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INTRODUCTION 
Volahe organic compounds (VOCs) gre emitted from manufacturing the multitude 

of consumer products used every day. In most manufacturing processes, either for the raw 
materials, intermediates, or the finished product, VOC-containing materials are present as 
chemicals, solvents, release agents, coatings, and decomposition products that eventually 
must be disposed. In manufacturing, there is usually a gaseous effluent that contains low 
concentrations of organics and is vented into the atmosphere. Chlorinated VOCs are some 
of the most common solvents used, and are now found in hazardous concentrations at 
many industrial and government installations. Cost effective technologies for disposal of 
VOCs are therefore W i g  sought by government and by industry, and there is a need for 
reliable data concerning the decomposition mechanisms associated with these compounds. 
Non-thermal plasma methods using electrical discharges and electron beams are some of 
the emerging technologies for the disposal of these toxic substances. The electron beam 
method has been applied to the removal of vinyl chloride [I], trichloroethylene 12-31, 
carbon tetrachloride [4-61 and other types of volatile hydrocarbons from industrial off- 
gases 171. Some of the electrical discharge reactors that have been investigated for VOC 
abatement include the pulsed corona [&lo], fernelectric packed bed 19-10] dielectric- 
barrier discharge [ll-171, surface discharge [18-191, gliding arc [20-211 and microwave 
1221. 

There are many types of non-thermal plasma techniques that are being investigated 
for VOC abatement applications. 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 energetic electrons, rather than into gas heating. Through electron-impact dissociation 
and ionization of the background gas molecules, the energetic electrons produce free 
radicals and electron-ion pairs that, in turn, decompose the VOC molecules. Whatever the 
type of reactor, the plasma can induce three basic types of reactions with the VOC 
molecules, as shown in Fig. 1. Electron-impact dissociation of oxygen molecules produces 
0 (arid OH radicals in the presence of water vapor) that could oxidize the VOC molecules. 
Electron-impact ionization of the background air molecules produces electron-ion pairs. 
The electrons could decompose the VOC molecules via dissociative electron attachment. 



The ions could decompose the VOC molecules via dissociative charge exchange. The 
decomposition pathway for a particular VOC depends on the reaction rate constants and the 
amount of radicals and electron-ion pairs produced in the plasma. 

Ra dical-induced decomposition 
e + O2 -+ e + O(3P) + O(1D) 

o(3~) + CCI, -+ CIO + cci3 
O(lD) + H 2 0  -+ OH. + OH 

OH + CCl, + HOC1 + CCI, 

Electron-induced decomposition 
e + N2 -+ e + e + N2+ 
e + O2 -+e + e + 02+ 

e + CCI4 + CC13 + CI- 

Ion-induced decomposition 
N2+ + CH30H => CH,+ + OH + N2 

Fig. 1. There are three basic types of chemical reactions responsible for the decomposition 
of volatile organic compounds: (a) decomposition via oxidation by 0 and OH free radicals 
or reduction by N atoms, (b) electron-induced decomposition via dissociative electron 
attachment, and (c) ion-induced decomposition via dissociative charge exchange. 

The electron mean energy in a plasma reactor is very important because it 
determines the types of radicals produced in the plasma and the input electrical energy 
required to produce those radicals. Fig. 2 shows the dissipation of the input electrical 
power in a dry air discharge. Note that at low electron mean energies (e 5 ev) a large 
fraction of the input electrical energy is consumed in the vibrational excitation of N2. 
ElFtron mean energies around 5 eV are optimum for the electron-impact dissociation of 
O,,'-which is important for the production of 0 radicals. High electron mean energies are 
required to efficiently implement the dissociation of N2. For VOCs that take advantage of 
electron-induced or ion-induced decomposition, high electron mean energies are required to 
efficiently implement the ionization of the background gas. 

In terms of the electron energy distribution in the plasma, there are basically only 
two types of non-thermal atmospheric-pressure plasma reactors: electrical discharge 
reactors and electron beam reactors. Electrical discharge techniques can be implemented in 
many ways, depending on the electrode configuration and electrical power supply (pulsed, 
AC or DC). Two of the more extensively investigated types of electrical discharge reactors 
are the pulsed corona and the dielectric-barrier discharge, shown in Fig. 3. In the pulsed 
corona method, the reactor is driven by very short pulses of high voltage, thus creating 
short-lived discharge plasmas that consist of energetic electrons, which in turn produce the 
radicals responsible for the decomposition of the undesirable molecules. In a dielectric 
barrier discharge reactor, one or both of the electrodes are covered with a thin dielectric 
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layer, such as glass or alumina. Dielectric-barrier discharge reactors, also refemd to as 
silent discharge reactors, are now routinely used to produce commercial quantities of 
ozone. Whereas in the pulsed corona method the transient behavior of the plasma is 
controlled by the applied voltage pulse, the plasma that takes place in a dielectric-barrier 
discharge selfextinguishes when charge build-up on the dielectric layer reduces the local 
electric field. 
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Fig. 2. Power dissipation in a dry air discharge, showing the percent of input power 
,consumed in the electron-impact processes leading to vibrational excitation, dissociation 
and ionization of N2 and 02. 
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Fig. 3. There are basically two types of non-thermal atmospheric-pressure plasma reactors: 
electrical discharge reactors and electron beam reactors. 
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In this paper we present data on the non-thermal plasma processing of two 
representative VOCs: carbon tetrachloride and methanol. The investigation used a compact 
electron beam reactor, and two types of discharge reactors: a pulsed corona and a dielectric- 
barrier discharge. To the knowledge of the authors, this is the first comparison of the 
energy efficiency of electron beam, pulsed corona and dielectric-barrier discharge 
processing of these VOCs under identical gas conditions. For most electrical discharge 
reactors our analysis suggests that the attainable electron mean energy is rather limited and 
cannot be significantly enhanced by changing the electrode configuration or voltage 
waveform. Our experimental data confirms that there is no signifcant difference in the 
performance of our pulsed corona and dielectric-barrier discharge reactors. We observe that 
electron beam processing is remarkably more energy efficient than electrical discharge 
processing in decomposing either of these VOC molecules. During electron beam 
processing, the specific energy consumption is consistent with the energy required for the 
ionization of the background air molecules. For carbon tepachloride, the dominant 
decomposition pathway is dissociative electron attachment. For methanol, the dominant 
decomposition pathway is dissociative charge exchange. 

. 

TEST FACILITY 

All of our experiments were performed in a flow-through configuration. To 
characterize the energy consumption of the process for each VOC, the composition of the 
effluent gas was recorded as a function of the input energy density. The input energy 
density, Joules per standard liter, is the ratio of the power (deposited into the gas) to gas 
flow rate at standard conditions (25T and 1 atm). The amount of VOC was quantified an 
FiI'IR analyzer and a gas chromatographlmass spectrometer. 

Our electron beam reactor used a cylindrical electron gun designed to deliver a 
cylindrically symmetric electron beam that is projected radally 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 current was produced from a low-pressure helium plasma in an annular vacuum 
chamber surrounding the flow duct. 

Our pulsed corona reactor is a 1.5 mm diameter wire in a 60 mm diameter metal 
tube 300 mm long. The power supply is a magnetic pulse compression system capable of 
delivering up to 15-35 kV output into 100 11s FWHM pulses at repetition rates from 15 Hz 
to 1.5 kHz. The power input to the processor was varied by changing either the pulse 
energy or pulse repetition frequency. 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 can be maintained at a temperature that can be 
controlled from 25°C to 300°C. 

The dielectric-barrier discharge electrode structure has a similar electrode structure 
except that it has a dielectric material on the inside surface of the outer tube electrode. It 
consists of a 1.5 mm diameter wire in a 290 mm long alumina tube with inner and outer 
diameters of 53 mm and 58 mm, respectively. The middle 170 mm of the dielectric tube 
has aluminum foil coating the outside to form the other electrode. 

-. 
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ELECTRON AND CHEMICAL KINETICS 
To calculate the ion and radical production yields by electrical discharge processing, 

we used the Boltzmann code ELENDIF 1231 to calculate electron energy deposition. 
ELENDIF uses as input the specified gas composition and the electron-molecule collision 
cross sections. To calculate the ion and radical production yields by electron beam 
processing, we used the code DEGRAD [24]. DEGRAD also uses as input the specifed 
gas composition and the electron-molecule collision cross sections. This code follows 
typical electrons as they perform successive collisions, and discrete energy bins are used to 
represent the energy degradation of an electron from a given beam energy. The procedure 
records the number of excitations, dissociations and ionizations, and the total number of all 
orders of secondary electrons. The chemical kinetics describing the subsequent interaction 
of the ions and radicals with the exhaust gas was studied using CHEMKIN-I1[25]. 

R E S U L T S  
In discharge processing, the rate coefficients for electron-impact dissociation and 

ionization reactions strongly depend on the electron mean energy in the discharge plasma. 
In pulsed corona and dielectric-barrier discharge reactors, the non-thermal plasma is 
produced through the formation of statistically distributed microdischarges. 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, vd, and an average energy corresponding to an effective Wn, 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 expressed in terms of the G-value (number of 
dissociation or ionization reactions .per 100 eV of input energy) defrned as 

G-value = 100 k / (vd Wn) 

where k is the rate coefficient (crn3/molec-s). The rate coefficient k represents the number 
of reactions in a unit volume per unit time. The quantity vd Wn represents the amount of 
energy expended by the electrons in a unit volume per unit time. In Fig. 4 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. 

Under most conditions encountered in pulsed corona or dielectric-barrier discharge 
processing, the effective Wn is close to the value for breakdown (Paschen field) [26-271. 
For dry air, the effective Wn is around 130 Td (1 Td = 10-17 V-cm2), which corresponds to 
an electron mean energy of about 4 eV. This analysis suggests that the attainable electron 
mean energy is rather limited and cannot be significantly enhanced by changing the 
electrode configuration or voltage pulse parameters. Fig. 5 shows the comparison between 
pulsed corona and die!ectric-barrier discharge processing of methanol in dry air at 120OC. 
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Fig. 4. 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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Fig. 5. Pulsed corona and dielectric-barrier discharge processing of 400 ppm methanol in 
dry air at 120OC. There is no significant difference in the performance of different types of 
electrical discharge reactors. 4 
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Our experimentaI data confirms that there is no significant difference in the performance of 
pulsed corona and dielectric-barrier discharge reactors. I 

REACTION 
e + N2 + e + N(4S) + N(4SFDFP) 

e + 0 2  3 e + O ( ~ P )  + o(~P) 
e+ 0 2  3 e+ O(3P) + O(1D) 

e + 0 2  + 0- + O(3P, ID) 

In electron beam processing, the efficiency for a particular electron-impact process 
can be expressed in terms of the G-value, which is defined in the code DEGEUD as 

where Nj is the number of dissociation or ionization events, and Ep is the primary electron 
energy. 

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 02. The production of 0 radicals is higher in a pulsed 
corona reactor compared to that in an electron beam reactor. Table 2 shows a comparison of 
the calculated G-values for ionization processes in dry air using an electron beam and a 
discharge reactor. The efficiency for production of electron-ion pairs is much higher in an 
electron beam reactor compared to that in a pulsed corona reactor. 

G-value = 100 Nj / Ep 

Eiectron Beam Discharge 
1.2 0.17 
1.3 4.0 

2.65 10.0 
0.1 1 0.19 

REACTION 
e + N2 + 2e + N(4S, 2D) + N+ 

e+ N2 + 2e + N2+ 
e + 0 2  + 2e + Oz+ 

e +  0 2  3 2e.t O(1D) + O+ 

Electron Beam Discharge 
0.69 < 106 

2.27 0.044 

2.07 0.17 
1.23 0.0016 

In non-thermal plasma processing of a mixture containing very dilute concentrations 
of VOC molecules, the input electrical energy is dissipated by the primary electrons mostly 
in interactions with the background gas molecules. The energetic primary electrons produce 
free radicals and electron-ion pairs through electron-impact dissociation and ionization. In a 
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dry air mixture, electron-impact dissociation of molecular oxygen produces the ground state 
atomic oxygen OPP) and excited atomic oxygen O(1D): 

e + 02 +e  + o(~P) + OPP) 

e + 0 2  + e + O(3P) + O(lD) 

In addition, with energetic electrons, O(3P) and O(1D) can be produced via twoibody 
dissociative attachment: 

As seen in Fig. 4 the main contribution to 0 radical production comes from the dissociation 
reactions (la) and (lb). 

The 0 radicals can dissociate CC4 into C10 and CCl3 [28-301: 

o(~P) + CC14 + C ~ O  + CC13 

O(1D) + CCl4 + C10 + CCl3 
Another mechanism for the dissociation of CCl4 is through the secondary electrons. 

Electron-ion pairs are produced through various electron-impact ionization processes [3 1- 
321: 

e + N2 + 2e + N2+ 

e + N2 + 2e + N(4S) + N+ 

e+ N2 + 2e + NPD) + N+ 

e + 0 2  + 2e + 02+ (7) 

e + 0 2  + 2e + O(lD) + O+ (8) 
The secondary electrons can dissociate CCl4 via dissociative electron attachment [ 17,181 to 
produce CCl, and a negative ion C1-: 

-. 
e + CCl4 + CCl3 + C1- (9) 

The rate coefficient for reaction (9) is on the order of 10-7 cm3/(molec-s) [33-341. The rate 
coefficient for reaction (3a) is less than 10-14 cm3/(molec-s) [28], while that for reaction 
(3b) is around 10-10 cm3/(molec-s) [29-301. An examination of the G-values shown in 
Tables 1 and 2 indicates that dissociative electron attachment will dominate the initial 
decomposition of CC4 for both electron beam and electrical discharge reactor conditions. 

The charge exchange reaction of positive ions, such as N2+, with the background 
0 2  is fast, resulting in mostly 02+ ions [35]: 
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The positive ions react with Cl- through the ion-ion neutralization reaction to produce C1 
and 0 radicals: 

CI- + 02+ 3 c1  f 2 0  (1 1) 
In the absence of scavenging reactions for CC13, the input energy would be wasted because 
C1 and CC13 would simply recombine quickly to reform the original pollutant 136-373: 

C1+ CCI3 + M  + CC14 + M (12) 
Fortunately, the presence of 0 2  scavenges the CCl3 through the fast reaction [38-391: 

CC13 + O2 + M + CC1302 + M (13) 
The CC1302 species undergoes a chain reaction involving the C1 radical and produces 
phosgene (COC12) as one of the main organic products 130,401: 

C1+ CC1302 + CC130 + C10 

CCI~O -+ COCI, + CI 

The C10 species produces additional C1 radicals through a reaction with the 0 radicals 
[30,41]: 

0 + c10  + c1+ 0 2  

The other major product is C12 which is formed by the reaction [41]: 

C1+ C1+ M + Cl2 + M 
The CCl3 species from reaction (9) can also be scavenged by 0 [42]: 

CC13 + 0 + COCI, + C1 

and by N [43]: 

CC13 + N + ClCN + 2C1 (19) 

Th.e apparent two-body rate constant for scavenging reaction (13) is 1.4~10-9 T-1.1 
(cm$molec-s). The rate constants are 4 . 2 ~ 1 0 - l ~  and 1.7~10-11 (cm3/m01ec-s) for 
scavenging reactions (18) and (19), respectively. Because of the much larger density of 02 
compared to 0 or N, the scavenging of CC13 by reactions (18) and (19) are therefore 
negligible compared to reaction (13) during processing in dry'air. 

Fig. 6 shows the results of experiments on electron beam and pulsed corona 
processing of 100 ppm of CCl4 in dry air (20% 0 2  80% N2) at 25OC. The pulsed corona 
reactor requires 1277 Joulesfliter for 90% decomposition of CCI4, whereas the electron 
beam reactor requires only 20 Joulesfliter to achieve the same level of decomposition. 

An analysis of the rates of the reactions discussed above suggests that the rate 
limiting step in the decomposition of CC4 is determined by the dissociative attachment of 
CC14 to the thermalized electrons in the created plasma. The specific energy consumption 
for CCl, removal is therefore determined by the specific energy consumption (or G-value) 
for creating electron-ion pairs. Table 2 shows the calculated G-values for the ionization 

. .-____I-.- 
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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 produced. 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. To first order, the calculated specific energy consumption for electron-ion pair 
production agrees very well with our experimentally observed specific energy consumption 
for CC14 decomposition. The results shown in Fig. 6 demonstrate that for VOCs requiring 
copious amounts of electrons for decomposition, electron beam processing is much more 
energy efficient than electrical discharge processing. 

100 

80 n 
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c 60 
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0 c 

100 ppm CCl, in Dry Air 
20 

o ~ ' " " ' " " . ' " " ' . ' 1  
0 5 0  100 150 200 

Input Energy Density (Joules/liter) 

Fig. 6. Comparison between electron beam and pulsed corona processing of 100 ppm of 
carbon tetrachloride in dry air at 25°C. 

After the concentration of CC14 has decreased to a few tens of ppm, the three-body 
attachment of thermal electrons to oxygen molecules [a]: 

e + 0 2  + 0 2  + 02- + 0 2  

e + 0 2  + N2 + 02-+ N2 (21) 
becomes a significant electron loss pathway compared to reaction (9). The rate constants 
for reactions (20) and (21) are k ~ 0 )  = 2.5~10-30 and k ~ 1 )  = 0.16~10-30 cm%, 
respectively. The attachment frequency of thermal electrons to 0, in dry air at atmospheric 
pressure is thus 
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The attachment rate coefficient for thermal electrons to CCl4 is k(g) = 4x10-7 cm3/s. For 
100 pprn CCl4, the attachment frequency to CCl4 is thus . 

vCck = [CCI,] = 109 s-1. 

When the concentration of CC4 is down to around 10 ppm, the electrons will attach to 
oxygen molecules as frequently as to CC4 molecules. 

Although the dominant pathway (dissociative electron attachment) for the initial 
decomposition of CC4 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 0 radicals is produced relative to the amount of electrons. Even though these 0 
radicals contribute only a small fraction to the initial decomposition of CC4, they do 
interact significantly with phosgene to change the composition of the final products 
[28,45 J : 

0 + Cocl, + c10  + Cocl 

COCl + M + CO +C1+ M 

0 + C O C l 3  c02 + c 1  

Our model for the decomposition mechanism predicts a difference in product yields 
between electron beam and pulsed corona processing at the minimum energy required for 
near complete decomposition of CC14. For around 95% decomposition of 100 ppm CCl4 in 
dry air by electron beam processing, the final products consist of around 100 ppm Cl2 and 
100 pprn COCl2. For thesame level decomposition of 100 ppm CCl4 in dry air by pulsed 
corona processing, the final products consist of around 160 ppm Cl2,40 ppm COC12,50 
ppm CO and 10 ppm C02. Of course, with excessive energy deposition all the COC12 
would eventually be converted into COX and C12. However, as noted in References 1461 
and [47], the Cl2 and COCl2 products can be easily removed from the gas stream; e.g. they 
dissolve aiiaor dissociate in aqueous solutions and combine with NaHCO3 in a scrubber 
solution to form NaCl[47]. 

Fig. 7 shows the results of experiments on electron beam and pulsed corona 
processing of 100 ppm of methanol in dry air at 25°C. The pulsed corona reactor requires 
450 J o u l d t e r  for 90% decomposition of methanol, whereas the electron beam reactor 
requires only around 15 Joules/liter to achieve the same level of decomposition. In this 
case, the electron beam method is more efficient because the decomposition proceeds 
mainly via a dissociative charge exchange reaction 

N2+ + CH30H 3 CH3+ + OH + N2 

The OH radicals resulting from the initial decomposition reaction (25) in turn may lead to 
additional decomposition of methanol via OH + CH30H. 

To verify that the primary decomposition during electron beam processing does not 
proceed through an oxidation pathway using 0 radicals, we performed the experiment 
using N2 as the background gas. As shown in Fig. 8, the specific energy consumption in 
dry air is almost identical to that in N2. 
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Fig. 7. Comparison between electron beam and pulsed corona processing of 100 ppm of 
methanol in dry air at 25°C. 
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Fig. 8. Comparison between electron beam of 100 ppm of methanol in dry air and electron 
beam processing of 100 ppm of methanol in Np Gas temperature is 25OC. 
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