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The plasma chemistry of NO has been investigated in gas mixtures with oxygen and/or hydrocarbon and Ar
as carrier gas. Surface wave discharges operating at microwave frequencies have been used for this study.
The different plasma reactions have been analyzed for a pressure range between 30 and 75 Torr. Differences
in product concentration and/or reaction yields smaller than 10% were found as a function of this parameter.
The following gas mixtures have been considered for investigation: Ar/NO, Ar/BOYINO/CH,, Ar/

CH4/O,, Ar/NO/CH,/O,. It is found that NO decomposes intg Bind Q, whereas other products such as CO,

H., and HO are also formed when GHnd Q are present in the reaction mixture. Depending on the working
conditions, other minority products such as HCN,C&nd G or higher hydrocarbons have been also detected.

The reaction of an Ar/NO plasma with deposits of solid carbon has also been studied. The experiments have
provided useful information with respect to the possible removal of soot particles by this type of plasma. It
has been shown that carbon deposits are progressively burned off by interaction with the plasma, and practically
100% decomposition of NO was found. Plasma intermediate species have been studied by optical emission
spectroscopy (OES). Bands and/or peaks dueyto NO*, OH*, C,*, CN*, CH*, or H* were detected with

different relative intensities depending on the gas mixture. From the analysis of both the reaction products
and efficiency and the type of intermediate species detected by OES, different plasma reactions and processes
are proposed to describe the plasma chemistry of NO in each particular mixture of gases. The results obtained
provide interesting insights about the plasma removal of NO in real gas exhausts.

I. Introduction complex mixtures whose exact composition depends on the type

h ¢ . h ting f of combustor or motor. Thus, for example, diesel motors yield
T ; abatement of NO pres%rln in e]>c< aust gases rest;J ting fromy, -omplex gas mixture where N@ accompanied by other
combustion sources is a problem of great concern because OGases such as;Ohydrocarbons, C H,0, and solid particles
its deleterious effects on the environment. Typical processes

of soot69.14.21.2229The prediction of the plasma behavior with
for removal of NQ are based on the use of catalysRecently, g, ch 4 complex gas inlet is not easy, and many studies are stil

the incorporation of plasma techniques has opened alternativesnecessary to control the plasma chemistry under those condi-
for NOy removal, which, for certain niches of application could tions

be an interesting and viable technoldgy.Particularly, plasma The present paper aims to study the plasma chemistry of

process?‘s catn be of mter;st vghgn thea{lolume gf g?ses is smal ixtures of NO with CH and/or Q by using nonequilibrium
(e.g., exhaust gases produced by mobile combustion sources lasmas generated by traveling surface waves. Surface wave

and the associated energetic costs are not a critical restrfction. (SW) discharges operating at microwave frequencies have a
Hovxt/%ver,dalt?mtjk?h TudCh vaoNr(I; Eas been qt(_edlcated during theflexible operation and are characterized by high densities of
pas ecilﬂe 0 the study o €comPposilion Processes UsiNgqnq jiving and active species such as ground state atoms and
plasmas,”*’ the abatement tgchnology under real conditions is excited particles and molecules in metastable and excited
not completely mature. Besides the complexity of the pl_asma ibrational states. The plasma chemistry is strongly influenced
processes and their depende_n_ce on the actual _expenr_n_ent y the degree of molecular dissociation due to the highly
parameters that control the ignition of plasma and its stabiliza- ;jinear collisional reactions occurring simultaneously in the

tion, .mUCh work is still necessary to descrlbg_the plasma bulk plasma and at the plasmwall interface. These nonequi-
reactions that occur for _the complex compositions of real librium processes strongly affect the whole discharge kinetics.
_exhausts. NO. decomposition has been stu'dled f_or pIas_masSW sustained molecular plasmas are rather complex because
ignited by different methods. such as .dlelectrlc barrier the wave-to-plasma power transfer along the wave path is
processes’ 9’11'132 119 corona or high voltage (1:35Char9%§"1922 inhomogeneous. However, investigations with traveling SWs
hollow cathodé?’ pulsed microwave reactof, etc. However, .__are motivated by the versatility of these sources compared with
TSther plasma based technologies. For this preliminary study with
a SW device we have used Ar as a carrier gas and looked to
the plasma reactions taking place for mixtures of NO with O
- - (O2 + Ny), CHy4, and (Q + CHgy), where the concentration of
:(T:%Y\(/:rl%nr:i\?gg?;ggréieg‘;?/mgogrl%bg igdfes.igdl-n'g'rm;i”czawt””o@“S-es'the minority components varies around the values existing in
£ CSIC-Universidad de Sevilla and Dgo_'d%%a Afong?cay Molecular real exhausts. From a theoretical point of view, the understand-
y Nuclear. ing of the physics and chemistry working in discharges operating
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of NO in simple mixtures with other gases such asa@d/or
N, or C(,.27-9.1213,16,2328 By contrast, real exhaust gases are
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Mass
Spectrometer
Ar/NO 8& Nz, O

Surfatron Ar/NO/O; 65—81P N, O,
Quartz tube
reactor / aData are reported for a total pressure of 45 Torr. For other pressures

_ TABLE 1: Reaction Products and Conversion Yields of NO
Microwave in Ar/NO/O , Mixtures

Power
Supply Gas inlet reaction mixture NO decomposition (%) reaction products

differences of up to 10% have been foufidinterval of conversion as
‘ a function of pressure.

efficiency. The total pressure in the reactor was controlled by
adjusting a throttle valve placed between the reactor and a
‘ vacuum pump. Experiments were carried out for different
Rotary ‘Monachrumatar Mass Flow compositions of the gas mixtures around the aforementioned
Pump (OES) Controlers values and total pressures between 30 and 75 Torrs. Analysis
of the gas mixtures before and after plasma ignition is done by
a quadrupole mass spectrometer (QMS422 from Balzers). The
gas mixtures are sampled to the mass spectrometer through a
calibrated leak valve. Calibration of the peak intensities is carried
out with simple mixtures of Ar with either the reactants or the

with such highly excited molecular gas mixtures is less advanced 9ases obtained as products of the reactions. The accuracy of
than the knowledge of discharges in pure molecular gases. Alongthe analysis is considered to be within 10% of maximum
the present study, it has been also shown that, depending orHincertainty. The induction period to reach steady-state conditions
the relative concentration of&nd CH; in the mixture, carbon ~ Was very small, in any case shorter than 10 s.

can be formed by plasma decomposition of methane. The Study of the plasma by OES is carried out by collecting the
formation and removal of carbon through different plasma light with an optical fiber and analyzing the emitted spectra
reactions has provided useful clues to model the possible effectwith @ scanning monochromator. The whole system was
of plasmas on the particles of soot emitted from diesel engines,operated and the signals collected with a personal computer.
a process from which very few published works are available

in the literature®2%3%In this work, the plasma is ignited and Ill. Results

maiptai_ned with a sqrfatron as a SW launcher. This type of A Mixtures AINO/O 2. The detected products after plasma
device is small and simple to operate and has been previouslyg, citation of this gas mixture were,@nd No. No traces of

used for removal of VOCssgvoIatile organic compounds) and g, or any other nitrogen oxides were detected for the different
other noxious compound8. ** The pressure range selected for ., centrations of @studied. A percentage of 88% decomposi-
the present study has been Ilmlted to vgl_ues comprising between; o \was found for mixtures Ar/NO without Qcf., Table 1).

30 and 75 Torrs. These working conditions are far from those 11,6 jnfiuence of the @concentration on the reaction yield is
existing in real exhausts, but the obtained results may provide reported in Figure 2. Figure 2a shows the percentage of
useful clues to understand the basic processes of plasmgyeqomposition of NO for different concentrations of i@ the
reactions with complex mixtures of gases. The St,Udy Of,th? as mixture as a function of the total pressure in the reactor.
reaction processes has been complemented by optical emissioi\g 5 general effect, this figure shows that, within the pressure
spectroscopy (OES) and the data have provided interesting,nqe st died, the total pressure has little effect on the reaction
information about the type and relative concentration of the yield. This situation was also found for the other gas mixtures

intermediate species formed in each case. studied in this work and, therefore, this parameter will not be
considered explicitly in the next sections. According to this
figure, when there is no £n the gas mixture, NO decomposes
A scheme of the experimental setup is shown in Figure 1. into N, and Q from a minimum of 80% at 30 Torr to a
The plasma reactor consists of a quartz tube of 3.5 mm inner maximum of 90% at 75 Torr. The decomposition yield decreases
diameter and 40 cm length. A typical glow length of ap- as the amount of ©in the mixture changes from 0% to 5%.
proximately 4 cm was observed in most experiments. A For this latter situation, the NO decomposition varies from 57%
surfatron is used to induce SW plasma. Microwave power is at 30 Torr to 65% at 75 Torr. This evolution with the addition
transported from the power supply to the surfatron via a coaxial of O, suggests that the simultaneous presence,adnid G in
cable coupled with a slot antenna directly connected to the the plasma mixture leads to a series of intermediate reactions
surfatron®* Microwave power of 60 W was used in the that end up with the formation of NO and, therefore, decrease
experiments. Although this parameter was not modified for the the overall yield of NO removal. To check this possibility, a
series of results reported here, it is interesting to mention that mixture of 1% N and 3% Q was studied under similar working
very similar results were also obtained for smaller powers up conditions. This experiment yields the formation of NO (about
to 20 W when the plasma extinguished. This yields an 150-175 ppm), thus confirming that nitrogen atoms generated
approximate energy density of 5060 Wi/cnf. The gas through the decomposition of NO may intervene in a side
mixtures are prepared with mass flow controllers connected to reaction with Q to generate NG:1216To check the influence
the entrance of the quartz tube. The Ar mass flow was betweenof this process under our working conditions, we have followed
25 and 50 sccm. Typical compositions of gas mixtures were asthe percentage of decomposition of NO (3000 ppm) in a mixture
follows: carrier gas Ar, NO (3000 ppm),,dfrom 0 to 5% in Ar (carrier gas)t+ O, (3%) and different concentrations otN
volume), CH, (from 0 to 5000 ppm). The flow of Arwas fixed  The results of this experiment are reported in Figure 2b, showing
at either 25 or 50 sccm depending on the experiment, althoughthat the addition of 1% Nto the reaction mixture decreases
the flow rate had no influence on the reaction product and the efficiency of the decomposition of NO by about 10% for

Figure 1. Scheme of the experimental setup used to decompose NO
by microwave surface-wave plasma reactions from complex gas
mixtures.

Il. Experimental Section
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£ u N, (1%) previous literature assignmerifs38
S ___.,—‘ 2L B. Mixtures Ar/NO/CH 4. The analysis of the plasma reaction
@ =T of the Ar/NO/CH, mixture pretends to discern the effect of the
Teod 000, -A " i
o | .- A hydrocarbons on the plasma decomposition mechanism of NO.
4 AT To account for this process, we report first the decomposition
;\? reaction of CH in a mixture Ar/CH. We found that CHl
~ 50 decomposes practically totally to yield,+and traces of €
- . hydrocarbons. The conversion degree of,@tio H, amounted
@ —@---TTTT T T -o N, (3%) to ca. 90%. Another majority reaction product was carbon,
P which appeared as a deposit on the inner walls of the reaction
Y " . . ' " tube in the zone of the plasma discharge around the surfatron
30 40 50 60 70 80 ! : our !
p(Torr) (cf. Figure 1). The formation of carbon deposits interfered with

the decomposition reaction because it absorbed the microwave
Figure 2. (a) Percentage of decomposition of NO for different ower became very hot (the carbon deposits became red), and
concentrations of @n the gas mixture asafunqtl_on of the total pressure extinguished the plasma. Owing to these circumstances no
in the reactor. (b) Percentage of decomposition of NO for different . . .
concentrations of N The amount of NO is 3000 ppm. systematic characterization of the plasma was possible by OES.
For the Ar/NO/CH mixture the amount of deposited carbon
the whole pressure range, and by ca—28% when the was smaller and the OES analysis of the plasma could be carried
concentration of Mis 3%. However, we would like to indicate  out systematically. For this mixture, the main reaction products
that this tendency has to be associated with the high concentrawere N, H,O, CO, G hydrocarbons (€H, and/or GH,) and
tion of Ar in the gas mixture. In fact, in experiments similar to H,, plus carbon in the form of a deposit. A minority product
those reported here but withylds carrier gas, the extent of NO  produced during this reaction was HCN (cf Table 3). The
decomposition reached values similar to those found here for percentage of removal of NO was higher than 95% apd/as
mixtures Ar/NO35 the main nitrogen containing product, although traces of HCN
It is interesting to mention that for the present series of were also formed (i.e., appearance of a MS peak of mass 27,
experiments the total flow of Ar was kept between 25 and 50 typical of CN species). Figure 4a shows an OES spectrum of
sccm and that the actual value of this parameter had practicallythe plasma for the Ar/NO/CHmixture without oxygen. It is
no influence on the reaction yield. This means that, within the characterized by peaks due to CN* species, CH* species and
studied flow ranges, the residence time of the gases in the plasmahe Swan system of £ species’¢-38 Small peaks due to OH*
zone has no influence on the final result. and H* species can be also seen in this spectrum. Table 2
The analysis by OES of the plasma intermediates reveals thesummarizes the peak position and other spectral characteristics
presence of NO*, bF and different species of excited oxygen. of the intermediate species detected for this mixture under our
Typical spectra corresponding to NO* and*Nspecies are working conditions. @ species can be considered as intermedi-
shown in Figure 3, together with a peak attributed to OH* ate species previous to the formation of carbon depé&sitae
groups. This latter species must be formed by reaction of the unequivocal presence of emission peaks due to CN* confirms
excited forms of oxygen with some residual hydrogen and/or the formation of HCN as a byproduct of the plasma reaction
directly generated by dissociation of water initially adsorbed between NO and CHOwing to the noxious character of HCN,
in the reactor walls. When Qvas added to the reaction mixture, its eventual formation during plasma decomposition processes
Figure 3 shows that the relative intensity of NO* bands involving NO and hydrocarbons is of much concern and has to
increases, thus supporting the participation of oxygen in the be carefully investigated. In this respect, it must be mentioned
reaction channels leading to the formation of NO by direct that its formation in other NO technologies is by no means
reaction with nitrogen aton?s6In Table 2 we report a summary zerd®“! and sometimes is also detected during catalytic
of the position of the main emission peaks for all reaction abatement of N®&?
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TABLE 2: Summary and Attribution of the Main Bands and Peaks Detected by OES for the Different Gas Mixtures

reaction mixture species (system) electronic transition peak position/interval range
N (second positive) CII— B 3I1 281.43-497.64
Ar/NO/O, NO (y system) At —211 195.61-345.85
OH (3064 system) 25 — 2] 260.85-347.21
Ar/NO/CH, CN (violet system) X —23 358.59-460.61
CH (4300 system) 31— 3[1 431.25-494.0
C (Swan system) ST — 311 436.52-667.73
CO (third positive and 5B) & — a1 283.31-382.51
OH (3064 system) 2y — 2] 260.85-347.21
Ar/CH4/O2(3%) H 2P0 —2pD 656.28; 486.13; 434.05
0] 38 —3p 777.19;777.42; 844.64
CH (4300 system) ST — 311 431.25-494.0
CO (third positive and 5B) & — a1 283.31-382.51
C, (Swan system)
Ar/CH4/0,(0.3%) H ST — 311 436.52-667.73
CH (4300 system) PP—2D 656.28; 486.13; 434.05
ST — 3I1 431.25-494.0
Ar/NO/CH4/O4(3%) OH (3064 A system) Z—201 260.85-347.21
H 2P0 —2D 656.28; 486.13; 434.05
CN (violet system) -2 358.59-460.61
CO (third positive and 5B) & — a1 283.31-382.51
CH (4300 system) ST — 311 431.25-494.0
Ar/NO/(C)2 N (second positive) CI1 —B °I1 281.43-497.64
CN (violet system) -2 358.59-460.61
Cz (Swan system) ST — 3[1 436.52-667.73
TABLE 3: Reaction Products and Conversion Yields of NO in Ar/NO/CH, Mixtures (Effect of the Hydrocarbons)
reaction mixture NO decomposition (%0) CH, decomposition (%) reaction products
Ar/NO/CH,(0.15%) 98 94 M, CO (700), HO (2300), H¢ (300),
HCN (traces), (Hy (200), C
Ar/NO/CH,(0.3%) 96 94 N, CO (1500), HO (1500), H¢ (3300),
HCN (traces), gH, (600), C
Ar/NO/CH,(0.5%) 97 96 N, CO (2000), HO (1000), H¢ (6000),

HCN (traces), ¢Hy (1500), C

aData are reported for a total pressure of 45 Torr. For other pressures differences of up to 10% have been found (the amount of NO is 3000
ppm).® In parentheses are reported estimated concentrations in ppm. These figures are affected by an estimated -e2@¥oof R6posits of
solid carbon detected by visual inspecti8iThe amount of hydrogen has been estimated as a difference from the initial amount of this element
present in CH and that in the reaction products containing it (e.gQHwNnd GH./C;H, hydrocarbons). For the calculations it is assumed that the
hydrocarbons are &El,.

carbon deposits and,@ydrocarbons (g1, and/or GH,) were
eN Ar/NOICH [0, formed. Small amounts of CQvere also detected in all cases.
A summary of the different reaction products and their relative
concentrations is reported in Table 4. The obtained results clearly
OH indicate that methane is burned with an excess of oxygen. By
c 0.0 contrast, for low @ concentrations, plasma reaction of £H
- L_‘I' ’ Ho. 2 0,0%) proceeds through the partial heterolytic decomposition of the
3 u A J - . A hydrocarbons into C and Hand the formation of minority
= amounts of @ or higher hydrocarbons (mainly,84 and/or
L HB b) O,(1%) (x5) CsH,). Re-forming of methane into Husing plasmas is a
L ‘ | L process of large industrial interest, by which the formation of
higher hydrocarbons as byproducts of the reaction occurs to a
c) 0,(3%) (x5) different extent depending on the type of plasma and other
l N ) g experimental parametets:47
T T T T Figure 5 shows two spectra for reaction mixtures rich and
200 400 600 800 poor in oxygen. The most significant difference between the
Wavelength (nm) two situations is the enhancement of the intensity of the bands
Figure 4. Optical emission spectra taken from a plasma of the gas of the Swan system of € species for the mixture with little
mixtures Ar/NO/CH (a), Ar/NO/CH/O(1%) (b), and Ar/NO/CH oxygen, thus coinciding with the formation of carbon deposits

0:(3%) (©)- as a main reaction product. We attribute the formation of these

C. Mixtures Ar/CH 4/O,. Before reporting the results of a  species to the first steps in the condensation reactions leading
quaternary mixture of NO plus oxygen and the hydrocarbon, it to the formation of carbon deposits. In contrast, for oxygen rich
is convenient to comment about the results with@Hd G as conditions, G* bands disappeared, whereas the relative intensity
the sole diluted components and 5000 ppm of,C8everal of the peak due to OH* radicals greatly increases (cf. Table 2).
experiments were carried out with mixtures containing different Also, the spectrum reveals the development of intense peaks
concentrations of @from 0.3 to 3%. Main products of the due to the Balmer series of atomic hydrogen and some peaks
plasma reaction were CO,,8, and H for O, concentrations due to atomic oxygen. CH* species can be also detected under
higher than 1%. For a concentration smaller than this value, these conditions.
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TABLE 4: Reaction Products in Ar/CH 4O, Mixtures Containing Different Concentrations of O,

reaction mixture Chidecomposition (96) reaction products
Ar/CH4/O2(3%) 99 CO (2300), C&(300), HO (2200), H (3800}
Ar/CH4/O2(1%) 99 CO (2200), C&(300), HO (5000), H (1000)¢ C*
Ar/CH4/02(0.6%) 99 CO (2000), C£X(100), HO (4000), H (2000)¢ C°
Ar/CH4/02(0.3%) 93 CO (1300), £D (700), H (3300)¢ C,H, (1000), C

aData are reported for a total pressure of 45 Torr. For other pressures differences of up to 10% have beéinfpaneintheses are reported
estimated concentrations. These figures are affected by an estimated error2f%C Deposits of solid carbon detected by visual inspection.
4 The amount of hydrogen has been estimated as a difference from the initial amount of this element preseanhtd in the reaction products
containing it (e.g., HO and GH4/C;H, hydrocarbons). For the calculations it is assumed that the hydrocarbonghHae C

N, O,, and CO form as main reaction products, whereas the
He CH,+0O, carbon deposit is progressively burned off. The percentage of
OH NO decomposition amounts to a value higher than 96% for the
whole range of gas pressures studied. The virtual total decom-
position of NO under these conditions contrasts with the 80

b) 0,(3%) (X18) 88% removal found for mixtures Ar/NO without,Qcf. Figure

Hp o la and Table 1). This is also the percentage found when no
| | carbon remains in the reactor tube, once it is burned off by the

I(a.u.)

plasma.
During this experiment, three different colored zones are
c, observed around the carbon deposits. The optical emission
spectra of these three zones are different, as illustrated in Figure
CZJ ¢, a) 0,(0.3%) 6. The spectra in the zone up from the carbon deposit area are
LA 1 - very similar to that of the NO/Ar plasma reported in Figure 3;

. . T . i.e., it is representative of the dissociation processes of NO
200 400 600 800 presented in a previous section. The spectrum completely
Wavelength (nm) changes when one looks at the two other zones. In the carbon
Figure 5. Optical emission spectra taken for a plasma of the gas zone the spectrum depicts very intense bands due to CN* species
mixtures Ar/CH/O(0.3%) (a) and Ar/Ci0x(3%) (b). and excited & species and some of the Swan bands due to
D. Mixtures Ar/NO/CH 4/O,. The composition of this  Cz*species. This spectrum confirms that the CN* species forms
quaternary mixture resemb'es that Of some real gas exhaust§s an intermediate Of the I’eaCtion Of nitrogen OXide W|th Carbon.
produced by combustion engines (the absencezm &hd CQ On the other hand, the detection of bands due to H"S&Cies
is an important difference' a|though they are formed as products proVeS that these are intermediate SpeCies of both the formation
of the plasma reactiorf)?14.21.2229Two different experiments  ©f solid carbon (i.e., see Figure 5a) and its removal by reaction
have been carried out by fixing the,@oncentrations at 1%  With an Ar/NO plasma. The spectrum slightly changes in the
formed during the plasma reaction. By contrast, for 3%1® Cz* bands disappear, whereas the intensity of CN* bands
carbon was formed. The main reaction products under the two decreases and that OfZ’T\BpeCieS increases. This indicates that
conditions were Bl CO, HO, and H, accompanied by some  decomposition of NO into Nis approaching its completion.
small amounts of C@®as the minority component (cf. Table
5). Itis interesting that in the presence of, @o traces of HCN
could be detected as reaction product. This result contrasts with  A. Ar/NO and Ar/NO/O , Mixtures. NO decomposition
the aforementioned formation of this molecule by plasma in plasmas of simple gas mixtures have been widely studied
activation of mixtures Ar/NO/CH However, the OES observa- in the literature. Typical mixtures consist of NO with
tion of the reaction intermediates (cf., Figure 4b,c) still reveals 0O,1213.16.192527 and eventually water vapé?2°48Ar or other
the appearance of bands due to CN* species, although with anoble gases are typical carrier gases for these studies. Different
relative intensity smaller than that of these species in the mixture types of plasma excitations have been used for this type of study,
without oxygen (cf. Figure 4a). In addition to the peaks including atmospheric pressure pulsed microwave discharges
corresponding to this species, bands due to OH* radicals, CH* (PMW),25-28:4546 corona and dielectric barrier discharges
species and the peaks of the Balmer series of hydrogen are als¢DBD),28911.12.15,16,18.19.38r hollow cathode dischargéIn all
observed in the spectrum. cases, removal of NO is reported although the reaction pattern
E. Reaction of Ar/NO Plasmas with Carbon.The formation differs from PMW discharges to corona or DBD. For PMW
of carbon by plasma decomposition of €ls sometimes most studies report dissociation of NO inte &hd Q, whereby
reported during plasma re-forming of this hydrocarbon to the addition of @ and/or HO produces a decrease in the
produce H and/or higher hydrocarbord$:4” Formation of decomposition yield. By contrast, several works dealing with
carbon deposits has also been found here for mixtures poor inDBD report that the presence of,@nd NO in the reaction
O,. Carbon can be considered as a chemical with reductive mixture leads to the formation of NG1214151618 Thjg
character and its presence as soot particles in diesel exhaustprocess is proposed as the basis of procedures consisting of
justifies an investigation to check whether NO containing a first oxidation step of NO into N®and a second catalytic
plasmas react directly with solid carbon. In this line of thinking stage involving a conventional reduction step of Niato
we have carried out an experiment where an Ar/NO plasma N,.6:12.14-16.21.2247Kinetic models and spectroscopic studies of
interacts with a carbon deposit located downstream from the the plasma chemistry of these simple gas mixtures have
surfatron position. Mass spectrometric analysis of the gas permitted us to formulate precise descriptions of the intermediate
mixture shows that, as a result of the carb@lasma interaction, reactions leading to the final products.

IV. Discussion
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TABLE 5: Reaction Products and Conversion Yields of NO and CH in Ar/NO/CH 4O, Mixtures

reaction mixture NO decomposition (%) CH, decomposition (%96) reaction products
Ar/NO/CH4(0.3%)/G(1%) 97 99 N, CO (2100), CQ(400), H:O (5900), C
Ar/NO/CH4(0.3%)/0(3%) 87 99 N, CO (2200), CQ(400), HO (2300), H9 (3700)
Ar/NO/CH4(0.5%)/G(1%) 93 99 N, CO (2200), CQ(400), HO (8400), H(2100)
Ar/NO/CH4(0.5%)/0(3%) 90 99 N, CO (2100), CQ(400), HO (8000), H (2000)

aData are reported for a total pressure of 45 Torr. For other pressures differences of up to 10% have beéinfpaneintheses are reported
estimated concentrations. These figures are affected by an estimated error2f%C Deposits of solid carbon detected by visual inspection.
4 The amount of hydrogen has been estimated as a difference from the initial amount of this element preseanhtd in the reaction products
containing it (e.g., HO and GH4/C;H, hydrocarbons). For the calculations it is assumed that the hydrocarbonghHae C

processes occurring for more complex mixtures has been
generally less addressed in the literature. The results reported
here constitute an empirical evaluation of the overall processes
taking place in complex gas mixtures. SW plasma activation
of an Ar/CH, mixture produces the re-forming of the methane
with formation of solid carbon and Has majority products.
The formation of G or higher hydrocarbons such asH; and/
or C;H4 by using methane as main reactant has been extensively
studied and reportetd;*2-46 but it is a secondary process under
our experimental conditions. Thus, Heintze etajth a PMW
system and mixtures CH88%) and Ar (12%), only report the
n formation of G hydrocarbons (ethane, ethene, or acetylene
A J J‘ 54 N el i depending on experimental parameters). Very likely, the much
lower concentration of ClHin our reaction mixture is the reason
T T T T T for the observed difference.
0 5l 400 i o In our experiment we have found that the addition ¢ft®
Wavelength (nm) the reaction mixture prevents the formation of carbon deposits.
Figure 6. Optical emission spectra taken for the reaction of an Ar/  According to Table 4, this finding is consistent with the fact
NO plasma with carbon deposits. (A) Zone previous to the location of that the direct dissociation of GHhto C and H is replaced by
the carbon deposits. (B) Zone of carbon deposits. (C) Zone afterward o5 tion processes yieldingldlus CO or HO + CO as final
the location of the carbon deposits. For clarity, spectrum B has been . . . 1
shifted to the right. products according to the overall equations: ,CHY/, O, —
2H, + CO, and CH + %, O, — 2H,0 + CO (note that these

Our results with the microwave SW reactor are similar to equations do not mean single reaction steps, but a stoichiometric
those reported for PMW discharges because in the two casedalance of atoms between initial reactants and final products).
the major reaction products of the plasma decomposition of NO  Only for higher concentrations ofn the reaction mixture
are N and Q. Electrons initially interacting with NO and/or ~ does the production of GQtart to be significant. The following
N2 or O, molecules are the initiating species for the overall €lemental reactions involving CO and €€an be invoked to
reaction chairt8202849The use of Ar as carrier gas contributes explain this finding°
to the generation of these free electrons due to the well-known
tendency of this gas to ionize under plasma conditf§rEhe CO+0—CO,
observation that the NO SW removal e_fficiency decreaseg as (k,= 8.0 x 10 " em¥ls, T = 100-2100 KF* (4)
the amount of @ in the reactant flow increases is also in
agreement with these previous PMW studfes? According CO,+e—~CO+0+e
to literaturé® the three following elemental reactions can be 9 3 53
important for both the decomposition of NO and its formation (ks =1.2x 10 “cm’/s, T =300 K)™ (5)
in an oxygen rich flow:

CN  carbon + Ar/NO plasma

I(a.u.)

According to reaction 4, an increase in the concentration of

N+NO—N,+O oxygen may contribute to the formation of G@lthough it is
(k, = 6.0 x 10 " em’s, T =300 K)™* (1) not rare that this product always forms in small concentrations
owing to the high rate constant of reaction 5 involving its direct
N+0,—~NO+O0 dissociation by electron impatt:38

12 3 1 The spectra recorded for mixtures Ar/gB, are character-
(k;=6.8x 10 *“cm’/s, T =300 K)™ (2) ized by peaks due to CO*, OH*, H*, and O* radicals. They
must be some of the intermediate species intervening in the
N+OH—NO+H overall reaction processes with ¢ldnd CQ. These radicals
(ks = 4.7 x 10" cm?/s, T = 300-2500 K} (3) must be formed by collision of electrons with Gii.e., H*
and CH*), CQ, and oxygen molecules (i.e., O*) and by
In the three reactions, the N atoms play an important role, either secondary reactions between them (i.e., CO* and OH%*).
for the NO removal via eq 1 or for its production by reaction Reactions involving these radicals and their rate constants have
with O, or OH (cf. eq 2 and 3). been previously reported:*+47 In our experiment, it is interest-

B. Ar/CH 4 and Ar/CH 4O, Mixtures. In contrast to the ing to stress that with oxygen rich mixtures ng*@nd very
numerous theoretical and experimental studies dealing with thelittle CH* radicals were detected. The opposite situation occurs
plasma reaction of NO in simple mixtures of this molecule with with mixtures poor in oxygen, for which&£and CH* species
0,,1925°27 N,,26728 CO,%% or H,0,192048 the analysis of the give rise to the most intense bands in the spectrum (cf. Figure
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5). This suggests that,€radicals are precursor species in the due to G* species, whose formation has been related to the
formation of carbon deposits according to an overall process production of carbon deposits. It is likely that a mechanism
of the type, CHH— C(s)+ 2H, (note that this is a heterogeneous similar to that discussed in the context of cold fusion reactors
process involving the formation of a solid phase). to prevent the formation of carbon is responsible here for the
In the paper by Heintze et ¢ describing the formation of ~ formation of CN* intermediate radicals and HCN as a final
C, hydrocarbons from methaneyGpecies together with CH* product.
and H* were also detected by OES, although formation of solid D. Ar/NO/CH 4j02 Mixtures. In he’[erogeneous Cata|ytic
carbon was not reported. Very likely, the high concentration of reactions intended for the removal of NO in oxygen rich streams,
H* radicals existing under the working conditions of these j critical problem is to achieve the selective reduction of NO
authors (i.e., mixtures 82% GH18% Ar) prevents the direct  jn the presence of oxygen. A similar objective should be fulfilled
dissociation and favor the formation of Gydrocarbons. This by plasma removal of NO. In this respect the present results
will be in agreement with the well-known efficiency of hydrogen ith the quaternary mixture Ar/NO/CH#D, in the SW reactor
radic.als to react direCtly with carb®hand/or with a plasma. are very promising' Major products of this process afeq}o,
reaction such as and HO, whereas a carbon deposit also forms in streams poor
in oxygen. CQ appears as a minor product. Also, it must be
remarked that no HCN is detected as the final product of the
reaction. Thus, the overall process can be considered as resulting
from the direct oxidation of Cilby NO (see previous section),
the conversion of Chlinto solid carbon depending on the
oxygen concentration and the oxidation of £Mith O,.
Moreover, direct dissociation channels of NO inte &hd Q
must not be discarded (cf. eqs 1 and 2). Overall, practically
100% removal of NO is obtained.

The hypothesis that the plasma behavior of Ar/NO/CH
mixtures can be considered as the superposition of the processes
involved with ternary mixtures Ar/NO/CHand Ar/CH/O,
without significant interferences between them is further sup-
ported by the OES spectra recorded for the quaternary mixture.
In fact, the spectrum in Figure 4b can be considered as the
superposition of the spectra shown in Figures 4a and 5b,
corresponding to the ternary mixtures. It is also interesting that,
despite the formation of intermediate CN* radicals deduced from
the OE spectrum of the quaternary mixture, no HCN is formed
as reaction product. Very likely, the CN* radicals are destroyed
by the GQ present in the gas flow and/or by intermediate active
species of oxygen, thus preventing the formation of HCN as a

CH; + CH; — C,H, (6)

C. Ar/NO/CH 4 Mixtures. From a chemical point of view,
though NO and @are molecules with oxidative character, H
CHa, or other hydrocarbons are reductive. It is therefore likely
that plasma activation of Ar/NO/CHnixtures may lead to the
reduction of NO molecules. It has been reported that hydro-
carbons such as 84,1911 C3Hg%% and GHg*® are rather
effective for NO and N@ reduction to molecular nitrogen,
whereas methane is less effective for this proéésaishner
and co-worker®6:5”have studied experimentally and theoreti-
cally the DBD plasma reaction of NOnixtures (i.e., NO+
NO,) and hydrocarbons. They found that the amount of
hydrocarbon, although affecting positively the NO decomposi-
tion, does not alter the overall N@onversion (i.e., the sum of
NO + NO,). Other authors have studied the plasma reaction
between NH and NO, showing that the addition of ammonia
(i.e., another molecule with reductive character used in con-
ventional catalytic processes for the abatement of Mbig
combustion plant$) improves the removal efficiency of NG&*

In our experiment, practically 100% removal of NO is achieved
with Ar/NO/CH4 mixtures. This removal may occur through :
the following two overall processes that imply the oxidation of stable final product.

CHj, with NO: CH, + NO — CO + Y,N, + 2H, and/or CH Another interesting result from Table 5 is that Clis

+ 2NO— C + 2H,0 + N, (note again that these two equations completely burned off in the quaternary m.i>'<ture. This means
do not refer to actual elemental plasma reactions but to the that in the SW reactor both the decomposition of NO and the
atomic stoichiometric balance between reactant and products)."emoval of CH are achieved in a single process.

We must stress that the lack of N@rmation with the SW E. Reaction of NO/Ar Plasmas with Solid Carbon.To our
reactor under our working conditions contrasts with the hydro- knowledge, few studies have previously addressed the plasma
carbon enhancement of the yield toward this molecule in removal of NO in the presence of soot particles in the gas
DBD.811Very likely, the relatively high specific input energy  stream$:142930 Chae et af. worked with a DBD reactor
used in our case can be a factor contributing to the observedconnected to a diesel engine and found thabf®med in the

difference.

Besides N, CO, solid C, H, and HO, which are the major
products of the SW plasma reaction of this mixture, other
products such as#8, and/or GH,4 hydrocarbons and minority

plasma device was able to react directly with the soot particles.
Kusshner et al. also postulated a surface reaction between NO
chemisorbed and the carbonoceous surface of soot patfes.

Our experiment consisting of the direct exposure of a carbon

components such as HCN are also formed. Owing to the very deposit to an Ar/NO plasma clearly evidences that solid carbon
noxious character of this latter molecule, its eventual formation is active for the removal of NO. Although further studies are
during any NO plasma abatement process is of the greateststill necessary to get a clear picture of this heterogeneous
concern. plasma-solid reaction, the analysis of the products and the peaks
Plasmas of mixtures of NO with CHhave recently received  appearing in the recorded spectra provides some hints to
much attention in connection with the formation of C deposits understand this complex process, ®,, and CO are detected
on the walls of fusion reactoP8.The addition of NO to the gas  as main products, indicating that part of the oxygen produced
mixture has been proposed as an efficient scavenger to quenclby the dissociation of NO reacts with the carbon. The overall
the formation of H* radicals responsible for the generation of reaction of this process is N® Csoj— CO + N. Although the
the deposits. In these studies, the formation of some HCN asexperimental conditions are completely different from the
reaction product and the evolution of very intense emission lines plasma/solid reaction meant by the previous equation, it is
due to CN* have been also report®drhe OE spectra recorded interesting that a similar reaction (i.e., NOC — CO + N)&1
here also show the development of very intense peaks due tois also feasible between plasma species with a rate constant of
CN radicals (cf. Figure 4a) and small bands of the Swan seriesk = 3.49 x 10711 cm?/s atT = 300 K.
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However, as suggested by the spectra in Figure 6, the reactiongases suggest that these molecules, similarly foténd to
mechanism of the plasma/solid carbon must be rather complex.decrease the dissociation yield of NO intg &hd Q. In this
In fact, the spectra in this figure can be considered as theregard, our results have shown that oxygen is critical for the
superposition of the spectra corresponding to the plasmacontrol of the overall reaction processes and demonstrate that
dissociation of NO (cf. Figure 3) and the bands of the CN* and its presence in the plasma, though in relatively low concentra-
Cy* radicals. A plasma reaction that would be able to yield CN tion, may modify significantly the plasma chemistry of complex

under our working conditions 3% mixtures. Thus, for example, we have shown that oxygen
prevents the formation of carbon deposits from dissociation of
NO+C—CN+O methane. Oxygen also prevents the formation of HCN in

(k, = 4.8 x 10 ™ cm?/s, T = 300 K)** (7) mixtures of NO/CH. These effects are very important for a

safe use of plasmas in actual devices and should be taken into

Because signals due to CN* an@*Gpecies are predominant ~account for their practical implementation.

in the zone of the reactor with deposited carbon, its formation A final remark concerns the specific input energy density

suggests that not only oxygen radicals but also N* radicals may Used in our experiment. The used energy is relatively high in

react directly with the solid carbon, leading to the formation of our case because it favors the dissociation of NO. Work is being

intermediate CN* radicals. The fact that, within the sensitivity carried out in our laboratory to check systematically the

limit of our system, no HCN is detected has to be attributed to influence of such a parameter in the NO removal efficiency

the lack of hydrogen under these conditions. with a SW device.
The complexity of the reaction process is further supported ]
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