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a b s t r a c t

To apply gliding arc discharge (GAD) plasma processing to volatile organic compounds (VOCs) emission
control, the formation of NO2 as an undesired byproduct needs to be addressed. Comparative results of
effluent temperature and product concentrations between experiment and thermodynamic equilibrium
calculation show that the NO2 formation in dry air GAD is totally out of thermodynamic equilibrium.
Meanwhile, obvious NO (A2

∑
+) and N2

+ (B2
∑

u
+) are detected as the major reactive species in the dry

air GAD plasma region. These results suggest that the thermal (or Zeldovich) NOx formation mecha-
nism is not significant in GAD system, while the energy level and the density of electrons in the plasma
itrogen dioxide
yproduct
olatile organic compounds
on-thermal plasma

region will severely influence the NO2 formation. The presence of 500 ppm VOCs in the feed gases shows
a limiting influence on the NO2 formation, which is in the order of aromatic hydrocarbon (C6H6 and
C7H8) > straight-chain hydrocarbon (C4H10 and C6H14) > halogenated hydrocarbon (CCl4). The influences
of VOCs chemical structure, supply voltage, feed gas humidity, and reactor geometry on NO2 forma-
tion are investigated, and the results correspond to above mechanism analysis. Based on the above, the
possible pathways of the inhibition of NO2 formation in GAD-assisted VOCs decomposition process are

discussed.

. Introduction

The self-oscillating gliding arc discharge (GAD) phenomenon
1–4] produces a plasma region characterized by significant non-
hermal property. Most of the energy consumed is used to produce
nergetic electrons as well as excited ions, atoms and reactive
adicals to stimulate the chemical reactions directly and promote
elective chemical transition, rather than heat the bulk gas. The
otential of GAD has been demonstrated for energy conservation
nd environmental control, such as gaseous pollutants emission
ontrol [5,6], waste water degradation [7,8] and methane reforming
9–11], etc.

Although GAD plasma is clarified as the non-thermal plasma
NTP), it actually presents a dual character of thermal and non-
hermal plasma [[1,2,6,7] and references therein]. Compared with
ther atmospheric electrical discharge NTP systems, the power dis-
atched in the GAD plasma region is in a relatively high level [7]. As

result, high decomposition rates [12–16] can be achieved when
AD is applied for the decomposition of volatile organic compounds

VOCs), which is a group of gaseous pollutants burdensome for both
he environments and human health. The concentrations of VOCs

∗ Corresponding author. Tel.: +86 571 87952438; fax: +86 571 87952438.
E-mail address: zjuzhengbo@gmail.com (Z. Bo).
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© 2008 Elsevier B.V. All rights reserved.

from most of the stationary emission sources are usually in a rel-
atively low level (no more than 10,000 ppm), so the large volume
background gas (commonly air) will react intensively with the ener-
getic electrons and reactive species in the plasma region during the
VOCs decomposition process. It means that the high energy dis-
patched in the plasma region is also responsible for the formation
of some undesirable byproducts.

The formation of nitrogen dioxide (NO2) has been considered
as a drawback in this technique especially when air is used as the
background gas [17]. According to our previous researches [18,19],
the concentration of NO2 in the after discharge effluent could reach
a level of several thousands ppm. Kalra et al. have reported that
the NOx generation in GAD strongly depends on the discharge
current [20] according to their DC GAD research. However, the par-
ticular research on the NO2 formation in the GAD-assisted VOCs
decomposition process has been sparsely documented in the liter-
ature.

This study is a continuation of our previous GAD-assisted VOCs
decomposition work [18,19,21,22]. NO2 formation in dry air GAD
is mechanistically discussed based on thermodynamic equilibrium

calculation and plasma region spectra analysis. Then the influences
of VOCs chemical structure, supply voltage, humidity, and reactor
geometry on NO2 formation are experimentally investigated. The
pathways of the inhibition of NO2 formation are discussed based
on the above.

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zjuzhengbo@gmail.com
dx.doi.org/10.1016/j.jhazmat.2008.12.030
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Nomenclature

B product
C NO2 concentration in the after discharge effluent

(ppm)
C(Cal.) as-calculated NO2 concentration in the after dis-

charge effluent (ppm)
C(Exp.) experimental detection of NO2 concentration in the

after discharge effluent (ppm)
CP(B, t) thermal capacity respectively for corresponding

product B (J/(mol K))
D smallest distance between electrodes (mm)
DTGs deuterated triglycine sulfate
FTIR Fourier transform infrared
GAD gliding arc discharge
H vertical distance between electrode throat and noz-

zle (mm)
IRMS root mean square value of discharge current (mA)
MCT mercury cadmium telluride
N(B) mol number for corresponding product B (mol)
NTP non-thermal plasma
P electrical power (kW)
PMT photo multiplier tube
Q total gas flow rate (SL/min)
RH relative humidity (%)
RMS root mean square
t outlet effluent temperature (K)
T(Cal.) as-calculated outlet effluent temperature (K)
T(Exp.) experimental detection of outlet effluent tempera-

ture (K)
U supply voltage (kV)
VOCs volatile organic compounds
�Hf

◦ (B) molar formation enthalpy at 298 K for correspond-
ing product B (J/mol)
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3.1.1. Thermodynamic equilibrium calculation
Greek letter
˚ nozzle inner diameter (mm)

. Materials and methods

.1. Experimental system

A schematic diagram of the experimental system is shown in
ig. 1. The experimental apparatus mainly include a gas supply and
egulating line, a 50 Hz GAD reactor with its power supply, and an
nalysis system.

The feed gases from compressed gas cylinders entered into a
0 Hz GAD reactor after passing through a mixing chamber. The

nitial VOCs concentration and the feed gas flow rate Q were well
djusted by a set of mass flow controllers. The feed gases could be
umidified by a temperature controlled water bubbling system if
ecessary.

Experiments were conducted at atmospheric pressure and room
emperature. The NO2 concentration in the after discharge efflu-
nt C was quantified by means of a NICOLET NEXUS 670 Fourier
ransform infrared (FTIR) spectroscopy equipped with a DTGs KBr
etector. The spectral resolution was set as 4 cm−1 and every mea-
urement was repeated four times automatically. The temperature
f sample cell was maintained at 180 ◦C.
The relative humidity of the feed gas was measured using a
umidity meter (TES 1360#).

Discharge plasma region spectral analysis was carried out using
grating spectrograph (SBP300). The grating scratch number, blaze
terials 166 (2009) 1210–1216 1211

wavelength and resolution were set as 1200 g/mm, 350 nm and
0.1 nm, respectively. Spectra data were transferred to a computer
with a photo multiplier tube (PMT). The slit width was 50 �m;
the step length was set as 0.02 nm and the integration time was
1000 ms.

A DDS69# electronic single phase 2 wires Walt-hour meter
(pulse output constant 1600 imp/kWh) was installed in the electric
circuit to measure the discharge power P. The discharge volt-
age and current intensity were measured using a high voltage
probe (Tektronix, P6015A) and a current probe (Tektronix, TCP303),
respectively, and the signals were sampled through the channels
of a digital oscilloscope (Tektronix, TDS2024). 2500 current sam-
ples were collected in 50 ms using the Tektronix WaveStar Software
v2.4, and the current root mean square (RMS) was calculated as the
following equation:

IRMS =

√√√√ 1
2500

2500∑
i=1

Ii
2 (1)

An electric thermal-couple was used to measure the outlet efflu-
ent temperature T(Exp.).

2.2. Plasma reactor

A laboratory scale 50 Hz GAD reactor was used as the plasma
source. It mainly consists of two knife-shaped electrodes (96 mm
long, 26 mm wide and 4 mm thick) fixed on a Teflon bed plate,
a ˚ = 1.5 mm in inner diameter gas nozzle, and a quartz encloser.
The smallest distance between two electrodes D, and the electrode
throat height H (the vertical distance between electrode throat and
nozzle outlet) could be well adjusted in the range of 1–4.5 mm
and 5–30 mm, respectively. The GAD reactor was supplied with a
50 Hz high voltage transformer (220 V/10 kV) with leakage fluxes.
The leakage flux alternately stores and discharges magnetic energy
with each electrical cycle and thus effectively acts as an inductor in
series in each of the primary and secondary circuits. So the effect of
leakage fluxes determines a reactance that produces a constant RMS
value of current in the secondary coil, which can protect the trans-
formers well in the gas breakdown. A voltage regular was installed
in the electric circuit, which allowed the supply voltage U at dif-
ferent adjustable values (max. U = 10 kV). The detailed descriptions
of GAD evolution and supply electric scheme including the leakage
flux setup have been presented in our previous articles [11,19].

Fig. 2 presents the plots of discharge voltage and current inten-
sity as a function of time in the relative low gas flow rate condition
(5 SL/min). Dry air was used as the feed gas and the supply voltage
was set as 10 kV. Both the voltage and current waveforms showed
relatively good regularity. The frequencies were appropriately equal
to those of the primary voltage, i.e. 50 Hz. In any certain discharge
period, the voltage increased to its climax corresponding to a certain
initial breakdown, and then reduced sharply in less than 0.02 ms
with a current pulse. The maximum value of the quite intense cur-
rent pulse could reach around 1500 mA, and the peak duration was
measured as less than 20 ns.

3. Results and discussion

3.1. NO formation mechanism analysis
The thermodynamic calculation was carried out to evaluate the
thermal (or Zeldovich) NOx formation in the dry air GAD process.
The initial temperature of 20 SL/min feed gases was set as 298 K.
Following assumptions were used:
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entropy maximum condition. However, these calculation results
could not reflect the true situation, because according to our exper-
imental results the outlet effluent temperatures were significantly
lower than the as-calculated values and obvious NO2 was detected.
Fig. 1. Schematic di

(I) The electrical energy consumption is use to heat the reagents.
II) The radiation of the reactor can be neglected.

Following the above, the thermodynamic energy balance equa-
ion was obtained as

× 3600 × 1000 =
∑[

N(B) × �H◦
f (B)

]

+
∑∫ T(Cal.)

298

N(B) × CP(B, t)dt (2)

here P is the discharge power with the unit of kW, �Hf
◦(B), N(B)

nd CP(B, t) are the molar formation enthalpy at 298 K, the mol
umber, and the thermal capacity, respectively for corresponding
roduct B.

The dependences of N(B) on the outlet effluent temperature t
as obtained using the EQULIB module of FACTsage 5.2 software
ith the thermodynamical equilibrium reactor model. For 1 mol
ir (79% N2 + 21% O2) reaction, Fig. 3 presents the as-calculated
ol number variation of main species (N2, O2, NO2, NO and N2O)

s a function of outlet effluent temperature appearing in entropy
aximum condition. Then, T(Cal.) and the as-calculated product

oncentration C(Cal.) were obtained with Eq. (2).

ig. 2. Discharge voltage and current plots (U = 10 kV; Q = 5 SL/min; ˚ = 1.5 mm;
= 3 mm; H = 20 mm; discharge gas: air; RH = 0%).
of the experiment.

Table 1 shows the comparative results of effluent temperature
and product concentrations between experiment and calculation.
Performing above calculation, we could find that the as-calculated
effluent temperatures were in the range of 598.2–730.7 K, and the
product concentrations were in a relatively low level. It means that
the discharge power is not sufficient to support dramatic thermal
(or Zeldovich) NOx formation, which is highly temperature depen-
dent (usually in the temperature > 1800 K), even in the theoretic
Fig. 3. Thermodynamic equilibrium composition of 1 mol air as a function of tem-
perature.
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Table 1
Comparisons of effluent temperature and product concentrations between experiment and calculation.

U (kV) P (kW) T(Exp.) (K) T(Cal.) (K) C (ppm) C(Cal.) (ppm)

NO N2O NO2 NO N2O NO2

7 0.122 309 598.2 – – 3445.4 5.31e−2 6.07e−6 1.53e−1
8 0.150 317 662.3 – – 4412.6 4.99e−1 4.77e−5 2.70e−1
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C7H8 + e → C5H6 + C2H2 + e (R6)

C7H8 + e → C3H4 + C4H4 + e (R7)
9 0.164 326 694.3 –
10 0.180 333 730.7 –

t indicates that the thermal combustion process does not play a
ignificant role for the NO2 formation in GAD system.

.2. Spectra analysis

In this section, experiments were carried out with dry air as
he discharge gas in U = 10 kV condition. The spectroscopic emission
etection spot located at 4 cm below the electrode throat vertical
long the central axis of the reactor. This point was considered to
epresent the fully developed GAD region. Fig. 4 shows the emission
pectrum in the wavelength scans of 200–400 nm. The spectrum
as in a saw-tooth shape, which could be manly attributed to

he flashing turbulence discharge. However, several bands could
till be identified clearly: NO (transition A2

∑
+, � = 1 to X2

∏
, � = 0,

37.0 nm; transition A2
∑

+, � = 2 to X2
∏

, � = 0, 247.9 nm; transition
2
∑

+, � = 3 to X2
∏

, � = 0, 259.6 nm) in the 200–250 nm scans, N2
+

transition B2
∑

u
+, � = 0 to X2

∑
g

+, � = 0, 391.4 nm) and N2 molecule
3
∏

u to B3
∏

g transitions between different vibrational levels in
he region of 330–390 nm (� = 0 to � = 0, 337.1 nm; � = 0 to � = 1,
57.5 nm; � = 1 to � = 3, 375.5 nm; � = 0 to � = 2, 380.5 nm).

The observation of N2
+ proves the high level of the electrons

nergy in the GAD plasma region; the normal first ionization poten-
ial of nitrogen is as high as 15.58 eV. The detection of NO radicals
an be mainly attributed to the recombination of N and O radicals,
hich indicates that N N bonds can be broken into N atoms by the

lectron impact dissociation in spite of its high bond energy (9.7 eV).
O radical is considered as an important precursor for the genera-

ion of NO2, and the reaction between N radicals and O2 molecules
s another channel of NO2 formation.

Combining the results in Section 3.1.1, we conclude that the NTP

nduced reactions dominate the mechanism of NO2 generation in
AD condition, and consequently, the energy level and the density
f electrons in the plasma region will severely influence the NO2
ormation.

ig. 4. Spectroscopic emission detected at the spot 4 cm below the electrode throat
long the central axis (U = 10 kV; Q = 20 SL/min; ˚ = 1.5 mm; D = 3 mm; H = 20 mm;
ischarge gas: dry air; RH = 0%).
– 6255.7 2.91 2.42e−4 3.56e−1
– 6982.4 12.00 8.92e−4 4.71e−1

3.3. Effect of VOCs chemical structure on NO2 formation

Fig. 5 shows the dependence of NO2 formation on the VOCs
chemical structure. Discharges were carried out at the presence of
VOCs. Five typical VOCs (i.e. butane (C4H10), hexane (C6H14), tetra-
chloromethane (CCl4), benzene (C6H6), toluene (C7H8)) of three
types (i.e. straight-chain hydrocarbon, halogenated hydrocarbon
and aromatic hydrocarbon) were chosen as the targets. In this sec-
tion, the water bubbling humidifier was not used.

It was found that the addition of VOCs in the feed gases
had a limiting effect on the NO2 formation. With changing the
discharge gas, the NO2 formation decreased in the order of
pure air > air/CCl4 > air/C4H10 > air/C6H14 > air/C6H6 > air/C7H8. This
observation can be ascribed as followings:

(i) The competition for the electrons and O radicals at the pres-
ence of VOCs ((R1)–(R11)), resulting in the inhibition of NO2
formation.

e + CCl4 → CCl3 + Cl + e (R1)

n-C4H10 + e → CH3 + CH3CH2CH2 + e (R2)

n-C4H10 + e → CH3CH2 + CH3CH2 + e (R3)

C7H8 + e → C6H5 + CH3 + e (R4)

C H + e → C H + H + e (R5)
Fig. 5. Effect of VOCs chemical structure on the NO2 concentration in the after dis-
charge effluent (U = 10 kV; Q = 20 SL/min; ˚ = 1.5 mm; D = 3 mm; H = 20 mm; RH = 0%).
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ig. 6. Effects of supply voltage and background RH value on the NO2 concentration
as: (a) air, (b) air + 500 ppm C6H14, (c) air + 500 ppm CCl4, (d) air + 500 ppm C6H6).

(1D) + CCl4 → ClO + CCl3,

298 = 3.3 × 10−10 cm3 mol−1 s−1 [15] (R8)

(3P) + CCl4 → ClO + CCl3,

298 = 3.1 × 10−16 cm3 mol−1 s−1 [15] (R9)
+ n-C4H10 → n-C4H9 + OH,

400 = 3.37 × 10−14 cm3 mol−1 s−1 [23] (R10)

Fig. 7. Effect of supply voltage on the discharge power and current RMS v
after discharge effluent (Q = 20 SL/min; ˚ = 1.5 mm; D = 3 mm; H = 20 mm; discharge

C7H8 + O → products,

K400 = 3.67 × 10−13 cm3 mol−1 s−1 [24] (R11)

(ii) The reactions between NO2 molecules and OH radicals (formed
at the presence of VOCs containing H atoms, e.g. (R10)) lead the
reduction of NO2 concentration:
NO2 + OH → HO2 + NO,

K298.15 = 7.7 × 10−16 cm3 mol−1 s−1 [25] (R12)

NO2 + OH → HNO3,

alue (˚ = 1.5 mm; D = 3 mm; H = 20 mm; discharge gas: air; RH = 0%).
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298.15 = 2.6 × 10−30 cm3 mol−1 s−1 [26] (R13)

The reactions among OH radicals, C6H5 radicals, C7H7 radicals
nd NO2 molecules provide a possible explanation for the obvious
O2 inhibition at the presence of benzene or toluene. It is sup-
orted by the reported detection of p-aminobenzoic acid [21] and
itrophenol [27] in the after discharge effluent.

.4. Effects of supply voltage and background humidity on NO2
ormation

Fig. 6 shows the NO2 concentration in the after discharge efflu-
nt as a function of background humidity in different supply voltage
onditions. Measurements showed an increasing NO2 concentra-
ion in the after discharge effluent at an increasing supply voltage.
his observation was more obvious in the dry air discharges:
O2 concentration increased from 3445.4 to 6982.4 ppm with the

ncrease of supply voltage from 7 to 10 kV. For any given supply
oltage, the addition of water vapor was found unfavorable for the
O2 formation.

In the dry air discharge conditions, both the energy consump-
ion in the GAD plasma region and discharge current RMS value
ncreased with the increase of supply voltage, as shown in Fig. 7.
imilar trends were obtained with using air/VOCs mixture as the
ischarge gas. The increase of supply voltage led to the increases of
oth electron energy and density in the plasma region, and conse-
uently more NO2 was formed and detected in the after discharge
ffluent.

The inhibition effect of water on the NO2 formation may be
ainly attributed to three possible explanations: due to the large

lectron attachment coefficient of water molecule, the electron
ttachment process reduces the number of electrons and quench
he energetic electrons; the dissociative attachment of water [26]
ecreases the electron density; and the enhancement of the reac-
ions between OH radical and NO2 molecule ((R12) and (R13)).

.5. Effect of reactor geometrical configuration on NO2 formation

In a fixed nozzle inner diameter condition (˚ = 1.5 mm), the
mallest distance between two electrodes D and the electrode
hroat height H (the vertical distance between electrode throat and
ozzle outlet) are two important parameters of the reactor geomet-
ical configuration. Fig. 8 shows the NO2 concentration in the after
ischarge effluent as functions of D and H, with dry air was used as
he discharge gas. It was observed that the NO2 formation increased
ith the increase of D or the decrease of H.

According to our previous research [22], the maximum length
f the arc column increased with the increase of D or the decrease
f H, leading to both a larger volume of the plasma region and a
igher electrical power sustaining the arc. In current work as seen in
ig. 7, the discharge power P increased from 0.162 to 0.243 kW with
n decreasing H from 25 to 10 mm when D = 3 mm, and increased
rom 0.169 to 0.183 kW with an increasing D from 2.0 to 3.5 mm
hen H = 20 mm. As a consequence, more energy was dispatched

hroughout the discharge evolution resulting in more NO2 was
ormed.

.6. Discussion on the pathways of NO2 formation inhibition

As mentioned above, the increase of supply voltage has a neg-
tive influence on the inhibition of NO2 formation. However, it

as been widely recognized that for GAD the increase of sup-
ly voltage enhances the decomposition of most VOCs. Combining
ur previous measurements on the decomposition of butane and
oluene with GAD [22], similar conflict between the VOCs decom-
osition enhancement and the NO2 formation inhibition also exists
Fig. 8. Effect of reactor geometrical configuration on NO2 formation and discharge
power (Q = 20 SL/min; ˚ = 1.5 mm; discharge gas: air; RH = 0%).

in the adjustment of the reactor geometrical configuration: with
the increase of D or the decrease of H, the decomposition of VOCs
and the formation of NO2 are enhanced simultaneously owing to a
greater electrical power input and a larger probability of the colli-
sion between gas (both the VOCs and background gas) molecules
and energetic electrons. So, the optimization of reactor structure
and power input aiming at promoting the chemical transition selec-
tivity is necessary.

The increase of background humidity has been demonstrated to
be favorable for the NTP-assisted decomposition of some VOCs, such
as ethanol (C2H6O) in microwave plasma reactor [28] and butane
(C4H10) in GAD [21]. In these conditions, the adequate addition of
water vapor in the discharge gas would be a proper way for the
inhibition of NO2 formation.

4. Conclusions

NO2 formation in dry air GAD was totally out of thermody-
namic equilibrium, which means the thermal (or Zeldovich) NOx

formation mechanism is not significant in GAD system. With chang-
ing the discharge gas, the NO2 formation decreased in the order
of pure air > air/CCl4 > air/C4H10 > air/C6H14 > air/C6H6 > air/C7H8,
which can be attributed to the competition for the electrons and O

radicals at the presence of VOCs, and the reactions between NO2 and
reactive radicals. The energy level and the density of electrons in the
plasma region severely influence the NO2 formation. It is supported
by the plasma region spectral analysis and following observations:
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he increase of supply voltage increased the NO2 concentration in
he after discharge effluent, while humidity had a limiting effect on
he NO2 formation, irrespective to the feed gas type; the increase
f the smallest distance between electrodes or the decrease of the
lectrode throat height had a positive influence on the NO2 for-
ation, according to the dry air discharge experiments. In some

ractical application conditions, the adequate addition of water
apor in the discharge gas would be a proper way for both the
nhancement of VOCs decomposition and the inhibition of NO2 for-
ation. Further optimization is necessary aiming at promoting the

hemical transition selectivity.
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