPC configurations are compared with respect to NO and NOx conversions, regardless

of the polarities, the NO conversion achieved by the PPC configuration is less than that of

the plasma-alone and IPC configuration. Whereas the NOx conversions are better in the

PPC configuration than the plasma-alone configuration but bit lower compared to the IPC

configurations.

The effect of pulse-polarity on the by-products formation is shown in Fig. 3.19. Re-

gardless of the polarities, O3 formation has been suppressed in the PPC configuration and

in general the N2O concentrations were less with PPC configurations with all the materials

that have been used in this study. For TiO2, N2O concentration is observed to be higher

for negative pulses especially above the energy density of 20 J/L. No ozone was observed

with TiO2 for both the positive pulses and the negative pulses. Al2O3 exhibited the sim-

ilar behaviour as in the IPC configuration which means that no significant difference was

observed for both the N2O concentrations and O3 concentrations. N2O concentrations are

appeared to be higher with positive pulses for NaY. 5 ppm of O3 was observed with negative

pulses for NaY which is was also the approximate O3 concentration that was observed in

IPC configuration with the negative pulses. Similar to the behaviour of NaY, silica also

exhibited higher N2O concentrations with positive pulses. O3 concentrations was observed

to be higher with positive pulses for silica.

3.4 Effect of pulse rise-time

In this section, the effect of pulse rise-time was studied by using a microsecond pulse source

with 0.9-μs rise time and 2-μs pulse width (referred to as μs pulse) and a nanosecond

pulse source with 10-ns rise time and 16-ns pulse width (referred to as ns pulse). So the

The contents of this section have been published previously as [9]:

• V.R. Chirumamilla, W.F.L.M. Hoeben, F.J.C.M. Beckers, T. Huiskamp, E.J.M. Van Heesch, and A.J.M.

Pemen, “Experimental investigation on the effect of a microsecond pulse and a nanosecond pulse on

NO removal using a pulsed DBD with catalytic materials,” Plasma Chemistry and Plasma Processing,

vol.36(2), pp. 487-510, Mar 2016.



3.4. Effect of pulse rise-time 39

(a) TiO2 (b) Al2O3

(c) NaY (d) Silica

Figure 3.18 – NO and NOx conversion as a function of energy density for the positive polarity

pulses and the negative polarity pulses in the PPC configuration for input NO concentration of

200 ppm and gas flow rate of 5 L/min.

rise-times and the pulse-width of the two pulses varied by about 2 orders of magnitude. A

pulsed non-thermal DBD reactor is combined with TiO2, CuO-MnO2-TiO2, CuO-MnO2-

Al2O3 to study the effect of rise-time on the NO removal efficiency, energy efficiency

and the by-products formation for plasma-alone, in-plasma (IPC) and post-plasma (PPC)

configurations. The characteristics of the catalytic materials are mentioned in Chapter 2.

The reactor that has been used in this section is slightly longer than that of the reactor that

has been used previously and is explained in the Chapter 2 in the Fig. 2.2b. The microsecond

pulse power source that has been used here is as described in the Chapter 2 in the Fig. 2.4

and the schematic overview of the nano-second pulse-power source that has been used in

this section can be found in the Fig. 2.6. The typical applied voltage and discharge current

and the subsequent energy per pulse and power for the nanosecond source are shown in the

Fig. 2.7 and and for the microsecond pulse power source these parameters were shown in the
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(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 3.19 – By-products formation as a function of energy density for the positive polarity

pulses and the negative polarity pulses in the PPC configuration for input NO concentration of

200 ppm and gas flow rate of 5 L/min.

Fig. 2.5. The voltage was kept constant (17 kV for the μs pulse source and 40 kV for the ns

pulse source) and the pulse repetition rate was used as the operating parameter to vary the

energy densities.

3.4.1 Plasma-alone configuration
Figure 3.20 shows the effect of the microsecond and nanosecond pulse energization on the

NO conversion. It can be seen that for the ns-pulse the NO conversion is near 100% at much

lower energy densities as compared to the μs-pulse. An energy density of approximately

60 J/L and 130 J/L were required for 100% NO conversion using the ns and the μs-pulse

respectively. This 100% conversion of NO by the ns-pulse at low energy densities is due to

the ability of the short rise times to produce high E/N values, where E is the electric field
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Figure 3.20 – NO conversion as a function of the energy density with the nanosecond-pulse

source and the microsecond-pulse source.

Figure 3.21 – W-value and G-value as a function of energy density with the nanosecond-pulse

source and the microsecond-pulse source.

and N is the density of the gas in the reactor [82].

The Energy cost W-value (i.e. the energy required to remove one mol of NO) are 90 and

184 eV/NO molecule respectively for the ns-pulse and the μs-pulse and the energy yield G-

value (i.e. the amount of NO removed per Joule of energy supplied) are 100 and 200 nmol/J

at 25 J/L as seen in Fig. 3.21. The results of Fig. 3.21 also show that with increasing energy

density, the W-value increases and keeps increasing even after 100% NO removal while

the G-value decreases to a minimum of 50 nmol/J at an energy density of 50 J/L and then

remains almost constant. The increase in the W-value even after 100% NO conversion is

due to the fact that there is no NO left for further conversion and the energy input to the

reactor is used in other reactions such as the production of O3, N2O and other unwanted

by-products formation. The input energy is also dissipated in the form of light and heat.
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Figure 3.22 – N2O and O3 formation as a function of the energy density with the nanosecond-

pulse source and the microsecond-pulse source.

The effect of the energy density on the by-products formation such as O3 and N2O are

studied with respect to the rise time as shown in Fig. 3.22. With increasing energy density,

the by-products formation increases with both the μs-pulse and ns-pulse. The production

of by-products is more pronounced with the ns-pulse rise time compared to the μs-pulse. It

is observed that for 100% NO conversion, approximately 6 ppm and 14 ppm of N2O and O3
is generated respectively for the ns-pulse. Whereas for the μs-pulse, N2O and O3 formation

is 3 ppm and 2 ppm respectively. The ns-pulse is efficient in converting 100% NO at low

energy densities but at the expense of higher by-products formation. This is due to the

possibility of generating the plasma at a much higher voltage with a ns-pulse. This leads

to higher energy densities which in turn leads to the production of more O and N atoms

consequently producing more O3 and N2O as described in sec. 3.2

3.4.2 In-plasma configuration
A pulsed DBD reactor is combined with catalysts such as TiO2, CuO-MnO2-TiO2 and CuO-

MnO2-Al2O3 to study the a possible benefit from combining plasma with catalysts in terms

of the NO removal efficiency and its energy efficiency. From Fig. 3.23, NO conversion as

a function of the energy density, it can be seen that CuO-MnO2-TiO2 catalyst is capable of

removing 100% NO at low energy densities as compared to CuO-MnO2-Al2O3 and TiO2.

The ns-pulse shows better removal efficiency with both the plasma alone configuration and

for the IPC. But, as mentioned earlier, higher NO conversion at lower energy densities is at

the expense of higher by-products formation which can be observed in the Fig. 3.24.

Figure 3.24a and Fig. 3.24b show the production of N2O and O3 respectively as a function

of the energy density. It can be noticed that the by-products formation is reduced with an

IPC configuration as compared to the plasma-alone configuration irrespective of the μs-

pulse or a ns-pulse input. However, the ns-pulse produces higher amounts of N2O and O3
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Figure 3.23 – NO conversion as a function of energy density for various catalysts with in-plasma

catalytic configuration with the nanosecond-pulse source and the microsecond-pulse source.

compared to the μs-pulse. The trend is slightly different for TiO2 and CuO-MnO2-Al2O3
as these catalysts produced higher amounts of N2O and O3 with the μs pulse for 100%

NO conversion compared with the ns-pulse. It is also observed that TiO2 produced higher

amounts of O3 compared to the plasma alone configuration, CuO-MnO2-TiO2, CuO-MnO2-

Al2O3 catalysts.

The MnOx-based catalysts showed better performance with respect to ozone decompo-

sition as compared to the other materials. This may be due to the in-situ decomposition of

ozone into atomic oxygen on the surface, where this atomic oxygen will be present on the

MnOx surface in the form of O (3P). This in turn might oxidize NO to NO2 which might be

the possible reason for the better performance of the MnOx-based catalysts with respect to

ozone decomposition. As mentioned in [83], the better performance of CuO-MnO2-TiO2 can

be attributed to the synergy between the plasma excitation and the photocatalytic behaviour

of TiO2. Even though MnOx-based catalysts proved to be efficient in ozone decomposition,

it is also observed from the results of this study that CuO-MnO2-Al2O3, at higher densities

failed to decompose ozone. This may be due to the difference in the support materials.

With a change in the dielectric constant of the support material, there could be a change in

the plasma distribution or plasma discharges or in the adsorption-desorption effects of the

molecules. The effect of catalyst support was studied in [84] where the authors investigated

the effect of the catalyst support in the degradation of odorous compounds by the plasma and

found out that there were differences in the electric behaviour and the space development of

the plasma with different supports.
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(a) N2O formation as a function of energy density for various catalysts with the

nanosecond-pulse source and the microsecond-pulse source.

(b) O3 formation as a function of energy density for various catalysts with the

nanosecond-pulse source and the microsecond-pulse source.

Figure 3.24 – By-products formation as a function of energy density for various catalysts with

in-plasma catalytic configuration with the nanosecond-pulse source and the microsecond-pulse

source.

3.4.3 Post-plasma configuration

The effect of the energy density on the removal efficiency for the PPC configuration is shown

in Fig. 3.25. It is observed that, the CuO-MnO2-TiO2 catalyst showed better performance

with both the IPC and the PPC configurations with respect to both NO removal efficiency
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Figure 3.25 – NO conversion as a function of energy density for various catalysts with post-plasma

catalytic configuration with the nanosecond-pulse source and the microsecond-pulse source.

and by-products formation. CuO-MnO2-TiO2 catalyst is capable of removing 100% NO at

low energy densities with both the μs and the ns pulses compared with CuO-MnO2-Al2O3
and TiO2. Nanosecond-pulses showed better performance with the PPC configuration with

respect to removal efficiency but at the expense of by-products formation which showed

the same trend as with the IPC configuration. Figure 3.26a and Fig. 3.26b shows the effect

of energy density on by-products formation. Nanosecond-pulse showed higher N2O and

O3 formation than the μs-pulse. TiO2 showed higher amounts of N2O formation with the

IPC compared to the PPC with both the μs and the ns-pulses whereas CuO-MnO2- Al2O3
showed higher N2O formation with the PPC with the ns-pulse only. In general, the PPC

performed better with both the μs and the ns-pulse with respect to the by-products formation

irrespective of the catalysts used.

3.5 Summary and conclusions

To obtain efficient remediation of NOx, careful optimization of electrical parameters and

operational parameters is required. In this chapter we have studied the effect of electrical

parameters on the NO and NOx removal, and the by-products formation using a pulsed

dielectric-barrier-discharge reactor. The electrical parameters that are varied in this study

are the applied peak-voltage, pulse polarity and pulse rise-time. To study the effect of

the electrical parameters, we have used three plasma reactor configurations: plasma-alone,

in-plasma catalytic configuration (IPC) and post-plasma catalytic configuration (PPC). Com-

monly used support materials such as TiO2, Al2O3, NaY and SiO2 have been used in both

the IPC and the PPC configuration. The main by-products that we have reported here are

N2O and O3 although N2O5 was only observed at high energy densities.
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(a) N2O formation as a function of energy density for various catalysts with the

nanosecond-pulse source and the microsecond-pulse source.

(b) O3 formation as a function of energy density for various catalysts with the

nanosecond-pulse source and the microsecond-pulse source.

Figure 3.26 – By-products formation as a function of energy density for various catalysts with

post-plasma catalytic configuration with the nanosecond-pulse source and the microsecond-pulse

source.

Effect of applied peak-voltage We varied the applied peak-voltage from 15 kV to 19 kV

with an interval of 1 kV. It is observed that the conversions and by-products formation depend

more on energy density than on applied peak-voltage. The lower applied peak-voltages show

better removal efficiency because of low energy density. At low energy densities, the

radicals will be more utilized in the remediation reactions and less in radical recombination
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Figure 3.27 – Comparison of energy costs for NO and NOx removal in plasma-alone, In-plasma

and post-plasma configurations at the applied peak-voltage of 16 kV and at an energy density of

30 J/L.

reactions. The more the radicals utilized in the remediation reactions, the more efficient the

NOx removal. Thus, the low applied peak-voltages provide better remediation due to the low

energy per pulse deposition thus providing the low plasma energy density. As an applied

peak-voltage of 16 kV showed better results with respect to removal efficiency, energy costs

and by-products formation, the rest of the experiments were conducted at this peak-voltage

unless otherwise mentioned.

By varying the applied peak-voltage, the energy cost and the yield changes considerably.

A useful parameter to optimize the energy consumption and removal efficiency in the NTP

reactor is the energy cost which is defined as the energy transferred to the plasma per mol of

NO or NOx removed from the gas stream. An overview of the energy costs for NO and NOx
removal in the plasma-alone, IPC and the PPC configurations at an applied peak-voltage of

16 kV and energy density of 30 J/L (as more than 80% conversion is obtained for all the three

configuration at this energy density) is shown in Fig. 3.27. It can be seen that the energy

costs for NO removal remains almost the same for all the three configurations and the energy

costs for NOx removal varies significantly. Plasma-alone configuration has higher energy

costs for NOx removal followed by silica in IPC configuration. Al2O3 in IPC configuration

showed low energy costs for NOx removal followed by NaY in PPC configuration.
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Configuration NO conversion NOx conversion N2O formation O3 formation

Plasma-alone + - ◦ ◦
IPC-TiO2 ◦ - ◦ +

PPC-TiO2 ◦ ◦ - ◦
IPC-Al2O3 - - + +

PPC-Al2O3 - - ◦ ◦
IPC-NaY - - - -

PPC-NaY +/- +/- + -

IPC-SiO2 + + ◦ -

PPC-SiO2 - +/- + +

Table 3.1 – Performance of negative-pulse polarity as compared to the positive-pulse polarity

on NO and NOx removal and the by-products formation with all the three configurations. The

symbols indicates that the negative-pulse polarity showed increased performance (+), decreased

performance (-), no significant effect (◦) and may have positive or negative effect (+/-).

Effect of pulse polarity From the literature, we studied that different discharge con-

figurations showed different effects on NO and NOx removal with positive and negative

pulses which triggered us to investigate how this polarity effects the NOx removal in our

configuration. In summary, the performance of negative-pulse polarity as compared to the

positive-pulse polarity on NO and NOx removal and the by-products formation with all the

three configurations is shown in table 3.1. The symbols in table 3.1 indicates that compared

to the positive pulse polarity, the negative pulse polarity showed increased performance (+),

decreased performance (-), no significant effect (◦) and may have positive or negative effect

(+/-).

In general, positive pulses performed better than negative pulses with respect to NOx
which could be due to increased reactive species production with positive pulses as compared

to the negative pulses. The positive pulses also showed better NOx conversions for TiO2,

Al2O3 and NaY with both the IPC and the PPC configurations. There is no significant

difference observed in the N2O formation for the plasma-alone and the IPC configuration

with both the positive and negative pulses whereas the negative pulses showed low O3
concentrations. This decrease in O3 concentrations can be attributed to the less streamer

volume with negative pulses as compared to the positive pulses. The positive polarity pulses

have been chosen for further experiments.

Effect of pulse rise-time A μs-pulse with a rise time of 0.9-μs and width of 2-μs and a

ns-pulse source with a rise time of 10-ns and width of 16-ns were used to study the effect of

pulse parameters on the NO conversion and the by-products formation. A comparison has

been made between different plasma-catalytic configurations such as an in-plasma catalytic

configuration and a post-plasma catalytic configuration as shown in table 3.2. Where the

symbols in table 3.2 indicates that the specific configuration showed best performance (++),
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Configuration
NOx removal O3 concentration [ppm] N2O concentration [ppm]

μs ns μs ns μs ns

Plasma-alone ◦ + - - - -

IPC-TiO2 ◦ ++ - - + -

IPC-CuO-MnO2-TiO2 - ++ ++ ++ ++ +

IPC-CuO-MnO2-Al2O3 - + + + + -

PPC-TiO2 + - ++ ++ ◦ -

PPC-CuO-MnO2-TiO2 ++ + ++ ++ + +

PPC-CuO-MnO2-Al2O3 + + + - ◦ -

Table 3.2 – Comparison between different plasma-catalytic configurations on NOx removal and

by-products formation with the nanosecond pulse source and the microsecond pulse source at 90%

NO conversion. The symbols in the table indicates that the specific configuration showed best

performance (++), + (good performance), satisfactory performance (+/−) and poor performance

(-).

+ (good performance), satisfactory performance (+/−) and poor performance (-).

With regard to the μs-pulse and ns-pulse energization, we have observed that the ns

pulse showed higher conversions but at the expense of higher by-products formation for the

given energy density. The high conversions and the increased by-products formation with

the ns-pulse energization is possibly due to the plasma generation at much higher voltages as

compared to the μs-pulse energization. To conclude, the short duration pulses are efficient for

NO conversion but produces more by-products. This by-products formation can be reduced

by placing an appropriate catalyst either in the IPC configuration or in the PPC configuration.

We have observed that MnOx-based catalyst showed reduced O3 concentrations with both

the IPC and the PPC which might be due to the insitu decomposition of ozone into atomic

oxygen on the surface of the catalyst.

The optimum electrical parameters that we have observed for our configuration with

the given power modulator topologies is to use μs-pulse energization with 16 kV applied

peak-voltage with positive polarity pulses. Nevertheless, there is a slight variation in the

performance of the system with the catalytic materials in the IPC and the PPC configurations.





Chapter 4

Investigation on the effect of

operational parameters for NOx

removal

4.1 Introduction

The efficiency of NOx removal depends on both the electrical parameters and operational

parameters. By optimizing the electrical parameters, the discharge activity is tuned to obtain

optimum removal efficiency. In the previous chapter, we have discussed how electrical

parameters (the applied peak-voltage, the pulse-polarity and the rise time of the applied

high-voltage pulse) affects the energy efficiency of NO conversion with a pulsed DBD

reactor with and with-out catalytic materials.

In this chapter, we analyze the influence of various operational parameters, such as the

input NO concentrations, the gas flow-rate, and the gas temperature, on the efficiency of NOx
removal. We have evaluated the performance of the NOx removal process by considering

the increase in energy efficiency and the decrease in by-products formation. First, we have

studied the effect of operational parameters with the plasma-alone configuration. Next,

we also studied two combined plasma/catalytic combinations, namely a IPC and a PPC

configuration, and their effect on the efficiency of NOx removal and the formation of by-

products. The performance of the three configurations is assessed by means of the following

two parameters: the energy yield and the energy cost, both as a function of the energy density.

The energy yield and energy costs are calculated by equations 2.3 and 2.4 respectively.

Various studies are available to evaluate the performance of NTP systems by means of

the parameters energy cost and energy yield, reporting results for various materials under

different conditions [85–89]. With change in the reactor conditions, these performance pa-

rameters vary considerably. This makes it difficult to compare the efficiency of NOx removal

51



52 4. Investigation on the effect of operational parameters for NOx removal

with our reactor configuration with the results from these studies. Thus we have performed

a systematic performance evaluation of our DBD reactor, combined with TiO2, Al2O3, NaY

and SiO2 at various operating conditions, while keeping the electrical parameters unchanged.

The pulse repetition rate was varied in order to vary the plasma energy density. The detailed

characterization of these catalytic materials is presented in Chapter 2. All the experiments

in this chapter were performed for 4 times and are reproducible within +/- 5% error margin.

4.2 Effect of NO input concentration

In this section, we have studied the effect of NO input concentrations on NOx removal by

varying the input concentrations from 100 ppm to 300 ppm, for three reactor configurations:

a DBD plasma-alone, a IPC configuration and a PPC configurations. The applied-peak

voltage was kept constant at 16 kV and positive-polarity pulses have been used. The reason

for choosing this voltage and polarity have been discussed in Chapter 3. The pulse repetition

rate was varied (from 10 Hz to 600 Hz) to vary the plasma energy density from 0 to 110 J/L,

for 5 slm gas flow rate). The gas flow-rate was kept constant at 5 slm and the reactor was

operated at ambient conditions.

4.2.1 Plasma-alone configuration

The effect of the input NO concentrations on the NO conversion and the formation of by-

products is examined here. Figure 4.1 shows the NO conversion as a function of energy

density for various input NO concentrations. It can be observed that the NO conversion

increased with increasing energy density, irrespective of the input NO concentrations. How-

ever, with increasing input concentrations, the conversion is found to decrease significantly.

The same trend has also been observed in [73, 89, 90]. At lower input concentrations,

complete conversion requires low energy densities,while with increasing input concentra-

tions, the required energy density for complete conversion increases. For an input NO

concentration of 300 ppm, we could not obtain 100% conversion.

To study the kinetics, the pollutant concentration is expressed as an exponential function

of the energy density applied to the DBD reactor, as shown in Eq. (4.1) and as stated by

many researchers [89–93].

[C]

[C]0
= e−KEEd (4.1)

In this equation, C0 is the input concentration in ppm and C is the output concentration

in ppm. The energy constant KE is defined as 1/E0, where E0 is the specific applied plasma

energy density, and has the unit L/J. The specific energy E0 (or sometimes referred to as

β ) [91, 94], is defined as the amount of energy required to remove 63% of the NO.
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Figure 4.1 – NO conversion as a function of energy density for various input NO concentrations

for the plasma-alone configuration at a gas flow-rate of 5 slm.

The conversion X is defined as:

X = 1− C
C0

(4.2)

By combining equations 4.1 and 4.2, we can write

ln(
C
C0

) = ln(1−X ) =−KEEd (4.3)

Thus when we plot a graph for ln(1-X) as a function of the energy density, the slope of

this graph represents the energy constant.

A graph of ln(1-X) as a function of energy density for various concentrations can be seen

in Fig. 4.2a. This graph is shown only for the lower energy densities where ln(1-X) linearly

depends on the energy density. At higher energy densities, the slope is not any more linear

and becomes more steep [95]. Interestingly, this linear relationship was observed until the

NO conversion was approximately 70% which is in line with the definition of KE being a

constant of an exponential function. It can be noted that the energy constant values decrease

with increasing input concentrations. Which, from our definition means that the energy

efficiency of the NO conversion process is higher for low input concentrations. When the

energy constant is plotted as a function of the input NO concentration, we can notice that

the energy constant decreases exponentially with concentration as seen in Fig. 4.2b. This

indicates that more energy is required to remove higher input NO concentrations.
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(a) (b)

Figure 4.2 – First order kinetic plot to understand the effect of the input NO concentration on

the removal efficiency by calculating the energy constants for plasma-alone configuration. KE
values obtained from (a) are plotted against concentration in (b) to study the effect of the input

concentration on the energy constant for plasma-alone configuration at a gas flow-rate of 5slm

and at ambient temperature.

Figure 4.3 – By-products formation as a function of energy density for various input NO concen-

trations for the plasma-alone configuration at a gas flow-rate of 5 slm.

The effect of the initial concentration on the by-products formation can be seen in

Fig. 4.3. At increasing energy density, both the N2O and the O3 concentration increase

as well. At lower energy densities, the NO conversion is lower and thus we have more

NO available. In this case, the atomic oxygen will primarily react with NO to form NO2
rather than forming O3. Whereas at higher energy densities, as most of the NO is converted

(at least 70%), the amount of NO available to react with atomic oxygen is less and thus
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remaining atomic oxygen combine with O2 to form O3 as mentioned in the reaction 3.4. At

further higher energy densities, the dissociation of N2 to atomic N also increases resulting in

converting NO2 to N2O and releasing further some more atomic oxygen as per reaction 3.7.

Also these atomic oxygen will further aid the formation of O3, which eventually reacts

with NO2 to form N2O5 as per reactions 3.9 and 3.10. Therefore, for the lower NO input

concentrations, O3 formation starts already at lower energy densities as compared to higher

input concentrations. Formation of O3 decreases with increasing input NO concentration.

For an input concentration of 300 ppm, no O3 can be observed for the energy densities

applied in these experiments, since complete conversion of NO has not been reached yet.

On the other hand, N2O concentration keeps increasing linearly with energy density for all

the input NO concentrations because of the availability of NO2.

4.2.2 In-plasma configuration
In this section, we have studied the effect of input concentration on NO removal by placing

catalytic materials inside the plasma reactor; an in-plasma or an IPC configuration. We have

packed the DBD reactor with the following catalytic materials: TiO2, Al2O3, zeolites (NaY)

and SiO2. During the experiments, the energy density has been varied by varying the pulse

repetition rate. The other parameters have been kept constant: the gas flow rate and applied

peak-voltage were 5 slm and 16 kV respectively.

The effect of input NO concentration as a function of energy density for various input NO

concentrations for the various catalytic materials is shown in Fig. 4.4. As already observed

in the previous section for the plasma-alone configuration, also for the IPC configuration,

the NO conversion decreases with increasing NO input concentrations for all the catalytic

materials. Higher NO input concentrations require higher energy densities to obtain complete

NO conversion. It also can be observed that with all the catalytic materials, complete

conversion for all the input NO concentrations can be achieved. An exception are the results

obtained with Al2O3 catalyst. In the case of Al2O3, for an input NO concentration of

300 ppm, a maximum NO conversion of 80% could be realized even at high energy density

of 90 J /L.

The decrease in the NO concentration and increase in the NO2 concentration as a function

of the energy density for all the catalytic materials can be found in Appendix 7.6 in Fig. A.7.

Observing Fig. 4.4, it can be seen that the NO removal vs energy density graphs for IPC

follow a exponential relation and thus the NO removal process follows first order kinetics

behaviour for all the catalytic materials. Thus, we can obtain the characteristic energy for

the IPC configuration and for all the catalytic materials by plotting the parameter ln(1-X)

versus the energy density, in the same manner as mentioned in the previous section for the

plasma-alone configuration. The graphs of ln(1-X) as a function of energy density for various

initial NO concentrations and for the various catalytic materials are given in Appendix 7.6

in Fig. A.8. As observed for the plasma-alone configuration, also for the IPC configuration

the slopes of these curves are linear at least up to 75% conversion. This shows that the effect

of energy density on the characteristic energy is limited and that the characteristic energy is

mainly influenced by the NO input concentrations. For all the catalytic materials the slope
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(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 4.4 – NO conversion as a function of energy density for various NO input concentrations

at a gas flow-rate of 5 slm for an IPC configuration.

becomes steeper at low input concentrations and the slope reduces as the concentration

increases.

Figure 4.5 shows a comparison of the effect of the input concentrations on the energy

constant for the plasma-alone configuration and for the IPC configuration experiments with

all the catalytic materials that we have used in this study. All values of the energy constants

are given in table 4.1. It can be seen that the energy constant depends exponentially on the

NO input concentration for all the catalytic materials. The plasma-alone configuration shows

higher energy constants up to 200 ppm as compared to the IPC configuration. This is because,

the plasma-alone configuration is efficient in converting NO to NO2 at low energy density

resulting in complete NO conversions. On the other hand, the IPC configuration needs a

bit higher energy density to obtain complete NO conversion as compared to plasma-alone

configuration. Hence, we observe that the energy constant values of the IPC configurations
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Figure 4.5 – Comparison of the effect of energy constant on the input concentration for all the

catalytic materials that we have used in this study for IPC configuration at a gas flow-rate of 5 slm

and at ambient temperature.

are slightly lower than that of plasma-alone configuration at low NO input concentrations.

The energy constants significantly depend on the type of the catalytic material, however

for higher input concentrations, e.g. at 300 ppm, there is no significant difference in the

energy constant values irrespective of the catalysts or the configuration. Plasma-alone and

IPC configurations showed approximately the same energy constant values. Which means

that even the plasma-alone configuration requires a bit higher energy density to convert NO

to NO2 for high NO input concentrations. Therefore, the performance of the plasma-alone

configuration and the IPC configuration is almost the same with respect to NO conversions

for high NO input concentrations.

Configuration
NO concentration [ppm]

100 150 200 250 300

Plasma-alone 0.15 0.09 0.05 0.04 0.02

TiO2 0.01 0.07 0.04 0.03 0.02

Al2O3 0.09 0.06 0.04 0.023 0.02

NaY 0.09 0.06 0.04 0.03 0.03

SiO2 0.11 0.08 0.05 0.03

Table 4.1 – Summary of the values of energy constants [L/J] for all the catalytic materials that

we have used in this study at various input concentrations.

The other important criteria for performance analysis is the by-product formation. N2O

and O3 formation as function of energy density for all the catalytic materials that we have

used is shown in the Fig. 4.6. With increasing energy density, both the N2O and O3
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(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 4.6 – By-products formation as a function of energy density for various NO input concen-

trations at a gas flow-rate of 5 slm for IPC configuration.

formation increases. It can be seen that N2O concentrations does not significantly depend

on the NO input concentration, and mainly depend on energy density. On the other hand,

the O3 formation does strongly depend on both the input concentration as well as on the

energy density. This is because, at low input concentration, the NO is completely converted

already at low energy density, resulting in excess atomic oxygen that will be utilized for O3
formation. At high initial NO concentrations, the complete NO conversions requires higher

energy densities, leaving less excess atomic oxygen for O3 formation. That is the reason, O3
is not observed for 250 and 300 ppm for all the catalysts.

Comparing the results at an energy density of 50 J/L, the highest concentration of N2O

is observed for the plasma-alone configuration. By order of N2O formation at 50 J/L, the

order of the performance of the various catalytic materials is as follows: plasma-alone >

NaY > SiO2 > TiO2 > Al2O3. In the same manner, the order for O3 formation is as follows:

plasma-alone > NaY > TiO2 > Al2O3 > SiO2.
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To summarize, the plasma-alone configuration showed better results for NO removal

but at the cost of maximum by-products formation. The by-products formation can be

reduced by applying an IPC configuration, but at the cost of higher energy requirements

for the NO removal. For the IPC configurations tested, SiO2 showed better results for both

NO conversion and for reducing O3 formation but produced higher N2O concentrations.

Al2O3 and TiO2 showed optimum performance for NO removal with minimum by-products

formation.

4.2.3 Post-plasma configuration
In this section, we have studied the effect of the input concentration on NO removal for a

configuration where a catalytic reactor is positioned downstream of the plasma reactor: a

so called post-plasma configuration (PPC). We have packed the catalytic reactor with TiO2,

Al2O3, zeolites (NaY) and SiO2. We have varied the input NO concentrations between

100 ppm and 250 ppm keeping all the other operational parameters constant. Under these

conditions, we studied the effect on the NO removal and the formation of by-products as a

function of the applied plasma energy density. The energy density was varied by varying

the pulse repetition rate.

Figure 4.7 shows the effect of the NO input concentrations on the NO conversion as a

function of the energy density. As can be seen, for input concentrations higher than 150 ppm,

for none of the catalytic materials complete NO conversion could be achieved, even at high

energy densities. The curves of all graphs seems to flatten at high energy densities, indicating

that complete NO conversion is apparently not possible with the PPC configurations tested

in this work.

Comparing the achieved conversions with the results of the IPC configuration as dis-

cussed in the previous section, significant difference can be observed between the perfor-

mance of TiO2 and Al2O3 for the PPC configuration as compared to the IPC configuration.

For both materials, only 67% of NO conversion was achieved at an energy density of 48 J/L

for the PPC configuration, while complete conversion was observed for the IPC configura-

tion at approximately 60 J/L. On the contrary, NaY showed better NO conversion and lower

NO2 concentrations for the PPC configuration as compared to the IPC configuration. Also,

SiO2 showed better conversions up to 200 ppm of input concentration, as compared to the

IPC results. But despite the better NO conversion, SiO2 showed higher NO2 concentrations

which means higher NOx concentrations.

The measured NO and NO2 concentrations as a function of energy density for various

NO input concentrations and for all the catalytic materials can be found in Appendix 7.6 in

Fig. A.9. In general, the IPC configuration showed better performance with regard to NO

conversion as compared to PPC. But on the other hand, the PPC configuration showed lower

NO2 concentrations and in turn lower NOx concentrations than with the IPC configuration.

The effect of the input NO concentration on the by-products formation as a function of

energy density for TiO2, Al2O3, zeolites (NaY), SiO2 is shown in Fig. 4.8. In general, less

by-products are formed for the PPC configuration as compared to the IPC configuration. At a

given energy density, there is not a notable difference in the concentration of N2O for various
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(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 4.7 – NO conversion as a function of energy density for various NO input concentrations

at a gas flow-rate of 5 slm for the PPC configuration.

NO input concentrations. N2O concentrations mainly depend on the energy density, which

is also the case for the IPC configuration. In comparison to the IPC configuration, the O3
concentrations for the PPC configurations are nearly two time less. In the PPC configuration,

the plasma and catalyst are separated from each other and there is no interaction between the

plasma and the catalyst. The composition of the gas is modified in the plasma reactor and the

outlet gas from the plasma reactor along with long lived species enter the catalytic reactor for

further decomposition. From the plasma reactor, as seen in the plasma-alone configuration,

we obtain higher NO2 concentrations but when this gas with high NO2 concentration is fed

to the catalytic reactor in the PPC configuration, we observed less NO2 concentrations which

suggests that adsorption plays an important role in the PPC configuration.

To summarize, higher NO conversions are obtained with the plasma-alone configuration
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but at the expense of high NOx, N2O and O3 concentrations. On the other hand, the PPC

configurations show exactly the opposite behaviour. The PPC configuration showed lower

NO conversions but also less NOx, N2O and O3 concentrations. The performance of the

IPC configuration lies somewhere in between the performance of the plasma-alone and the

PPC configurations. The IPC configuration showed higher NO conversions with moderate

NOx, N2O and O3 concentrations.

(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 4.8 – By-products formation as a function of energy density for various NO input concen-

trations at a gas flow-rate of 5 slm for PPC configuration.

4.3 Effect of flow rate

Gas flow rate is an important parameter for the performance of the reactor as it varies the

residence time. By varying the residence time, the decomposition rates of various pollutants

can vary, which in turn can effect the removal efficiency and by-products formation. In
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particular for a catalytic reactor, the pollutant molecule must spend a certain time in the

reactor to interact with the catalytic surface and to obtain optimum conversion and lesser

by-products formation. In this section, we have studied the effect of gas flow rate on NOx
removal and by-products formation by varying the gas flow rate from 3 slm to 6 slm for the

three configurations: the plasma-alone, a IPC configuration and the PPC configuration. The

applied flow rates of 3 slm, 4 slm, 5 slm and 6 slm correspond to the reactor residence times

of 0.5 s, 0.375 s, 0.3 s and 0.25 s respectively. All the experiments were done at input NO

concentration of 200 ppm.

4.3.1 Plasma-alone configuration
Figure 4.9 shows the effect of the gas flow rate on the NO conversion and on the NO2
concentration for gas flow rates of 3 slm, 4 slm, 5 slm and 6 slm, for the plasma-alone

configuration, and for an input NO concentration of 200 ppm. It can be observed from

Fig. 4.9a that the NO conversion increases with increasing energy density for all the gas flow

rates. Also the NO conversion slightly depends on the gas flow rate: at a certain energy

density, the NO conversion slightly decreases with increasing the gas flow rate. The same

trend was also observed by [26, 96].

(a) NO conversion (b) NO2 concentration

Figure 4.9 – NO conversion and NO2 concentration as a function of energy density at various flow

rates for the input NO concentration of 200 ppm and at ambient temperature for the plasma-alone

configuration.

When the gas flow rate increases, the residence time in the reactor decreases. In other

words, the time spent by a NO molecule in the reactor decreases. Increasing the residence

time increases the probability of collisions between the electrons and the gas molecules

will likely result in a higher generation of N and atomic oxygen at a given energy density.

With more atomic oxygen and atomic nitrogen, the NO conversion increases according to
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Figure 4.10 – By-products formation as a function of energy density at various flow rates for the

input NO concentration of 200 ppm and at ambient temperature for the plasma-alone configuration.

Figure 4.11 – Energy cost per mol of NO removed and NO-removal yield as a function of

energy density at various flow rates for the input NO concentration of 200 ppm and at ambient

temperature for the plasma-alone configuration. The closed markers represent energy cost and

the open markers represent NO-removal yield.

eq. 3.7. But on the other hand, also the formation of N2O and O3 increases according to

equations. 3.8 and 3.9 .

Figure 4.9b shows that lower gas flow rates result in slightly higher NO2 concentrations.

For lower gas flow rates, a bit lower energy density is needed to obtain the same conversion

rate as compared to a higher gas flow rate. As the NO is completely converted at low flow

rates, the NO2, N2O and O3 concentrations are higher for low gas flow rates.
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The by-products formation as a function of energy density for various gas flow rates and

for an input NO concentration of 200 ppm is shown in Fig. 4.10. With increasing energy

density, the by-products formation increases as well for all the gas flow rates. The formed

N2O concentration increases nearly linearly with the applied energy density. The formation

of O3 at low energy densities is only observed for lower gas flow rates (3 slm), for other flow

rates atleast 30 J/L is needed to have some O3 formation. The concentration of O3 is higher

for lower gas flow rates. So lower gas flow rates result into higher concentrations of N2O and

O3. As mentioned before, this might be due to the increased number of collisions between

electrons and N2 and O2 molecules resulting in more atomic oxygen and atomic nitrogen

which in turn affect the by-products formation. Thus, in summary, though the effects of

flow rates are small, we observe that at low gas flow rate results in higher NO conversion

and removal yields at lower energy densities but at the expense of increased by-products

formation.

When considering the energy cost and the energy yield for NO removal for various gas

flow rates, it can be observed from Fig. 4.11 that the energy cost decreases and that the energy

yield increases with energy density for all the gas flow rates. With increasing gas flow rate,

the energy cost per mol of NO removed increases and the NO removal yield decreases.

4.3.2 In-plasma configuration
The influence of the gas flow rate on the NO conversion and on the by-products formation as

a function of energy density is studied in this section by packing the plasma reactor with the

following catalytic materials: TiO2, Al2O3, NaY and SiO2, such a configuration referred to

as an in-plasma configuration (IPC). The effect of gas flow rate on the NO conversion for

various flow rates on the NO conversion obtained with the IPC configuration for an input

NO concentration of 200 ppm is shown in the Fig. 4.12. It can be observed that the NO

conversion depends on the applied plasma energy density and to a much lesser extent on the

gas flow rate. At higher energy densities, the NO conversions obtained with all the catalytic

materials are almost the same for all the adjusted flow rates. At least up to a flow rate of

5 slm, the effect on the NO conversion is very small for all the catalytic materials, while for

flow rates above 5 slm (i.e, at 6 slm), a bit lower NO conversions are observed.

When comparing the NO conversion obtained with the IPC configuration with the results

for plasma-alone configuration, a slightly different trend can be observed. The plasma-

alone configuration showed higher NO conversion rates at lower flow rates whereas for

the IPC configuration, the NO conversion remained almost constant up to 5 slm and above

5 slm, the NO conversion starts to slightly decrease. A similar trend has been observed

by [50, 51, 97, 98].

For conventional thermal catalysis, the conversions are strongly affected by the gas

residence time whereas in the results on plasma-catalysis as obtained in this section, it is

interesting to note that the NO conversion is not influenced significantly by the residence time

at a given energy density. This is probably due to the strong dependance of the generation

of radicals and atomic species on the applied plasma energy density. The higher the energy

density the more generation of radicals and atomic species are generated. These radicals



4.3. Effect of flow rate 65

(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 4.12 – NO conversion as a function of energy density at various flow rates for the input

NO concentration of 200 ppm and at ambient temperature for an in-plasma configuration.

and atomic species have a very short life time and quickly terminate. Consequently, the flow

rate is expected not to have a strong effect on the conversion as long as the energy density is

kept constant. The decrease of the NO conversion at the higher flow rate of 6 slm could be

due to transport limitations of the catalytic reactions as mentioned in [97].

Thus, when we plot the NO conversion at a given energy density as a function of the

flow rate as shown in Fig. 4.13, the NO conversion falls is almost constant up to a flow rate

of 5 slm, while above 5 slm, the NO conversion drops.

Figure 4.13 summarizes the results of the NO conversion for various flow rates at an

energy density of 20 J/L for all the catalytic materials that we have used in this part of the

study and for the plasma-alone configuration. It is interesting to see that the NO conversion as

a function of flow rate for SiO2 closely follows the results for the plasma-alone configuration.

This probably could be due to comparable energy constant values of SiO2 with plasma-alone
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Figure 4.13 – NO conversion as a function of the residence time for the input NO concentration

of 200 ppm, at ambient temperature and at an energy density of 20 J/L for an IPC configuration

which is packed with TiO2, Al2O3, NaY and SiO2.

configuration as discussed in sec. 4.2.2.

The by-products formation as a function of energy density for various flow rates at an

input concentration of 200 ppm for the IPC configuration is shown in Fig. 4.14. The N2O and

O3 concentrations show a similar trend as that of the NO conversion as a function of energy

density for various flow rates. The N2O concentration increases with increasing energy

density for all the flow rates. The difference in the N2O concentration is less pronounced for

flow rates from 3 slm to 5 slm, while at 6 slm, the difference is more pronounced. This could

be due to the low NO conversion at 6 slm which is attributed to the transport limitations

of the catalytic reactions. Low NO conversion means low NO2 concentrations which will

impact the N2O concentrations, since they depend on the NO2 and on the nitrogen radicals

concentrations. The same explanation also holds for the O3 concentrations as function of

energy density for various flow rates.

4.3.3 Post-plasma configuration
This section describes the results for a post-plasma configuration (PPC) on the effect of

the gas flow rate on the NO conversion and on the by-products formation as a function of

energy density for gas flow rates of 3 slm, 4 slm, 5 slm and 6 slm. For this configuration,

the catalytic reactor is packed with TiO2, Al2O3, NaY and SiO2 catalysts. The input NO

concentration was maintained at 200 ppm for all the adjusted flow rates. The effect of the

gas flow rate on the NO conversion for various flow rates for an input NO concentration of

200 ppm is shown in Fig. 4.15.

In Chapter 3 and in the previous section 4.2, we have seen that with the PPC configuration

NO conversion rates can be realized up to maximum of 90% conversion. For the experiments
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(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 4.14 – By-products formation as a function of energy density at various flow rates for the

input NO concentration of 200 ppm and at ambient temperature for an in-plasma configuration.

described in this section, conversions obtained at a flow rate below 3 slm are larger than

95% or all the catalytic materials. In conventional catalysis, usually, the conversion rate

increases with increasing residence time and thus at lower flow rates. This behaviour can also

be observed for the PPC configuration. As mentioned earlier, the NO conversion strongly

depends on the plasma energy density. With increasing energy density the NO conversion

increases for all the flow rates and for all the catalytic materials.

When comparing the results with the results obtained with the IPC configuration, at

higher energy densities the conversions obtained with the IPC configuration were similar

for all the catalytic materials and for all the flow rates. However, for the PPC configuration

the results are different since NO conversions now do depend on the flow rate. The NO

conversion decreases with increasing flow rate for all the catalytic materials. This behaviour

is similar to the behaviour of the plasma-alone configuration. The NO conversions obtained
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(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 4.15 – NO conversion as a function of energy density at various flow rates for the input

NO concentration of 200 ppm and at ambient temperature for the post-plasma configuration.

with the PPC configuration at higher energy densities for a flow rate of 6 slm for TiO2,

Al2O3, NaY and SiO2 are 80%, 69%, 83%, and 81% respectively.

The by-products formation as a function of energy density for various flow rates at an

input concentration of 200 ppm for the PPC configuration is shown in Fig. 4.16. In general,

the PPC configuration showed slightly lower N2O concentrations as compared to the IPC

configuration at low gas flow rates. The N2O and O3 concentrations increase linearly with

energy density for all the flow rates and for all the catalytic materials. The maximum N2O

concentrations for 3 slm of gas flow rate obtained by TiO2, Al2O3, NaY and SiO2 were

48 ppm, 67 ppm, 49 ppm and 65 ppm respectively. For the higher flow rate of 6 slm, these

concentrations are 20 ppm, 20 ppm, 17 ppm and 36 ppm respectively. With increasing flow

rate the N2O concentration is observed to decrease for all the catalytic materials.

When looking to the O3 concentrations, the PPC configuration showed almost no for-
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(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure 4.16 – By-products formation as a function of energy density at various flow rates for the

input NO concentration of 200 ppm for the post-plasma configuration.

mation of ozone, except when using the SiO2 catalyst. Nevertheless, the O3 concentrations

produced with the SiO2 catalyst in the PPC configuration is less than in the IPC configu-

ration. So, clearly the O3 formation is almost suppressed by the catalytic materials in the

PPC configuration. This can be explained by the fact that the input gas to the PPC config-

uration is the output gas from the plasma reactor containing concentrations of NO2, N2O

and O3 along with long lived reactive species and intermediates. Ozone from the plasma

reactor entering the catalytic reactor, might get adsorbed on the active site of the catalyst

and gets decomposed into oxygen and an active O radical. This active oxygen decomposes

into oxygen leaving the active site of the catalyst. The reaction pathways or the plausible

mechanisms of O3 decomposition on a catalytic surface are mentioned in [99, 100].

To summarize, for the PPC configuration, with increasing flow rate, the NO conversion

decreases. This behaviour is similar to the behaviour of the plasma-alone configuration.

On the contrary, the IPC configuration does not show significant dependence of the NO

conversion on the flow rate, for flow rates up to 5 slm. At 6 slm flow rate, lower NO
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conversions are observed, probably due to the transport limitation of the catalytic reactions.

The higher conversions at lower gas flow rates come at the expense of higher N2O and O3
concentrations. The catalytic materials in the PPC configuration managed to suppress the

O3 formation and thus no O3 was observed at all the flow rates. By-products formation for

the PPC configuration was significantly lower as compared to the IPC and the plasma-alone

configuration for all the flow rates.

4.4 Effect of temperature

The performance of the NTP process can be influenced by temperature as it can change

the reaction kinetics. It also changes gas density which in turn can effect the local reduced

electric field value (E/N) [101]. There are very few NTP studies on the effect of temperature

on NOx removal and by-products formation [89, 102–109]. Harling et al. [102] studied the

effect of temperature on NOx removal and on the destruction of DCM using non-thermal,

atmospheric plasma-assisted catalysis using TiO2 and Al2O3 catalysts. They have observed

that the NOx generated by the plasma increases with temperature and that adding a catalyst

showed a higher destruction of NOx with both a single-stage (what we refer here as IPC)

as well as a two-stage (referred here as PPC) configuration. Ravi et al. [103] studied the

temperature effect on hydrocarbon enhanced nitric oxide conversion using a dielectric barrier

discharge reactor, using ethylene, acetylene, n-hexane as additives. They have observed that

with increasing temperature, the discharge power increases as well and attribute this effect

to the increased ionization at higher temperatures. Their results show that adding ethylene

and n-hexane results in higher NO removal efficiency and that the temperature has no effect.

Whereas when adding acetylene, the performance improves performance only at higher

temperature. Wang et al. [104] in their study on NO and SO2 removal using dielectric

barrier discharge plasma at different temperatures mentioned that the E/N increases with

increasing temperature and that electronic excitations play an important role in NO removal.

They also observed that with increasing in temperature the NO conversion decreases. Kim

et al. [89] observed that the energy constant value decreases exponentially with increase in

temperature. Unfortunately, in most of these references the by-products formation is not

discussed.

In this section, we have studied the NO removal and the by-products formation by varying

the temperature from 50 ◦C to 200 ◦C using both the in-plasma configuration (IPC) and the

post-plasma configuration (PPC). Unfortunately, we have not performed the experiments with

plasma-alone configuration in this section. We have used the following catalytic materials:

TiO2, Al2O3 and NaY. The input NO concentration used in this part of the experiments is

200 ppm. The flow rate is maintained constant at 5 slm. The applied-peak voltage was kept

constant at 16 kV and positive polarity pulses have been used. The pulse repetition rate

was varied to vary the energy density. To study the effect of temperature, the reactor filled

with catalytic materials is placed in a temperature-controlled oven which can be heated up

to 400 ◦C. The input gas to the reactor can be preheated up to 200 ◦C in the gas mixing line

before entering the reactor.
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4.4.1 In-plasma configuration
In this section, we have studied the effect of temperature on the NO conversion and by-

products formation by varying the energy density for the IPC configuration. The plasma

reactor is packed with TiO2, Al2O3, and NaY. Figure 4.17 shows the effect of temperature

on the NO conversion for TiO2, Al2O3 and NaY at energy density values of 20 J/L, 30 J/L

and 40 J/L.

(a) TiO2 (b) Al2O3

(c) NaY

Figure 4.17 – NO conversion as a function of temperature at various energy densities for the

input NO concentration of 200 ppm and gas flow rate of 5 slm for the in-plasma configuration.

It can be observed that, at 20 J/L, using TiO2 showed a slightly higher NO conversion as

compared to Al2O3 and NaY. While at 40 J/L, using Al2O3 performed better than TiO2 and

NaY. This difference between the various catalytic materials can also be observed in Fig. 4.18

where the energy constant is plotted as a function of temperature for TiO2, Al2O3 and NaY.
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The strong temperature dependence when using TiO2 might be due to the creation of more

oxidative sites on the TiO2 surface when exposed to plasma [110]. With more oxidative

sites, the back formation of NO might have been facilitated through reactions 4.13 and 4.14.

The better performance of Al2O3 as compared to TiO2 and NaY at higher temperatures

could be due to the limitation in the back-reduction of NO2 to NO on the surface of Al2O3
as mentioned in [111].

We restate here the reactions mentioned in Chapter 3 along with their rate constants.

In addition with reactions we consider, these reactions (reactions 4.8, 4.10, 4.13, 4.14)

are important to understand the effect of temperature on NO conversion and by-products

formation. All the reactions that we consider here are obtained from [112–115]. From

Fig. 4.17 it can be seen that at all the energy densities, the NO conversion decreases with

increasing temperature for all the catalytic materials. A similar trend has been observed

by [104, 105]. NO is oxidized to NO2 mainly through reactions 4.7 and 4.8. At higher

temperatures, ozone is decomposed easily to oxygen and atomic oxygen through reaction

4.6. Thus apparently, reaction 4.7 is not important at higher temperatures. With increasing

temperature, the rate of reaction 4.8 decreases and thus less NO conversions are observed.

The effect of temperature depends on the nature of the pollutant, eventual additives and the

catalysts used.

e+N2 → e+N+N, k = 7.05 x 10−10 cm3s−1 (4.4)

e+O2 → e+O+O, k = 1.434 x 10−9 cm3s−1 (4.5)

O+O2 → O3, k = 6.9 x 10−34(T/300)−1.25 cm3s−1 (4.6)

NO+O3 → NO2+O2, k = 2.3 x 10−12exp(−1450/T) cm3s−1 (4.7)

NO+O → NO2, k = 2.44 x 10−27T−1.8 cm3s−1 (4.8)

NO2+N → N2O+O, k = 3.0 x 10−12 cm3s−1 (4.9)

NO2+O3 → NO3+O2, k = 1.2 x 10−13exp(−2450/T) cm3s−1 (4.10)

NO2+O+M → NO3+M, k = 9.0 x 10−32exp(T/300)−20 cm6s−1 (4.11)

NO2+NO3+M → N2O5+M, k = 2.7 x 10−30(T/300)−3.4 cm6s−1 (4.12)

NO2+O → NO+O2, k = 1.7 x 10−11exp(−300/T) cm3s−1 (4.13)

N+O2 → NO+O, k = 4.4 x 10−12exp(−3220/T) cm3s−1 (4.14)

N2O concentration as a function of energy density for various temperatures at an input

NO concentration of 200 ppm at a gas flow rate of 5 slm is shown in Fig. 4.19. The N2O

concentration increases with increasing energy density for all the temperatures considered
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Figure 4.18 – Comparision of the energy constant value as a function of temperature for TiO2,

Al2O3, and NaY in the IPC configuration for an input NO concentration of 200 ppm at a gas flow

rate of 5 slm.

here. As already observed in this section, the NO conversion decreases with increasing

temperature. The same trend is noticed for the N2O formation. Despite of the back formation

of NO at higher temperatures, NO2 concentration increases with increase in temperature due

to the higher reaction rate constants of reaction 4.5 as compared to the rate of reaction 4.4.

Also the higher dissociation of O3 at higher temperatures through reaction 4.6 will play a role.

Thus, we expect at higher temperatures that most of the energy is used for producing more

atomic oxygen than atomic nitrogen which leads to higher NO2 concentrations and lower

N2O concentrations at higher temperatures. Thus, we observe lower N2O concentrations

with increase in temperature. As mentioned earlier, we have not considered ions in our

reaction pathways although NO+, H3O+ ions are major ions in air plasmas because the ion

densities are relatively small and are not chemically active in the NOx removal process [74].

When comparing the catalytic materials, TiO2 produces lower N2O concentrations as

compared to Al2O3 and NaY at all temperatures. This probably could be due to the lower

NO conversion and thus comparatively less NO2 is available to get consumed by reaction 4.9

to produce N2O. The lower NO conversion with TiO2 is due to the increase in the oxidative

sites when the TiO2 is exposed to the plasma, thus facilitating the back formation of NO

through reactions 4.13 and 4.14 as mentioned earlier. As the ozone decomposition increases

with increasing temperature, we have not observed any ozone formation for the temperatures

between 50 ◦C to 200 ◦C.
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(a) TiO2 (b) Al2O3

(c) NaY

Figure 4.19 – N2O concentration as a function of energy density for various temperatures for the

input NO concentration of 200 ppm at gas flow rate of 5 slm for the in-plasma configuration.

4.4.2 Post-plasma configuration

We have studied the effect of temperature on the NO conversion and by-products formation

by varying the plasma energy density. The catalytic reactor is packed with TiO2, Al2O3,

and NaY and is positioned downstream to the plasma reactor in a post-plasma configuration

(PPC) arrangement. To study the effect of temperature, this catalytic reactor downstream

to the plasma reactor is placed in a temperature-controlled oven which can be heated up

to 400 ◦C. In this configuration, only the catalytic reactor was heated up to the desired

temperature, the plasma reactor remained at room temperature.

Fig. 4.20 shows the effect of temperature on the NO conversion for TiO2, Al2O3 and NaY
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(a) TiO2 (b) Al2O3

(c) NaY

Figure 4.20 – NO conversion as a function of temperature at various energy densities for the

input NO concentration of 200 ppm and gas flow rate of 5 slm for the post-plasma configuration.

at energy density values of 20 J/L, 30 J/L and 40 J/L. It is observed that the NO conversion

remains almost constant up to 50 ◦C for TiO2 and NaY and up to 100 ◦C for Al2O3 at all

the energy densities. TiO2 performed better at the energy densities of 30 J/L and 40 J/L at

all temperatures while NaY performed better at low energy density of 20 J/L. For all the

catalytic materials, the maximum NO conversions are at 40 J/L and at 200 ◦C. The maximum

conversion achieved by TiO2, Al2O3 and NaY are 96%, 90% and 94% respectively.

Figure 4.20 shows that the NO conversion is a function of both the plasma energy density

and the temperature. With increase in temperature, the NO conversion increases. This is

opposite to what has been observed for the IPC configuration in the previous section. For

the IPC configuration, NO conversion decreased with increase in temperature whereas in
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the PPC configuration the NO conversion remained constant up to a certain temperature

depending on the material and starts to increase for higher temperatures. This behaviour is

similar to the behaviour of the conventional selective catalytic reduction process of NO in

dry conditions with additives [116–119].

Typically, all the catalytic materials showed distinct behaviour from 150 ◦C on which

suggests that the catalytic material is activated thermally from this temperature. It is not clear

from the available measurement data that if this increase in NO conversion further increases

with increase in temperature at even higher temperatures beyond 200 ◦C. Nevertheless,

the tendency of NO conversion is similar to that of the thermal catalysis. Also a similar

temperature dependence has been observed for toluene and benzene destruction using NTP

and catalysts [102, 120].

(a) TiO2 (b) Al2O3

(c) NaY

Figure 4.21 – N2O concentration as a function of energy density for various temperatures for the

input NO concentration of 200 ppm at gas flow rate of 5 slm for the post-plasma configuration.



4.5. Summary and conclusions 77

We have studied the effect of temperature on N2O concentration as a function of energy

density for the PPC configuration. In the previous sections we have observed that the

PPC configuration produced little or no ozone. At higher temperatures O3 gets easily

dissociated to O2 and atomic oxygen. Thus, also in this section, no O3 formation occurred

at all the temperatures. The N2O concentration as a function of energy density for various

temperatures is shown in Fig. 4.21. It can be observed that the N2O concentration for TiO2,

Al2O3 and NaY increases with increase in the energy density for all the temperatures that

we have used in this part of the study. At low energy densities, no significant change

is observed in the N2O concentration for TiO2, Al2O3 and NaY for all the temperatures.

NaY showed higher N2O concentrations as compared to TiO2 and Al2O3. This might be

due to the higher plasma energy density required by NaY to obtain maximum conversion.

High energy densities leads to high N2O concentrations because of the increased atomic

nitrogen formation. Although the N2O concentrations does not show a strong dependence

of temperature in the PPC configuration, it can be observed that an increasing temperature

leads to a slight reduction of the N2O concentrations for TiO2, Al2O3 and NaY. Therefore

the PPC configuration performed better as compared to the IPC configuration showing high

NO conversion and less by-products formation at higher temperatures.

4.5 Summary and conclusions

In this chapter, we have investigated the effect of operational parameters on NOx removal

using plasma-alone, in-plasma (IPC) and post-plasma (PPC) configurations. The operational

parameters that we have studied here are the input NO concentration, flow rate and temper-

ature. We have used the following catalytic materials: TiO2, Al2O3, NaY and SiO2 both

in a IPC and a PPC configuration for all the parameters except in the study on the effect of

temperature where we have not performed the experiments with plasma-alone configuration

and also we have not used SiO2 in both the IPC and the PPC configuration.

A summary of the effect of these parameters on the NO conversion and on the by-products

formations is shown in the table 4.2. The ’+’-symbol indicates a better performance (higher

NO conversion and lower by-products formation) with an increase of the stated parameter,

while the symbol ’-’-indicates that the reactor configuration performs worse with an increase

of the stated parameter, the symbol ’+/-’-indicates that the performance may either increase or

decrease and finally a ’◦’-indicates that the system does not show any significant dependence

on the parameter.

Effect of NO input concentration With increase in the input NO concentration all the three

configurations showed lower NO conversion but on the other hand the by-products formation

was lowered. Higher NO conversions are obtained with plasma-alone configuration but

at the expense of high NOx, N2O and O3 concentrations, while on the other hand the

PPC configuration showed the opposite trend. The PPC configuration showed lower NO

conversions but also less NOx, N2O and O3 concentrations. The performance of the IPC

configuration lies somewhere in between the plasma-alone and the PPC configurations.
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Plasma-alone In-plasma Post-plasma

NO N2O O3 NO N2O O3 NO N2O O3
Concentration - +/- + - + + - + +

Flow rate +/- + + +/- + + - + +

Temperature - + + + ◦ +

Table 4.2 – A summary of the effect of the operational parameters on NO conversion and by-

products formation. The symbols indicate that the reactor configuration performs better (+),

worse (-), may either increase or decrease (+/-) and does not show any significant dependance (◦)

with an increase of the stated parameter.

The IPC configuration showed higher NO conversions with moderate NOx, N2O and O3
concentrations.

Effect of flow rate With increasing flow rate, the NO conversion decrease for the plasma-

alone and for the PPC configuration. The IPC configuration does not show significant

dependance of the NO conversion with flow rate up to a 5 slm, while at 6 slm, lower NO

conversions are observed. This probably could be due to transport limitations of the catalytic

reactions. The higher conversions at lower gas flow rates comes with the expense of higher

N2O and O3 concentrations. The catalytic materials in the PPC configuration managed

to suppress the O3 formation and thus no O3 was observed at all the flow rates. Lower

by-products formation was observed for the PPC configuration as compared to the IPC and

the plasma-alone configuration for all the flow rates.

Effect of temperature With increasing temperature, the NO conversion decreases for

the IPC configuration whereas the PPC configuration showed increasing NO conversions

with increasing temperatures. No ozone was observed for the PPC configuration, while

for the IPC configuration, above 50 ◦C no ozone formation has been observed. In both the

configurations, N2O concentrations slightly decreased with increasing temperature. Thus

both the configurations performed better in terms of minimum by-products formation at

higher temperatures. The PPC configuration showed the best performance results with

respect to both NO conversion and N2O concentration at higher temperatures.



Chapter 5

Screening of catalytic materials for

NOx removal

5.1 Introduction

In plasma-catalysis, the important task is to choose an appropriate catalyst. Choosing a proper

catalyst in the case of a PPC configuration is rather straight forward. The plasma reactor

converts the NO to NO2 before passing on to the catalytic reactor. The role of the catalyst

is then to decompose the ozone that is formed by the plasma and to adsorb or selectively

reduce the NO2 to N2. This role of the catalyst is comparable to the catalytic function for

the conventional selective catalytic reduction (SCR) process after the plasma reactor has

changed the gas composition. On the other hand, choosing an appropriate catalyst for a

IPC configuration is more complicated as the catalytic material is placed inside the plasma

reactor and the properties of the catalytic material such as size, shape, surface area, pore

size, dielectric constant and many currently unknown parameters influence the performance

of both the plasma and the pollutant removal. Thus, it is important to investigate whether

the catalyst changes the discharge characteristics and vice-versa, if the plasma changes the

physical and chemical characteristics of the catalyst for the IPC configuration.

Noble metals and transition metal-oxides have been found to be effective for ozone

decomposition. When noble metals are used as a catalysts, it is reported that their catalytic

activity decreases with time due to poisoning of the catalyst by adsorbed O atoms [121].

The metal-oxide catalysts are considered as an alternative to the noble metal catalysts as

the activity of metal-oxide catalysts is higher compared to the metal catalysts [122]. In

the case of transition metal oxides being used, it is reported that surface defects such as

vacancies and dislocations alter the local oxygen bonding which turns out to be the active

sites for the catalytic reactions. A general characterization of the behavior of transition

metal-oxides catalysts is presented in [123–126]. Transition metal oxides have been used

79
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in combination with non-thermal plasma for NOx and VOC removal by many researchers

[48, 99, 100, 127–132]. In this chapter, we have performed experiments with various metal-

oxides from the first transition period namely: NiO, MnO, CuO, Fe3O4, Co3O4 supported

on TiO2 and Al2O3.

Yamamoto et al. in their study on the transition metal oxide catalysts for diesel PM

removal [133], have plotted catalytic oxidation rate as a function of formation enthalpy

for various transition metal oxides. This plot suggested that the Fe2O3 has high catalytic

oxidation rate at moderate formation enthalpy. Wojciechowska et al. in their study on the

nitrogen oxides removal by catalytic materials [121] made an excellent review on the NO

reduction using various catalytic materials and using various additives. They stated that the

activity of the metal-oxides loaded on Al2O3 for NO reduction by CO is as follows: Fe >

Cu > Cr > Ni > Co > Mn > V. From Sabatier’s principle, for an optimum rate of reaction,

the interaction between the adsorbates should neither be too weak nor too strong. There is a

clear trend in the activation energy energies, heats of desorption and catalytic activity for this

first transition period of elements that we have chosen. The activation energies of oxygen

desorption from oxides showed a increasing trend along the first transition period while the

heats of oxygen desorption shows a decreasing trend with the exception of Fe2O3. On the

other hand, the catalytic activity showed a decreasing trend along the period for oxidation

of ammonia, ethylene, methane and other hydrocarbons as mentioned in [134]. Thus, it will

be interesting to study how these materials perform when combined with plasma for NOx
removal.

Not much literature is available on a systematic study on the comparison between IPC

and PPC configurations for these various catalytic materials for NOx removal. Various

studies state that the IPC configuration achieved better NOx removal efficiencies whereas

the PPC configuration showed lesser by-products formation.

In this chapter, we study the role of catalytic material in changing the plasma discharge

characteristics by considering the voltage-current waveforms and by measuring the dielectric

constants of these catalytic materials and to correlate the dielectric constant values with the

discharge characteristics. We have studied NOx removal by loading various metal oxides

on TiO2 and Al2O3 supports and by using them in a IPC and in a PPC combination with

a pulsed DBD reactor. The metal-oxides that we have used in this study are NiO, MnO,

CuO, Fe3O4, and Co3O4. To understand the effect of the support material, we have loaded

3% of these metal oxides both on TiO2 and Al2O3 and compared the NO conversion,

NOx concentration and by-products formation for both supports using both the in-plasma

configuration (IPC) and post-plasma configuration (PPC). Next, the effect of metal loading

on the support materials is studied, where we have compared the performance of 3wt% and

5wt% of these metal oxides loaded on TiO2 and Al2O3 for both the IPC and PPC.

The experimental setup, energy density measurements and gas measurements for these

experiments are described in Chapter 2. The characteristics of all the catalytic materials was

done and were mentioned in detail in Chapter 2. The particle size of all the catalytic materials

used here is 1-2 mm. All the experiments were conducted with an input NO concentration

of 200 ppm and a gas flow of 5 slm.

All the catalytic materials were pre-treated before conducting the experiments. The
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reactor is filled with catalytic materials and then placed in a oven. The reactor is then heated

up to 400 ◦C with a continuous flow of synthetic air at a flowrate of 1 slm. This pre-treatment

was done to ensure that there is no adsorbed H2O or CO2 on the catalytic materials. All the

experiments were performed for 3 times and are reproducible within +/- 5% error margin.

5.2 In-plasma catalytic configuration

5.2.1 Effect of catalytic support
In this section, we have performed experiments with 3wt% of NiO, MnO, CuO, Fe3O4,

Co3O4 loaded on to TiO2 and Al2O3 supports. These catalytic materials were placed inside

the plasma reactor, as a IPC configuration. Figure 5.1a shows the effect of the various

metal oxides loaded on TiO2 on NO conversion. For all the catalytic materials, the NO

conversion increases with increasing energy density. In case of TiO2 substrate, the NO

conversion is always higher using the plasma-alone configuration as compared to using the

IPC configuration. The same trend was observed in the previous chapters and was also

reported by other researchers [45, 75, 105].

(a) Metal oxides loaded on TiO2 (b) Metal oxides loaded on Al2O3

Figure 5.1 – NO conversion for various metal-oxides loaded on TiO2 and Al2O3 for an IPC

configuration for an input NO concentration of 200 ppm and at a flow-rate of 5 slm.

When looking at the various catalytic materials, at low energy densities, up to 30 J/L,

Fe3O4 showed higher NO conversion whereas MnO and NiO showed poor conversion. CuO

showed better NO conversion at lower energy density (up to 30 J/L) than at high energy

density.

When the metal oxides are loaded on Al2O3 instead of TiO2, different NO conversion

behaviour can be observed. NO conversion as a function of plasma energy density for

various metal oxides loaded on Al2O3 is shown in Fig. 5.1b. 3% Fe3O4 showed higher
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(a) Metal oxides loaded on TiO2 (b) Metal oxides loaded on Al2O3

Figure 5.2 – NOx concentration for various metal-oxides loaded on TiO2 and Al2O3 for an IPC

configuration for an input NO concentration of 200 ppm and at a flow-rate of 5 slm.

NO conversion than plasma-alone and also than the IPC-TiO2 configuration. And 3% NiO

showed poor NO conversion when loaded on TiO2 whereas when this NiO is loaded on

Al2O3, the NO conversion is better.

Considering the NOx concentrations as a function of the plasma energy density, as shown

for TiO2 in Fig. 5.2a, it can be observed that NOx concentrations decrease with increasing

energy density initially, while increasing again at high energy densities for metal oxides

loaded on TiO2. This increases in NOx concentration at higher energy densities is attributed

to the NO2 concentrations that increase with increasing energy density. The plasma-alone

and the MnO catalyst showed the highest NOx concentrations. Low NOx concentrations

were obtained with Fe3O4 followed by Co3O4 and CuO.

(a) (b)
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(c) (d)

Figure 5.3 – By-products formation as a function of energy density for various metal-oxides

loaded on TiO2 and Al2O3 for an IPC configuration for an input NO concentration of 200 ppm

and at a flow-rate of 5 slm. (a) N2O concentration with metal oxides loaded on TiO2 (b) N2O

concentration with metal oxides loaded on Al2O3 (c) O3 concentration with metal oxides loaded

on TiO2 (d) O3 concentration with metal oxides loaded on Al2O3.

So, MnO and NiO showed poor performance with respect to both NO and NOx con-

centrations. Though the NiO catalyst loaded on TiO2 performed poorly, the performance

of this catalytic materials was enhanced significantly when loaded on to Al2O3 as seen in

Fig. 5.3d. For metal-oxides loaded on Al2O3, NOx concentration was observed to reduce

with increasing energy density as seen in Fig. 5.3d. We have studied the NOx concentrations

only up to 60 J/L since all the catalytic materials showed above 95% NO conversion at this

energy density. Further increase in energy density will be a mere waste of energy and also

will show a further increase in the by-products formation. Fe3O4 showed low NOx concen-

tration when loaded both on TiO2 as well as on Al2O3. The NOx concentration at 45 J/L for

the plasma-alone configuration is approximately 170 ppm whereas using the Fe3O4 catalyst

resulted in only 55 ppm. So Fe3O4 showed more than 30% NOx removal efficiency. CuO

showed reasonably better NO conversion but poor NOx concentrations.
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(b) TiO2
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(c) Al2O3
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(d) 3% NiO/TiO2
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(e) 3% MnO/TiO2
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(f) 3% CuO/TiO2

Figure 5.4 – Voltage-current waveforms for plasma-alone, TiO2, metal oxides loaded on TiO2,

Al2O3 and metal oxides loaded on TiO2 at a frequency of 300 Hz for an input NO concentration

of 200 ppm and for a gas flow-rate of 5 slm.
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(g) 3% Fe3O4/TiO2
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(h) 3% Co3O4/TiO2

Figure 5.4 – Voltage-current waveforms for plasma-alone, TiO2, Al2O3 and metal oxides loaded

on TiO2 at a frequency of 300 Hz for an input NO concentration of 200 ppm and for a gas flow-rate

of 5 slm.

The main purpose of combining the catalysts with the plasma reactor is to reduce the

formation of by-products. In order to compare the performance of the various catalytic

materials and the two support materials, we have plotted the N2O and O3 concentrations

as a function of energy density and compared these results N2O and O3 concentrations as

generated with the plasma-alone configuration. These results are shown in Fig. 5.3. It can

be seen from Fig. 5.3a that using the MnO catalyst, results in significantly higher N2O con-

centrations than for the plasma-alone configuration and also compared to the other catalytic

materials. All the metal oxides loaded on TiO2 result in higher N2O concentrations as com-

pared to the plasma-alone configuration, except for the CuO catalyst. The same behaviour is

observed with metal oxides loaded on Al2O3, with the exception that CuO produced higher

N2O concentrations than the plasma-lone configuration. Despite its moderate performance

with respect to NO conversion and NOx concentration, NiO loaded on Al2O3 showed higher

N2O concentrations than any other metal oxide catalyst. The lower N2O concentrations ob-

tained with the plasma-alone configuration could be attributed to the higher concentrations

of NO2 which reacts with O3 to form NO3 and N2O5. A N2O5 peak is observed in the FTIR

spectrum with the plasma-alone configuration and not when using catalytic materials. We

have not further discussed the N2O5 formation in this thesis as we have not calibrated the

FTIR to quantify the N2O5 concentrations.

Another important by-product that is of our interest is O3. Almost all the catalytic mate-

rials showed no ozone formation whereas the plasma-alone configuration showed increasing

O3 concentrations with increasing energy density. Small concentrations of O3 were observed

with Fe3O4 on TiO2 and with Fe3O4 and CuO on Al2O3 when the energy densities are above

45 J/L. But at such high energy densities, NO is already completely converted and thus O3
appears.
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(b) 3% CuO/Al2O3
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(c) 3% Fe3O4/Al2O3
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(d) 3% Co3O4/Al2O3

Figure 5.5 – Voltage-current waveforms for metal oxides loaded on Al2O3 at a frequency of

300 Hz for an input NO concentration of 200 ppm and for a gas flow-rate of 5 slm.

To summarize, the plasma-alone configuration produced less N2O compared to all the

metal oxides loaded on both TiO2 as well as on Al2O3. This is attributed to the formation

of other by-products such as NO3 and N2O5. On the other hand, O3 formation showed a

different trend. All the catalytic materials suppressed the formation of O3.

We tried to understand the difference in the different performance of the various metal

oxides loaded on either TiO2 or Al2O3 substrates by comparing the voltage-current wave-

forms for all these configurations. Figure 5.4 shows the voltage and current waveforms for

the plasma-alone, as well as for TiO2, TiO2 loaded with 3 wt% of NiO, MnO, CuO, Fe3O4,

Co3O4 and fig. 5.5 shows the voltage and current waveforms for Al2O3 and Al2O3 loaded

with 3 wt% of NiO, CuO, Fe3O4, Co3O4. For all the waveform, the pulse repetition rate was

300 Hz. The applied peak-voltage, the input NO concentration and operational conditions
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were kept constant for all the materials.

For the plasma-alone configuration, the current waveform show intense spikes which

means, as expected for a DBD configuration, intense microdischarge activity. When a

catalytic material is introduced inside the plasma reactor, the current waveform and thus

the discharge activity is changed significantly. When Al2O3 is placed inside the reactor,

the current waveform shows microdischarge activity but with slightly lower magnitude as

compared to the plasma-alone reactor. Similarly when the plasma reactor is packed with

TiO2, the current waveform shows much less microdischarge activity. These differences in

microdischarge activity can be explained by the different capacitances due to the different

dielectric constants of the two materials. For the plasma-alone reactor, the capacitance of

the reactor is low, resulting in a higher discharge current and more discharge activity. When

the catalytic material is placed inside the reactor, the capacitance of the reactor is increased

and consequently the current magnitude reduces. Of the two materials, TiO2 has the highest

dielectric constant and thus the highest capacitance. Due to the higher dielectric constant

the electric field in the air cavities around the catalyst enhances, eventually leading to more

discharges on the surface of the catalytic material [135–137].

When the metal oxides are loaded on the TiO2 support, the discharge activity is slightly

less intense which could be correlated again to their dielectric constants. In Chapter 2, we

have derived values for the dielectric constant for the various catalytic materials. When TiO2
is loaded with metal oxides, the dielectric constant is decreased, thus producing reasonably

higher microdischarge activity as compared to TiO2 with out metal oxides.

The positive and negative half cycle of the voltage-current waveform are fairly different

from each other and this difference depends on the catalytic material. When using Fe3O4 and

NiO on Al2O3 support, intense spikes are observed on the current waveforms, which could

be related to increased microdischarge activity. The peak current for both of these materials

is higher as compared to the other catalytic materials that we have used in our study. This

increase in microdischarge activity might have led to the increased conversions obtained

with these materials. In order of NO conversion rate, Fe3O4 loaded on Al2O3 showed

highest NO conversion followed by NiO and CuO on Al2O3. The increased peak currents

and microdischarge activity when metal oxides are loaded on Al2O3 are expected to be the

main reason for the increased NO conversion. Other parameters of the catalytic material

such as particle size, shape, surface roughness, conductivity might affect the conversion

efficiency as well. For all the experiments, we have used catalytic materials with particle

size 1-2 mm and thus the different performance of the various materials cannot be attributed

to the effect of particle size. The plasma development along the surface of these catalytic

materials is studied using ICCD imaging in the Appendix 7.6.

5.2.2 Effect of wt% of metal-oxide loading
To study the effect of metal oxide loading, TiO2 was loaded with 3 wt% and 5 wt% of CuO,

Fe3O4 and Co3O4. Figure 5.6 shows the effect of metal oxide loading on NO conversion

and NOx concentration as a function of energy density. When increasing the wt% of metal

oxide loading on TiO2, the NO conversions increase notably. There is also a significant
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difference in the NOx concentration. Loading a metal oxide on the TiO2 always results in

lower NOx concentrations as for TiO2 alone, except for Fe3O4. For this catalyst, 5% Fe3O4
results in higher NOx concentrations as compared to 3% Fe3O4. On the contrary, for CuO,

5% CuO showed much lesser NOx concentrations as compared to 3% CuO. No significant

difference was observed for Co3O4. To conclude, increasing the metal oxide loading on the

TiO2 support results in increased conversion of NO.

(a) NO conversion (b) NOx concentration

Figure 5.6 – NO conversion and NOx concentrations for various metal-oxides loaded on TiO2
for an IPC configuration for an input NO concentration of 200 ppm and at a flow-rate of 5 slm.

N2O formation as a function of energy densities for the various metal oxide loadings

is shown in Fig. 5.7. With increasing energy density, the N2O concentration increases for

all the metal oxide loadings. When increasing the metal oxide loading on the TiO2, the

N2O concentration shows a considerable difference at higher energy densities. A higher

metal oxide loading results in higher N2O concentrations at higher energy densities. While

at low energy densities, up to 25 J/L, the metal oxide loading has no significant effect on

the N2O concentration. Loading of 5% and 3% of Fe3O4 on TiO2 results in similar N2O

concentrations. This might be due to the presence of higher concentrations of NO2, which

reacts with atomic nitrogen to form N2O. Higher NO2 concentrations leads to higher N2O

concentrations.

When looking at the O3 formation, higher metal oxide loadings completely suppressed

the O3 formation even at high energy densities. No O3 has been observed.

To conclude, the CuO catalyst with 5% loading on TiO2 performed better, for both the

NOx removal as well as with low by-products formation.

With increase in metal oxide loading both the physical properties and the electrical

properties of the catalytic material may change. The change in physical properties is related

to the increase in the active sites of the materials. Varying the metal oxide loading may

also vary the discharge activity. The V-I waveforms for 3% metal oxide loading and 5%
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Figure 5.7 – N2O concentration as a function of energy density for various wt% of metal-oxides

loaded on TiO2 for an IPC configuration for an input NO concentration of 200 ppm and at a

flow-rate of 5 slm.

metal oxide loading on TiO2 are shown in Fig. 5.8. The voltage waveforms do not show

any significant difference and the input peak-voltage for all the materials is same. However,

some interesting observation can be made from the current waveforms. With increasing

metal oxide loading, the number of spikes in the current waveform increase, indicating an

increase in microdischarges. This increase in microdischarges may lead to increased reactive

species production since more energy is deposited in the discharge. With increased reactive

species production, the conversions and by-products formation will also be different. Thus

we obtain an increase of the NO conversion with increased metal oxide loading, but at the

expense of higher N2O formation.

The observed differences in discharge current, and thus in discharge behaviour, might

be due to the difference in the dielectric constant for the various metal-oxide loading con-

centrations. In Chapter 2, we have discussed the difference in the dielectric constants with

increased metal oxide loading. With increasing dielectric constant, the local electric field

strength between the catalytic pellets increases, which apparently effects the NO conversions.

With different metal oxide loading, the intensity of plasma varies and the observations of

this variation in plasma discharges after placing the catalytic materials in the plasma reactor

will be presented in Chapter 7.6.



90 5. Screening of catalytic materials for NOx removal

� � � � � � � � �
� � �

� � �

� �

�

�

� �

� �

� �

V
ol
ta
ge

[k
V
]

C
u
rr
en
t
[A

]

Voltage
Current

Time [ s]

(a) 5% CuO/TiO2

� � � � � � � � �
� � �

� � �

� �

�

�

� �

� �

� �

V
ol
ta
ge

[k
V
]

� � � � � � � � �
� �

� � 	 �

� �

� � 	 �

�

� 	 �

�

� 	 �

C
u
rr
en
t
[A

]

Voltage
Current

Time [ s]

(b) 5% Fe3O4/TiO2

� � � � � � � � �
� � �

� � �

� �

�

�

� �

� �

� �

V
ol
ta
ge

[k
V
]

� � � � � � � � �
� �

� � 	 �

� �

� � 	 �

�

� 	 �

�

� 	 �

�

� 	 �

C
u
rr
en
t
[A

]

Voltage
Current

Time [ s]

(c) 5% Co3O4/TiO2

Figure 5.8 – Voltage-current waveforms for 5% metal oxides loading on TiO2 at a frequency of

300 Hz for an input NO concentration of 200 ppm and for a gas flow-rate of 5 slm.

5.3 Post-plasma catalytic configuration

5.3.1 Effect of catalytic support
In this section, we have studied the effect of the metal oxide loading when supporting the

metal-oxide catalyst by either TiO2 or by Al2O3, by performing experiments with 3wt% of

NiO, MnO, CuO, Fe3O4, Co3O4 loaded on to the two support materials and when using

a PPC configuration. Figure 5.9 shows the effect of various metal oxides loaded on TiO2
(Fig. 5.9a) and Al2O3 (Fig. 5.9b) on NO conversion.

From the Fig. 5.9a, it can be seen that the NO conversion is notably higher for the plasma-
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alone configuration than for a PPC configuration with metal oxides loaded on TiO2. Even at

higher energy densities, the catalytic materials were not able to realize NO conversion above

90% with PPC configuration. While in comparison, with the IPC configuration as shown in

the previous section, all the materials achieved more than 90% NO conversion for energy

densities above 50 J/L. However, for the PPC configuration, MnO showed moderate NO

conversion whereas CuO showed poor conversion in comparison with the results for these

materials for the IPC configuration. There was not a significant difference in NO conversion

between the IPC and the PPC configurations for the material MnO, Fe3O4 and Co3O4.

(a) Metal oxides loaded on TiO2 (b) Metal oxides loaded on Al2O3

Figure 5.9 – NO conversion as a function of energy density for various metal-oxides loaded on

TiO2 and Al2O3 in the PPC configuration for an input NO concentration of 200 ppm and at a

flow-rate of 5 slm.

The metal oxides loaded on Al2O3 showed better conversions than the metal oxides

loaded on TiO2 as can be observed in Fig. 5.9b. Comparing these results with the results

obtained with the IPC configuration in the previous section, with the catalytic materials

applied in the PPC configuration, lower NO conversions are obtained as with the plasma-

alone configuration. For the PPC configuration, CuO showed better NO conversion compared

to all the other catalytic materials whereas Co3O4 obtained low NO conversion.

The order of NO conversions obtained with metal oxides loaded on TiO2 is plasma-alone

> TiO2 > MnO � Fe3O4 � Co3O4 > CuO. In a same way, the order of NO conversion

obtained with metal oxides loaded on Al2O3 is plasma alone > CuO � Al2O3 > Fe3O4 >

NiO � Co3O4. MnO showed better conversions in the PPC configuration than in the IPC

configuration. Huang et al. also observed higher conversions and lower O3 concentrations

with MnO in the PPC configuration compared to the IPC configuration [138].

With increasing energy density, NOx concentrations started to reduce for all the catalytic

materials. Applying catalytic materials always results in much lower NOx concentrations

in PPC configuration as compared to the plasma-alone configuration. However, the IPC

configuration as described in the previous section, results in substantially lower NOx con-
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(a) Metal oxides loaded on TiO2 (b) Metal oxides loaded on Al2O3

Figure 5.10 – NOx concentration for various metal-oxides loaded on TiO2 and Al2O3 for the

PPC configuration for an input NO concentration of 200 ppm and at a flow-rate of 5 slm.

(a) Metal oxides loaded on TiO2 (b) Metal oxides loaded on Al2O3

Figure 5.11 – N2O concentration as a function of energy density for various metal-oxides loaded

on TiO2 and Al2O3 for the PPC configuration for an input NO concentration of 200 ppm and at a

flow-rate of 5 slm.

centrations than the PPC configurations. Metal oxides loaded on Al2O3 showed significantly

lower NOx concentrations as compared to loading the metal oxides on TiO2. MnO and NiO

showed higher NOx concentrations when loaded on TiO2 both for the IPC and the PPC con-

figuration whereas NiO loaded on Al2O3 provided much less NOx concentrations. Fe3O4
showed low NOx concentrations both for TiO2 and Al2O3 supports. Finally, Co3O4 also

obtained lower NOx concentrations both on TiO2 and Al2O3 supports despite of its poor
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performance with regard to NO conversion.

The by-products formation as a function of energy density for metal oxides loaded on

TiO2 and Al2O3 is shown in Fig. 5.11. We do not show the O3 concentrations because

we have not observed O3 concentrations for all the metal oxides in the PPC configuration.

Therefore we show and discuss only the N2O concentrations. It can be observed that with

increasing energy density, the N2O concentrations increase in a similar way as for the

plasma-alone and for the IPC configuration. Thus, the N2O formation is a strong function

of the plasma energy density. In general, metal oxides loaded on Al2O3 result in slightly

higher N2O concentrations as compared to loading metal oxides on TiO2. This is reasonable

because, metal oxides loaded on Al2O3 obtained higher NO conversions than metal oxides

loaded on TiO2 for the given energy density.

CuO loaded on TiO2 showed low N2O concentrations both with IPC and PPC con-

figurations. The result of this lower N2O concentrations might be because of lower NO2
concentration, while NO2 is required to react with nitrogen radicals to form N2O. Apart from

CuO, the other metal oxides on TiO2 did not show significant effect on the N2O formation. A

similar effect is observed with metal oxides loaded on Al2O3. There is also not a significant

difference in N2O formation between the different metal oxides loaded on Al2O3. Overall,

the PPC configuration showed lower conversions as compared to the IPC configuration, but

resulted in lower by-product formation.

5.3.2 Effect of wt% of metal-oxide loading
In this section, we have studied the effect of metal oxide loading on the NOx removal and

by-products formation by loading 3wt% and 5wt% of CuO, Fe3O4 and Co3O4 on TiO2.

The effect of metal loading on NO conversion and NOx concentration as a function of

energy density is shown in Fig. 5.16. It can be observed that with increase in metal loading

higher NO conversions and lower NOx concentrations were obtained. The NO conversion is

moderately increased by increasing the metal oxide loading of Fe3O4 while CuO and Co3O4
showed significant difference.

The increase in NO conversion for the PPC configuration could be due to the increase

in surface area with increasing metal oxide loading. Fe3O4 and CuO showed considerably

lower NOx concentrations with increasing metal oxide loading while moderately less con-

centrations were observed with Co3O4. In general, increasing the metal oxide loading led

to higher conversions in both IPC and PPC configurations.

As O3 formation is completely suppressed in the PPC configuration, we only looked at the

N2O concentration to study the by-products formation. The N2O concentration as a function

of energy density for various metal oxide loadings on TiO2 is shown in Fig. 5.13. With

increase in metal oxide loading, the N2O concentration increased with energy density for all

the metal oxides. Thus the increase of NO conversions and the reduced NOx concentrations

with an increase in metal oxide loading, comes at the expense of increased by-products

formation. The N2O concentrations produced with 5% Fe3O4 in PPC configuration is

comparable to the performance of the 5% Fe3O4 loading in the IPC configuration. This

is striking, because, the main advantage of using the PPC configuration is the reduced by-
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(a) NO conversion (b) NOx concentration

Figure 5.12 – NO conversion for various metal-oxides loaded on TiO2 for PPC configuration for

an input NO concentration of 200 ppm and at a flow-rate of 5 slm.

Figure 5.13 – N2O concentration as a function of energy density for various wt% of metal-oxides

loaded on TiO2 for PPC configuration for an input NO concentration of 200 ppm and at a flow-rate

of 5 slm.

products formation. Increasing the metal oxide loading seems to curb this advantage of the

PPC configuration.

5.4 Conclusions

DBDs are widely used for VOCs and NOx removal. Two main arrangements are generally

proposed in the literature to combine a plasma reactor with a catalytic reactor: an in-plasma
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catalytic configuration (IPC), and a post-plasma catalytic configuration (PPC). In both of

these configurations, different catalysts such as NaY, noble metals and transition metal oxides

supported on TiO2 and on Al2O3 have been tested. Transition metal oxides were preferred

over noble metal metals for economic reason.

Figure 5.14 – Comparison of the performance of various metal-oxides loaded on TiO2 and Al2O3
for an IPC configuration for an input NO concentration of 200 ppm, at a flow-rate of 5 slm and

for the energy density of 50 J/L.

In this chapter, we have studied NOx removal by loading various metal oxides on TiO2
and on Al2O3 using a pulsed DBD reactor. The metal-oxides that we have used in this study

are NiO, MnOx, CuO, Fe3O4, Co3O4. To understand the effect of support material, we have

loaded 3% of these metal oxides both on TiO2 and Al2O3 and compared the NO conversion,

NOx concentration and by-products formation using both the in-plasma configuration (IPC)

and post-plasma configuration (PPC). Also the effect is studied on the amount of metal-oxide

loading on both support materials, where we have compared the performance of 3wt% and

5wt% of these metal oxides loaded on TiO2 and Al2O3 for both the IPC and PPC. We studied

the role of catalytic material in changing the plasma discharge characteristics by looking

into the voltage-current waveforms and measuring the dielectric constants of these materials

to correlate them to the discharge characteristics.

A comparison of the performance of various metal oxides loaded on TiO2 and on

Al2O3 with respect to NO conversion, NOx concentration and N2O concentrations at an

energy density of 50 J/L for an IPC and for the PPC configuration is given in Fig. 5.14 and

Fig. 5.15 respectively. In general, the metal oxides loaded on Al2O3 performed well for

both the IPC and PPC configuration. The increase in performance of Al2O3 and metal

oxides supported on Al2O3 for the IPC configuration might be due to the formation of more
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Figure 5.15 – Comparison of the performance of various metal-oxides loaded on TiO2 and Al2O3
for the PPC configuration for an input NO concentration of 200 ppm, at a flow-rate of 5 slm and

for the energy density of 50 J/L.

intense microdischarges, as has been observed in the current waveforms. These more intense

microdischarges might be related to the higher dielectric constants: the higher the dielectric

constant, the less intense the current waveform and thus the related plasma.

Comparison of the performance of various amounts of metal oxide loading on TiO2 with

respect to NO conversion, NOx concentration and N2O concentrations at an energy density

of 40 J/L is given in Fig. 5.16. Higher metal oxide loading showed higher conversion but

at the expense of higher by-products formation. 5% CuO/TiO2 showed the most optimum

performance for both the IPC and the PPC configuration. With increase in metal oxide

loading, the surface area increases and thus improved conversions can be expected.
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(a)

(b)

Figure 5.16 – Comparison of the performance of various metal-oxides loading on TiO2 for an

input NO concentration of 200 ppm, at a flow-rate of 5 slm and for the energy density of 40 J/L.

(a) IPC-configuration (b) PPC-configuration.





Chapter 6

SDBD reactor for on-demand air

purification

6.1 Introduction

Although the main focus of our work is on understanding DBDs for air purification appli-

cations, we have also developed an Surface-dielectric-barrier-discharge (SDBD) reactor for

on-demand air purification as a part of Environmental Sensors for Energy Efficiency (ESEE)

project funded by EU. SDBDs have become popular recently due to their wide range of appli-

cations such as ozone generation, surface treatments and air-pollutants removal [139–145].

An important advantage of SDBD plasma is that only relatively low high-voltage pulses

(< 10 kV) are needed to generate the plasma [139]. They are effective in removing a wide

range of pollutants. Non-thermal plasma is generated as a thin plasma layer along a di-

electric surface at room temperature and atmospheric pressure. Despite the fact that the

generation of homogenous plasma is relatively simple, the challenge lies in scaling-up of

SDBD reactors.

In this chapter, we have developed a modular plasma-catalytic surface-dielectric-barrier-

discharge (SDBD) reactor to handle large flows and which can be scaled-up and scaled-down

easily. A SDBD power modulator was developed to generate 7-kV high-voltage pulses with

microsecond duration that can power two SDBD-reactor plates at a maximum of 5 kHz pulse

repetition rate. The developed reactor can accommodate up to 20 SDBD plates and thus 10

such SDBD driver units are needed to power these SDBD plates and to treat larger flows.

In this study, we have used three SDBD drivers connected in parallel to 6 SDBD plates.

The applied power can be controlled by means of the adjustable pulse-repetition rate. The

electrical and the chemical characterization of this developed SDBD reactor will both be

discussed in detail in this chapter. The operational efficiency of the developed SDBD has

been investigated by studying the removal of NOx and ethylene. The removal efficiency of

99
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NOx and ethylene are determined as a function of energy density and operational parameters

such as initial concentration and gas flow rate. Finally, we combined the SDBD plasma

reactor with catalyst by placing the Al2O3 plates without TiO2 coating and with TiO2
coating alternatively to the SDBD plates in a parallel arrangement.

6.2 Experimental setup

The schematic representation of the experimental setup used to study the SDBD reactor

performance can be found in Fig. 6.1. The flow of gas was controlled by using Bronkhorst

mass flow controllers. The gas used in the experiments discussed in this chapter consists

of a mixture of NO in N2 (10000 ppm of NO in N2 base), C2H4 in N2 (1000 ppm of C2H4
in N2 base) and synthetic air. Synthetic air (less than 3 ppm of H2O content) is used to

dilute NO and C2H4 to get the desired input concentrations.The gas mixture is dosed at room

temperature and at atmospheric pressure.
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Figure 6.1 – Schematic representation of the experimental set-up using SDBD reactor.

The treated gas from the SDBD reactor was sampled out to a Fourier Transform Infrared

Spectrometer (FTIR, BRUKER Tensor 27) with a 20-cm optical path gas cell to measure the

exit gas concentration. The resulting spectra from the FTIR are used to calculate the varying

concentrations of NO, NO2, O3, N2O,C2H4, CO and CO2. Ozone concentrations were

measured with a UV-absorption spectrometer. For UV absorption measurements, we have

used a 11-mm optical path cell and the optic fibers connect this path cell with the UV source

and the spectrometer. We have used Micropack D-2000 as UV source and Ocean Optics
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HR2000 spectrometer. A pulsed-power SDBD modulator is used to produce the discharges.

Pulse repetition rate was varied from 0-300 Hz to vary the energy density. We have explained

in Chapter 2 about the gas compositions and the formulas that we have used to calculate the

conversions and selectivities. All the experiments in this chapter were performed for 6 times

and are reproducible within +/- 5% error margin.

The SDBD plasma-catalytic reactor consists mainly of two components: 1. Electrode

plates and 2. catalytic plates. The detailed description of the design of the electrode plate

and the synthesis of the catalytic plate are found in the following sections.

6.2.1 Design of SDBD plate

The electrode plate, from here on is referred as the SDBD plate. The SDBD plate consists

of a thin ceramic dielectric plate plated with copper strip electrodes on both the sides.

The layout of the copper electrode strips on the ceramic plate is shown in Fig. 6.2. In our

research, alumina is used as a dielectric plate and the metallic strips are copper coated with

gold to avoid corrosion when the plasma is ignited. The dimensions of the ceramic plate are

150 x 100 x 1 mm. These tracks of copper strips are produced by pcb-production technique

as shown in Fig. 6.3a. The copper strips have a width of 2.3 mm and the distance between the

tracks is 2.5 mm. The distance between the top edge of the dielectric plate to the copper strip

is 11.5 mm and from the side edge is 10 mm. Each side of the plate consists of 16 parallel

copper strips. At one side of a plate, all electrode strips are connected to the high voltage

and all strips at the other side are grounded. When high-voltage (up to several kV) is applied

to the metal strips, discharges initiates from the electrode along the dielectric surface of the

plate. Plasma is generated on both sides of the planar SDBD plate as shown in Fig. 6.3b.

These SDBD plates were manufactured for us by Accent PCB Nederland B.V. An extensive

optical characterization study on this SDBD plates can be found in [146].

6.2.2 Synthesizing the catalyst plate

In a reactor, dielectric plates coated with a catalytic material can be positioned in parallel

to SDBD plates. An example of a possible combination is shown in Fig. 6.4. The catalyst

plate was made by depositing TiO2 on a ceramic plate (Al2O3) with the dimensions similar

to that of the SDBD plate. This deposition of TiO2 as a thin film was made by means of

a chemical deposition method. The deposition method used is the sol-gel technique where

the ceramic plates were dip coated in the sol-gel [147].

6.2.2.1 Synthesizing TiO2 thin films by sol-gel method:

A thin film of TiO2 was deposited on the ceramic plate by sol-gel method in the following

steps.
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Figure 6.2 – SDBD plate with copper metal electrodes with gold deposited on the top of copper

strips. Green tracks represent the front side tracks while the red tracks represent the back side

tracks

150 mm 

100 m
m

 

(a) Plasma-off (b) Plasma-on

Figure 6.3 – SDBD-plate with copper tracks coated with gold to avoid corrosion. The dimensions

of the SDBD plate are 150 x 100 x 1 mm. (a): with-out plasma and (b) with plasma-on at 7-kV

applied voltage.

Step 1: For the deposition of TiO2 thin film, the ceramic plates were initially cleaned with

distilled water and acetone and then dried in the oven at 1000C to ensure that the

surface is very clean with out any impurities.
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Air 
flow

Figure 6.4 – Planar arrangement of catalytic plates in parallel to a SDBD plate. The air flow is

along the surface of all the plates.

Step 2: Titanium (IV) tetraisopropoxide (1.77 g) is hydrolyzed with deionized water (100 ml).

An ultrasonic bath was used for effective stirring up to 20 min at room temperature.

Step 3: The resulting titanium hydroxide precipitate is separated by centrifugation. The

procedure is repeated until the alcohol generated during hydrolysis of titanium

alkoxide is completely removed (at least 2 times).

Step 4: The precipitate is then dissolved in 20 ml of aqueous hydrogen peroxide (15%) to

get a transparent orange sol of titanium peroxo complex and then diluted with water,

after dilution the color of the sol changes from orange to yellow.

Step 5: Poly(ethylene glycol) (PEG400) was added in order to control morphology of de-

posited film.

Step 6: After mixing, the sol should be aged for 5-24 h to form a gel.

Step 7: The viscous Ti-peroxo complex gel is used for dip coating. For that, a cleaned Al2O3
substrate is dipped into the TiO2 gel and slowly and evenly pulled out of the gel at a

uniform rate 1 mm per second. A very thin film of TiO2 is formed on the substrate

and is first dried in air at room temperature followed by drying at 100 ◦C for 2 hours

in an electric oven. The films formed are further heated at 400 ◦C for 1 hour in an

electric furnace in air.

Step 8: The remaining gel, which has not been used for dip coating is dried and calcined for

XRD and TGA. The XRD and TGA data has been presented in the Appendix. 7.6

in the Fig. A.11 and A.10 respectively. The XRD reveals that the TiO2 is 43% rutile

and 57% anatase.

The thickness of the TiO2 layer depends on the ageing time of the TiO2 sol. We have

dip coated the ceramic plate after 6 hours which lead to a thickness of 34 nm and after

24 hours to get a thickness of 60 nm. TiO2 coated ceramic plates were characterized by
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scanning electron microscopy (SEM) to determine the uniformity of coating and to check

for the thickness of the coated layer. The SEM images for both 34 nm and 60 nm of TiO2
coated plates are shown in Fig. 6.5 and 6.6 respectively. The top view of the SEM images

in Fig. 6.5a and 6.6a shows that the coating of the TiO2 layer is uniformly covered on the

Al2O3 plates.

Figure 6.5 – SEM images of ceramic plate coated with a 34 nm thin layer of TiO2 using the

sol-gel dip coating technique. (a) is the top view and (b) is the cross-sectional view.

Figure 6.6 – SEM images of ceramic plate coated with a 60 nm thin layer of TiO2 using the

sol-gel dip coating technique. (a) is the top view and (b) is the cross-sectional view.
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6.2.2.2 Design of SDBD plasma-catalytic reactor

The overview of the SDBD reactor is shown in Fig. 6.7. The SDBD plasma-catalytic reactor

consists of a casing, having a rectangular section in the middle which is connected to conical

input and output loft structures. The length, width and height of the reactor is approximately

470 mm, 118 mm and 109 mm respectively. The rectangular cross-section area of the reactor

is provided with grooves of 1.2 mm width at the top and bottom to place the SDBD and

the catalyst plates. This design can accommodate up to 20 plates in total. The reactor is

constructed with 7 mm thickness of Teflon walls (except on the top of the reactor. This is

to avoid short-circuiting issues) around which 1 mm thickness of stainless steel casing is

made to give more stability and rigidity. To have a optical view of the plasma, the top of the

reactor holds a Polymethyl methacrylate (PMMA) window. High voltage connections to the

SDBD plates was realized by a metallic finger-type interface in which the SDBD plates can

be inserted. The inlet and outlet gas connections has a diameter of 50 mm which makes it

easy to handle large amount of flows up to 100 litres per minute. The loft diameter can be

reduced with different reducers to accommodate a variable flow. The lofts at the inlet and

outlet can be easily detachable to change or replace the SDBD and catalyst plates. There is

a provision to place filters such as activated carbon for the gas to flow through before being

exposed to the SDBD and the catalyst plates if the gas stream contains particulate matter.

C-C ( 1 : 2 )

E-E ( 1 : 2 )

Figure 6.7 – Overview of the SDBD reactor.
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6.3 Electrical characterization

6.3.1 Power modulator Topolgy
A photograph of the SDBD pulsed power modulator is shown in Fig. 6.8 and the detailed

description of the solid-state pulse modulator to generate SDBD plasma is mentioned in

[148]. A single SDBD modulator is able to generate pulse voltage up to 7-kV with a rise

time of approximately 2 μs. The pulse voltage of 7 kV is limited by the capacitance of

the SDBD modulator. A single SDBD modulator can power up to 2 SDBD-plates with

dimensions of 100 x 150 mm when connected in parallel.

Figure 6.8 – Photograph of a single pulsed-SDBD power modulator which was used to power

the electrode-plate.

6.3.2 Modulator specifications
Homogeneous plasma was observed visually when the power modulator was powered by a

DC voltage above 200 V. When this power modulator was powered by a DC-voltage between

200-260 V, it is able to generate a high-voltage output pulse over the electrode plate ranging

from 5.9 to 7.1 kV. With the change in the DC input-voltage, the energy-per-pulse can be

adjusted from 0.8 to 20 mJ. This change in the reactor peak voltage and the energy-per-pulse

can be seen in Fig. 6.10. The typical voltage-cuurent waveform and energy per pulse of

the pulsed SDBD modulator is shown in Fig. 6.9. The output power to the reactor can

be varied up to 120 W. Based on the maximum 120 W output power and with practically
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minimum 1 slm volumetric flow rate, a maximum applicable energy density of approximately

120 J/L can be obtained. This data was collected with three pulsed-SDBD power modulators

connected in parallel to 6 electrode-plates with an air flow of 10 slm. The pulse repetition

rate can be varied from 0-5 kHz.

(a) Voltage-current waveform (b) Energy per pulse

Figure 6.9 – Typical voltage-current waveform and energy per pulse of the pulsed SDBD modu-

lator.

6.4 Chemical characterization

To check the performance of this SDBD reactor, experiments were conducted for NO and

VOC removal at various initial concentrations and various flow-rates. We have used ethylene

as model compound for the VOC. NO and ethylene removal efficiency and the by-products

formation as a function of energy density has been studied for reactor configuration having

only 6 SDBD plates and also 7 Al2O3 plates and TiO2 coated on alumina plates placed in

between and parallel to the 6 SDBD plates.

6.4.1 NO removal in the pulsed-SDBD reactor
In this section, we present results on NO removal with the SDBD reactor at various initial

concentrations and various flow-rates. We have used 1% of NO in N2 gas and diluted this

with synthetic air to get the desired concentrations. All the experiments were conducted

at atmospheric conditions. We have studied the NO removal efficiency and by-products

formation as a function of energy density.
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Figure 6.10 – Reactor-peak-voltage and the energy-per-pulse as a function of the DC-supply-

voltage for the three pulsed-SDBD power modulators in parallel to the 6 electrode-plates with an

air flow of 10 slm.

6.4.1.1 Effect of NO input concentrations

Figure 6.11 shows the NO and NOx conversion as a function of energy density for various NO

input concentrations. It can be observed that with increasing NO initial concentrations, the

NO conversion decreases. This behaviour was similar to the observations of the experiments

conducted using a DBD reactor which were discussed in Chapter 4. NO is completely

converted for the input NO concentration of 100 ppm at an energy density of approximately

20 J/L. Whereas for 300 ppm of NO input concentration, the maximum NO conversion is

65% even at high energy density of 120 J/L. It can be observed from Fig. 6.11b that with

increasing energy density, NOx conversion increases initially and then starts to decrease for

all the input NO concentrations. This decrease in NOx conversion at high energy densities

is due to the increased NO2 concentrations. With increasing the NO initial concentrations,

NOx conversion increases up to 200 ppm and then decreases. For 300 ppm of NO input

concentration, NOx conversion happens to be negative. These negative conversions are

due to the increased NO2 concentrations which contribute to the total NOx concentrations.

When these NO and NOx conversions are compared to the DBD results, DBD showed higher

conversions. This trend was also observed by other researchers [149, 150] for the NOx as

well as for the hydrocarbons removal. It may not be appropriate in our study to quantify

the results comparing SDBD and DBD even at the same energy densities because of the
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(a) NO conversion (b) NOx conversion

(c) N2O and O3 concentrations

Figure 6.11 – NO and NOx conversion and by-products formation as a function of energy density

with 6 SDBD plates at various initial concentrations with the μs-pulsed SDBD driver.

differences in the volume of the reactor and thus the differences in the residence times. From

our study on the effect of rise time, which was mentioned in Chapter 3, we observed that the

short pulses gives higher removal efficiencies. The nanosecond pulse showed better removal

efficiency compared to the micro-second pulse. The power modulator for DBD produced a

micro-second pulse with rise-time of approximately 0.9 μs whereas the power modulator for

SDBD produced a pulse with approximately 2 μs rise-time. This difference in the rise-time

might have also played a role in the decrease of the NO and NOx removal efficiency.

The by-products formation with varying input concentrations can be seen in Fig. 6.11c.

It can be observed that the N2O concentration increases linearly with energy density. At

low energy densities, N2O concentrations do not depend significantly on the input NO

concentrations but at higher energy densities, the effect of input NO concentrations is
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slightly visible. O3 formation is more prominent for low NO input concentrations. With

increasing the NO initial concentrations, O3 formation decreases. For 100 ppm of NO input

concentration, O3 formation is observed at low energy densities itself. Whereas for the input

NO concentration of 300 ppm, no O3 has been observed. These high O3 concentrations at

low NO input concentration is because of no NO is available to consume the atomic oxygen,

as NO is completely converted. The excess atomic oxygen combine with O2 to form O3 as

mentioned in reaction 3.7. When the O3 concentration is compared to the DBD for the input

NO concentration of 200 ppm, it is evident that SDBD produced higher O3 for the given

energy density.

6.4.1.2 Effect of flow-rate

Here, the effect of flow-rate on NO and NOx conversions and the by-products formation is

studied. The gas flow-rates were varied from 5 slm to 15 slm. The NO and NOx conversion

as a function of energy density for various flow-rates can be seen in Fig. 6.12. It is observed

that with increasing gas flow, the NO and NOx conversion slightly decreases. The gas flow

of 10 slm showed minimum NO and NOx conversions compared to the 5, 12 and 15 slm

flow-rates. But the distinction between the NO and NOx conversions is not so obvious

as in the effect of initial concentrations. Oda et al. in their work on decomposition of

gaseous organic contaminants by surface discharge induced plasma chemical processing -

SPCP [151], studied the effect of residence time on the removal of acetone as a function of

input power for the input concentrations of 100 ppm and 1000 ppm. They varied residence

time by varying the flow-rate and observed that the higher conversions are achieved by

increasing residence time which showed the same trend as our experiments on NOx. On

the other hand, the power efficiency is higher at shorter residence time than at longer

residence times for 100 ppm input concentration. Whereas for 1000 ppm, the residence time

did not show any significant effect on the power efficiency. The by-products formation is

more dependent on energy density and less on flow rate as is seen in the Fig. 6.12c. The

concentrations of N2O and O3 did not show significant variation with flow rate but their

concentrations increased with increasing energy density.

To study the performance of this SDBD plasma reactor combined with catalyst, the

Al2O3 plates without and with TiO2 coating were placed alternately to the SDBD plates in a

parallel arrangement. Figure 6.13 shows the comparison of the NO and NOx conversion with

all these three configurations for an initial NO concentration of 200 ppm and at a gas flow-

rate of 5 slm. It is observed that the NO conversion is slightly higher and NOx conversion

slightly lower for just 6 SDBD plates. When these 6 SDBD plates are combined with Al2O3
plates with and without TiO2 coating NOx conversions are slightly improved. N2O and O3
concentrations are observed to increase with increasing energy density. This is because, NO

is converted to NO2 which reacts with atomic nitrogen to form N2O and atomic oxygen.

This atomic oxygen through recombination reaction, produces O3. Thus we observe an

increasing trend for N2O and O3 concentrations with increase in energy density. It can also

be noticed that the by-products formation has been reduced by combining the SDBD plates

with catalytic plates. With SDBD plates placed alone in the reactor, the N2O concentration
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(a) NO conversion (b) NOx conversion

(c) N2O and O3 concentrations

Figure 6.12 – NO and NOx conversion and by-products formation as a function of energy density

with 6 SDBD plates at various flowrates with the μs-pulsed SDBD driver.

is observed to be approximately 49 ppm at an energy density of 70 J/L. On the other hand

when these SDBD plates are combined with catalytic plates, N2O concentrations are reduced

to 33 ppm at 70 J/L. With SDBD, dissociation of oxygen is a predominant reaction and thus

ozone formation occurs in almost all the experiments. The ozone concentration increases

with increasing energy densities irrespective of performing experiments with just SDBD

plates or placing alumina plate or TiO2 coated alumina plates in between the SDBD plates.

As long as NO is present in the reactor, the ozone formation will be suppressed. But

combining the SDBD plates with catalytic plates showed a significant effect on the O3
concentrations. O3 concentrations were reduced from 62 ppm to 25 ppm, which is nearly 2.5

times, by placing the catalytic plates in combination with the SDBD plates. The probable

reason for the reduction in by-products formation could be that the active species generated
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(a) NO conversion (b) NOx conversion

(c) N2O and O3 concentrations

Figure 6.13 – NO and NOx conversion and by-products formation as a function of energy density

with catalytic plates placed alternately to the SDBD plates in a parallel arrangement at an input

NO concentration of 200 ppm and gas flow-rate of 5 slm.

by the SDBD plasma can travel longer distance before they get quenched when there are

no catalyst plates in parallel to the SDBD plates. Thus, there is a probability that more

atomic nitrogen are available to react with NO2 to form N2O. This might be the reason why

we observed higher N2O concentrations with 6 SDBD plates. The same explanation holds

good for O3 as well. When the catalyst plates are placed in parallel to the SDBD plates, the

generated atomic oxygen and O3 collide with the walls of the catalyst plates to form O2. So,

probably the catalyst plates are just acting like walls to quench the reactions than more of

a catalyst. This might also explain why we have not seen any difference in the by-products

concentrations of 6 SDBD+7 Al2O3 plates and 6 SDBD+7 TiO2 plates.
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6.4.2 Ethylene removal in the pulsed-SDBD reactor
Here, we have evaluated the performance of the SDBD reactor for VOC removal. Ethylene

was used as a model compound because of its significant impact in the food industry and

in the floral markets. It is relatively simple molecule compared to other VOCs and thus it

is easy to destroy with NTP. Experiments were conducted at various input concentrations

of ethylene, whereby ethylene removal and CO, CO2 selectivity is studied as a function of

energy density. We have not evaluated the by-products formation in-detail here. The FTIR

spectra for C2H4 at an energy density of 50 J/L showing the by-products is shown in the

Appendix. 7.6 in the Fig. A.5. The input concentration was varied from 50 ppm to 250 ppm

at an interval of 50 ppm. It is observed from Fig. 6.14a that for all the input concentrations

100% conversion can be realized with increasing energy density. This complete removal of

ethylene was also reported in [152] and [153]. With increasing the input concentrations, the

conversion of C2H4 decreases. 90% conversion of C2H4 was achieved at an energy density

10.5 J/L for input concentration of 50 ppm whereas the 250 ppm obtained 90% conversion

with an energy density of 76 J/L. The selectivity towards CO and CO2 as a function of energy

density is shown in Fig. 6.14b. With increasing energy density, the selectivity towards CO is

increased. There is remarkably little on the selectivity of CO2. The selectivity towards CO is

higher than CO2 which means that the C2H4 is converted more to CO and further oxidation

of CO to CO2 is limited. R.Aerts et al. [153] suggested a detailed destruction pathway for

C2H4 with dry air and humid air in their work on gas purification by non-thermal plasma:

A case study of ethylene. This destruction pathway for dry air could be summarized in four

main steps:

(a) C2H4 conversion (b) CO and CO2 selectivity

Figure 6.14 – C2H4 conversion and CO, CO2 selectivity as a function of energy density with 6

SDBD plates at various C2H4 input concentrations with the μs-pulsed SDBD driver.

Step 1: C2H4 collides with N2 metastables and with O atoms to produce vinyl radicals
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(C2H3) and acetylene molecules (C2H2) through the following reactions:

C2H4+N2(A3Σu+ ) → C2H3+H (6.1)

C2H4+N2(A3Σu+ ) → C2H2+2H (6.2)

Step 2: C2H3 is oxidized by O2 to form CHO radicals and HCHO. Formaldehyde is observed

as by-product at low energy densities.

C2H3+O2 → CHO+HCHO (6.3)

Step 3: C2H3 may also reacts with O to form CO and CH3 or C2H2 and OH. The C2H2
exhibits a high bond energy and also high degree of reactivity. Although its reactions

with electrophilic species like OH are strongly exothermic, the formation of the

intermediate pi-complex is a slow, rate determining process. Therefore, C2H2 yet

can be observed as product.

C2H3+O → CO+CH3 (6.4)

C2H3+O → C2H2+OH (6.5)

Step 4: CHO is further oxidized by O, O2 and OH to form CO and CO2

CHO+O → CO+OH (6.6)

CO+OH → CO2+H (6.7)

CO+O2 → CO2+O (6.8)

Thus, in the ethylene destruction pathway, CO, CO2, HCHO and C2H2 are the main

by-products that were produced. In this study, we have studied the CO and CO2 formations

and not the formaldehyde or acetylene because of the limitations to quantify them with

the existing experimental setup. With increasing the input concentrations, the selectivity

towards CO is increased. There is remarkably little effect on the selectivity of CO2 as seen

Fig. 6.14b. This decrease in selectivity is due to the lower conversion of C2H4 itself. The

maximum CO selectivity that is observed here is 60% for an input concentration of 100 ppm.
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(a) C2H4 conversion (b) CO and CO2 selectivity

(c) NO2 concentration (d) O3 concentration

Figure 6.15 – C2H4 conversion and CO, CO2 selectivity and NO2 and O3 concentrations as a

function of energy density with and without catalytic plates placed alternately to the SDBD plates

in a parallel arrangement with an input C2H4 concentration of 200 ppm and a gas flow of 5 slm

with the μs-pulsed SDBD driver.

The selectivity towards CO2 is higher for low concentrations because at low concentrations,

C2H4 is completely converted to CO at low energy densities and thus the remaining energy

is used to oxidize CO to CO2. Thus CO is observed as a main by-product for all the

concentrations.

In real time applications, CO and HCHO are not the preferred by-products because of

their toxic nature and thus we need higher energy densities as mentioned by [152] to oxidize

CO and HCHO to CO2. Combining plasma with a catalyst is another option to increase the

selectivity towards CO2. We tried to evaluate the third option by combining SDBD plates

with plates coated with TiO2 and studied the conversion of C2H4, selectivity towards CO and
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CO2 and other by-products such as O3 and NOx. The effect of placing the catalytic plates on

the C2H4 conversion and on CO and CO2 selectivity can be seen in Fig. 6.15. It is noticed

that the C2H4 conversion is slighlty higher with just the SDBD plates than combined with

the catalytic plates. There is no notable difference in the selectivity towards CO and CO2.

As the gas mixture consists of N2 and O2 because of synthetic air, we also observed NO2,

O3 as by-products and the results are presented in Fig. 6.15c and Fig. 6.15d respectively.

NO2 concentration increases with increasing energy density. Harling et al. [154] in their

work on the novel method for enhancing the destruction of environmental pollutants by the

combination of multiple plasma discharges, mentioned that they have not observed any NO

and NO2 concentrations which is in contradiction to our results. R.Aerts et al., [153] also

reported very low NO2 concentrations. This may be because of the high energy densities

that they have used where the NO2 is further converted to N2O and HNO2. The SDBD plates

combined with catalytic plates showed lower NO2 concentrations and O3 concentrations.

With the TiO2 sol-gel method that we have used to coat the Al2O3 plates with TiO2, we

have managed to obtain only a TiO2 layer thickness of 60 nm. It will be interesting to study

the performance of the reactor with the increased thickness of TiO2 layer which can show

increased catalytic activity.

6.5 Conclusions

Surface-dielectric-barrier-discharges (SDBDs) have become popular recently due to their

ease of generation and their wide range of applications such as ozone generation, surface

treatments and air-pollutants removal. In this chapter, we have developed a modular plasma-

catalytic surface-dielectric-barrier-discharge (SDBD) reactor to handle large flows which

could be scaled-up and scaled-down easily. A SDBD power modulator was developed to

generate high-voltage pulses up to 7 kV with microsecond duration that can power two

electrode-plates. We have used 3 SDBD power modulators connected in parallel to power

up to 6 SDBD plates. The applied power can be controlled by pulse-repetition rate. The

electrical and the chemical characterization of the developed SDBD reactor has been done.

Reactor performance was analyzed by conducting experiments with NOx and ethylene at

various input concentrations and various flow-rates and studying the conversions and the

by-products formation.

In general, DBD performed better than SDBD with respect to NO and NOx conversions

despite the SDBD modulator providing higher input energy per pulse. This may be due

to the short rise-time pulses created in DBD than in SDBD. With increasing NO initial

concentrations, the NO and NOx conversion decreases. We have observed negative NOx
conversion for 300 ppm of NO input concentration. With increasing gas flow, the NO and

NOx conversion decreases. Thus higher conversion is achieved at longer residence time.

We have evaluated the performance of the SDBD reactor for VOC removal and ethylene

was used as a model compound due to its interest in the food and floral industry. 100%

conversion of C2H4 was obtained for all the input concentrations. With increasing the input

concentrations, the conversion of C2H4 decreases similar to the trend of NOx conversion.
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With increasing the input concentrations, the selectivity towards CO is observed to decrease

while there is no effect on the selectivity towards CO2 . This decrease in selectivity of CO

is due to the lower conversion of C2H4 itself.

To reduce the by-products formation, we were interested to look into the option of

combining this SDBD reactor with catalyst. To study the performance of the SDBD plasma

reactor combined with catalyst, the Al2O3 plates without TiO2 coating and with TiO2 coating

were placed alternatively to the SDBD plates in a parallel arrangement. When these 6 SDBD

plates are combined with Al2O3 plates with and without TiO2 coating, C2H4 conversion

is marginally improved. The by-products formation have been reduced by combining the

SDBD plates with catalytic plates. O3 concentrations in the NOx removal experiments were

reduced from 62 ppm to 25 ppm, which is nearly 2.5 times, by placing the catalytic plates

in combination with the SDBD plates. There is significant reduction in NOx concentration

and slight reduction in O3 concentration in the C2H4 removal experiments. With the sol-gel

method that we have used here to coat the Al2O3 plate with TiO2, we have managed to obtain

the TiO2 layer with thickness of 60 nm. It will be interesting to study the performance of the

reactor with the increased layer thickness of TiO2 which can show increased catalytic activity.

With increased catalytic activity we may obtain higher conversions and low concentrations

of by-products. Thus, it will be worthwhile to investigate a better coating technique to get a

thicker and a homogeneous deposition of the TiO2 layer on the Al2O3 plates.





Chapter 7

Conclusions and Recommendations

Non-thermal plasma (NTP) technology has been researched for the past few decades for

environmental remediation, bio-medical and surface engineering applications. In this thesis

we focussed on combining non-thermal plasma (NTP) technology and catalysts for air purifi-

cation applications by using a dielectric-barrier-discharge (DBD) reactor. We investigated

the effect of various electrical and operational parameters on the performance of the DBD

reactor in terms of NOx, by-products concentrations and energy costs. We performed this

parametric study systematically using the three reactor configurations: plasma-alone, IPC

and PPC configurations. We have also performed screening of the catalytic materials for

NOx removal and studied the role of the catalytic material in changing the plasma discharge

characteristics. As a part of the environmental sensors for energy efficiency (ESEE)- EU

project, we have developed a modular plasma-catalytic surface-dielectric-barrier-discharge

(SDBD) reactor to handle large flows which could be scaled-up and scaled-down easily.

7.1 Research goals

In this thesis, we have investigated the combination of non-thermal plasma (NTP) technology

and catalysts for air purification applications and the effect of various parameters on the

plasma and plasma-catalytic processing efficiency. NOx has been taken as target pollutant

and the effect of various parameters on its removal efficiency have been researched using a

pulsed-DBD (with and without a catalyst) and a SDBD reactor (with and without a catalyst).

The main goals of this research were:

• To systematically study the effect of various electrical and operational parameters on

NOx removal and to optimize the performance of our DBD configuration.

119
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• To understand the plasma-catalytic interactions by studying the physical interaction

of the plasma with the catalyst and to correlate this interaction with the chemical

processing efficiency.

• To develop an on-demand air purifier which could be scaled-up and scaled-down easily

by using plasma-catalytic technology.

We have achieved the first research goal by two approaches. First, we optimized the plasma

reactor for NOx removal by varying the electrical parameters, such as applied peak-voltage,

pulse polarity and pulse rise-time. This was done for all the three reactor configurations:

plasma-alone, in-plasma (IPC) and post-plasma (PPC). We have observed that for waveform

with microsecond-pulse duration, with positive polarity and 16-kV applied peak-voltage,

gives the most optimum NOx conversion. It was also observed that, in comparison with

the plasma-alone configuration and the PPC configuration, the IPC configuration performs

better with respect to both NO conversion and reducing by-products formation. We used

these conditions for further experiments to analyze the effect of operating conditions such

as input NO concentrations, gas flow rate and reactor temperature. It was observed that

high removal efficiencies were obtained at low input concentrations and low flow rates for

all the three configurations. Also it was found that the PPC configuration performed better

at increased reactor temperatures.

Secondly, we packed the reactor with various catalytic materials and have tested the NOx
removal in both IPC and PPC configurations. It was observed that metal oxides loaded on

Al2O3 showed better NOx removal.

The second research goal was achieved by analyzing the voltage-current waveforms for all

the catalytic materials that we have used. The current waveforms provide information on how

the discharge varies for different catalytic materials that are placed inside the DBD reactor.

We have related the differences in discharge characteristics to the dielectric constants of

the materials used. Therefore, the dielectric constants of all the catalytic materials have

been measured. We also have done ICCD imaging and correlated the observed plasma

intensities with the chemical activity of the plasma-reactor and of the plasma-reactor filled

with catalytic materials.

We achieved the third research goal by developing a modular plasma-catalytic surface-

dielectric-barrier-discharge (SDBD) reactor to handle large flows. A SDBD power modulator

was developed to generate 7-kV high-voltage pulses with microsecond duration that can

power two SDBD-reactor plates at a maximum of 5 kHz pulse repetition rate. The electrical,

chemical and the reactor characterization of this developed SDBD reactor was done. We

studied the performance of the SDBD using NOx and ethylene as model compounds. This

reactor was developed as a part of EU-funded project Environmental sensors for Energy

Efficiency (ESEE) and was successfully demonstrated as a final deliverable in the consortium

meeting organized at CIAT, France.

The summary and the main conclusions of this work are organized in line with the

chapter titles in this thesis and discussed in the following sections.
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7.2 Investigation on the effect of electrical parameters on NOx removal

In this chapter, we optimized the electrical parameters to obtain energy efficient NOx reme-

diation. We have varied electrical parameters such as the applied peak voltage, the pulse

polarity and the pulse rise-time, and studied the effect of these parameters on the removal of

NO and NOx, the by-products formation and the energy consumption. This study was done

for all- the three configurations: plasma-alone, in-plasma catalytic configuration(IPC) and

post-plasma catalytic configuration (PPC). Commonly used catalyst support materials such

as TiO2, Al2O3, zeolites and SiO2 have been used in the IPC and the PPC configurations.

The main conclusion from this chapter are listed below.

• It is observed that the NO conversions and the by-products formation strongly depend

on the plasma energy density, and not on the applied peak-voltage. The NO conversion

and the formation of by-products increases with increase in the energy density. At

higher energy density, the amount of radicals production increases leading to increased

conversions and by-products formation. We have shown that the energy deposition

per pulse increases with increase in the applied peak-voltage. High energy deposition

per pulse leads to increased microdischarges resulting in increased conversions. This

increased microdischarge activity also heat up the gas resulting in the energy losses.

Therefore the energy costs increases at higher applied peak-voltages.

• The effect of using positive polarity pulses or negative polarity pulses on the NOx
removal efficiency has been tested. We found that that the positive voltage pulses

performed better than negative pulses with respect to NOx except for the case that

a SiO2 catalytic support is used in an IPC configuration. There is no significant

difference in the by-products formation between the positive and the negative pulses.

The reason for the increased conversion with positive pulses might be due to increased

reactive species production with positive pulses as compared to the negative pulses.

Also, few studies have indicated that the negative polarity pulses produces less streamer

volume and thus low production of atomic oxygen.

• We have compared the NOx removal efficiency using high-voltage pulses with mi-

crosecond pulse rise-time and with nanosecond pulse rise-time. It was observed that

the ns pulse showed higher conversions but at the expense of higher by-products for-

mation for the given energy density. At high energy density, both the μs pulse and

the ns pulse obtain similar NO conversion but the N2O, O3 and N2O5 concentrations

are quite high with the ns pulse. The applied voltage for the ns pulse is approximately

40 kV where as for the μs pulse is approximately 16 kV which means high energy per

pulse can be deposited with ns pulse as compared to the μs pulse. This could be a rea-

son that the short rise time pulses showed higher conversions and higher by-products

formation. The better performance of the short rise-time pulses for NO conversion is

observed in all the three tested reactor configurations.
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7.3 Investigation on the effect of operational parameters on NOx
removal

In this chapter, we analyzed the influence of various operational parameters such as input

NO concentrations, gas flow-rate, and reactor temperature on the efficiency of NOx removal.

We have evaluated the performance by considering the increase in the NOx removal and the

decrease in by-products formation. We have studied the effect of operational parameters

with the plasma-alone configuration, with the IPC and with the PPC configuration. For each

configuration we investigated the efficiency of NOx removal and the by-products formation.

Commonly used support materials such as TiO2, Al2O3, zeolites and SiO2 have been used in

the IPC and the PPC configuration. The main observations and conclusions are as follows:

• High NO removal efficiency can be obtained at low NO input concentrations for all

the three configurations. Higher input concentrations require higher energy densities

to obtain complete conversions. Therefore, the energy deposited in the plasma is used

for the NO conversion and thus we observe lower by-products formation at higher

input concentrations. The highest NO conversions are obtained with the plasma-alone

configuration but at the expense of high NOx, N2O and O3 concentrations followed by

the IPC configuration and then by the PPC configuration. This is because, the plasma-

alone configuration is efficient in converting NO to NO2 at low energy density and

due to this we see higher NOx concentrations as NOx is the sum of NO and NO2. On

the other hand, the IPC configuration requires slightly higher energy density to obtain

complete NO conversions and thus shows moderate NOx, N2O and O3 concentrations.

• High NO removal efficiency can be obtained at low gas flow rates for the plasma-

alone and for the PPC configuration. At low gas flow rates, the time spent by a NO

molecule increases which increases the probability of collisions between the electrons

and gas molecules resulting in higher generation of atomic N and O at a given energy

density. With more atomic N and O available, the NO conversion increases at low gas

flow rates. The IPC configuration doesnot showed significant dependence of the NO

conversion on flow rate up to 5 slm, while at 6 slm, lower NO conversions are observed.

This probably could be due to the transport limitation of the catalytic reactions. The

higher conversions at lower gas flow rates comes at the expense of higher N2O and

O3 concentrations.

• With increasing reactor temperature, the NO conversion decreases for the IPC config-

uration whereas the PPC configuration showed increased NO conversions. This is due

to the ease of ozone decomposition at higher temperatures facilitating the back forma-

tion of NO in the IPC configuration. The PPC configuration behaviour is similar to the

thermal catalysis. Typically above 150 ◦C, all the catalytic materials showed a distinct

behaviour suggesting that the catalytic materials are activated from this temperature.

Both the configurations performed better with respect to minimum by-products for-

mation at higher temperatures. This is again due to the ozone decomposition with

increasing temperatures.
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7.4 Screening of catalytic materials for NOx removal

In this chapter, we have studied NOx removal by loading various metal oxides on TiO2 and

Al2O3 supports, combining them with a pulsed DBD reactor. The metal-oxides that we

have used in this study are NiO, MnO, CuO, Fe3O4, Co3O4. To understand the effect of

support material, we have loaded 3wt% of these metal oxides both on TiO2 and Al2O3 and

compared their NO conversion, NOx concentration and by-products formation using both

the in-plasma configuration (IPC) and the post-plasma configuration (PPC). We also studied

the effect of metal loading, where we have compared the performance of 3wt% and 5wt%

of these metal oxides loaded on TiO2. Also this comparison was made for both the IPC and

the PPC configuration. Finally, in this chapter we studied the effect of the catalytic material

on the plasma discharge characteristics by analyzing the voltage-current waveforms and

by measuring the dielectric constants of these materials to correlate them to the discharge

characteristics. The main conclusions from this chapter are:

• The NO conversion is highest for the plasma-alone configuration, followed by the

IPC and then by the PPC configurations. The by-products formation are observed to

be less when combining the DBD plasma with catalytic materials. All the catalytic

materials significantly suppressed the formation of O3 which could be due to the insitu

decomposition of O3 to atomic oxygen.

• We correlated the differences in the performance of the various metal oxides loaded

on TiO2 and Al2O3 by looking into the voltage-current waveforms and correlated

these parameters to the discharge activity. The plasma-alone configuration showed

a current waveform with intense current spikes, indicating intense microdischarge

activity. When a catalytic material is introduced into the plasma reactor, the discharge

activity is changed significantly. For instance, when Al2O3 is placed inside the reactor,

the current waveform shows microdischarge activity but with slightly lower magnitude

than for the plasma-alone reactor. Similarly when the DBD reactor is packed with

TiO2, the current waveform shows less microdischarge activity. This change in the

discharge activity could be explained with differences of the dielectric constants of

the materials.

• With the increase in the wt% of metal oxide loading on TiO2, the NO conversions

increase notably. There is also a significant difference in the NOx concentration.

We have observed that varying the metal-oxide loading varied the discharge activity.

With increase in metal oxide loading, the magnitude of the transient spikes in the

current waveform is increased, which indicates an increased number and intensity of

microdischarges. This increase in microdischarges may lead to an increase in reactive

species production. With increased reactive species production, the conversions and

by-products formation depend on this as well. This change in discharge behaviour

could be due to differences in the dielectric constant for different amounts of metal-

oxide loadings. The CuO catalyst with 5wt% loading on TiO2 performed best for both

the NOx removal as well with low by-products formation in the IPC configuration.
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• The conversion obtained in the PPC configurations are lower than with the plasma-

alone and the IPC configurations. However, both the PPC and the IPC configuration

resulted in lower by-product formation. In general, if high conversions are required

with moderate by-products formation, the IPC configuration is preferred and if the

by-products formation is a serious issue then the PPC configuration is a preferred

choice.

7.5 SDBD reactor for on-demand air purification

In Chapter 6, we have developed a modular plasma-catalytic surface-dielectric-barrier-

discharge (SDBD) reactor to handle large flows and which could be scaled-up and scaled-

down easily. A SDBD power modulator was developed to generate 7-kV high-voltage pulses

with microsecond duration that can power two SDBD-reactor plates at a maximum of 5 kHz

pulse repetition rate. The developed reactor can accommodate up to 20 SDBD plates and

thus 10 such SDBD driver units are needed to power the entire reactor and to treat larger

flows. The electrical and the chemical characterization of this SDBD reactor is discussed in

detail in this chapter. The operational efficiency of the developed SDBD has been investi-

gated by studying the removal of both NOx and ethylene. Finally, we combined the SDBD

plasma reactor with catalyst by positioning Al2O3 plates (without or with a TiO2 catalytic

coating) alternatively to the SDBD plates in a parallel arrangement. The conclusions from

this chapter are as follows:

• The dependence on operational parameters of NO and NOx conversions obtained with

the SDBD reactor, was comparable to the behaviour of the DBD reactor. In general,

the DBD reactor performed better than the SDBD reactor with respect to NO and NOx
conversions, despite of the SDBD modulator providing higher input energy per pulse.

• When the SDBD plates are combined with Al2O3 plates with and without the TiO2
catalytic coating, the C2H4 conversion conversions are marginally improved. The

formation of by-products is reduced when combining the SDBD plates with catalytic

plates: O3 concentrations in the NOx removal experiments were reduced from 62 ppm

to 25 ppm, which is nearly 2.5 times, by applying catalytic plates in combination with

SDBD plates. There is significant reduction in NOx concentration and slight reduction

in O3 concentration in the C2H4 removal experiments by applying catalytic plates in

combination with SDBD plates. Although, we observed better performance of the

SDBD reactor with the catalytic plates, it is not clear whether the catalytic plates acts

more like a catalyst to increase the product selectivity or behave like walls to quench

the reactions. Probably, if we can increase the thickness of TiO2 coating from 60 nm

to few μm thickness then we can understand the role of these catalytic plates.
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7.6 Recommendations for future work

We have studied the efficiency of NOx removal in a systematic manner by using various

catalytic materials in both the IPC and the PPC configurations, under various electrical and

operational conditions. But we realize that this study is not complete yet. There are still

some remaining questions for a good understanding of the NOx removal mechanisms.

• In practical applications, the presence of moisture and hydrocarbons in the air flows

to be purified, cannot be avoided. Thus, it will be informative if this parametric study

could be extended further to study the effect of moisture content and hydrocarbon

addition on NOx removal, for the two configurations considered here: the IPC and

the PPC configurations. We did the parametric study using model gas compositions,

however it will also be worthwhile to do this parametric study for practical exhaust

gases from diesel engines, in order to further verify the feasibility to valorize the

plasma-catalytic technology.

• We have studied the efficiency of NOx removal by using various metal-oxides on

TiO2 and Al2O3 supports using both the IPC and PPC configurations. However, this

catalyst screening is far from complete. In all our experiments we have used a particle

size of 1-2 mm. When we change the particle size, the void spacing changes, which

in-turn affects the residence time distribution and eventually the conversions. It will

be interesting to do residence time distribution (RTD) studies with the DBD-plasma

reactor and the two plasma-catalytic reactors, to study the effect of void spacing on the

residence time. Also, other parameters such as particle size and shape do effect the

plasma discharges. Thus, this systematic study could be extended to study the NOx
removal efficiency with varying particle size, shape.

• The activity, selectivity and the life-time of the catalyst are determining factors when

choosing a catalyst. It will be interesting to study the life-time of the catalyst after

plasma exposure and also to study the regeneration of the catalyst using plasma.

• It will be interesting to study the gas-phase and adsorbed-phase-species, by perform-

ing adsorption and desorption experiments for all the catalytic materials to deduce

plausible surface mechanisms. This can further give information on the difference

in the performance of these catalytic materials in both the IPC configuration and the

PPC configuration.

• We saw from the spatial development of the discharges that introducing a packing

material within the plasma affects the discharge behaviour. Also, the metal-oxide

loading affects the plasma dynamics. It will be interesting to study further the effect

of various metal-oxides and the effect of various wt% of loadings on the plasma

development and intensity. In our study, we could not clearly distinguish whether

the discharges are surface discharges, along the catalytic surface or are filamentary

discharges, and how the discharge mode depends on the catalytic packing material.
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Probably, a more dedicated reactor where we could pack the reactor with only one or

very few pellets is needed to study this more in detail.

• We have developed the SDBD reactor and successfully demonstrated pollutant con-

versions. While discussing the results, the role and functionality of the catalytic plates

could not be clarified. Whether these catalytic plates are just acting like a surface

to quench the reactions or really contribute to surface reactions remains unclear. To

understand this, there is a need to down-scale the existing reactor where we can insert

one SDBD plate and one catalytic plate. With this configuration, we will be able to

vary the distances between the plates, coating techniques for the catalytic plates and

the thickness of the catalytic material. Through this, we can gain more insights in the

role of the catalytic plates.
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A1. Supplementary data for the experimental setup

Characterization of catalytic materials
X-ray diffraction patterns for various catalytic materials

Figure A.1 – X-ray diffraction patterns for TiO2 and metal oxides loaded on TiO2. Baselines are

shifted for clarity
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Figure A.2 – X-ray diffraction patterns for Al2O3 and 5% Fe3O4/Al2O3. Baselines are shifted

for clarity

TEM images for various catalytic materials

(a) 3% CuO/TiO2 (b) 3% Fe3O4/TiO2

Figure A.3 – TEM images of the metal oxides loaded on TiO2 and Al2O3
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(c) 3% CuO/Al2O3 (d) 3% Co3O4/TiO2

(e) 3% Fe3O4/Al2O3

Figure A.3 – TEM images of the metal oxides loaded on TiO2 and Al2O3.
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FTIR spectra and calibration

�
�

(a) Plasma-off

[
�

�

]

(b) Plasma-off

Figure A.4 – Typical FTIR spectra measured with FTIR spectrometer for (a) NO and NO2 for

plasma-off measurements during the NO-removal experiments and (b) NO2 and by-products

spectra for plasma-on measurements at high energy density where NO is completely converted.



131

Figure A.5 – The FTIR spectra measured with FTIR spectrometer for C2H4 at an energy density

of 50 J/L showing the by-products.
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(a) NO (b) NO2

(c) N2O (d) O3

(e) CO (f) CO2

Figure A.6 – Typical FTIR calibration curves for different gases that are used and measured in

our experiments.



133

A2. Effect of the NO input concentration

(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure A.7 – NO and NO2 concentration as a function of energy density for various input

concentrations for all the catalytic materials in the IPC configuration.
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(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure A.8 – First order kinetic plot to understand the effect of initial concentration on the removal

efficiency by calculating the energy constants for IPC configuration.
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(a) TiO2 (b) Al2O3

(c) NaY (d) SiO2

Figure A.9 – NO and NO2 concentration as a function of energy density for various input con-

centrations for all the catalytic materials that we have used in our study in the PPC configuration.
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A3. SDBD reactor for on-demand air purification

Figure A.10 – Thermogravimetric analysis (TGA) curve for the remaining sol-gel which has

not been used in the dip coating of TiO2 catalytic plate. The weight loss in the curve is due to

the evaporation of Polyethylene glycol. Above 400 ◦C, we can see that the polyethylene glycol

is completely evaporated and the weight remains almost constant. The carbon is completely

removed and thus there exists no carbon deposits on the plate.

Figure A.11 – X-ray Diffraction (XRD) pattern for TiO2 powder. XRD was done after drying

the sol-gel which we have used for dip-coating.



137

A4. Plasma-catalytic interactions: Effect of dielectric constant

Introduction
In the Chapters 3, 4 and 5, we have seen that there is a difference in the performance

of the plasma reactor when the electrical and operational parameters are changed. Also,

the performance varies largely when the catalytic materials are introduced into the plasma

reactor and the performance mainly depends on the type of catalytic material. The way the

plasma is generated dictates the plasma chemistry. Thus it is expected that the effectiveness

of a plasma-reactor packed with catalytic materials depends on the nature of the catalytic

materials under the same conditions.

Hensel et al. in their work on electrical and optical properties of AC microdischarges

in porous ceramics observed that the pore size of the material influences the mode of

discharge [155]. A ceramic material with larger pore size showed microdischarge, while

materials having smaller pore size showed surface discharges. They explain that plasma

can be generated inside the pores if the pore-size is big enough (>100 μm in their work).

Kim et al. studied the dependence of streamer propagation on the type of the catalytic

material and the reactor performance for VOC removal [156–158]. They observed that the

presence of catalytic material affects the propagation velocities of the streamers and that

active metal-oxides deposited on zeolites significantly change the plasma dynamics.

It will be interesting to study further the effect of various metal-oxides and what will be

the effect of the amount of metal-oxide loading on the plasma intensity. From the results

in the Chapter 5, we observed that the metal-oxides loaded on TiO2 and on Al2O3 affects

discharge behaviour. Therefore in this chapter, we study the effect of the catalysts on the

discharge behaviour more in-detail. To study the temporal and spatial behaviour of the

discharges, we have used a fast intensified charged coupled device (ICCD) camera. We

correlated the changes in discharge behaviour to the dielectric properties of the catalytic

materials. The dielectric properties of the packing materials are believed to have influence

on the discharge behaviour, since the dielectric constant affects local electric field intensities

on the surface of the catalytic material, affecting the presence of possible surface discharges

along the dielectric materials. We have measured the dielectric constants of all various

materials that we have used in our study and the results will be mentioned in the following

sections.

Experimental setup
In this chapter, time-resolved imaging of the plasma in the packed-bed reactor is done

with an ICCD camera and for various packing materials. The schematic representation of

the experimental setup is shown in Fig. A.14. The ICCD camera is a 4 Picos-DIG from

Stanford Computer Optics [159] and has a minimum exposure time of 200 ps. It has a

spatial resolution of 780× 580 pixels and 8.3× 8.3 μm pixel size. We have used two lens

systems in this study. In part of the experiments we have used a Sigma 180-mm F 4-5.6 lens

for imaging larger areas of 3× 1.5 cm. Also a microscopic lens was used to focus on one
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pellet of the catalyst (approximately 2 mm× 2mm), allowing more detailed observations.

To protect the camera against electrical interference, it is enclosed in an EMC cabinet. The

camera is synchronized with the high-voltage pulsed-power supply and the trigger source.

The trigger source that we have used here is a Tektronix CFG250 pulse generator. The

trigger signal is also monitored with a digital oscilloscope to check the correct timing of the

camera with respect to the pulse source. The gain of the camera was set to 760 V. The power

modulator that we used in these experiments is described in Chapter 2 in the section 2.3.1.

The schematic representation of the reactor that we have used in these experiments is shown

in the Fig. A.13. The reactor has similar dimensions as mentioned in section 2.1.1 except

that the reactor is not cylindrical. We have used a rectangular reactor here, to have a better

lateral view on the plasma and the catalyst inside the reactor. All the experiments were

carried out at room temperature and atmospheric pressure with an input NO concentration

of 200 ppm and a gas flow rate of 2 slm. We have used positive polarity pulses for all the

experiments.

ICCD Camera 

PC Trigger Source High Voltage  
Pulsed- Power supply Oscilloscope 

Reactor 

Gas Inlet 

Gas  
Outlet 

Voltage Probe 

Current 
probe 

ICCD Camera

EMC box 

Figure A.12 – Schematic representation of the experimental setup used for ICCD imaging.

Effect of applied peak-voltage on discharge intensity in plasma reactor
In the section 3.2, we observed that the NO conversion does not depend on the applied peak-

voltage but is a function of the plasma energy density. Apparently the amount of radicals

generated by the plasma increases with increasing energy density.
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160mm
220mm

14mm 10mm

Gas Inlet
HV electrode Quartz 

tube

Copper strip Ground

Gas 
outlet

Cross-sectional 
view

Figure A.13 – Schematic representation of the DBD-reactor used for ICCD imaging. A rectan-

gular configuration was used to have a better lateral view on the plasma and the catalyst.
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Figure A.14 – Typical Voltage and current waveform of the pulsed power source used for ICCD

imaging. The blue line represents the period when the camera gate was open.

In this section, we have varied the applied peak-voltage from 12 kV to 20 kV to see

how the discharge intensity varies. The input NO concentration, the gas flow and the

pulse repetition rate were maintained at 200 ppm, 2 slm and 500 Hz respectively. It can

be seen from Fig. A.15 that the intensity of the plasma increases with increasing applied

peak-voltage. At a peak-voltage of 12 kV, the discharges start to initiate only at one side of

the reactor and below 12 kV we have not seen any discharge activity. With further increase

in applied peak-voltage, the number of microdischarges increases. This is because,with

increase in the applied peak-voltage, there is an increase in the energy-per-pulse deposition
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plasma-off 12 kV 13.5 kV 15.5 kV

17.8 kV 18.4 kV 20 kV

0
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0.4

0.6

0.8

1.0

Figure A.15 – Change in plasma volume as function of applied voltage at the pulse repetition rate

of 500 Hz for a gas flow of 2 slm and an input NO concentration of 200 ppm. Exposure time of

the camera is 2 μs and the gain of the camera is 760 V. We have averaged the 50 images at each

setting. The colour bar shown in these images will be used in all the images of this chapter.

which in turn increase the plasma energy density. Also, new microdischarges are generated

at new locations with increase in applied peak-voltage [160].

From the results in section 3.2, we saw that at a given energy density, higher peak-voltages

lead to higher energy costs for NO removal. At high applied peak-voltages, the capacitive

current increases leading to the increased energy losses. The energy supplied is used to heat

up the gas thus reducing the energy efficiency. At an applied peak-voltage of 15.5 kV and

higher, some bright spots can be observed at the high-voltage wire-electrode. This might be

due to local field electric enhancements at minor imperfections of the electrode.

Discharge behaviour in DBD-plasma reactor packed with TiO2

We have observed that packing the plasma reactor with different catalytic materials lead to

different discharge activity and difference in the performance of the reactor. In this part of

the study, we analyze the plasma development, using fast ICCD imaging, when catalytic
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materials is placed inside the DBD plasma reactor.

We have packed the plasma reactor with TiO2 of various packing particle size, and

loaded with 5% Fe3O4/TiO2 and 5%Co3O4/TiO2. For these materials we looked how the

intensity of the plasma varies with each material.

Effect of packing particle size

The packing particle size is one of the important parameters for the performance of packed

bed reactors and affecting the discharge activity. We have packed the DBD reactor with

particle sizes of respectively 2 mm, 1-2 mm, 0.5-1 mm and 200-500 μm. The packing

particle size of 2 mm is cylindrical in shape with a length of approximately 4 mm while the

other particle sizes do not have a uniform particle shape.

plasma-off 100 Hz 200 Hz

300 Hz 400 Hz 500 Hz

Figure A.16 – Discharge behaviour for plasma reactor packed with TiO2 for particle size 2 mm

cylindrical pellets with change in the pulse repetition rate. The NO input concentration was

200 ppm and the gas flow rate was 2 slm.

The plasma discharge intensity for the DBD plasma reactor packed with TiO2 for par-

ticle sizes of 2 mm and of 1-2 mm at various pulse repetition rates (prr) are shown in the

figures A.16 and A.18 respectively. The images for a packing particle size of 0.5-1 mm and
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plasma-off 100 Hz 200 Hz

300 Hz 400 Hz 500 Hz

Figure A.17 – Discharge behaviour for plasma reactor packed with TiO2 for particle size 2-3 mm

with change in the pulse repetition rate using microscopic lens. The NO input concentration was

200 ppm and the gas flow rate was 2 slm.

of 200-500 μm are shown in the figures A.19 and A.20 respectively. The images show that

the discharges are mostly present in the space between the catalytic particles. The discharges

looks different as compared to the situation that only plasma, and no catalyst is present in

the reactor. No clear filamentary like discharges can be observed when the plasma-reactor

is filled with the catalytic materials. For all the pictures, it can be observed that there is

slightly increased discharge activity on the left side of the picture as compared to the right

side. This could probably due to slight movement of the centre electrode towards the left

while packing the catalytic materials.

We observed no significant discharge activity at 10 Hz. From 100 Hz, we observe some

discharge activity near to the walls of the reactor. With increasing pulse repetition, the

energy density increases (at constant flowrate and applied peak-voltage) leading to increased

discharge activity. It looks like discharges propagate from the walls of the reactor to the

centre electrode. To have a closer look at the discharge propagation, a microscopic lens

was used and focussed on a single catalytic pellet as shown in Fig. A.17. We can see that

the discharge propagates just in the gas gap between the pellets which can be referred as a

"partial discharge".
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plasma-off 100 Hz 200 Hz

300 Hz 400 Hz 500 Hz

Figure A.18 – Discharge behaviour for plasma reactor packed with TiO2 for particle size 1-2 mm

with change in the pulse repetition rate. The NO input concentration was 200 ppm and the gas

flow rate was 2 slm.

When we look at the intensity of the plasma for various packing particle sizes, it can be

observed by comparing the figures 6.7, 6.10 that the plasma is less intense for the smaller

packing particle size. For the TiO2 with particle size of 1-2 mm (Fig. 6.10), the plasma

intensity is less until a repetition rate of 200 prr, while the intensity increases with repetition

rate from 300 prr,

As we have not performed plasma processing experiments with varying packing particle

size, it is hard to comment if the particle size affects the NO removal efficiency. In a study

by Kim et al. [157] on time-resolved imaging of positive pulsed corona-induced surface

streamers on TiO2 and γ-Al2O3-supported catalysts, it was observed that the presence of

a catalytic materials influences the propagation velocities of the streamers. They stated

that the partial discharge served as a starting point for primary streamers, and promote the

streamer propagation towards the next catalyst bead which will result in enhanced discharge

intensity. That means that for a larger particle size, the probability of partial discharge will

increase, resulting in more intense plasma. In our work, we observed that the higher the

intensity of the plasma, the less efficient it is. Thus, we may say that decreasing the particle
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plasma-off 100 Hz 200 Hz

300 Hz 400 Hz 500 Hz

Figure A.19 – Discharge behaviour for plasma reactor packed with TiO2 for particle size 0.5-

1 mm with change in the pulse repetition rate. The NO input concentration was 200 ppm and the

gas flow rate was 2 slm.

size may result in an increase of the efficiency. But, in [161], it is shown that there is an

optimum particle size for NOx removal efficiency. In their work on low temperature NOx
synthesis in a packed bed reactor Patil et al., observed higher NOx conversion efficiency for

lower particle sizes, concluding that lower particles result in higher efficiencies. Though,

this work is on NOx synthesis and our work is NOx removal, the main point of citing their

work here is to state that the lower particle sizes may lead to improved efficiencies.

Metal-oxides loaded on TiO2

In Chapter 5, we have used different metal-oxides loading on TiO2 and Al2O3 to study the

performance of plasma-catalytic reactor in both IPC and PPC configurations. The results

from this chapter show that different metal-oxides showed different NO removal efficiency

and that with increase in the metal-oxide loading, the performance of the reactor was

improved. It was also observed from the voltage-current waveforms that different materials

result in different discharge activity.
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plasma-off 100 Hz 200 Hz

300 Hz 400 Hz 500 Hz

Figure A.20 – Discharge behaviour for plasma reactor packed with TiO2 for particle size 200-

500 μm with change in the pulse repetition rate. The NO input concentration was 200 ppm and

the gas flow rate was 2 slm.

We have shown in the previous section that the dielectric constant decreases with metal-

oxide loading. Literature says that an increase of the dielectric constant of the catalytic

material, results in localized electric field enhancement and that the discharges will be

concentrated more on the surfaces of the catalytic material [162]. In the case of our system,

this would mean that TiO2 should show more surface like discharges than metal-oxides

loaded on TiO2.

For that reason, in this section we observed the plasma intensity for TiO2 with and with-

out metal-oxide loading. ICCD images were taken for 5%Fe3O4/TiO2 and 5%Co3O4/TiO2
for an input NO concentration of 200 ppm and a gas flow rate of 2 slm. The ICCD im-

age of TiO2 without a metal-oxide loading is given in Fig. A.18. The ICCD images of

5%Fe3O4/TiO2 and 5%Co3O4/TiO2 are shown in figures A.21 and A.22 respectively. It

can be seen that the intensity of the plasma is bit higher in the case that the plasma-reactor

is packed with TiO2. For 5%Fe3O4/TiO2 and 5%Co3O4/TiO2, the intensity is a bit lower.

From the plasma processing results for the in-plasma configuration (IPC), as given in Chap-

ter 5, 5%Fe3O4/TiO2 and 5%Co3O4/TiO2 did not show significant difference in their NO
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plasma-off 100 Hz 200 Hz

300 Hz 400 Hz 500 Hz

Figure A.21 – Discharge behaviour for plasma reactor packed with 5% Fe3O4/TiO2 for particle

size 1-2 mm with change in the pulse repetition rate. The NO input concentration was 200 ppm

and the gas flow rate was 2 slm.

conversion, whereas TiO2 showed slightly lower NO conversion as compared to the metal-

oxide loaded materials. So apparently the intensity of the plasma can be correlated to its NO

removal performance: the more intense plasma results in a lower NO conversion efficiency.

This might be due to heating up of the reactor at higher plasma intensity.

From the images that we obtained, it is difficult to comment on whether the discharges

are more surface-like or filamentary as we have looked at just the intensity of the plasma.

Kim et al., in their study on the microscopic observation of discharge development on the

surface of zeolite supported metal nanoparticles [156], observed that the plasma is dense at

the contact points of the pellets. The metal nanoparticles supported on the zeolites resulted

in less intense plasma, but gave a plasma that was expanded over a wide surface area. Also

they observed that the intensity and area of the plasma are higher with Ag than for Cu

nanoparticles. Thus the active metal oxide affects the plasma dynamics.
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plasma-off 100 Hz 200 Hz

300 Hz 400 Hz 500 Hz

Figure A.22 – Discharge behaviour for plasma reactor packed with 5% Co3O4/TiO2 for particle

size 1-2 mm with change in the pulse repetition rate. The NO input concentration was 200 ppm

and the gas flow rate was 2 slm.

Conclusions

In this appendix, we correlated the chemical activity of the plasma-alone reactor and of

the plasma-reactor filled with catalytic materials, to the intensity of the generated plasma.

We observed how the plasma development is affected when catalytic material is introduced

in the plasma zone. For this purpose, we have used an intensified charged coupled device

(ICCD) to record the temporal and spatial development of the discharges.

We have observed that the intensity of the plasma in the DBD reactor increases with

increasing applied peak-voltage at a given energy density. This is because, with increase

in applied peak-voltage, the number of microdischarges increases. At high intensity of the

plasma, the energy costs for NO removal increase and the reactor performance is reduced.

The discharge behaviour changes when the DBD reactor is packed with TiO2 pellets.

No clear filamentary discharges can be observed. When looked in to the effect of particle

size on the discharge activity, the intensity of the plasma increases with increasing particle

size due to the availability of larger gas-gap with aids in the formation of partial discharges
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between the particles.

Loading metal-oxides on the TiO2 resulted in a reduction of the plasma intensity. In

conclusion, the nature of the metal-oxide used affects the plasma dynamics. It will be

interesting to study further the effect of various metal-oxides and what will be the effect of

loading on the plasma intensity. Also the temporal evolution of discharges may give a clue

whether the discharges are more like surface discharges or filamentary discharges.
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