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Abstract

Experimental results are presented on electron beam and pulsed corona processing of atmospheric-pressure gas streams
containing dilute concentrations of carbon tetrachloride (CCl,). Electron beam processing is remarkably more energy
efficient than pulsed corona processing in decomposing CCl,. The specific energy consumption in each reactor is consistent
with dissociative electron attachment as the dominant decomposition pathway. The energy efficiency of the plasma process
is insensitive to the gas temperature, at least up to 300°C. By doing the experiments using both dry air and N,, the
contribution of O radicals in the decomposition of CCl, is assessed. A discussion of the chemical kinetics starting from the
initial decomposition of CCl, to the formation of products is presented.

1. Introduction

Non-thermal plasma processing is an emerging
technology for the abatement of volatile organic
compounds (VOCs) in atmospheric-pressure gas
streams. Either electron beam irradiation or electrical
discharge methods can produce these plasmas. The
basic principle that these techniques have in common
is to produce a plasma in which a majority of the
electrical energy goes into the production of ener-
getic electrons, rather than into gas heating. Through
electron-impact dissociation and ionization of the
background gas molecules, the energetic electrons
produce free radicals and additional electrons which,
in turn, oxidize or decompose the VOC molecules.

The potential of electron beam and electrical dis-
charge methods has been demonstrated for the de-
composition of many types of VOCs '. Electrical
discharge techniques can be implemented in many
ways, depending on the electrode configuration and
electrical power supply (pulsed, AC or DC). Among
the more extensively investigated types of electrical
discharge reactors are the pulsed corona and the
dielectric-barrier discharge.

The use of an electron-beam generated plasma for
the decomposition of carbon tetrachloride (CCl,) in

" A collection of papers on various types of non-thermal plasma
reactors being investigated for VOC abatement appears in Ref. [1].
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dry and humid air streams was reported previously in
Refs. [2] and [3]. The use of a dielectric-barrier
discharge plasma for the decomposition of CCl, in
dry and humid mixtures of 80% Ar + 20% O, was
reported in Ref. [4]. In the present paper we report
on non-thermal plasma processing of carbon tetra-
chloride using an electron beam reactor and a pulsed
corona reactor. To the knowledge of the authors, this
is the first comparison of the energy efficiency of
electron beam and electrical discharge processing of
CCl, under identical gas conditions. We observe that
electron beam processing is remarkably more energy
efficient than pulsed corona processing in decompos-
ing CCl,. The specific energy consumption in each
reactor is consistent with dissociative electron attach-
ment as the dominant decomposition pathway, as
suggested in Refs. [2] and [3]. We also observe that
the energy efficiency of the plasma process is insen-
sitive to the gas temperature, at least up to 300°C. By
doing the experiments using both dry air and N,, we
have been able to assess the contribution of O radi-
cals in the decomposition of CCl,. We discuss the
chemical kinetics starting from the initial decomposi-
tion of CCl, to the formation of products.

2. Test facility

The electron beam reactor in our experiments
used a cylindrical electron gun. This gun was de-
signed to deliver a cylindrically symmetric electron
beam that is projected radially inward through a 5
cm wide annular window into a 17 cm diameter flow
duct. An electron beam of 125 keV energy was
introduced into the reaction chamber through a 0.7
mil thick titanium window. The electron beam cur-
rent was produced from a low-pressure helium plasma
in an annular vacuum chamber surrounding the flow
duct. A combined experimental and computer model-
ing approach was used to estimate the electron beam
power deposition into the reaction chamber. Two
sets of beam current measurements were performed
to accurately determine the current delivery effi-
ciency of the cylindrical electron gun. In one set a
small area probe provided azimuthal and axial reso-
lution of the beam current density in the absence of
the vacuum window. In the other set a large area

probe collected the entire beam in the presence of
the vacuum window. Electron transport through the
window and deposition into the probe was modeled
with the 2-D CYLTRAN code to correct for electron
energy losses in the window, the probe view factor
to the scattered electron distribution, and secondary
electron emission from the probe surface. This 2-D
Monte Carlo simulation was used to determine the
dose distribution in the cylindrical duct as a function
of the electron beam energy, window design (material
and thickness) and duct diameter. The small probe
results were averaged azimuthally and axially, and
the averaged signal was corrected for geometrical
effects for comparison with the data obtained with
the large area probe. The two measurements agreed
to better than 6%, thus indicating an accurate mea-
sure of the current delivery efficiency from which
the dose in the process gas was determined. The
electron reflection from the 0.7 mil titanium window
is around 21%, while the electron absorption by the
window is around 22%. The transmission efficiency
of the beam current is thus 57%.

The pulsed corona reactor used in our experiment
consisted of a wire (1.5 mm diameter) in a 300 mm
long metal pipe with an inner diameter of 60 mm.
The reactor was driven by a pulsed high-voltage
power supply. This power supply was a magnetic
pulse compression system capable of delivering up
to 15-35 kV output in 100 ns FWHM pulses at
repetition rates from 100 Hz to 1 kHz. We measure
the total current which contains both the discharge
current and the current associated with charging the
capacitance of the reactor. A computer data acquisi-
tion system reads the voltage and current profiles
and integrates the product of the voltage and dis-
charge current over the pulse duration to yield the
pulse energy. The determination of the power input
to the gas corrects for the capacitive current. In these
experiments the power input to the processor was
varied by changing either the pulse energy or pulse
repetition frequency. The important control parame-
ter was the energy density input, which is the ratio of
power input into the gas to the gas flow rate. For the
same energy density input, either method produced
almost identical results. The gas mixtures were set
with mass flow controllers. The gas and processor
temperatures were maintained at a temperature that
can be controlled from 25°C to 300°C. The experi-
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mental apparatus has been described in detail in
Refs. [5] and [6].

All the plasma processing experiments were per-
formed in a flow-through configuration at atmo-
spheric pressure. To characterize the energy con-
sumption of the process for each VOC, the composi-
tion of the effluent gas was recorded as a function of
the input energy density. The input energy density,
in units of joules per standard liter (J /L), is the ratio
of the power (deposited into the gas) to gas flow rate
at standard conditions (25°C and 1 atm). The amount
of VOC was quantified using an FTIR analyzer and
a gas chromatograph /mass spectrometer.

3. Processing in dry air

In non-thermal plasma processing of a mixture
containing very dilute concentrations of CCl,, the
input electrical energy is dissipated by the primary
electrons mostly in interactions with the background
gas molecules. The energetic primary electrons pro-
duce free radicals and electron—ion pairs through
electron-impact dissociation and ionization. In a dry
air mixture, electron-impact dissociation of molecu-
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Fig. 1. Calculated G-values (number of reactions per 100 eV of
input energy) for dissociation and ionization processes in dry air,
shown as functions of the electron mean energy in a discharge
plasma.
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Table 1

Calculated G-values (number of reactions per 100 eV of input
energy) for dissociation processes in dry air using an electron
beam and an electrical discharge reactor

Reaction Electron Discharge
beam

e+N, 2 e +NCS)+ NS, D, P 1.2 0.17

e+0, o e+0(P)+0(*P) 1.3 4.0

e+0, > e+0CP)+0('D) 2.65 10.0

e+0, >0~ +0(P,'D) 0.11 0.19

lar oxygen [7-9] produces the ground state atomic
oxygen O(°P) and excited atomic oxygen O('D),

e +0, > e+ O(’P) + O(’P) (1a)
e+0,—-e+0CP) +0('D) (1b)

In addition, with energetic electrons, O(*P) and
O('D) can be produced via two-body dissociative
attachment [10]

e+ 0,0 +0(P, 'D) (1c)

In discharge processing, the rate coefficients for
electron-impact dissociation reactions strongly de-
pend on the electron mean energy in the discharge
plasma. In pulsed corona and dielectric-barrier dis-
charge reactors, the non-thermal plasma is produced
through the formation of statistically distributed mi-
crodischarges. The electrons dissociate and ionize
the background gas molecules within nanoseconds in
the narrow channel formed by each microdischarge.
The electron energy distribution in the plasma is
complicated because the electric field is strongly
non-uniform (e.g. because of strong space-charge
field effects) and time dependent. However, most of
the species responsible for the chemical processing
are generated in the microdischarge channels already
established during the main current flow. In each
microdischarge column, the electrons acquire a drift
velocity, vy, and an average energy corresponding to
an effective E/n, i.e., the value of the electric field
E divided by the total gas density n. The efficiency
for a particular electron-impact process can be ex-
pressed in terms of the G-value (number of dissocia-
tion or ionization reactions per 100 eV of input
energy) defined as

100 k/

Goae = ————» 2
value v E/n ( )
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where k is the rate coefficient (cm?®/molecule s).
The rate coefficient & represents the number of
reactions in a unit volume per unit time. The quantity
v4E /n represents the amount of energy expended by
the electrons in a unit volume per unit time. In Fig. 1
the calculated G-values for various electron-impact
dissociation and ionization processes in dry air are
shown as functions of the electron mean energy in
the discharge plasma [11]. The main contribution to
O radical production comes from the dissociation
reactions (1a) and (1b).

Under most conditions encountered in pulsed
corona or dielectric-barrier discharge processing, the
effective £/n is close to the value for breakdown
(Paschen field) [9,11]. For dry air, the effective E/n
is around 130 Td (1 Td=10""" V cm?), which
corresponds to an electron mean energy of about 4
eV. Table 1 shows a comparison of the calculated
G-values for dissociation processes in dry air using
an electron beam and a discharge reactor. Discharge
plasma conditions are optimum for the dissociation
of O,. The production of O radicals is higher in a
pulsed corona reactor compared to that in an electron
beam reactor.

The O radicals can dissociate CCl, into ClO and
CCl, [12-14],

O(’P) + CCl, - CIO + CCl;, (3a)
o('D) + CCl, — CIO + CCl,. (3b)

Another mechanism for the dissociation of CCl, is
through the secondary electrons. Electron—ion pairs
are produced through various electron-impact ioniza-
tion processes [15,16],

e+ N, > 2 +N;, (4)
e+N,—>2 +N(*S) +N*, (5)
e +N, > 2+ N(*D) +N™, (6)
e+0,>2+0;, (7)
e+0,—>2+0('D) +O". €))

The secondary electrons can dissociate CCl, via
dissociative electron attachment [17,18] to produce
CCl, and a negative ion CI~,

e+ CCl, > CCl, + CI". (9)

The rate coefficient for reaction (9) is on the order of
1077 ¢m®/molecule s [17,18). The rate coefficient

Table 2

Calculated G-values (number of reactions per 100 eV of input
energy) for ionization processes in dry air using an electron beam
and an electrical discharge reactor

Reaction Electron beam  Discharge
e+N, > 2e+N(*S,D)+N*  0.69 <10°¢
e+N; = 2e+N;J 2.27 0.044
e+0, =2 +07 2.07 0.17
e+0, > 2+0('D)+0* 1.23 0.0016

for reaction (3a) is less than 10~ ' cm®/molecule s
[12], while that for reaction (3b) is around 10~ '°
cm® /molecule s [13,14]. Table 2 shows a compari-
son of the calculated G-values for ionization pro-
cesses in dry air using an electron beam and a
discharge reactor. The production of electron~ion
pairs is higher in an electron beam reactor compared
to that in a pulsed corona reactor. An examination of
the G-values shown in Tables 1 and 2 indicates that
dissociative electron attachment will dominate the
initial decomposition of CCl, for both electron beam
and electrical discharge reactor conditions.

The charge exchange reaction of positive ions,
such as N2+ , with the background O, is fast, result-
ing in mostly O; ions [19],

Ny +0,—>N,+0;. (10)
The positive ions react with C1~ through the ion—ion
neutralization reaction to produce Cl and O radicals,
Cl”+0; - Cl+20. (11)
In the absence of scavenging reactions for CCl;, the
input energy would be wasted because Cl and CCl,

would simply recombine quickly to reform the origi-
nal pollutant [20,21],

Cl+ CCl, + M - CCl, + M. (12)

Fortunately, the presence of O, scavenges the CCl,
through the fast reaction [22,23],

CCl, + 0, + M - CC1,0, + M. (13)

The CCl,0, species undergoes a chain reaction in-
volving the Cl radical and produces phosgene
(COC1,) as one of the main organic products [24,14],

Cl + CCl,0, - CCl1,0 + CIO, (14)
CCl,0 — COCl, + CL (15)
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The CIO species produces additional Cl radicals
through a reaction with the O radicals [25.,14],

O0+ClO—-Cl+0,. (16)

The other major product is Cl, which is formed by
the reaction [25],

Cl+Cl+M - Cl, + M. (17)

The CCl, species from reaction (9) can also be
scavenged by O [26],

CCl, + 0 = COCl, + Cl, (18)
and by N [27],
CCl, + N = CICN + 2Cl. (19)

The apparent two-body rate constant for scavenging
reaction (13) is 1.4 X 107° 77! (cm®/molecule s).
The rate constants are 4.2 X 107'" and 1.7 X 107"
(cm® /molecule s) for scavenging reactions (18) and
(19), respectively. Because of the much larger den-
sity of O, compared to O or N, the scavenging of
CCl, by reactions (18) and (19) are therefore negli-
gible compared to reaction (13) during processing in
dry air.
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Fig. 2. Comparison between electron beam and pulsed corona
processing of 100 ppm of carbon tetrachloride in dry air at 25°C.
The solid lines are fits to the experimental data points (circles and
squares) using the expression [ X]=[X], exp(— E/ B). The dot-
ted lines are results of chemical kinetics calculations using the
ionization G-values in Table 1.

Fig. 2 shows the results of experiments on elec-
tron beam and pulsed corona processing of 100 ppm
of CCl, in dry air (20% O,, 80% N,) at 25°C. The
solid lines are fits to the experimental data points
using the expression [X]=[X], exp (=E/B),
where [ X ], is the initial CCl, concentration, E is
the input energy density, and B is the exponential-
folding factor. This empirical expression has been
suggested by Rosocha et al. [4] as a figure of merit
for comparing energy efficiencies for destruction.
The exponential-folding factors for electron beam
and pulsed corona processing are 9 and 555 J/L,
respectively.

An analysis of the rates of the reactions discussed
above suggests that the rate limiting step in the
decomposition of CCl, is determined by the disso-
ciative attachment of CCl, to the thermalized elec-
trons in the created plasma. The specific energy
consumption for CCl, removal is therefore deter-
mined by the specific energy consumption (or G-
value) for creating electron—ion pairs. Table 2 shows
the calculated G-values for the ionization processes
(4)—(8). For electron beam processing of dry air, the
ionization G-value corresponds to a specific energy
consumption of 33 eV per electron—ion pair pro-
duced. For pulsed corona processing, we calculate a
specific energy consumption of around 1400 eV per
electron—ion pair, assuming an effective electron
mean energy of 4 eV in the discharge plasma. The
results of our chemical kinetics calculations are
shown as dotted lines in Fig. 2. To first order, the
calculated specific energy consumption for electron—
ion pair production agrees very well with our experi-
mentally observed specific energy consumption for
CCl, decomposition. The results shown in Fig. 2
demonstrate that for VOCs requiring copious amounts
of electrons for decomposition, electron beam pro-
cessing is much more energy efficient than electrical
discharge processing.

After the concentration of CCl, has decreased to
a few tens of ppm, the three-body attachment of
thermal electrons to oxygen molecules [10],

e+0,+0,-0; +0,, (20)
e+0,+N,->0; +N,, (21)

becomes a significant electron loss pathway com-
pared to reaction (9). The rate constants for reactions
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(20) and (21) are kg =25X107°% and kg, =
0.16 X 107%% cm®/s, respectively. The attachment
frequency of thermal electrons to O, in dry air at
atmospheric pressure is thus

Vo, = ka0, " + k[N, ][0,] = 0.8 X 10% s~ .

The attachment rate coefficient for thermal electrons
to CCl, is kg,=4X10"" cm’/s. For 100 ppm
CCl,, the attachment frequency to CCl, is thus

Vea, = k(9)[CC14] =10° s,

When the concentration of CCl, is down to around
10 ppm, the electrons will attach to oxygen molecules
as frequently as to CCl, molecules.

Although the dominant pathway (dissociative
electron attachment) for the initial decomposition of
CCl, is the same in electron beam and pulsed corona
processing, the composition of the final products are
not the same. In pulsed corona processing, a larger
amount of O radicals is produced relative to the
amount of electrons. Even though these O radicals
contribute only a small fraction to the initial decom-
position of CCl,, they do interact significantly with

100 . . .
B l
__ 80} = A
g_ 0og pulsed
a o corona j
c 60| -
RS Og J
‘@ {
T 40
3 % ]
[ ==
<} electron
O beam
20 t J
100 ppm CCI4 in N2
25°C
0 L L )
0 50 100 150 200

Input Energy Density (J/L)

Fig. 3. Comparison between electron beam and pulsed corona
processing of 100 ppm of carbon tetrachloride in N, at 25°C. The
solid lines are fits to the experimental data points using the
expression [ X]=[X], exp(— E/ B).

phosgene to change the composition of the final
products [12,28],

0 + COCl, — CIO + COCl, (22)
COCl + M - CO + Cl + M, (23)
0 + COCl - CO, + Cl. (24)

Our model for the decomposition mechanism pre-
dicts a difference in product yields between electron
beam and pulsed corona processing at the minimum
energy required for near complete decomposition of
CCl,. For around 95% decomposition of 100 ppm
CCl, in dry air by electron beam processing, the
final products consist of around 100 ppm Cl, and
100 ppm COCl,. For the same level decomposition
of 100 ppm CCl, in dry air by pulsed corona
processing, the final products consist of around 160
ppm Cl,, 40 ppm COCl,, 50 ppm CO and 10 ppm
CO,. Of course, with excessive energy deposition all
the COCl, would eventually be converted into CO,
and Cl,. However, as noted in Refs. [29] and [30],
the Cl, and COCl, products can be easily removed
from the gas stream; e.g. they dissolve and /or disso-
ciate in aqueous solutions and combine with NaHCO,
in a scrubber solution to form NaCl [30].

4. Processing in N,

In pure N, one might expect Cl and CCl; to
simply recombine back to CCl, because of the ab-
sence of the scavenging reaction (13). Fortunately,
electron-impact dissociation of N, produces N atoms
that serve to scavenge CCl; [27] through reaction
(19). The specific energy consumption for CCl,
decomposition is then determined by the energy cost
for dissociating N, and the rate of reaction (19)
relative to reaction (12).

Fig. 3 shows the results of experiments on elec-
tron beam and pulsed corona processing of 100 ppm
of CCl, in N, at 25°C. The exponential-folding
factors for electron beam and pulsed corona process-
ing are 44 and 224 J /L, respectively.

For electron beam processing in N,, it costs 33
eV to produce an electron and around 40 eV to
produce an N atom [31]. Each electron will attach to
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CCl, and produce Cl. For the same energy input,
there will therefore be approximately the same num-
ber of N and Cl atoms produced. The rate coefficient
for reaction (12) is around 5 X 10”"' cm?/molecul
s [20], while that for reaction (19) is estimated to be
around 1.7 X 10™'! cm? /molecule s [27]. The CCl,
species is therefore about three times more likely to
recombine with Cl than to be scavenged by N. This
means that the specific energy consumption for elec-
tron beam decomposition of CCl, in N, should be
around three to four times higher compared to that in
dry air. This argument is consistent with the experi-
mental result shown in Fig. 3. For pulsed corona
processing in N,, it costs around 1400 eV to produce
an electron and only about 240 eV to produce an N
atom [31]. The specific energy consumption for
pulsed corona processing of CCl, in N, is thus also
limited by the energy cost for producing electron—ion
pairs, similar to that in dry air.

pulsed corona processing of CCl, in N, is more
energy efficient compared to that in dry air. This
observation probably indicates that the effective elec-
tron mean energy of the discharge plasma in N, is
higher compared to that in dry air. As discussed in
the previous section, the electron mean energy in a
pulsed corona or dielectric-barrier discharge is deter-
mined by an effective electric field that has a value
close the breakdown field [9,11]. The breakdown
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Fig. 4. Effect of gas temperature on pulsed corona processing of
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field in N, is only slightly higher compared to that in
dry air. However, the G-value for ionization is very
sensitive to the electron mean energy, as shown in
Fig. 1. A slightly higher electron mean energy means
that more secondary electrons are produced, which in

turn means a higher CCl, destruction efficiency.

5. Effect of gas temperature

Fig. 4 shows the results of experiments on pulsed
corona processing of 100 ppm of CCl, in dry air at
25°, 120°, and 300°C. Even though the decomposi-
tion reaction (3) of CCl, by the O radicals is gas
temperature dependent [12], the rate limiting step in
the decomposition of CCl, is determined by disso-
ciative electron attachment. The energy consumption
is therefore determined by the efficiency for produc-
ing electrons, and we would not expect any signifi-
cant change in the energy consumption for CCl,
decomposition as the gas temperature is varied. This
explanation is consistent with the experimental re-
sults shown in Fig. 4. Fig. 5 shows the results of
experiments on pulsed corona processing of 100 ppm
of CCl, in N, at 25° and 300°C. Again in this
mixture, the decomposition of CCl, is determined by
the efficiency for producing electrons, and we would
not expect any significant change in the energy
consumption as the gas temperature is varied.
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6. Conclusions

We have presented experimental results on elec-
tron beam and pulsed corona processing of atmo-
spheric-pressure gas streams containing dilute con-
centrations of CCl,. To our knowledge, this is the
first comparison of the energy efficiency of electron
beam and electrical discharge processing of CCl,
under identical gas conditions. Our results show that
electron beam processing is remarkably more energy
efficient than pulsed corona processing in decompos-
ing CCl,. The specific energy consumption in each
reactor is consistent with dissociative electron attach-
ment as the dominant decomposition pathway. Our
results demonstrate that for VOCs requiring copious
amounts of electrons or ions for decomposition, elec-
tron beam processing is much more energy efficient
than electrical discharge processing. The energy effi-
ciency of the plasma process is insensitive to the gas
temperature, at least up to 300°C. We also assessed
the contribution of O radicals in the decomposition
of CCl,. In electron beam processing of CCl, in dry
air, the final products consist of approximately equal
amounts of Cl, and COCl,. In pulsed corona pro-
cessing of CCl, in dry air, the O radicals interact
with COCl, and produce CO as another major prod-
uct, in addition to Cl,, COCl, and CO,.
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