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Mechanism of the Dissociation of Chlorofluorocarbons during Nonthermal Plasma
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We investigated the chemical transformation of low concentratioti®Q ppm) of chlorofluorocarbons (CFCs)

in gaseous nitrogen by nonthermal plasma processing by assuming that this transformation occurs by the
dominant mechanism of CFC dissociation. The calculated and experimental results indicate that the extent of
CFC dissociation induced by energy transfer from electronically excited species is negligible. We suggest
that dissociation by impact with high-energy plasma electrons is the process mainly responsible for the
decomposition of CFC. We also discuss the possibility of optimizing this plasma process for environmental
engineering in the semiconductor industry.

1. Introduction required. To date, studies of CFC behavior within nonthermal
plasma environments have related mainly to low-pressure glow
plasma applications in the semiconductor industry. Depending
on the plasma characteristics and the CFC processed, the main
rocesses involved to activate the chemical transformation of

A number of chlorofluorocarbons (CFCs) are used in the
semiconductor industry for chemical vapor deposition and
reactive ion etching. Typically, the gaseous effluent emitted

durlng .these processes is nitrogen at atmospheric pressur FCs are dissociation by electron impact, dissociative electron
containing CFCs on the order_ 0+100 ppm. Alt_hou_gh the attachment, and dissociation on collision with electronically
release of such efﬂy(_ants results in ozone destruction in the UPPETay cited species® The chemical transformations that occur in
atmpsphere, no eff|C|ent methods for CFC removal are currently atmospheric-pressure nonequilibrium plasma containing CFC
available. In particular, no known sorbents can trap these

lecul ith tabl d and itv. Catalvii ” admixtures have not been investigated in detail, and most
molecules with acceptable speed and capacity. Catalytic oxi a previous reports have presented only suggesfidiishas been
tion of CFCs is also problematic because of rapid catalyst

e S reported, however, that the transformation of CFCs admixed in
deactivation and poisoning.

) . . . carrier gases at high concentrations is initiated mainly by
Nonthermal plasma processing has been investigated in Som&jssaciation upon collision with electronically excited species

detail because it has been suggested as a technique to reducg,q is independent of the carrier tybAt low concentrations

the environmental impact of emitted CFEBespite its obvious ot crcs, dissociative electron attachment might play the main
advantages, the technique has one major shortcoming that haggje in the chemical transformation and is also independent of

prevented its implementation, namely, its high energy consump-the carrier typd. Consistent with these findings, it has been
tion. Apprc_>>_<|mately~104 eV is requ_lred_ generally for the pointed out that the interaction of CHRCbr CR.CICHs,
decomposition of one CFC molecule in nitrogen, antl’ ev admixed at a rather high 0.5% concentration in helium at
is required for the widely applied GFThere have been a  5imospheric pressure, with electronically excited atoms is the
number of attempts to reduce the energy consumption of this . 2in mechanism underlying its chemical conversfon.
procedure, e.g., by introduction of gaseous admixtures, such as \ye yndertook this present study to investigate the transfor-
Oz and HO, or various modifications of the plasma reactors. - tion of CFCs by nonthermal plasma processing in nitrogen
To date, however, these attempts have failédzurther studies 5t aimospheric pressure. Following from the findings of the low-
are requm_ad fqr the development and application of eff|0|ent pressure glow plasma investigations described above, we
plasma units with enhanced valuesss, the reduced electrical  54empted to clarify the dominant mechanism of CFC dissocia-
field .(\'/vheren is the number density of the gas). Qnder SUCh tion assuming that dissociation is responsible for CFC chemical
conditions, plasma electrons are accelerated to high energiesy ansformation. We applied numerical simulations coupled with
which results in more efficient generatlgn of electronically - gyperimentation to evaluate CFC dissociation initiated by
excited species, including metastablgAPZ",). These species  glactronically excited species. Other experimental data obtained
gsually have sufficient excitation energy to induce the dissocia- i, the present work were designated to explore the suggestion
tion of mol_ecules:s E' a5toms have been detected fronaQLF  hat CFC species are mainly dissociated upon collision with
and CECl, in No(A°Z",).> Moreover, the chemical transforma-  high_energy plasma electrons. It is necessary to stress that other
tion of CH,Cl, by nonthermal plasma processing in nitrogen at 5 qgitional hypotheses have been presented in the literature. For
atmospheric pressure can be explained quz_antltatglely Ey 8S-example, the decomposition of CFCs through the catalytic
suming that CHCl, dissociates on collision with §A®X™,). activity of a solid surface that was induced as a result of plasma

Although this approach to resolving the energy consumption processing has been assumed by Yamamoto 8t al.
problem seems quite feasible, detailed studies of the phenomena

associated with the chemical transformation of CFCs are still 2~ EXperimental Section

Experiments were performed in a gas flow-through apparatus
* Corresponding author. E-mail: bg6a-gal@asahi-net.or.jp. comprising a gas source, an electrical discharge reactor, and a
T Current address: Lambda Physik Co. gas analyzer.
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BaTiO; pellets generator as the master oscillator and a TREK Model 20/20B
volume 31.4 cc high-voltage amplifier. During the experiments, the power
applied to the processed gas was varied by changing the output

(- 1= .
| I/Hl.. ﬁ\l I voltage of the master oscillator.

The second reactor consisted of a quartz tube (19 mmin o.d.;
16 mmini.d.; ca. 500 mm in length). The BaTiPellets were
. 5 No— packed within this tube and held in place by perforated plate
electrodes at each end, as shown schematically in Figure 1b.
a) HV This reactor was installed into a temperature-programmed
electric furnace to allow plasma gas processing over a wide
temperature range. We refrained from heating the reactor to over
volume 2.0 cc 300°C to prevent metal fluoride formation on its nickel-plated
("/| | electrodes. Indeed, at300 °C we observed the sudden and
i = almost complete disappearance of CFCs at the reactor outlet
l\:\I | independent of plasma generation and the electrodes became

asasssssssEEsEEEsEEsEEEmEEEs H ianifi i I i I
T e T T, significantly darker in color. Electrical discharges were supplied

by a sinusoidal 50 Hz signal with amplitudes of up to 7 kV
ON: generated as described above using the master oscillator-
HV

BaTiO; pellets

amplifier unit. The power applied to the processed gas was
varied by changing the output voltage of the master oscillator.
We performed additional experiments with a third reactor
consisting of a needle-to-plate pulsed corona unit (Figure 1c).
/| ‘ This reactor comprised a quartz tube (i.d. of 25 mm; o.d. of 31
\I ‘ mm) with a perforated metal plate and a metal tube 3 mm in
o.d. installed as the ground and positive electrodes, respectively.
The electrode gap was set at about 3 mm. An Instrument
Research C12K-20P positive pulse generator with variable pulse
o— — duration was used as the power supply to maintain the electrical
©) HV discharges. A 100 nF reservoir capacitor within this generator
Figure 1. Schematic diagrams of the plasma reactors used: (a) the discharged through the reactor electrodes according to the “tail-
first pellet-bed reactor; (b) the second pellet-bed reactor; (c) the needle-pjter” technique. A Stanford Research System DG 535 pulse
to-plate pulsed corona reactor. generator triggered the above unit with a repetition rate of 800
) ) . Hz, whereas the duration of the electrical current through the
Gases were introduced into the reactor for plasma processingg|ectrode gap was limited to 300 ns. To provide stable plasma
by commercially available cylinders of the various compounds generation, it was necessary to charge the reservoir capacitor
in nitrogen. The processed gas within the reactor slightly g approximately 10 kV. The specific energy applied to the
exceeded atmospheric pressure. Cylinder$ tontained Cl- processed gas was altered by varying the gas flow.
(500 ppm), CECl> (497 ppm), CHCIE (509 ppm), CECI (502 The residual concentrations of gas compounds after process-
ppm), and NO (1043 ppm), respectively. Dependlng on the ing were measured with a Bio-Rad FTS-135 Fourier transform
purpose of the experiment, the reactor was fed by either onei,sareq spectrometer equipped with a gas cell (Infrared
cylinder or two cylinders simultaneously, with gas flow rates Analysis, Inc.) having a path length of 2.4 m and volume of

set using two mass flow controllers. The rate of gas flow exiting 155 ¢c we estimate the standard deviation of measurements
the reactor was measured with a soap-film flow meter to obtain \,ith this unit to be <1.5% when measuring CFC or NO

pre_cise dat_a for calculating th(_a specific energy input and the ., antrations on the order of hundreds of ppm, aB86 when
residence time of gas processing. measuring values of the concentrations of CFC or NG-20

We used three plasma reactors: (1) a pellet-bed reactorynm These concentrations were plotted as dependent variables
packed with BaTi@ (31.4 cc) for use at room temperature; (2)  aqgainst the specific energy input into the processed gas or by
a second pellet-bed reactor packed with B&l{@.0 cc) for — 5;0ther method described below. The specific energy input was
use from room temperature up to 300; and (3) a needle-t0-  qerived from the values of electrical power supplied to the gas
plate pulsed corona unit with an interelectrode distance of 3 ;4 the gaseous fluence. The power values were obtained by
mm, operated at room temperature. The configurations of these,e standard technigue of integrating the mathematical product

units are shown schematically in Figures—ta respectively. ot the measured applied voltage and the discharge current,
The first reactor (Figure 1a) had coaxial electrodes to which ,aacured using a Tektronix TDS 3032 oscilloscope.
a high-voltage alternating current was applied in the radial

direction. The cylindrical inner electrode measured 10 mm in 3 Tha Model

0.d. and the outer electrode had an i.d. of 30 mm, which resulted

in a gap distance of 10 mm. The BaTiPellets were packed As described above, we performed simulations coupled with
between two concentric electrodes and held in place at eachexperiments to investigate the extent of the CFC dissociation
end by a perforated Teflon plate. Spherical ferroelectric pellets process caused by energy transfer from electronically excited
of BaTiOs, measuring 2 mm in diameter and having a relative species within a nonthermal plasma in nitrogen at atmospheric
dielectric constant of 15 000 (Fuji Titanium Industry Company, pressure.

Ltd.), were used in both the first and second reactors. Electrical Nonthermal plasmas are highly inhomogeneous at atmo-
discharges were supplied by a sinusoidal 50 Hz signal with spheric pressure and can be described as a swarm of transient
amplitudes of up to 7 kV generated using a master oscillator- plasma filaments (TPFs) created by highly localized space-
amplifier unit. This unit consisted of a Tektronix AFG310 charge waves. These TPFs usually fill the gas evenly in the

b)

Electrode gap 3 mm

N

—
L -
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TABLE 1: List of Reactions Considered in the Kinetic Model, Rate Coefficient Data, and Corresponding References

reaction rate coefficient ref
Electron—Molecule Impact Reactions
R1 € + No(XZg") — No(ASEY) + e fri(E/N), cc x 572 17
R2 € + No(X1=g") — No(B3Ig) + e~ fro(E/N), cC x 572 17
R3 € + Np(X=g") — No(B'3Z,") + e fra(E/N), cC x 571 16
R4 € + No(X1Zg") — No(C3I1,) + e~ fra(E/N), cC x 571 17
R5 e + No(X1Zg) — No(allly) + e~ frs(E/N), cC x 571 17
R6 e + No(XZgN) — No(@'2,) + e fre(E/N), cC x S7* 17
R7 e + Np(XZg") — No(WiA,) + e fre(E/N), cC x 571 17
R8 e + No(XZg) =N+ N+e fre(E/n), cCx 57 14
Radiative Transitions of Electronically Excited Molecules
R9 No(B3I1g) — No(ASE ) + 4 x v 20x 1%, st 13
R10 No(B'3,+) — Na(B3Ilg) + 4 x v infinite, s2 13
R11 No(CBIL,) — No(B3IIg) + 4 x v 2.74% 10, st 13
R12 No(aTTg) — No(X1Zgh) + 4 x v 1.8x 104, st 13
R13 No(a'llg) — No(@'Zy ) + 4 x v 1.91x 1% st 13
R14 No(WA) — Na(alllg) + 4 x v 6.5x 1%, st 13
Reactions among Neutral (= 300°C)
R15 No(A3E,T) + No(ASZ,T) — No(B3I1g) + Np(X1Zg"h) 7.7x 10" ccx st 13
R16 No(A3Z,H) + No(A3E, ) — No(CRIL,) + No(X1ZY) 15x 1070 ccx st 13
R17 No(B3Ig) + Na(X1Z5+) — N(A3Z,H) + No(X1Z,1) 2.85x 10, ccx st 13
R18 No(B3ITg) + No(X1Zg") — No(X1Zg") + No(X1=gh) 15x 102 ccx st 13
R19 No(A3EH) + N — No(X=g") + N 4.0x 10, ccx st 13
R20 No(&1Z,7) + No(X1ZgH) — Na(B3I1g) + No(X1ZgT) 19x 108 ccx st 13
R21 No(alTg) + No(X1Z5+) — Na(@1Z,) + Na(X1Zgh) 2.0x 1071, ccx st 13
R22 No(W2A,) 4 No(X1Z5H) — Ny(allly) + Na(X1Zh) 1.0x 10, ccx st 13
R23 N+ N + Na(X1Zg") — No(B3[1,) + Na(X1Z4) 8.27x 10734 x 13
exp[5001], cc? x st
R24 N+ N + Na(X1Z4") — Na(@llly) + Na(X1Z4") 5.0x 102 x [R23], c& x s°* 13
R25 N+ NO — Np(XZ;") + O 3.1x 10 ccx st 19
R26 N+ O,—~NO+ O 4.4x 10712 x 15
exp[—3220/], cc x st
R27 N+O+M—NO+M 18x 103 x T95 c@xst 15
R28 O+NO+M—NO,+M 9.1x1028xT16cZxst 18
R29 O+ NO;— NO + O, 6.5 x 1072 x exp[1207], cc x st 18
R30 O+0+M—0,+M 276 x 10°%YT,c x s* 15
R31 No(A3Z, ) + 0 — Na(X1ZgH) + O, 1.0x 102 ccx st 15
R32 No(ASZ, ) + O, — No(X1ZgT) +2 x O 20x 102, ccx st 15
R33 No(ASE,T) + O, — NO+ O 3.0x 10 ccx st 15
R34 No(AZZ,M) + O, — N2O + O(*D) 3.0x 10 ccx st 15
R35 No(A3EH) + NO — No(X1Z") + NO 15%x 1070, ccx st 15
R36 No(A3Z, ) + NO, — Na(X1Z5H) + NO + O 1.0x 1022 ccx st 15
R37 No(A3Z, ) + NO — 2x Na(X1ZgH) + O 8.0x 101, ccx st 15
R38 No(A3Z) + N2O — No(X1ZgH) + N + NO 8.0x 101, ccx st 15
R39 N+ NO; —~ N0+ O 1.4x 10% ccx st 15
R40 OofD)+ M — 0O+ M 1.8 x 107 x exp[1107T]], cc x s7* 15
R41 OfD) + Na(X=g") + M — N0+ M 3.5 x 10737 x (300MT), c& x st 15
R42 OfD) + N,O — Ny(X1Z4t) 4+ O, 49x 10 ccx st 15
R43 O¢D) + NO,—~ NO + O, 14x10"%? ccx st 15

interelectrode gaps of the reactor. Thus, a homogeneous plasma&xception of the electronic excitation and dissociation of nitrogen
model is frequently applied for modeling the processes occurring molecules by electron impact. In the case of excitation of N
at this active volume. Even so, we performed some numerical electronic states, we neglected the discrimination among the
investigations to confirm the best method for evaluating the individual vibration levels of the ground and final electronic
activity of the electronically excited species. states as well as the rotational/vibrational molecular kinetics.
The kinetics of the electronically excited species generated The rate coefficients for excitation of the electronic states of
by one TPF were examined using the plasma model reportednitrogen by electron impact, which are a functionEsdf, were
previously?2 This model yields a zero-dimensional calculation approximated by Nahorny’s analytical expres3fomsing the
of the populations of NA3E,", By, B'3%,*, CI1,, a'llg, Boltzmann calculation data of Loureiro et!éland Ferreira et
alz—,, wlA,) and NQ species in gaseous nitrogen that initially al.l” For the rate coefficient and th€y, parameter for the
comprised the NO admixture. The temporal evolution of the dissociation of N by electron impact in gaseous nitrogen (acts
species densities is simulated by a set of coupled ordinary per 100 eV), which are also functions &fn, the analytical
differential equations. Table 1 lists a set of plasma-chemical approximation was based on data of Penetrente &t &b
reactions that provide rate-coefficient data compiled from the complete the above model description, it is necessary to specify
literature’3-1° We presume that the completion of all the that the input parameters of the model are the nitrogen gas
plasma-chemical reactions precedes the local temperaturepressure, the reduced electrical fiekln, the specific energy
increase of the gas caused by a single TPF. Reactions involvinginput, the initial NO concentration, the plasma lifetime, and the
charged particles have been excluded from the model with theduration of the afterglow. These parameters are derived
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Figure 2. Calculated temporal evolution of electronically excited . [CF.Cly] A
species within a single TPF generated in nitrogen at atmospheric 0 -
pressure. The specific energy input by TPF, its lifetime, and the value A I L L
of Ees/n were assumed to be 0.01 J/cc, 100 ns, and 140 Td (¥ Td 0 5 10 15 20 25 30
10717V x cnv), respectively. Specific energy input, Jicc
experimentally and, in particulaE/n = Ecu/n, whereEeq/n is Figure 3. Processing CFC in nitrogen gas using the first pellet-bed
determined according to the description presented below. reactor. Using a mass flow controller, gas fluence through reactor was

Figure 2 shows the calculated time dependences of the activeset to 160, 330, 500, and 670 cc/min. Data points are from the
particles generated by a single TPF. To obtain these results experiments, and fuI_I lines are the calcglated_values of the concentrations
the magnitudes of the specific energy input by a single TPF, of CFCs as a function of the energy input into the gas.

its lifetim nd the val n wer m lie within . .
ts lifetime, and the value oer/n were assumed to lie wit In the present model, we neglect various processes that might

the ranges typical of these parameférs? be important for precise modeling. For instance, searching and
Because the concentrations of excited particles are very low . P P 9. ’ 9

in comparison with the abundance of metastablARE"), including possible channels of CFC synthesis from its fragments,

our evaluations of CFC dissociation through interaction with Lolt?ri?tzrn\tivrlrggriggur:?ur;tsotﬂia Frﬁo&?fgiﬁsbéén;gmificgmfgfer
electronically excited species concern the activity of only N ' : ’

(A3S+,). Taking into account the lifetime and diffusion coef- seems to be a satisfactory one for clarifying the basics of the

ficient of No(ASS*,)13 and assuming a typical transversal molecular kinetics occurring in nonthermal plasma processing
dimension of TPF on the order 6f1004m 23 we estimate that within nitrogen admixed with CFCs at atmospheric pressure.

the variations in the concentrations of these species as a result ) .
of diffusive migration can be considered negligible. Therefore, 4. Results and Discussion

the zero-dimensional approximation becomes acceptable for e performed this study to investigate the chemical trans-
evaluating the activity of B(A®2",) generated by a single TPF.  formations of CFCs within a nonthermal plasma of atmospheric
As a volume element traveling through the plasma is pitrogen. On the basis of conventional belief, we assumed that
subjected to the action of thousands of TPFs, processing ofthe CFC dissociation process is the first step in this transforma-
nitrogen W|th CFC was S|mulated.W|th the zerojdlmensmnal tion. To clarify the nature of this dissociation process, we
model, mentioned above, as a series of successive pulses. Theyestigated the interactions of CFC molecules with electroni-
species densities, which were allowed to evolve throughout and cally excited species, specifically,ph3=+,), and high-energy
after one pulse, were used as initial conditions for the next pulse. plasma electrons.
Specific energy input and duration of each pulse were assumed T examine whether energy transfer from(ABS*) is the
to lie within the typical ranges for the relevant parameters of & gominant cause of CFC dissociation, a number of experiments
single TPF, whereas the value &er/n was defined in  yere conducted using the first pellet-bed reactor. In particular,
accordance with previous repditd*and is described below. o processed gaseous nitrogen that was admixed witlIgF
Degrea;gs in CFC concentrations were evaluated apcording {QCHCIF, CRCl, and CF. Figure 3 displays the measured values
a simplified scheme that can be expressed by the irreversibleos cEC concentrations plotted as dependent variables against

reaction 1: the specific energy input. Because of the absence of a cooling
3t . . _ system in this plasma reactor, which precluded powerful gas
N(A"2",) + CFC— (CFC dissociation)~ processing, we achieved relatively high values of the energy

NZ(X129+) + (stable products of CFC transformation) (1) input into the gaseous medium, and, hence, observable CFC
decomposition, by extending the gas residence time to above

We assume that the local CFC concentration created by a TPF10 s.
is not influenced by diffusion from the background before the  Calculations related to the experiments with,CE, CHCIR,,
next TPF occurs in the same volume element. The total numberand CECI were aimed at ensuring that the cross-sections of
of pulses was derived by relating the total specific energy input No(A3=",) quenching on these species, which are presented in
into the gas with the specific energy input assumed in a single ref 5, are not in contravention of the concept explored here.
pulse. The rate of pulses was derived by taking into account The model input parameters, i.e., initial CFC concentration, gas
the time it takes for a volume element to travel through the pressure, specific energy input, and gas residence time, were
plasma region, i.e., the gas residence time. assumed to be in accordance with experimental conditions. The
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value ofEei/n was defined according to the procedure described 90
previously+24 by relating (eq 2) the Monte Carlo-calculated

Gnz(E/n) dependence for electron-impact molecular dissociation 80 ] -
in gaseous nitrogen to the measu®go (NO reduction per 70
100 eV) for the plasma reduction of NO with concentration on £ 3
the order o~~100 ppm via reaction with nitrogen radicals (Table g 60
1, R25) in the same gaseous environment. Nitrogen gas 550_

Ga(Eer/n) = 2Gyo ) % 40 \\\ A10'NO] @ [CFCL]

c ]

incorporating 1043 ppm of NO was treated exclusively for the 8 % ] ‘A D feRcu
Gno definition with the first-type pellet-bed reactor. Energy 20 N
consumption for reduction of one NO molecule was measured 10 E 1No—
as about 290 eV/NO, anfler/n was defined by the above ] N
procedure as around 140 Td (1 F 10" V x cn¥). Rate 0 A
constants of electronic quenching ob(W3=",) by CRCl,, 0 05 1 15 5 25

CHCIR, and CECI molecules were derived from previously Specific energy input, J/cc

reported values as 1.2 1072 8.0 x 107 and 5.0x 107 Figure 4. Processing C£l, with (@) and without 1) NO admixture
cc x s respectively. It is known that electronic quenching nitrogen using the first pellet-bed reactor. Gas fluence through reactor
of N2(A®Z™,) results in only one channel: electronic-to- was set to 200 cc/min using the mass flow controllers. Data points are
electronic energy transfer to an excited state of the collision from experiments. The full line shows the numerically obtained
partner, which subsequently dissipates its acquired energydependence of GEl; removal in the absence of NO. The upper broken
through collisional deactivation and/or radiation processes or liné shows the predicted curve of &H, removal in the presence of
undergoes molecular dissociation. For most known CFCs, datasgﬁg?ﬁéoxgégmken line shows the decrease in the NO level obtained
on branching between these competing channels are not yet '
available, which causes difficulties in modeling them precisely.
Nevertheless, we presumed that each quenching@3X",) by Np(A3Zt,) and the chemical transformation of these mol-
results in the dissociation of CFC molecules, and modeled the ecules. Therefore, it was necessary to evaluate another factor,
CFC depletion accordingly. Thus, comparisons between the for instance, the interaction of plasma electrons with CFC
numerical and experimental data presented in Figure 3 suggestmolecules, to propose a reasonable mechanism for CFC
that the available cross-sections of(N3=*,) quenching on decomposition.
CFCs are not in obvious contravention of the concept explored  The inconsistencies discussed above suggests that the CFC
here that relates §A3=",) activity with the chemical transfor-  dissociation channel upon energy transfer frop{AN=",) is
mation of CFCs. In particular, for the sake of clarity, it is worth  poor, and therefore the extent of this process is negligible.
mentioning that the fluorescence of £, caused by quenching  Overestimation of the NA3Z",) population in our calculations
of N2(A32*,) could be expected to be the most intense becauseis also likely as a result of incomplete knowledge of the
the evaluated curve was positioned noticeably below the curve quenching processes. In this regard, it is worth referring to the
that approximated the corresponding experimental data. previous study of Simek et & who emphasized the existence
The causal relationship between the CFC dissociationdy N  of an unknown strong quenching process of{A¥=",) based
(A3=*,) quenching and the chemical transformation of these on the results of nitrogen glow plasma investigations studied
molecules was also analyzed using another approach. The strearby coupling numerical and experimental methods. To close this
of nitrogen containing 497 ppm of GEl, was mixed with a discussion on the subject of,(A3=",), we note the report of
stream of pure nitrogen before entering the first pellet-bed Fitzsimmons et &.in which plasma-induced transformation of
reactor. Measured CFC concentrations were plotted as dependen€H,Cl, in nitrogen at atmospheric pressure was explained
variables against the specific energy input (Figure 4). Figure 4 quantitatively by taking into account the,(A3=",) activity.
also displays the relevant results of the calculations where Specifically, an agreement was achieved between the model and
agreement with experimental results was achieved by fitting the the experimental data in that study by setting the rate constant
value of the dissociation branching fraction of(N3X*,) of CH,Cl, dissociation though collision with (A3Z+) to the
guenching by CECl,. Next, the experiment above was repeated unusually high value of 3.9& 10710 cc x s71, which was
by replacing the pure nitrogen stream by a nitrogen stream believed to be due to the suggested high population of
containing 1043 ppm of NO. The two experiments differed from N,(A3Z*,V>0). Indeed, it has been shown that modification
each other only by whether the NO was present, and, as can beof the energy of MA3Z*,) by inclusion of vibrational excitation
seen in Figure 4, the presence or absence of NO had no influenceean have a significant effect on the electronic quenching
on the elimination of CFC, and vice versa. Indeed, with regard efficiency?® At the same time, it is necessary to point out that
to the removal of NO, we estimate that the energy consumption the settled value of the rate constant is atypically high, even
is not influenced by the presence of the CFC and is equal to for N(A3Z™,V<5)° present at a high population in glow plasma
the value reported above, i.e. 290 eV/NO. In contrast to this at a pressure on the order-efl Torr26 Moreover, it is unlikely
experimentally determined absence of any effect of the intro- that there would be a noticeable population gfABZ*,,V>0)
duction of NO on CFC transformation, the model predicts that at atmospheric pressure because of the high speed-dfand
NO would markedly influence the CFC removal because of V—V processes® Therefore, it seems reasonable to conclude
guenching of N(A3Z*,) by NO15 Moreover, similar contradic-  that the dominance of CFC dissociation through(A¥=*,)
tions were also observed for the experiments using CHi&e guenching still cannot be taken as a confirmed fact. The
CRCl. On the basis of the inconsistencies between the calculateddominance of CFC dissociation as a result of energy transfer
and experimental results, it appears rather doubtful that the from electronically excited species might be true for some other
suggested causal relationship exists between CFC dissociatiortarriers. For instance, this mechanism has been assumed to
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operate for CHFGl and CRCICH; treatment in gaseous He
because of the abatement of radiation detected from electroni- 80
cally excited He atoms upon CFC introducti®fEven so, it is

difficult to take this interpretation as conclusive because it is

HV=TkV-> [ *

likely that the population of electronically excited He and the toc 1
correlated emission lines were significantly reduced merely by 75

changes in the electronic spectra as a result of the presence of

the CFC. Indeed, electrons must be accelerated to over 20 eV

to excite He atoms, but the probability of this event is 70

significantly diminished in plasma because of the relatively large
cross-sections of CFC vibrationalotational excitation with
plasma electron%.

As noted above, in view of the suggested inactivity of N 65

CHCIF2 concentration, ppm

(AS=*,) species, we chose to evaluate the roles of plasma 2ooc

electrons in connection with the chemical transformation of A L I L
CFC. For this purpose, it is necessary to refer to established 0 200 400 600 800 1000
findings, especially those that yielded the definitionEfi/n NO concentration, ppm

above. Specifically, it has been established that the quantity of g re 5. processing CHCIFin a nitrogen/NO admixture using pellet-
N radicals produced by plasma processing of gaseous nitrogenped reactors. Gas fluence through the reactors was adjusted to 200 cc/
with ~100 ppm of NO admixture is almost equal to the amount min using a mass flow controller. Decomposition of CFC and NO was
of NO reduced exclusively by reaction (Table 1, R25). In turn, achieved with the first{) and second (left-pointing triangle) pellet-
N racal reproduced by dissociaton atlecuies by gh- S s 3 Yol sievelon 7 L1, e o e
energy plasma electrons, i.e., electrons accelerated at arOumgimultanegus de?erioration of CHGI&nd Noegmoval (rigght-pointing
or above 10 eV (Table 1, R8). Therefore, the amount of gizngle).
decomposed NO is proportional to the integral dose of gas
exposure to high-energy plasma electrons during travel through
the plasma region. Consequently, in a series of experiments to
investigate the dependence of CFC removal on the integral dose
of high-energy electrons, the CFC concentration was recorded
as a dependent variable against the NO concentration, i.e., as
[CFC] = F(INQ]). To perform these experiments, the pellet-
bed reactors were engaged for processing of gaseous nitrogen
containing both NO and CFC species. In particular, while
experiments with the second pellet-bed reactor were performed
at maximal voltage amplitude, i.e., 7 kV, which virtually resulted
in complete NO removal, the whole unit was gradually heated
from room temperature to 30€. Considerable passage of NO
species through the reactor was detected upon approaching 300
°C, which was obviously caused by a reduction in the number
of high-energy plasma electrons generated. This phenomenon
was due presumably to the lowering of the breakdown threshold
upon increasing the gas temperature. For the same reason, the 0 200 400 600 800 1000 1200
discharge current curve gradually lost the intensity of its NO concentration, ppm
“hairs”,2% indicating a decline of total charge transferred by a Figure 6. Plots of the dependencies of [CFE] F(INO]) obtained
single TPF. With increasing temperature, we recorded the using the first type of pellet-bed and pulsed corona reactors. The pellet-
following dependency: [CFC¥E F(INO])wv=7kv). Also, the bed reactor was fed with nitrogen containing the relevant admixtures.
dependency, [CFCE F(INO])(r=2rc), Was obtained upon Gas fluence through the reactor was set to ZQO cc/min using a mass
. flow controller. The same gas flows were fed into the pulsed corona
operating both pellet-bed reactors at room temperature. Thes

AR ereactor, but the flow rate was varied from 50 to 250 cc/min.
three curves were almost coincident for each substance from

the set of CECl,, CHCIR, and CKCI; the results related to  gjtering any other experimental parameters. As displayed in
CHCIF; are displayed in Figure 5. The coincidence of these rigyre 6, some more-or-less-distinct shifts of the curves{CF
three curves obtained under different conditions is interpreted Cl,] = F(INO]) and [CHCIR] = F([NO]) caused by the reactor
most plausibly by accepting the dominance of the dissociation gxchange are evident. These findings indicate that it was also
of CFC molecules by direct interaction with high-energy plasma important to examine the behavior of [§F= F(INO]). Because
electrons. of the requirement of high specific energy input to achieve
To provide more data for analysis of the activity of the plasma detectable decreases in £Eoncentration, and taking into
electrons, we also investigated the invariance of [CEC] account that [CCIff = F([NO]) has been shown to be
F([NO]) by exchanging the first pellet-bed reactor by the pulsed indifferent to reactor exchange, we investigated the dependence
corona reactor. In these experiments, to obtain each data poiniof CF, removal on integral dose of high-energy electrons by
on the curve of [CFC]= F(INQ]), nitrogen from one gas recording [CR] = F([CCIF3]). As shown in Figure 7, application
cylinder containing NO and from another containing CFC were of the pulsed corona unit resulted in a rather marked shift of
sequentially supplied with the same mass-flow value into a this curve. This phenomenon cannot be ascribed to a difference
plasma reactor operated at a fixed electrical power. This in the plasma electron spectra becalgg/n for the pulsed
procedure results in exchange of admixture types without corona system was estimated to be almost the same as that of
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confirmed by decreasing the energy consumption for NO
reduction in gaseous nitrogen to the relatively low value of 150
eVINO 12

500

480 5. Conclusions

We have investigated the chemical transformation of low
concentrations~+100 ppm) of CFCs in gaseous nitrogen by
nonthermal plasma processing. Under the assumption that the
transformation of CFC evolves from the dissociation process,
= | pulsed corona we analyzed the numerical and experimental data obtained to

determine the dominant mechanism involved.
Three types of plasma reactors were used for the experi-
ments: (1) a conventional pellet-bed reactor packed with
BaTiO;; (2) a specially designed pellet-bed reactor packed with
T T BaTiO;s, for operation at elevated temperature; and (3) a needle-
250 300 350 400 450 500 to-plate pulsed corona reactor. _ _ _
CCIF, concentration, ppm To examine whether quenching of electronically excited
Figure 7. Dependencies of [GF = F([CCIFs]) obtained using the species |s.the main cause of CFC .dlssomatlon,_the expenmen';al
first type of pellet-bed and the pulsed corona reactors. The pellet-bed data obtained were analyzed using a numerical model. This
reactor was fed with nitrogen containing the relevant admixtures. Gas model yields a zero-dimensional calculation of the populations
fluence through the reactor was set to 200 cc/min using a mass flow of No(AS=™,, B3[1g, B'S=*,, COI1,, ally, d'=~, w!A,) and NG

controller. The same gas flows were supplied into the pulsed corona species in gaseous nitrogen initially consisting of an NO
reactor, but the flow rate was varied from 5 to 25 cc/min. admixture.

the pellet-bed reactor. Considering(N3=+,) activity to explain ~The extent of CFC dissociation induced by energy transmis-
the observed increase in efficiency of FEmoval would result ~ Sion from electronically excited species was negligible.

only in further contradictions in addition to that presented above. We suggest that dissociation by impact with high-energy
Indeed, according to the results of a simulafi®shortening plasma electrons is the mechanism most closely linked to the
the gas-residence time t9102 s or below, while keeping ~ chemical transfo.rmation of CFCs in nitrogen during nonthermal
energy input constant, results in a noticeable suppression of thePlasma processing.

activity of the Ny(A3Z™,) species because of marked quenching )

of these species by N radicals as a result of the insufficient Acknowledgment. The Science and Technology Agency of
time for N radical recombination. This finding is applicable to Japan supported this research financially.
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