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1 I n t r o d u c t i o n  

Fossil fuels are the subterranean remains of green plants and animals that once grew 
and then were buried in sedimentary sands, muds and limes under conditions of in- 
complete oxidation. The present supply of fossil fuels includes coal, oil, natural gas, 
oil shale and tar sands. Natural gas is the fossil fuel in shortest supply and greatest 
demand. The simple hydrocarbon methane is the predominant component and rep- 
resents 80-95 volume percent of any natural gas. Over the years several techniques 
have been applied to produce methane from other fossil fuels such as petroleum 
which is a mixture of hydrocarbons with six or more carbon atoms and coal which 
is a complex mixture of some organic compounds. One such technique is the produc- 
tion of a plasma in petroleum and coal through the action of either very high tem- 
peratures or strong electric fields. Since coal is in greatest supply the objective in- 
cluded obtaining new knowledge of coal chemistry, which may lead to new methods 
of producing organic chemicals. 

The properties of the plasma produced in fossil fuels vary widely. Those plasmas 
labeled "glow discharges" are characterized by average electron energies of 1-10 eV, 
electron densities of 1015-1018 m -3 and lack thermal equilibrium in the sense that 
electron temperatures are much greater than gas kinetic temperature 
(Te/Tg = 10-100). The absence of thermal equilibrium makes it possible to obtain 
a plasma in which the gas temperature may have near ambient values while at the 
same time the electrons are sufficiently energetic to cause the rupture of molecular 
bonds. It is this characteristic which makes glow discharges well snited for the study 
of chemical reactions involving thermally sensitive materials such as petroleum and 
natural gas. By contrast, plasmas labeled "arcs" or "jets" have nearly identical elec- 
tron and gas temperatures (> 5000 K). The high gas temperature makes these plas- 
mas suitable for producing chemicals by degrading complex organic materials such 
as coal, shale and tar. The highly excited species that exist in these plasmas can react 
to produce compounds whose formation is thermodynamically unfavorable under 
ordinary experimental conditions. The physical and chemical properties and the pro- 
duction of both types of plasmas have been fully described elsewhere 1). 

Because of the complex structure of coal and the variable composition of petro- 
leum most of the plasma work using these materials is descriptive in nature. Attempts 
at modeling have been confined to the carbon-hydrogen system, chiefly using graphite, 
perhaps due to its importance in nuclear fusion and as aerospace material. In this 
chapter the studies of coal, petroleum hydrocarbons and natural gas in glow dis- 
charges, electrical arcs and jets are reviewed. Also reviewed are those studies in which 
these fossil fuel plasmas are formed in presence of simple gases such as hydrogen, 
nitrogen and argon. A comparison is then made with those studies in which lasers 
and flash heating techniques were applied. Pertinent investigations on the structural 
aspects of plasma-treated coal are included. Finally, the status of work on plasma 
desulfurization and gasification of coal and petroleum is discussed. 
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2 T h e r m o d y n a m i c  and Kinet ic  Aspects  o f  Fossil  Fue l  Chemis t ry  

Thermodynamic considerations of the carbon-hydrogen system provide a useful guide 
to the nature and yield of products which might be obtained from fossil fuels at the 
temperatures attained in various plasma devices. 

At temperatures between 900 and 2000 K most hydrocarbons have a positive 
free energy of formation, which, with the exception of acetylene, increases with in- 
creasing temperature 2). Below 500 K only the paraffinic hydrocarbons are thermo- 
dynamically stable. Above 1700 K acetylene has a lower free energy of formation 
than the other hydrocarbons, but it is still thermodynamically unstable. Consequently, 
acetylene can be obtained by rapidly carbonizing fossil fuels at about 1800 K, but 
the yield is still mainly governed by chemical kinetics 3). That is to say, the reaction 
time must be sufficiently long to permit the decomposition of other hydrocarbons 
to acetylene, but sufficiently short to prevent any appreciable decomposition of the 
acetylene formed to carbon and hydrogen. At temperatures of about 4000 K, the 
free energy of formation of acetylene from its elements approaches zero, and the 
equilibrium yield of acetylene is appreciable. The system is complicated, however, 
by other reactions and phase changes which occur at these high temperatures. For 
example, carbon sublimes at about 4000 K, molecular hydrogen dissociates, and 
various species such as C, C 2 and C 3 are formed. 

Coals, particularly the bituminous and sub-bituminous varieties, undergo primary 
decomposition in the temperature range of 700-800 K. If coal carbonization could 
attain thermodynamic equilibrium over this temperature range, the hydrocarbon 
products with the exception of methane, if any, would be decomposed mainly to 
carbon and hydrogen. In practice, thermodynamic equilibrium is not attained, and 
the composition of the hydrocarbon by-products is mainly determined by the tem- 
perature and the kinetics of the process. 

The equilibrium between carbon and hydrogen at high temperatures has been 
treated thermodynamically by several authors 4' s). The approach was to formulate 
the various reactions which could possibly occur, to apply to each the appropriate 
mass action equation, and to solve the set of  simultaneous equations so obtained. 
A distinction was made between heterogeneous and homogeneous systems, since for 
the latter it is necessary to specify the mole ratio of carbon to hydrogen (C/H) in the 
system. 

Assuming that the equilibrium composition of a reaction mixture with C/H = 1.0 
at 2000-5000 K would consist of C, C2, C3, Cs, H, H2, CH, C2H, C3H, C4H, CH2, 
C2H2 and C4H2, Baddour and Blanchet s) found that the mole fraction of acetylene in the 
equilibrium mixture passes through a maximum with temperature, the value being 
0.07 at 3300 K while that of C2H is 0.1 at 3800 K. To apply this information to the 
products obtained at room temperature they assumed that C 2 H2 remained unchanged 
on quenching, while C2H recombined with H to yield more C2H 2. On this basis, the 
theoretical maximum acetylene concentration in the quenched gas was found to de- 
pend on the temperature and C/H ratio of the system: At 3200 K, with a C/H ratio 
of 0.25 (as for CH4) the maximum volume percentage of acetylene in the quenched 
gas is 12; with a C/H ratio of 0.50, the amount of acetylene can be increased to 19%. 
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At 4300 K and a C/H ratio of 15, the maximum concentration is 50%, a value con- 
siderably higher than those found in experiments using high intensity arc reactors. 

The kinetic aspect of the reaction between graphite and hydrogen has been 
studied 6). At temperatures above 3000 K, the sublimation of graphite is the control- 
ling factor, and the reaction rate is independent of hydrogen pressure provided that 
there are sufficient hydrogen molecules to react with all the Cn species that evaporate. 
Below 3000 K, the reaction of graphite and hydrogen between 0.01 and 1 atm is a 
surface reaction whose rate is proportional to the hydrogen pressure and the square 
root of the dissociation constant of hydrogen. Several authors have investigated the 
reaction of graphite in low pressure discharges at relatively low temperature of hy- 
drogen. Veprek and coworkers 7) have shown that both the diffusion of H atoms 
towards the carbon surface and the diffusion of reaction products from the surface 
are much faster than the rate of surface recombination and the surface reaction. For 
pyrolytical graphite the probability of the reaction defined as the ratio of the num- 
ber of C atoms leaving the surface to the number of H atoms impinging on the sur- 
face is about 10 -4  or less. Since the reaction probability would depend strongly on 
the quality of the carbon used, it would be much higher for carbon of a poor quality, 
such as that found in coal. 

Under plasma conditions any oxygen present in the coal will be evolved as car- 
bon monoxide. If the carbonization is carried out in nitrogen atmosphere, acetylene 
and hydrogen cyanide will be the main products. Very little cyanogen would be 
formed unless the nitrogen is greatly in excess of the hydrogen in coal 8). For a dis- 
cussion of the thermodynamics of the C - H - N  system the reader is referred to an 
article by Timmins and Ammann 9). The chemical evaporation, transportation and 
deposition of carbon in low pressure discharges of oxygen, nitrogen and hydrogen 
have been described recently 1~ 

3 Natura l  Gas  and Methane  Plasmas 

Natural gas as obtained from underground deposits generally has a composition that 
is significantly different from that of the familiar commercial fuel. The crude gas 
usually contains some undesirable impurities such as water vapor, hydrogen sulfides, 
and thiols or other organic sulfur compounds in addition to some heavy, condens- 
able hydrocarbons 11). Appropriate processing eliminates or reduces the amount of 
the undesirable impurities and allows the condensable hydrocarbons to be collected 
as a separate fraction of industrial value. The following volume composition for the 
commercial fuel is thus arrived~2): 80-95% CH4, 8-2% C2H6, 3-1% C3H8, 
< 1% C4H10 , < 1% CsH12 , 10-0% N2, <2% CO2. The concentrations of the minor 
components vary slightly with the source of the gas. 

3.1 Low Frequency Discharges 

The decomposition of methane in the glow discharge has been investigated for many 
years. At low pressures ethane was the major product la). As the methane pressure 

4 
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was increased, ethylene and acetylene were formed; their concentrations in the prod- 
uct became significant if the reactor was cooled in liquid air 14-16). In a flow 
system at atmospheric pressure under conditions of high conversion and relatively 
high temperatures Wiener and Burton 17) found that the yield of acetylene was quite 
high. 

In the negative glow 18) of a dc discharge in methane at low pressures 
(0.05-0.3 torr) and low currents (0.1-5 mA) ethane, ethylene and acetylene were 
found in addition to hydrogen and the nonvolatile cuprene, (CH)n, which appeared 
mainly on the cathode as a solid. Lowering the temperature of the reactor from 
77 K to 63 K greatly increased the amount of ethylene. Smaller amounts of propane, 
propene, propyne, butane, butene, butadiene and pentene were also found. Their 
rates of formation increased with increasing discharge current at the expense of the 
C2 hydrocarbon products and cuprene. The addition of hydrogen to the methane 
had little effect on the products. Variation of the inter-electrode separation indicated 
that the products were not formed uniformly throughout the negative glow. 

Recently a movable glow discharge of methane has been investigated mass spec- 
trometrically over the whole column length 19). The mass spectra showed primary 
fragment ion of methane and ions from condensation reactions up to m/e = 113. 
The current of different ions reached a maximum very close to the cathode and 
varied regularly along the axis in maximum and minimum which were related directly 
with the striations of the column. By simulating the conditions of the glow discharge 
in a mass spectrometer with high pressure ion source the same ion-molecule reactions 
were identified with which it was possible to explain the formation of condensation- 
type ions in the discharge. 

Methane has been decomposed in ac discharges operated using 1 -6  kV and 
30-70  mA in flow systems at pressures of 1-10  torr 2~ With contact times of 
0.05-1.5 s the principal products were acetylene, ethane, ethylene and hydrogen 
together with some higher molecular weight compounds. The conversions which 
varied from 28 to 91% increased on increasing the contact time and/or discharge 
current. However, the yields of C2 and C3 hydrocarbons reached a maximum at 
40-50% total conversion. Almost complete conversions of methane to acetylene 
have been reported in later works 21' 22). Vishnevetskii et alfl 3-2s) have given a set 
of equations for calculating the rates of acetylene and ethylene formation and the 
rates of decomposition of several hydrocarbons. 

Several attempts 26-31) have been made to analyze the numeroushigher molec- 
ular weight products from line frequency spark and pulsed discharges in methane 
at pressures of 250-500 torr. The work is of great interest in connection with the 
chemistry of primitive earth atmosphere and the origin of life. 

The kinetics of conversion of methane to acetylene in glow discharges has been 
studied in detail 32-3s). A great amount of this work has centered around such para- 
meters as power yields, pressure, cell design, electrode material and presence of  
hydrogen or argon. Methane conversion was hindered by H2 or Ar to the same ex- 
tent and was greater with greater partial pressure of these added gases in the pres- 
sure range 40-150  torr. However, the cracking of methane was accelerated by H 2 
and Ar at a total pressure of 10 torr. Compared with the higher paraffins, methane 
yielded the least amount of  acetylene. The cracking rate constant increased with 
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pressure. With increasing specific power (power per unit volume of input methane) 
consumption the degree of conversion increased gradually on inactive and little car- 
bonized, but rapidly on active and carbonized electrodes. 

Glow discharges at low pressures in mixtures of methane and nitrogen produced 
acetylene simultaneously with hydrogen cyanide 36). C2 H2/HCN ratios varied accord- 
ing to the current densities and mixture compositions used. When mixtures of me- 
thane and carbon dioxide or methane and water were subjected to discharge, carbon 
monoxide and hydrogen were produced. Acetylene was found only at low current 
densities 37). 

The production of acetylene from natural gas has been studied in a 60 Hz elec- 
trical discharge at atmospheric pressure 38). The apparatus consisted of a cyclone- 
type reactor in which the products could be removed through a hollow electrode. 
The electrode separation was 2 cm; the potential difference necessary for spark over 
gas was 13-16 kV. By varying the residence time of the gas in the reactor from 30 
to 600 s a product containing 15-17% C2 H2 by volume was obtained at relatively 
low temperatures. Increasing the input rate and decreasing the specific power con- 
sumption increased the amount of C2H 2 formed, but decreased the C2H2 concen- 
tration in the product. Copper electrodes were reported to produce the least depo- 
sition of carbon black and cuprene. 

3.2 Triboelectric Discharges 

Methane has been converted into ethane, ethylene, acetylene and hydrogen in a 
"triboelectric" discharge arising from the intermittent contacting of mercury with 
a glass surface 39' 40). The discharge is a result of the accumulation of high densities 
of static charge at the interface by the transfer of electrons from the mercury to the 
glass. Spectroscopic studies of the discharge have indicated that excited species with 
energies up to 20 eV above their ground states are present. Further, the tribolumines- 
cence spectrum differed from the spark discharge spectrum at atmospheric pressure 
in that C2 emission was absent. Both area and nature of the solid surface influenced 
the extent of breakdown and discharge. The rates of methane conversion were vir- 
tually invariant with pressure from 760 to 200 torr, but at 200 torr they increased 
sharply before gradually falling off again as the pressure was further reduced. The 
addition of 10% noble gases did not result in any pronounced change in the C2 hy- 
drocarbon yields or affect the product distribution which was 
C2H6: C2H 4 :C2H 2 = 1:0.34:0.32. 

3.3 High Frequency Discharges 

Eremin 40 reported that the amount of methane cracked by a high frequency dis- 
charge is proportional to the current consumed and to the amount of excess hydro- 
carbons. The reaction was found to be of the first order and the rate was directly 
proportional to the discharge energy and inversely proportional to the original amount 
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of methane. The amount of methane reacting per unit energy consumed was prac- 
tically independent of the shape of the discharge, the current density and the methane 
dilution with hydrogen and was lower at higher pressure. 

The decomposition of methane has been studied in a 2.45 GHz glow discharge 
sustained by microwave fields 42). With 150-310 V/cm, methane pressures in the 
range 16-220 torr and residence times in the range 0 .01-10 s acetylene was the 
principal product, the maximum yield attained being 31 g kWhr-1. Ethane and 
ethylene were produced in significant amounts from methane only when the effluent 
discharge gas was allowed to impinge directly on a liquid-nitrogen-cooled wall. I f  only 
stable molecules had been formed in the plasma, the cold wall would not have al- 
tered the products. This was taken as evidence that free radicals do not recombine 
instantly but persist as such for some time after leaving the plasma zone. 

Vastola and Wightman 4a' 44) found an increase in H~ and a decrease in CH~ 
when methane was passed through a 2.45 GHz microwave discharge at 0.15 tort and 
40 W. With a ten-fold increase in power Baddour and co-workers 4s) could efficiently 
produce carbon black and hydrogen from methane. 

Radiofrequency (1 -200  MHz) discharges in methane have been studied. Miquel 
and Chiro146) observed that the decomposition followed a first-order rate law. Le Goff 
et al. 4"0 found that ethane and acetylene constituted 80% of the products. In a re- 
cent study Simionescu et al. 48) identified H2, C2H6, C2H4 and C2H 2 among the 
products of methane decomposition by in-situ gas chromatographic analysis. Their 
ratio was found to depend on the time and power of the rf discharge (Fig. 1). In one 
investigation 49) products such as ethylacetylene, cyclopentadiene, indene and for- 
maldehyde have also been reported. The formation of formaldehyde appeared to 
indicate the presence of oxygen or water in the methane sample s~ 

Studniarz and Franklin s 1) have studied the relative ionic composition of a 
50 MHz plasma in methane. Using a quadrupole mass spectrometer and a fast-flow 
low power discharge they detected CH~, CH~, CH~ and C2H~, in varying propor- 
tions depending on pressure, in the range 0.02-0.4 tore In this work the discharge 
conditions were chosen so as to minimize polymer formation. 

% % 
100. 30 s 

c2.21< 
l/k'  . . . .  12 

oW lo 
0 1000 2000 

% Power: W % 
100 120 s / 20 

I -"2 t 
I / ' /  ' " " - - - -_  /(A;H4 4 

o 2" /o 
0 -I000 2000 

Power:W 

Fig. 1. Power dependence of the decomposition of methane 
(broken curve) and the product yields at 30 s and 120 s dis- 
charge periods. (Redrawn from Simionescu, Cr.l., Dumitriu, 
S., Bulacovschi, V., Onac, D.: Z. Naturforsch. 30b, 516 (1975), 
by permission of the publishers, Verlag der Zeitschrfft fiir 
Naturforschung) 
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Table 1. Ionic, radical and neutral species observed in an rf plasma in methane s2) 

Ions Radicals Neutrals 

Major (I > 5%) Minor (I < 5%) 

High Low High Low 
pressure pressure  p ressure  pressure 

Major Minor 

C2H ~ CH~ CH~ H~ CH i 
C2H ~ CH~ CH~ H~ CH~ 
CaH ~ CH~ C2H ~ C2H ~ C2H ~ 
C3H~ C2H~ C2H~ C2H~ C2H~ 
CaH~ C2H~ C2H~ CaH~ Can7 

c2.~ Can~ 

H2 C3H4 
C2H2 C3H8 
C2H4 
C2H6 

With a relatively slow-flow and a 13.56 MHz discharge in methane Smolinsky 
and Vasile s2) monitored the ionic and neutral products at pressures from 0.1 to 1 torr. 
Their data are summarized in Table 1. The neutrals were measured by adjusting the 
potentials on the focusing lenses so as to prevent all ions formed in the discharge 
from reaching the mass filter. Molecular hydrogen was the dominant product, its 
mole fraction as well as that of acetylene decreased steadily as the pressure was in- 
creased, while those of ethane and ethylene exhibited maxima in the pressure range, 
0.2-0.6 torr. C a hydrocarbons were an order of  magnitude smaller than the C2 
hydrocarbons and the higher homologues were proportionately less. C l ions (CH~, 
CH~) and C2H~ decreased monotonically with increasing pressure, perhaps due to 
reduced electron energy. The change in intensity with increasing pressure of ions 
such as C2 H~, C2H~, C3H~, C3H~ and C3H ~ suggested that ion-molecule reactions 
were occurring in the system. Major differences were found in the observed products 
when these were sampled axially rather than radially. 

Figure 2 shows the different sampling configurations used by Vasile and Smolins- 
ky s3). Table 2 summarizes the mole fractions of the principal neutral products from 

Melhane 
Eleclrodes | ~ ' ~  

\ I ~ I _ ~ \ \ \ \ \  

rump~\\Focusing 
lenses 

Methane~ i [--7 I-~I 

RF 

Fig. 2. Schematic representation of the axial (upper) and 
radial (lower) sampling configurations of a methane rf 
plasma for mass spectrometric analysis. (Redrawn from 
Vasile, M. J., Smolinsky, G.: Int. J. Mass Spectrom. Ion 
Phys. 18, 179 (1975), by permission of the authors and 
the publishers, Elsevier Publishing Company) 
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Table 2. Mole fractions of neutral products from a 0.45 tort 150 V methane rf plasma 53) 

Sampling mode 

Product Axial sampling through the 

rf electrode glound electrode 

Radial sampling through 
an electrically floating 
orifice 

H 2 0.31 0.23 0.15 
CH 4 0.60 0.70 0.78 
C2H 2 0.019 0.013 0.012 
C2H 4 0.013 0.011 0.011 
C2H 6 0.055 0.041 0.045 

a 0.45 torr 150 V discharge. Axial sampling through an internal rf capacitor electrode 
+ + + 

yielded C § CH , CH2, CH3, CxH~ and C2H~ as the dominant ions, with very little 
abundance of ions containing greater than three carbon atoms. Radial sampling of 
a capacitively coupled discharge showed CH~, CH~, C2 H~ and C2 H~ as dominant 
with a significant fraction of the total comprising C4 to C6 ions. The relative abund- 
ances of the C2-ions are compared in Table 3. The dissimilarity is attributed to the 
difference in energy of the electrons which cause the ionization and the difference in 
kinetic energy of the ions that undergo ion-molecular reactions to yield secondary 
ions. 

investigationsS4, ss) of the cracking of natural gas (96% CH4) by an electrodeless 
high frequency discharge have been reported. The products were H2, C2H2, C2 Ha, 
C2H6, C3H 6 and Call 8. An increase in the total gas conversion was observed 
with increasing temperature in the range 220-550 K and contact time in the range 
0.04-2.4 s. Addition of H 2 (up to 50% of the total CH4) caused a decrease, while 
addition of Ar (up to 75% of the total CH4) resulted in an increase in the cracking 
of methane. The effects of the introduction of a number of solid catalysts into the 
plasma zone have also been reported ss). 

Table 3. Relative abundances of C2-ions produced in a 0.45 torr, 150 V methane rf plasma s 3) 

Sampling mode 

Ion Axial sampling through the Radial sampling through an 
rf electrode electrically floating orifice 

C2H ~ 0.092 0.014 
C2H ~ 1.0 0.46 
C2H ~ 0.066 0.137 
C2H ~ 0.36 1.0 
C2I~6 0.013 0.029 
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3.4 Electrical Ares and Plasma Jets 

When the current density of a luminous discharge exceeds a certain limit, the poten- 
tial difference between the electrodes diminishes and the discharge becomes an arc. 
The arc is characterized by the low potential difference of tens of volts between the 
electrodes and the high current density which may reach several thousand amperes 
per square centimeter on the electrodes. When an arc is established between two 
electrodes in a stream of rapidly flowing gas, the plasma is pushed in the direction 
of flow. If the arc is formed in a chamber with a proper exit nozzle, a plasma jet is 
produced outside the chamber with electrons and ions present, in the complete ab- 
sence of  an external electric field. 

Following the invention of the high intensity electric arc several attempts have 
been made to convert methane and natural gas to acetylene. Unlike solids, gaseous 
reactants induce instability in the arc column by appreciable forced convection s6). 
For this reason several arc stabilization techniques were developed. These techni- 
ques sT) include confinement of the arc column in a watercooled channel, vortex 
stabilization, magnetic stabilization, mixing the gaseous reactants with the arc ef- 
fluent and/or injecting the gases through a specially designed annular nozzle surround- 
ing an electrode. 

In their early work Leutner and Stokes 5s) used methane-argon mixtures (1:4) 
in a plasma jet unsuccessfully. These mixtures melted the tungsten cathode instanta- 
neously. In later experiments methane was introduced into the flame of an argon 
plasma jet. This was accomplished with the apparatus shown in Fig. 3 in which meth- 
ane was introduced through a water-cooled annulus in the anode normal to the argon 
jet. About 80% by wt of the methane was converted to acetylene at temperatures 
estimated to be 1.2 x 104 K. Subsequently Anderson and Case s9) applied thermo- 
dynamic and kinetic data to predict the results which could be obtained when meth- 
ane was introduced into a hydrogen plasma jet and the mixture quenched. The ag- 
reement between their analytical treatment and experimental data is very good. 

Because of the very high conversion of methane to acetylene the plasma jet pro- 
cess has received more attention than the pyrolytic process. A number of patents 
describing plasma jet processes of preparing acetylene from methane and higher par- 
affins have been registered 6~ The reported energy consumptions vary from 7 
to 11 kWhr kg - l  C2H2. The process is considered to be more efficient than the car- 
bide process for manufacturing acetylene 67). 

I-) 

Water co~ing 

raphite 
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[ _ _  
L "~--N ethane 
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1 

Fig. 3. Argon plasma jet with water- 
cooled annulus for methane pyrolysis. 
(Redrawn from Leutner, H. W., Stokes, 
C. S.: Ind. Eng. Chem. 53, 341 (1961), 
by permission of the authors and the 
publishers, the American Chemical 
Society) 
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Eremin and coworkers 6a-7~ using a high-tension ac arc found that a lower pres- 
sure in the 70-800  torr range greatly increased the methane conversion and acetylene 
production. The power efficiency could be doubled when the pressure was reduced 
to 70 -10  torr. The addition of up to 37% by vol of  hydrogen did not affect the 
acetylene concentration in the reaction products nor the power consumption which 
was 0.184 m a kWhr-1. A somewhat lower C 2 H 2 yield with a correspondingly higher 
power consumption was found only with mixtures which contained 48.4% H 2. In 
pilot-plant experiments the best results were obtained with an initial gas pressure of 
42 -46  tort natural gas when the power consumption was 3 kWhr m -3.  Sixty percent 
of the methane was cracked and 52% methane cracked with C2H2 production. The 
concentration of C2H 2 in the product gas was 15%. Current strength and the elec- 
trode separation did not affect the proportion of CH 4 cracked or the total power 
consumption. These results confirmed calculations which were made on the asssump- 
tion of a first order reaction in the plasma and which took into account the concur- 
rent reactions 2CH 4 = C2H2 + 3H2, 2CH4 = C2H4 + 2H2 and CHa = C + 2H 2. 

Irin and Eremin 71-73) reported that the cracking rate in an electrical arc is the 
same for several paraffins at 1.5 atm pressure and is a function of  the energy supplied 
to the arc. While the maximum concentration of C2H 2 in the products increased as 
the molecular weight of the cracking hydrocarbon increased, the energy consumption 
and heat effects decreased. In each case the degree of overall conversion followed 
a first order rate law. Preheating the methane to an adequate temperature, for ex- 
ample, 1000 K, increased the yield of C2H2 per unit energy input. Decreasing the 
length of the anode channel did not affect the process significantly but increasing 
its cross section increased the energy consumption and lowered the volume concen- 
tration of acetylene. The addition of C a H s - C 4 H l o  to CH 4 increased the conversion 
of CH 4 to C2H2, the increase being a maximum for 2 .5-4  vol % of the additives. 
It is known that higher hydrocarbons such as propane and butane give good yields 
of acetylene with less expenditure of  energy 74-77). In a coaxial arc reactor at a 
specific energy consumption of 3.3 kWhr m -3 natural gas conversion into acetylene 
reached a maximum of 70%. 

The effects of  preheating natura/gas before injection into the plasma jet have 
been studied by many workers. Whereas ll'in and Eremin 71) observed that preheating 
at 600 K did not affect the results, Okabayasi et al. 7s) found an increase in acetylene 
yield per unit energy input. However, in agreement with II'in and Eremin's observa- 
tion at higher preheating temperatures, Kobozev and Khudyakov 79) reported an in- 
crease in C2 H2 concentration in the products from natural gas preheated to 800 K 
before injecting it into a 2800 K plasma jet. 

In a series of papers and books published over a period of nearly two decades 
Polak has reported the work of his group at the Petrochemical Research Institute 
of the U.S.S.R. Academy of Sciences, Moscow s~ An electrode plasmatron was 
used which operated on a direct current with a maximum voltage output of 15 kV 
(Fig. 4). Argon containing 10 -30  vol % of methane was decomposed at temperatures 
of 10,000 K and contact times of 10 - 4 -  10 -5 s. Most of the methane was decom- 
posed and 67-87% conversions to acetylene were obtained. The acetylene yield 
could be increased by using gas mixtures richer in methane s9-91). 
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Hydrogen 

W a t e ( r ~ J ~ ~ W a t e r  
( " ) ~ W a t e r  

WQ t e r ~ ~ _ . _ ~  Fig. 4. Schematic of plasmatron system used for methane 
pyrolysis. (Redrawn from Kinetika i termodinam, khim. 
reaktsii v nizkotemperaturnoi plazme, Polak, L. (ed.). 
Moscow: Nauka 1965, by permission of Professor L. Polak, 
Institute of Petrochemical Synthesis of the Academy of 
Sciences of the U.S.S.R., Moscow) 

Polak's calculations 8~ of  the kinetics of  conversion of  methane to acetylene 
showed that acetylene concentration reached a maximum at a certain distance along 
the plasma jet (Fig. 5). Chilling ( 2 0 - 5 0  ~ cm - l )  which was begun at a distance 
slightly less than the distance that corresponded to maximum concentration of  C2H2, 
prevented a significant decrease o fC2H 2 in the part of  the jet that followed the maxi- 
mum. Heating of  the jet over a short distance of  its initial part (500 ~ cm-  1) increased 
the extent of  decomposition of methane, raised the maximum concentration of  C2H2 
and displaced the point at which the maximum concentration ofC2H 2 was reached 
toward the beginning of  the jet. The optimum ratio for length to diameter of  the reac- 
tor was 6 .5 -7 .5 ;  the number and diameter o f  the gas (methane) inlets were also signi- 
ficant 87). In a later work Andreev et al. 92) reported similar variations in product con- 
centrations along their reactor length. Methane pyrolysis in a hydrogen plasma jet 
with two stage methane addition showed that with proportions and quenching rates 
suitably adjusted for the second addition, ethylene and hydrogen, and not  acetylene, 
were the major products 88). 

With natural gas 83-86) containing 91% CH 4 by vol introduced into a hydrogen 
plasmatron at 4 0 0 0 - 4 5 0 0  K and with water chilling injected perpendicular to the 
gas flow the total decomposition was 94% and the conversion to C2 H2 was as high 
as 76%. The composition by vol % of a typical gas mixture after the conversion was 
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Fig. 5. Relations between the concentrations 
of methane pyrolysis products and the dis- 
tance or time over which the reaction oe- 
eta'red. A temperature-time (distance) profile 
of the plasma jet is also shown. (Redrawn 
from Khaetika i termodinam, khim. reaktsii 
v nizkotemperaturnoi plazme, Polak, L. (ed.). 
Moscow: Nauka 1965, by permission of Pro- 
fessor L. Polak, Institute of Petrochemical 
Synthesis of the Academy of Sciences of the 
U.S.S.R., Moscow) 
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as follows: Hz, 76.5; C2H2, 16.5; CH4, 3.8; N2, 2.0; C2H4, 0.5; C4H2, 0.35; small 
amounts of ethane, propadiene, methylacetylene, vinylacetylene, benzene and naph- 
thalene. Similar results have been reported by Ganz et al. 93). The energy used for the 
conversion to C2 H2 was 45% of the total energy input which is to be compared with 
the 30-35% used in the production of C2H 2 by oxidative pyrolysis 81, 83). The meth- 
ane to acetylene conversion is similar for the plasma jet pyrolysis and the Du Pont 
electric arc cracking of methane (80%), but lower for the Huels arc process 
(50%)81, 83). When a combination method of heating natural gas in a plasmatron 
prior to the hydrogen plasma jet pyrolysis was used the product gases contained less 
acetylene and more methane indicating a lower conversion rate 94). 

The plasma pyrolysis of natural gas with two-stage quenching has also been stud- 
ied 95). Methane decompositions at first stage end temperatures of 1700-2000 K and 
at second stage end temperatures of 110-600 K were considered for various amounts 
of the plasma-forming hydrogen. Both thermodynamic analysis and experimental re- 
suits showed that for a given energy input, the two-stage process gave up to 30-40% 
more unsaturated hydrocarbons than the one-stage process. 

Szymanski 96) has investigated the effect of plasma formed in the presence of  a 
ferroelectric sample (BaTiO 3 ceramic) on the decomposition of methane. Gaseous 
end products were similar to those obtained in other types of electrical discharges 
suggesting similar mechanisms. However, atomic spectra of Ba and Ti were observed 
indicating that the ferroelectric sample had been activated by the plasma. 

Yamamoto 97) has studied the effects of various components in natural gas on 
acetylene yield. Carbon dioxide decreased the acetylene yield while hydrogen in- 
creased the electricity consumption. Nitrogen produced hydrogen cyanide. Dola198) 
generated a mathematical model of the plasma pyrolysis of methane in the presence 
of steam. Equations were given for calculating the yields and compositions of the 
pyrolysis products. The plasma-treated natural gas is more efficient than untreated 
gases in the reduction of iron oxides, especially with increasing temperatures 99). 

The plasma pyrolysis of methane in presence of nitrogen has been investigated 
in detail. Leutner 1~176 and Stokes et al.lol) used dc arcs and rf devices (24-28 MHz). 
The dc arc-heated nitrogen mixed with methane gave the best result, both from the 
standpoint of yield and energy utilization. Increasing the CH4/N 2 ratio increased 
the conversion of N 2 to HCN. The rate of quenching and the efficiency of mixing 
the cold methane with the nitrogen plasma were not determined, but certainly played 
a role in determining yield and energy efficiency. 

Freeman1~ used a dc plasma jet to heat a nitrogen gas stream mixed with 
methane downstream of the arc head. The production of hydrogen cyanide was stud- 
ied as a function of nitrogen enthalpy, CH4/N 2 ratio and gas flow rate. At a given 
enthalpy increasing the CH4/N 2 ratio increased the HCN yield until a plateau value 
of CH4/N 2 was reached beyond which further increases in the CH4/N 2 ratio did 
not change the HCN yield. The plateau value of CHa/N 2 ratio was a function of 
enthalpy, increasing with increasing enthalpy and leading to increasing yields of HCN. 
Below the plateau value of the CH4/N 2 ratio the HCN yield did not appear to be a 
strong function of  enthalpy. The ratio of HCN produced to CH4 injected is approxi- 
mately 1/3 at all values below the plateau value. By systematic variation of reactor 
geometry it was shown 1~ that "titration" of either the heat flow or alternatively 
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of nitrogen atomic ions quantitatively accounted for the observed rate of HCN pro- 
duction. Equilibrium calculations 8- lo) support these results. 

Experiments l~ have been performed with an uncooled rapid transit probe in 
a nitrogen arc jet in which methane was transformed into HCN and C2H 2 . Locations 
of chemical reactions were determined and compared with mass spectra of  the quenched 
plasma gas recorded at the same place. The maximum yields of HCN (1.1 mole%) 
and C2H 2 (0.5 mole%) were found at a distance of 25 mm along the axis of the jet, 
but at temperatures of 5500 and 2500 K, respectively. 

Bronfin 1~ used an induction coupled argon plasma jet to heat methane + nitro- 
gen mixtures. With rapid quenching, the HCN yield expressed as a fraction of the N 2 
input converted was found to be a function of input composition and to range up to 
70%. In a similar device and in the absence of nitrogen Nishimura et al. ~ o7) found 
acetylene, hydrogen and solid carbon. When quenched by using a water-cooled silica 
probe 0.5 cm away from the induction coil the conversion was independent of the 
power input. However, the selectivity for C2 H2 formation increased while that for 
carbon formation decreased with decreasing power input. 

Valibekov et al. lO8-118) have studied the effect of several parameters on natural 
gas condensates conversion to acetylene and ethylene in argon and hydrogen plasmas 
obtained in a variety of arcs and jets operated at 15-30 kW and 3000-5000 K. With 
condensate fractions boiling at T < 100, 100-200 and >200 ~ and pyrolysis tem- 
peratures of 1600-2100 K for 10 -3  to 10 -4  s the fractional and chemical compo- 
sitions of the feedstocks did not affect the yield and composition of the product 
which was mainly acetylene. The conversions varied from 58-95%. Increased resid- 
ence time reduced the C2H2 and C2H 4 concentration of the product gas, shifted 
the optimum pyrolysis temperature and decreased the product yield and the degree 
of conversion. Naturally energy requirements increased. Typically 16-19 vol % of 
the product gas contained acetylene and 10-13% of C2H 4 + C3H 6. In a typical ex- 
periment 112), the H 2 consumption was 45 s min-1 and the gas condensate consump- 
tion 24-88  g min-  1 at a feed rate in the vapor state of < 3 kg cm -2.  

3.5 Laser Irradiation 

The decomposition of natural gas by IR radiation of a CO2 laser was studied in both 
the presence and absence of C2H 4119). It was found that the rate of decomposition 
of natural gas was increased by the addition of C2H 4. The decomposed gas could 
be used as medium for deposition of thin layers of conductors, semi-conductors and 
dielectrics of organic and organometaUic substances. 

4 P e t r o l e u m  and P e t r o l e u m  B y - p r o d u c t  P lasmas  

Crude petroleum is a complex mixture containing several different hydrocarbons 
which are structurally similar. In addition to hydrogen and carbon, small amounts 
of other elements such as nitrogen (0-0.5%), sulfur (0-6%), oxygen (0-3.5%) and 

14 



Plasma Chemistry of Fossil Fuels 

Table 4. Hydrocarbon fractions from petroleum distillation 120) 

Fraction Composition Boiling point 
(range of C atoms) range, ~ 

Gas C1 -C5 <30 
Petroleum ether C 5 -C 7 30-90 
Gasoline CS - C 12 40 - 200 
Kerosene C12-C16 175-275 
Gas oil, fuel oil, diesel oil C15-CI 8 250-400 
Lubricating oils, greases, vaseline >C 16 >350 
Paraffin (wax), pitch and tar, petroleum coke >C20 residue'(melts) 

some metals in trace amounts have been detected by careful analysis of crude pet- 
roleum samples. These additional elements are usually found incorporated into hy- 
drocarbon-like molecules rather than in the free state. The elemental composition 
of petroleum, particularly the amount of sulfur, is important when the environmen- 
tal impact of petroleum burning is considered. 

Usually crude petroleum is separated into various useful fractions as given in 
Table 4 120). Extensive analyses of crude petroleum have shown that there are more 
than two hundred hydrocarbons, about one-half of which are low-boiling. Of the 
175 hydrocarbons isolated from a representative U.S. petroleum sample, 70 can be 
classified as paraffins, 48 as cycloparaffins and 57 as aromatic. According to Ros- 
sini 121) the hydrocarbons which occur in abundance greater than 1% by vol are: 
n-hexane (1.8%), n-heptane (2.3%), n-octane (1.9%), n-nonane (1.8%), n-decane 
(1.8%), n-undecane (1.6%), n-dodecane (1.4%), n-tridecane (1.2%), n-tetradecane 
(1.0%), methylcyclohexane (1.6%) and 1-methyl-3-isopropylbenzene (1.1%) Petro- 
leums from different locations contain essentially the same hydrocarbons, but the 
proportions in which the different molecules occur vary considerably. 

The behavior of several hydrocarbon fractions from petroleum has been inves- 
tigated under a variety of electrical discharge conditions. An effort has been made 
to pyrolyze petroleum or the various hydrocarbon fractions from petroleum distil- 
lation. A great deal of this work involves the use of  electrode discharges in liquid 
hydrocarbons. 

4.1 Low Frequency Discharges 

Early work 122' 123) with C5-C 14 paraffins used glow discharges with and without 
electrodes at low gas pressures. No quantitative analyses were made of the gaseous 
products which consisted mainly of  hydrogen and lower paraffins and olefins. In- 
variably polymeric solids were produced. In one of the early attempts 124) to analyze 
the products by gas chromatography an electrodeless discharge of the Siemens type 
in n-decane was investigated. The major (96.4%) product was hydrogen, the remain- 
der consisted of C1-C 4 paraffins. Brooks and Hesp 12s) have studied the decompo- 
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Fig. 6. Diagram of the low-frequency apparatus for decomposition of gasoline and in situ gas 
chromatographic assembly for product analysis. (Reproduced from Venugopalan, M., Scott, 
T. W.; Z. physik. Chem. Neue Folge, 108, 157 (1977), by permission of the authors and the 
publishers, Akademische VerlagsgeseUschaft) 

sition of n-heptane vapor in a H 2 or Ar carrier gas using a 50 Hz glow discharge. At 
15 torr and 200 W, the production of acetylene was 45%. 

In this laboratory the apparatus shown in Fig. 6 was used for the low frequency 
decomposition of representative samples of U.S. gasoline 126). Operating at 60 Hz 
voltages up to 25 kV and discharge currents up to 10 mA significant amounts of 
methane, ethane, acetylene, ethylene and hydrogen were obtained 127). With increas- 
ing power input polymer deposition on the high tension electrode increased. There 
was a simultaneous increase in acetylene and methane yields and a decrease in ethylene 
yields. Fractionation of the feedstock during a run made it difficult to relate the re- 
mits quantitatively. Attempts to obtain a high degree of conversion to methane by 
varying the electrical and flow parameters were unsuccessful. The conversion to meth- 
ane was at best 15% of the input gasoline. 

Rowland 12s) has claimed that the cracking of low-grade oils by silent corona 
formed a good-quality gasoline with anti-knock properties. 

4.2 High Frequency Discharges 

There have been few investigations using high frequency discharges. Coates 129) stud- 
ied the dissociation of n-hexane by a 2.45 GHz microwave cavity discharge at 1 torr 
pressure in a flow system. The dissociated products were collected in a cold trap 
4 or 77 K) and analyzed by gas chromatography. Of the 25 products detected there 
was a relatively large number of C 6-C8 branched chain hydrocarbons. In this work 
and in a later work 13~ it was reported that hydrogen-saturated solid films were 
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Fig. 7. Distribution of gaseous products as a 
function of rf power in a n-octane plasma. (Re- 
drawn from Venugopalan, M., Hsu, P. Y.-W.: Z. 
physik. Chem. Neue Folge, 102, 127 (1976), by 
permission of the authors and the publishers, 
Akademische VerlagsgeseUschaft) 

produced. However, the decomposition of n-octane vapor in a 13.6 MHz rf discharge- 
flow system at 0.15 torr produced an unsaturated solid film 130. Formation of highly 
cross-linked polymers have previously been reported using electrode discharges in 
several paraffins la2' 1a3) 

At an n-octane vapor flow rate of 2.14 g/h about 66% decomposition occurred; 
of the octane decomposed, 15-20 wt % was converted to the solid polymer and the 
remaining to gaseous products of which H2 and C2 H2 were most abundant la 1). 
Increasing the rf discharge power from 50 to 140 W increased the polymer formation. 
The product distribution determined by in situ gas chromatographic analysis is shown 
in Fig. 7. Clearly dehydrogenation - hydrogenation and polymerization reactions 
occurred in the plasma. 

4.3 Electrical Arcs and Plasma Jets 

A number of arc reactors and plasma jets have been described for the electrocracking 
of liquid hydrocarbon fractions from petroleum distillation. Because of higher content 
of unsaturated hydrocarbons and the absence of 02, CO and CO2, plasma pyrolysis 
is preferred over oxidative pyrolysis. 

II'in and Eremin 134) carried out the pyrolysis of n-hexane, n-heptane, n-octane, 
iso-octane and low-octane gasoline using a 9 -18  kW electric arc at 5000 K in a flow- 
ing hydrogen plasma. At gas pressures of 1 -2  atm, arc currents of 5 -1 0  A and hy- 
drogen and hydrocarbon consumptions varying in the ranges 9 - 3 0  ma/h and 
1-19 s respectively, conversion to gases was nearly complete. The amount of 
solid products was negligible and 54% of the arc energy was utilized for C2 H2 and 
C2Ha formation. The data for iso-octane suggested that branching of the molecules 
did not favor acetylene formation. When a gasoline vapor - superheated (570 K) 
steam plasma was used for the same gasoline conversion, the yields of C2H2 and C2H 4 
were lower than those with the hydrogen plasma. 

In the gas phase above petroleum oil fractions at reduced pressures, the products 
formed were dependent more on gas pressure and type of discharge than on the type 
of oil 135). At pressures of 100 torr in an arc, hydrogen and carbon were the main 
products. As the pressure was reduced, acetylene was formed and at 12 torr the 
amount of  acetylene reached a maximum value which was 22% of the products. In 
a glow discharge methane, ethylene and other olefins were formed, the maximum 
value of ethylene being 22% of the products. 
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Table 5. Plasma jet pyrolysis of petroleum fractions 80) 

Flow rate 

Pyrolysis ~/min g/min Degree 
Material temperature - -  of con- 

Feed. version 
K Ar H 2 stock % 

Product yield, wt % 
of reacted material 

H2 CH 4 C2H 2 C2H4 C3H6 

Gasoline 1000 6 - 9.4 73 
1250 - 30 56.7 75 
1500 - 28 25.0 87 

n-Heptane 1500 10 - 8.2 79 
noButane a 1900 28 - 1.2 b 82 

2200 26 - 1.1 b 92 

4.8 7.7 18.0 41.5 - 
7.0 11.0 28.4 26.0 26.0 

12.8 9.2 33.0 19.8 21.8 
7.0 12.5 16.0 29.5 19.0 
2.5 28.8 15.6 49.4 3.7 
3.0 48.0 18.5 28.5 2.0 

a 84.5% n-butane + 8.3% n-propane + 6.5% ethane + 0.7% methane. 
b ~/min. 

Several papers s~ Sl, 83, 136-138) have been published by Polak and coworkers 

on the plasma jet pyrolysis of butane, n-heptane and low-octane gasoline. Their data 
are summarized in Table 5. As the number of carbon atoms in the feedstock in- 
creased, the yield of methane decreased. With gasoline a hydrogen plasma produced 
greater yields of acetylene than an argon plasma. Increasing the plasma temperature 
decreased ethylene and increased acetylene in the product gases. Propylene, which 
should not have formed at temperatures greater than t200 K on the basis of thermo- 
dynamic considerations, was invariably present in significant amounts. When hep- 
tane or gasoline was sprayed into the jet in the form of liquid droplets, the degree 
of conversion and the yields of individual products were lowered. 

Plasma pyrolysis of other oil refinery products as well as pyrolysis of crude oil 
have been reported. Conversions of 60-70% to C2H 2 and of 30-50% to C2H 4 were 
found for gasoline and diesel fuels 139' 140). Crude oil yielded C2H 2 + C2H 4 up to 
80% of the feedstock 14:). In the high conversion experiments hydrogen heated to 
4000 K in an electric arc was used as the heat carrier and the cracked gases were 
quenched using cheap, high-boiling oils. By directing an argon plasma jet into the 
surface of liquid kerosene, 29% C2H 2 and 10% C2H 4 were obtained in the prod- 
uct :42). With a nitrogen plasma jet the yield of acetylene was only 18% 143). Prod- 
ucts of a sample of crude oil in a nitrogen plasma jet 144) yielded ten fractions in the 
range 376-838 K, boiling range 50 ~ for each cut. Alkanes decreased with temperature 
from 72 to 0.8% by wt, but the following increased: naphthenes 12-76.7%, aro- 
matics 15.4-32.5%, unsaturateds 0.4-2.8%. The fractions were identified by column 
chromatography to contain greater than 90 compounds. 

In a nitrogen plasma jet concurrent flow of the plasma and petroleum vapor 
produced 15.4% C2 H2 and 23.9% unsaturated compounds 14s). With concurrent 
flow of the nitrogen plasma and liquid petroleum, 7.8% C2H2 and 11.5% unsaturated 
compounds were obtained. Countercurrent flow of the plasma to liquid petroleum 
produced 12.8% C 2 H2 and 20.5% unsaturated compounds. The addition of liquid 
petroleum to a plasma jet containing 50-50  mixture of hydrogen and methane prod- 
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uced 16.8% C2H2 and 26% unsaturated compounds. For a given energy input two- 
stage quenching in a hydrogen plasma jet yielded 30-40% more unsaturated hydro- 
carbons 9s). 

Many specially designed arc apparatus have been patented for the plasma treat- 
ment of petroleum fractions 146- is 1). Some of these permit cracking gas-liquid mix- 
tures or gas-solid mixtures in continuous process with recycling of undecomposed 
petroleum. In one such device 147) crude oil is mixed with an energy transfer medium 
(rare gas, alkali metal vapor) and the mixture formed into particles which are fed 
through the hollow cathode of an electrical arc sustained in the transfer medium. 

4.4 Submerged Ares in Liquid Petroleum 

Pechuro and coworkers 1s2-162) have used both non-stationary and stationary elec- 
tric arcs for the decomposition of liquid petroleum fractions. Besides acetylene and 
ethylene some methane was produced. For acetylene production power consump- 
tion in a stationary arc was lower than in a non-stationary arc. Because of the high 
dielectric properties of petroleum fractions the preparation of acetylene by the 
"electrocracking" of liquid petroleum was limited by the small distance between 
the electrodes. A low voltage ac arc (3 kW) in gasoline, kerosene and diesel fuel 
yielded 38-46 wt % acetylene. 

To produce a low-voltage non-stationary arc ls4) transformers were connected 
so as to provide a voltage of 60-300 V and graphite electrodes and spherical graph- 
ite intermediate current-carrying contacts 2 cm in diameter were submerged in gaso- 
line. With increasing voltage the concentration of acetylenic hydrocarbons decreased 
from 30.9 to 25.6%, the concentration of hydrogen increased from 56.7 to 62.7% 
and the concentrations of olefinic (8-10%) and paraffinic (3-4%) hydrocarbons 
remained almost constant, but the total yield of each of these groups of products 
increased. From 2.2-3.8 kg of petroleum raw material, one cubic meter of acetylene 
was produced with an electricity consumption of 9.2 kWhr using 16 intermediate 
contacts and a voltage of 220 V from a 3-phase power system. In an improved appa- 
ratus~SS, 156) in which the low voltage arc was stabilized with the help of a high- 
voltage high frequency discharge the product contained more acetylene and fouling 
of the electrodes with carbon black was prevented. 

In the stationary low voltage ac arc (0 .4-4  kW) gasoline was passed into the 
reaction zone through a bore in the lower hollow electrode and circulated ls7). With 
increasing circulation rate (0-17  s the C2 H2 yield increased from 22 to 30% 
while the yields of CH4 and C2H4 decreased and the power consumption decreased 
from 15 to 7.6 kWhr m -3 of C2 H2. For a given circulation rate an increase in the 
outer diameter of the hollow electrode and an increase in arc power decreased the 
hydrogen content of the product gases, increased that of CH 4 and C2H4, and did 
not affect C2H 2. 

In a high voltage ac arc operating at 15 kV and 40 mA the simultaneous decom- 
position of liquid n-undecane and gaseous natural gas (91% CH4) hydrocarbons was 
attempted. The discharge zone increased from 1.25 mm (without added gas) to 
5-6.5 mm (with added gas) and consequently the product yields increased ls8). How- 
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ever, the concentrat ion o f  acetylene decreased with increasing volume o f  added gas, 
perhaps due to a di lut ion effect. When gasoline and oil were cracked in cont inuous 
and long runs the products  contained 2 5 - 2 7 %  acetylene 16~ and the total  conver- 
sion of starting material to acetylenic and olefinic hydrocarbons was 52-64%.  When 
one or bo th  of  the fixed electrodes were replaced by  rotat ing disk electrodes 1s9' 161) 
the arc power, gas yields and rate of  carbon black deposi t ion decreased. For  acetylene 
production the power and feedstock consumptions were 8.6 kWhr/m 3 and 2.03 k_g/m 3, 

respectively. 
Several patents  have been registered for the continuous product ion of  acetylene 

by intermit tent  electric arc discharges between a mult ipl ici ty o f  carbon granules im- 
mersed between electrodes in petroleum fractions 163-175). Few articles have reviewed 
the work from time to time 176, 177). One design of the apparatus has automatical ly 
compensating electrodes for continuous operation 164, 165) Another  design has an 
electrode arrangement of  at least two roller-shaped and rotatable main electrodes 
and freely moveable auxiliary electrodes supported between the main parallel elec- 
trodes167, 168). Any change in the form or size of  the moveable electrodes changed 
the power consumption and product  output  178). Furuta  e ta l .  179) have reported that  

the wear rate of  the electrode increased with temperature of  heat  t reatment  and that 
the electrical conductivi ty of  the electrodes was crucial in pulsing the discharge. Addi- 
tion o f  a layer of  iron sand 166), quartz gravel 17~ a water suspension o f  a hydroxide  

such as Ca(OH)2, and mot ion  of  the conductive coke or graphite granules between 
electrodes 174) appeared to improve the electrical efficiency. In dc submerged arcS 
the highest acetylene yields were obtained with Zn, Hg and Pb cathodes, less with 
A1 and least with Fe, Cu and graphite cathodes 18~ Improved acetylene yields were 
found by  using a plurali ty of  arcs and by maintaining the petroleum fraction 15 to 
40 ~ below its boiling range at reduced pressure 168' 170, 181) 

Selected data on work using submerged arc in liquid petroleum are presented 
in Table 6. With pulsing the amount  o f  methane in the product  gases was increased. 
Pulse d discharge s in liquid hydrocarbons have been studied 171, 172,182, l s 3). With 

Table 6. Selected data on work with submerged arcs in liquid petroleum 

Petroleum Arc features Volume % Ref. 

fraction H2 CH 4 C2H2 C2H4 C2H6 C3H6 C3H8 

n-Propane 60 Hz high voltage 51.2 3.1 30.0 9.5 - 2.5 3.7 148) 
n-Butane 60 Hz high voltage 51.2 3.1 30.0 9,5 - 2.5 3.7 148) 
Kerosene 60 Hz high voltage 51.2 3.1 30.0 9.5 - 2.5 3.7 148) 

60 Hz low voltage 53.2 6.2 21.5 7.0 - - 3.0 175) 
Fuel oil 60 I-lz high voltage - - 55 40 - - - 166) 
Diesel oil 60 Hz low voltage 50 5.0 30 I0 - - - 170) 
Heavy oil 20-100 kHz pulsed 7.5 15.6 51 7.4 2.4 6.1 0.5 171) 

high voltage 
100 kHz pulsed low 25 11 - - 45.5 - - 172) 
voltage 

Mineral oil 60 Hz high voltage 50 - 36 8 4 2 _ 182) 
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heavy oil as the feedstock little ethane was found in one investigation 171) while con- 
siderable amount of ethane was reported in another investigation 172). When iso- 
octane 182) was used the product yield was independent of liquid flow rate and pulse 
frequency (200-800 Hz); however, the product yield increased with decreasing pulse 
time (0.2-1.2 ~s) and decreased with increasing electrode separation (0.35-3 mm) 
and applied voltage (0.6-2.2 kV). For every mole of iso-octane decomposed, 
2.19 mole H2, 1.8 mole CH4, 1.4 mole C2H2, 0.43 mole C2H 4 and 0.27 mole C3H 6 
were formed. Similar results were obtained for the normal Cs-C7 paraffins. In an- 
other investigation 171) pulsed current increased the acetylene content of the product 
gases, but considerable amount (20%) of butene was found. Hydrocarbons up to Cs 
were found when paraffin oil, transformer oil and so forth were subjected to high 
voltage discharge 183). One high voltage pulse discharge technique 184) yielded con- 
siderable amount of carbon black (30%) from a number of paraffinic and cyclic 
hydrocarbons, yet the product gases contained 30% C2 H2 and 15% C2 H418s) 

Novikova186, 187) has studied the micro discharges produced between carbon- 
aceous granules placed in vertical fused silica reactors containing n-heptane or gaso- 
line. Fixed wire electrodes of Mo or Fe were arranged in different planes. Intense 
arcs were produced when 4-5  mm diamter granules of activated charcoal or bitumi- 
nous coal coke were used as the moving electrodes. Besides the quality and grain size 
of the carbonaceous granules the voltage and the number of electrodes influenced 
the discharge intensity. The following yields of gases were found: 3.5% C2H2, 
12.4% C2H4, 2.2% C3H 6 and 2.8% C4H 8 when the electrodes were arranged in a sin- 
gle plane and 8.1% C2H2, 19.4% C2H4, 3.6% C3H 6 and 2.7% C4H 8 when the elec- 
trodes were arranged in five planes. Using the latter arrangement for n-heptane and 
gasoline, the yield of all unsaturated hydrocarbons amounted to 41% and 34.6 wt %, 
respectively; acetylene amounted to 8.5 and 5.8%, respectively; and ethylene 20.4 
and 18.0%, respectively. The concentration of unsaturated hydrocarbons increased 
with decreasing contact time and increasing voltage, other parameters remaining the 
same. Increasing the mobility of the particles of carbon packing or the pulse dura- 
tion in a voltage condenser discharge increased the total yield of unsaturated com- 
pounds to 73% and the ethylene yield to 27% 188' 189). Micro discharges with the 
presence of significant number of high temperature discharges in the reaction zone, 
with a relatively low wall temperature and with circulation of kerosene produced 
55% C2H2, 14% C2H4 and 27% H219~ 

Water emulsions 191-193) of hydrocarbons have been treated in electrical dis- 
charges. Water-crude oil emulsions containing 17% water was cracked in a micro dis- 
charge yielding more C2H 2 than an emulsion containing 30% H 20. The product gases 
contained 23-28% C2H2,4-6% CH 4 and 5-7% C2H 4. The power consumption was 
9-9.5 kWhr/kg C2H2. With olefin foams 194) more polymers than gases were produced. 

When the C2H2/C2H 4 ratio in the product gas was high more carbon black sepa- 
rated suggesting that the primary decomposition product was C2H219s). The deposi- 
tion of carbon was favored by using an electrode of low heat conductivity such as 
carbon and by using a feedstock such as decalin, the vapor pressure of which presum- 
ably hindered the cooling of acetylene. An electrocarbonizer 196) of liquid hydrocar- 
bons has been described for production of very finely divided carbon. It uses electri- 
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�9 Table 7. Laser irradiation of crude oil 197) 

Product, vol % Crude oil 

Vacuum Helium 

H 2 19 49 
CH 4 12 11 
C2H 2 10 20 
Other hydrocarbons 56 10 
CO + CO 2 1 9 

cal discharges at 40 -220  V through moving granules of electrode coke and the liquid 
which is kept at < 300 K by water cooling. 

4.5 Laser Irradiation 

Laser pyrolysis with six pulses of 6-J ruby laser of crude oil (39% C, 58.7% H) prod- 
uced simple gas mixtures of H 2 , CH 4, C2 H2 and higher hydrocarbons 197). In a hel- 
ium atmosphere (600 torr) the yield of H 2 and C2H2 increased at the expense of 
higher hydrocarbons while that of CH 4 remained unaffected (Table 7). 

4.6 Plasma Desulfurization of  Petroleum 

The possibility of achieving desulfurization of heavy fuel oils and petroleum prod- 
ucts by electrical discharge has been discussed occasionally 197-2o0). Among the 
frequently occurring sulfur compounds associated with petroleum products are the 
sulfides, disulfides, mercaptans and thiophenes 2~ 202). 

As early as 1876 Berthelot 2~ introduced the vapors of organic sulfur compounds 
into electric spark and obtained decomposition to C, S, H2S, C2H2 and H2. Similar 
treatment of dimethyl sulfide in an ozonizer 2~ gave an insoluble liquid containing 
C5H12S4, C7H14S 6 and C7H16Ss, in addition to gaseous products which were not 
analyzed. In recent literature there are few papers which attempt to establish the 
plasma chemistry of sulfur-containing organic compounds. 

Allt and coworkers 199) studied the effects of a low frequency (50 Hz) semi- 
corona discharge on CS2, C2Hs SH, CsHIISH,  C4H4S and (C6HsCH2)2S present 
as i - 2 %  sulfur-hydrocarbon mixtures. The discharge tube consisted of a quartz air 
condenser inserted vertically into a 100 cm 3 round bottom flask. The inner electrode 
consisted of either a stainless-steel or a copper rod passing vertically and centrally 
through the air condenser; the outer electrode was a thin layer of aluminum foil 
wrapped around the exterior surface of the condenser. The gap between the inner 
electrode and the inner walls of the condenser was 3 ram. The discharge with a cur- 
rent of 18 mA was established at atmospheric pressure by applying 15 kV. Sulfur 
compounds in petroleum spirit were discharged under (1) distillation and (2) reflux 
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Table 8. Effect of a semi-corona discharge on organic sulfur/hydrocarbon mixtures 199) 

Sulfur B.P. range of hydro- 
compound carbon in the mixture, 

~ 

Effective desulfurization, % 

Distillation Reflux a 

CS 2 40- 60 <0.05 7.3 (17.4) 
C2HsSH 40- 60 0.3 19.2 (42.8) 
CsH t 1SH 100-120 4.2 3.5 (11.8) 
C4H4S 80-100 7.0 10.7 (18.6) 
(C6HsCH 2)2 S 156-170 12. 9 b - 
Kerosene 163-259 - (5-6) 

a Values given in paranthesis refer to copper electrodes. 
b Thermal decomposition occurred. 

conditions. The extent of  desulfurization was followed by direct microchemical 
analysis and/or gas-liquid chromatography of the various liquid fractions collected 
at 5 rain intervals and of the residual liquors. In almost all instances the reactions 
were accompanied by the formation of polymeric solid material which varied in 
color from black for pure CS 2 to yellow for thiophene - hydrocarbon mixtures. 
Data given in Table 8 show that the discharge experiments performed under reflux 
conditions yielded better desulfurization results than experiments performed under 
distillation conditions. 

A sample of kerosene containing 0.1 wt% sulfur showed little desulfurization 
even under reflux conditions 199). The extent of desulfurization could apparently 
be extended to as much as 50% by passing the discharged liquid over alumina. 

Since hydrogen sulfide was evolved in the electrical discharge, the dissociation 
of both the hydrocarbon phase and the sulfur compound must have occurred. The 
absence of H 2 S when pure thiophene was used is suggestive of the need for excess 
H atoms for effective plasma desulfurization. 

The plasma chemistry of carbon disulfide is interesting. Invariably a brownish- 
black solid is formed immediately on initiating the discharge. The solid is believed 
to be a polymer, probably of composition (CS)n or (CS2)n, the former necessarily 
involving desulfurization. Klabunde and Skell 2~ have reported that arc-generated 
carbon atoms abstract sulfur from carbon disulfide and thioethers yielding (CS)n 
polymers. In high-frequency low temperature plasmas CS 2 was readily formed from 
carbon and sulfur-containing materials 2~ 

Some work has been done with thiophene and its derivatives using 27 MHz low 
pressure (I torr) glow discharges. Fjeldstad and Undheim 2~ have found that sulfur 
is a major product in the plasma reaction of thiophene; phenylacetylene and sulfur 
were the only products in the case of benzothiophene. According to Suhr 2~176 thio- 
phene gave a considerable amount of polymers. By addition of hydrogen or water 
to the thiophene plasma the polymerization could be suppressed and hydrogen sul- 
fide and hydrocarbons produced. Treatment of tetrahydrothiophene in an rf plasma 
gave hydrogen sulfide and a mixture of unidentified simple hydrocarbons. Dibenzo- 
thiophene could be desulfurized quantitatively. Dibenzyl disulfide eliminated sulfur 
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in high yields as S, H2S and methyl mercaptan and sulfur-free hydrocarbons remained. 
However, thioanisole gave a number of different products some of which contained 
sulfur. With dibenzothiophene 5,5-dioxide Suhr and Henne 2~ reported 46% con- 
version to biphenylene and dibenzofuran in the ratio 5 : 2, along with small amounts 
of dibenzothiophene and naphthalene. 

Plasma reactions in which H 2 S was eliminated from compounds such as CTHIsSH 
and (C7 Hi s)2 S have been reported2~ 

CTHIsSH = C7H14 + C7H16 

(CTHIs)2S = C7H14 + C7H16 

The selectivity of these reactions is achieved only in low pressure experiments, typi- 
cally at 1 torr. Using an apparatus similar to that shown in Fig. 6 the elimination of 
both S and H2 S in the decomposition of dimethyl sulfide has been observed over 
a wide range of pressures (10-500 tort) 21~ The hydrocarbon products were C2H6, 
C 2 H 4 and CH 4, in order of decreasing yield. Both H 2 S elimination and methane 
formation were favored by addition of hydrogen to the discharge. For this reason 
it may be interesting to study the chemistry of sulfur-containing compounds in hydro- 
gen plasmas. At present sulfur removal from petroleum is usually accomplished by 
hydrogen treatment at 500-700 K and 3 -70  bar in the presence of cobalt and molyb- 
denum catalysts. 

When gasoline was cracked in a high-frequency discharge desulfurization was ob- 
served with an efficiency of 60% 211). Very short exposure of heavy oil to a weak dis- 
charge resulted in 50% desulfurization 212). Heavy oils containing dispersed carbon 
black were desulfurized by exposing to microwave discharges under a hydrogen 
atmosphere2l 3). When a pulsed electric discharge at 100 kHz was used 20% of the 
original (3%) sulfur in heavy oil was evolved as hydrogen sulfide 2t4). Even asphalt 
has been reported to desulfurize in a hydrogen plasma jet 2Is). 

In view of the recent successful desulfurization of gasoline by metallic sodium 216) 
at 500-600 K experiments using plasmas in mixtures of sodium vapor and sulfur 
compounds may demonstrate plasma chemistry that is useful for petroleum desul- 
furization. 

While desulfurization of petroleum fractions is a possibility more quantitative 
work is necessary before the plasma technique can be applied on industrial scale. 

5 Plasmas in Coal 

Coal is generally classified according to the degree of increased exposure to the meta- 
morphic conditions of heat and pressure. Four broad sequential stages of coal forma- 
tion are recognized; each stage represents an increase in the rank of the coal. The 
approximate compositions observed for the various ranks of coal are given in Table 9 
on a dry, mineral-free (dmf) basis. Major changes in composition which occur as the 
carbonization process goes on are the increase in carbon content and the decrease in 
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Type of coal Moisture as 
found, % 

Percent, dry, mineral-free basis (dmf) 

C H O N 

Peat 70-90 45-60 3.5-6.8 20-45 0.75-3.0 
Lignite (brown) 30-50 60-75 4.5-5.5 17-35 0.75-2.1 
Bituminous 1-20 75-92 4.0-5.6 3-20 0.75-2.0 
Anthracite 1.5-3.5 92-95 2.9-4.0 2-  3 0.50-2.0 

oxygen and moisture contents. In addition to those elements given in Table 9 coal 
contains many other elements, mostly in trace amounts. Of significance is the amount 
of sulfur and ash when the environmental impact of  coal burning is considered. 

The molecular structure of  coal is not fully understood 218-22o). A representa- 
tive structure for coal might consist of  small condensed-ring clusters, the outer rings 
of which are bonded to H or chemical groups that readily replace H. In addition, 
some atoms of O, N, S and various metals are found in some of the rings or between 
clusters. Oxygen occurs predominantly as phenolic or etheric groups with less amounts 
of carbonyls, carboxylic acids or esters. Sulfur is found with bonding similar to that 
of  oxygen. Nitrogen occurs predominantly as pyridine or pyrrolic type rings; the pres- 
ence of amide groups in coal is undefined. Metals are found as salts or associated with 
porphyrins. 

5.1 Low Frequency Discharges 

A few investigations have been reported on the treatment of coal in low frequency 
discharges. In a high voltage hydrogen discharge at 0.9 torr using internal electrodes 
the rate of methane formation from sub-bituminous coal (70.5% C, 5.1% H, 23.4% O) 
increased from 0.1 to 0.4 ml g-  1 min-  1 as the voltage was increased from 5 to 6 kV 
at 30 mA 221). With increasing hydrogen pressure (0. I - 1 . 0  tort) the rate of methane 
formation increased at first rapidly and then slowly. When two coals with essentially 
the same H (5%) and H20 ( 7 - I  1%) but different amounts of C (70 and 90%) and 
O (23 and 4%) and surface areas in the ratio 5:1 were used the rate of methane for- 
mation was in the ratio 3:2 suggesting that the reaction occurred essentially at the 
immediately available surfaces. The formation of methane and smaller amounts of 
higher paraffins was determined by the reaction locale. Coal inside the luminous 
discharge zone showed zero order kinetics and farther downstream non-zero order 
kinetics. In the former case all the hydrocarbons except n-butane were generated 
at substantially constant rates (CH 4 : C2H 2 : C2H6 : C3H 8 = 150 : 4 : 1 : 1). The rate 
of n-butane formation fell rapidly to zero with increasing discharge time. For the 
latter situation all hydrocarbon rates diminished with discharge time. Further, eth- 
ylene, instead of ethane, was formed during the initial stage and n-butane through- 
out the discharge period. From these results Sanada and Berkowitz stated that the 
higher (C2-C4)  hydrocarbons were derived from non-aromatic "precursor" confi- 
guration in coal. 
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Based on changes in elemental composition, X-ray crystallographic structural 
studies, IR and NMR spectral characteristics of coal treated in electrode discharges 
containing hydrogen Kobayashi and Berkowitz 222) concluded that the overall reac- 
tion involved a number of effectively competing processes. The primary reaction 
was methane formation, presumably by reaction of H with existing CH 3 and CH 2 
groups on coal surface and subsequent volatilization to the gas phase. Higher hydro- 
carbon formation was ascribed to secondary processes, perhaps arising from evapo- 
ration of substituent chains or rings in coal and their subsequent reactions with ex- 
cited hydrogen species in the gas phase. 

Electrodeless 60 Hz discharges in bituminous coal have been studied 223). The 
apparatus was similar to that shown in Fig. 6 except that the coal was packed into 
the annular space inside the Siemens tube and degassed. In near room temperature 
experiments using 26 kV and 2.6 mA, the gaseous products pumping out of the 
plasma zone in time intervals varying in the range of 10-100 min consisted mainly 
of H 2 and CO, with small amounts of methane. The addition of He or Ar (25 tort) 
generally decreased the product yields and the conversion of carbon into methane. 
More methane was produced in experiments in which hydrogen was added to coal 
which had not previously been subjected to a plasma. The ESR spectrum of plasma- 
treated coal 224) showed a 2.5-fold increase (10 x8 spins/g) in the spin concentration 
over an untreated sample suggesting that a free radical mechanism may be involved 
in the gasification process. Further work 225) has indicated that low power hydrogen 
discharges in coal under nearly pyrolytic conditions achieved by heating enhanced 
the methane production considerably. 

Cokes prepared from coal by low-temperature plasma treatment have larger sur- 
face area than those prepared by normal or rapid heating 226). 

5.2 High Frequency Discharges 

In the high-frequency category of discharges, several investigations of coal have been 
reported. All of these investigations use microwave (2.45 GHz) excitation. Use of 
rf (1-200 MHz) excitation has not been reported yet, perhaps due to difficulty in 
sustaining the discharge at gas pressures produced on volatilization of the coal. 

The microwave discharges were produced at power levels of 25-50  W in an air- 
cooled Opthose coaxial cavity in which the coal sample was placed. Both static and 
flow systems were used and the discharge pyrolysis of coal was performed in vacuo 
and in the presence of added gases such as Ar, H2, 02, N2, CO2 and H2 O227' 228) 
The types of coal studied included lignite, low (lvb), medium (mvb) and high (hvab) 
volatile A grade bituminous coal and anthracite (Table 9). The conversion of  carbon 
to hydrocarbons was found to depend on the amount and type of volatile materials, 
the carbon content and type of carbonaceous materials, as well as the added gas and 
the type of reactor used. 

5.2.1 Static Systems 

In a series of papers Fu and Blaustein 229-2al) reported that coals of various ranks 
readily evolved enough of their volatiles to initiate and sustain the discharge at power 
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levels o f  50 W. Tars were deposi ted  on the reac tor  wall immedia te ly  after the dis- 

charge appeared.  Excep t  for  lignite (b rown coal)  for  which  the pressure rise was quick 

there exis ted usually an induc t ion  per iod before  an extensive bui ld-up o f  gases. In 

presence o f  argon the induct ion  per iod for  gas evolu t ion  did no t  exist.  F o r  each rank, 

the pressure reached a plateau after  a short  per iod,  this per iod being shorter  in the 

presence o f  argon; the ex ten t  o f  volat i l izat ion increased with  volati le ma t t e r  o f  the 

coal, b u t  was una f fec ted  by  the added argon. 

Mass spec t romet r ic  analyses of  the p roduc t s  f rom four  d i f ferent  vitrains are given 

in Table 10. The  major  p roduc t s  were  H 2 and CO and the minor  p roduc t s  C2H2,  CH 4 

and CO2. Significant  amount s  o f  CO and CO 2 were ob ta ined  f rom lignite due to the 

presence o f  relatively large amount s  o f  oxygen  in the sample. When the decomposi -  

t ion 227) o f  l ignite was carried ou t  in a CO2-Ar  (4 :  1) discharge, the hydroca rbon  

yields decreased, bu t  CO fo rmat ion  increased wi th  t ime indicating that  the hydro-  

carbons were ox id ized  by  active species p roduced  f rom CO2. However ,  an A r - H  2 

or A r - H  2 O discharge decreased the CO2 fo rma t ion  while CO fo rma t ion  was l i t t le  

affected.  Excep t  in the case o f  lignite, the addi t ion  o f  H 2 appeared to  favor  the hydro-  

carbon produc t ion .  

Fo r  the invest igat ion o f  compos i t ion  of  the gases evolved at d i f ferent  stages of  

the volat i l izat ion,  pyrolyses  have been  carried ou t  wi th  in ter rupt ions  o f  the  dis- 

charge231). For  b o t h  lignite (67% C) and hvab coal (82% C) the concen t ra t ion  o f  H2 

increased bu t  that  o f  CO and CO 2 decreased, in analogy to thermal  decompos i t ion  

Table 10. Products from discharge pyrolysis of coal in vacuum and in the presence of added 
gases in static systems 23~ 231) 

Rank of Reaction Pressure of added Product, mmol/g solid 
coal time, rain gas, torr 

Ar H 2 H20 H 2 CH 4 C2H 2 CO CO 2 

Lignite I0 - - - 8.65 0.27 0.78 8.35 0.87 
5 5.1 - - 8.68 0.21 1.04 7.95 0.86 
1 2.2 21.6 - 2.54 a 0.21 0.93 6.62 0.35 
1 8.8 - 11.0 8.9 0.15 1.00 8.72 0.50 

lvb 20 - - - 12.0 0.14 0.79 1.13 0,01 
20 5.1 - - 11.3 0.40 0.88 1.08 0.02 

1 2.2 21.6 - b 0.38 1.75 0.81 0.01 
1 7.7 - 10.0 2.09 0.11 1.36 2.58 0.05 

hvab 20 - - - 10.3 0.35 1.50 3.57 0.08 
20 5.1 - - 9.85 0.25 1.58 3.19 0.07 

1 2.3 22.7 - 6.39 a 0.47 3.11 2.11 0.02 
1 8.2 - 10.5 5.64 0.20 2.44 4.48 0.20 

Anthracite 20 - - - 6.02 0.50 0.18 0.39 c 
20 5.1 - - 6.45 0.04 0.02 0.42 c 

1 2.4 22.6 - b 0.46 0.96 0.30 c 
1 5.0 - 7.3 4.54 0.06 1.04 4.24 0.08 

a Net increase in H 2. b Net decrease of H 2. c Trace amount. 
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Fig. 8. Gas composition at various stages of micro- 
wave pyrolysis (solid curves) and thermal pyrolysis 
(broken curves) of hvab coal. (Redrawn from Fu, 
Y. C., Blaustein, B. D.: Ind. Eng. Chem., Process 
Design Develop. 8, 257 (1969), by permission of 
the publishers, the American Chemical Society) 

of coal where similar trends were observed as the decomposition progressed with 
temperature (Fig. 8). This indicated that in the later stages the surface oxygen groups 
were largely removed and the gas evolution was chiefly due to volatilization of H 
species and perhaps hydrogenated carbon species. The major hydrocarbon products 
of discharge pyrolysis were C2H 2 and CH 4 while those of thermal pyrolysis were 
CH 4 and C2H 6. In the discharge pyrolysis, the concentrations of the hydrocarbons 
were nearly constant in the earlier stages; they, however, decreased at the later stages. 
In the thermal pyrolysis the ethane concentration varied in a similar fashion, but the 
methane concentration passed through a maximum near 800 K. Certainly, this tem- 
perature region of plasmas in coal needs to be further investigated (Sect. 5.1). 

The absence of higher hydrocarbons in the products suggested that fragmenta- 
tion rather than combination of radicals detached from coal was favored under plas- 
ma conditions. This aspect was confirmed by cooling one end of a h-shaped reactor 
with liquid nitrogen (77 K) while the other end containing the hvab coal was dis- 
charged. Indeed, substantial amounts of higher hydrocarbons were formed and the 
yield of gaseous products as well as the conversion to hydrocarbons were increased. 

Experiments similar to those described above have been reported for nearly the 
same conditions but with added N2232). In addition to the usual H 2 and CO, HCN, 
C2H2, small amounts of (CN) 2 and CH4 were found in the products. By trapping 
at 77 K more than 42% of C in the hvab coal was converted to HCN and C2H2. Of 
course, small amounts of  higher hydrocarbons were formed in the cold trap. 

5.2.2 Flow Systems 

A number of experiments 227' 228) have been performed using reactors (a) and (c) 
shown in Fig. 9; reactor (b) has the disadvantage of limiting the flow rate because 
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Fig. 9. Reactors used in microwave dis- 
charge-flow system for coal gasification. 
(a and b redrawn from Fu, Y. C., Blau- 
stein, B. D., Wender, I.: Chem. Eng. 
Progr. Syrup. Set. 67, 47 (1971), by per- 
mission of the authors and the publishers, 
American Institute of Chemical Engineers) 

of  the fr i t ted disk. Most experiments  done with reactor (a) used a flow rate of  
1 cma/min  at 10 tort  pressure. The initial rates of  total gas product ion were esti- 
mated to be 4.9 x 10 - 2  and 2.1 x 10 - 2  mole min -1  g-1  for lignite and hvab coal, 
respectively. Gasification of  10 mg samples was nearly complete in 30 min except  
for slow degassing of  small amounts of  H 2. The extent  of  gasification after 30 min 
was 42.5% for lignite and 35.5% for hvab coal. Hydrogen and carbon monoxide  were 
the major products;  methane,  acetylene and ethylene were the major hydrocarbon 
products. 

Variations in rate of  product ion of  H2, CO, CO2, CH 4 and C2H n (= C2H 2 + C2H4) 
from lignite and hvab coal in Ar discharge are shown in Figs. 10 and 11. The initial 
product ion rates of  methane and the other hydrocarbons were greater with lignite 
than with hvab coal. Figure 10 also compares variations in the rate of  gas product ion 
from lignite in Ar and H 2 + Ar (4:  1) discharges. The constancy o f  the rate curve for 
H 2 in the later stages represented the constant flow of  hydrogen as the reactant  gas. 
In the initial stages the rates of  format ion o f  CO, CO2 and C2H n were decreased and 
of  CH 4 appeared to be unaffected. The rate curves for methane formation,  however, 
showed that the discharged hydrogen continued to react with the remaining carbon 
in lignite to form methane at a constant rate in the later stage. When CO2 was used 
in place of  hydrogen,  the rate of  hydrocarbon format ion was reduced drastically. 
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Fig. 10. Variation in rates of H2, 
CO, CO2, CH 4 and C2H n (= C2H 2 + 
+ C2H4) formation from lignite in 
argon (solid curves) and in argon-hy- 
drogen (broken curves) discharges 
with time. For both discharges the 
rates of methane formation are identi- 
cal. (Redrawn from Fu, Y. C., Blau- 
stein, B. D., Wender, I.: Chem. Eng. 
Progr. Symp. Set. 67, 47 (1971), by 
permission of the authors and the pub- 
lishers, American lstitute of Chem- 
ical Engineers) 
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Fig. 11. Variation in rates of H2, CO, CO2, 
CH 4 and C2H n (= C2H 2 + C2H 4) forma- 
tion from hvab coal in argon discharge 
with time. (Redrawn from Fu, Y. C., Blau- 
stein, B. D., Wender, I.: Chem. Eng. Progr. 
Symp. Set. 67, 47 (1971), by permission 
of the authors and the publishers, American 
Institute of Chemical Engineers) 

When the discharge products were condensed in a liquid nitrogen-cooled trap, 
acetylene, ethylene, higher molecular weight hydrocarbons (up to C8, including 
cyclic compounds), CO2, HCN and water were detected. Table 11 contains the mass 
spectrometric analyses of products from discharge flow systems after 30 min of reac- 
tion time. The non-condensable gases H2, CH 4 and CO apparently accounted for the 
differences between the weight loss of solid and the weight of condensable products 
collected. A comparison with the data given in Table 10 suggested that ethylene was 
formed at the expense of acetylene. Losses in weight of the solids in the flow system 
were higher than the amounts of the total gaseous products obtained in the static 
system. Perhaps the attainment of a steady state is responsible for the smaller extent 
of gasification in the static system. 

Table 11. Condensable products from discharge-flow systems 227) 

mmol/g solid 

Product Hvab coal Lignite 

Ar Ar Ar + H 2 Ar + CO 2 

C2H 2 0.96 0.75 0.99 0.24 
C2H 4 0.26 0.41 0.21 0.03 
C2H 6 0.09 0.07 0.06 0.02 
C3H 6 0.03 0.04 0.03 0.01 
C3H 8 0.01 0.01 0.01 b 
C4H 2 0.03 0.06 0.05 0.01 
C6H 6 0.02 0.02 0.02 b 
CO 2 0.86 1.71 1.46 3.11 a 
HCN 0.37 0.13 0.13 0.06 
H20 0.49 0.39 0.48 0.37 

Total condensables, 9.5 12.5 14.8 21.4 a 
wt % solid 

Wt. loss of solid, % 35.5 42.5 43.7 51.0 

a Urtreacted CO 2 included, b Trace amount. 
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Fig. 12. Variation in rate of HCN and 
(CN) 2 formation from mvb coal in nitro- 
gen discharge with time. Open points for 
rates in the luminous zone; shaded 
points for rates downstream from the 
plasma. (Redrawn from Nishida, S., Berko- 
witz, N~: Fuel 52, 262 (1973), by permis- 
sion of Dr. Berkowitz and the publishers, 
IPC Business Press Ltd.) 

There is only one report 228) on the gasification of  coal in a nitrogen discharge- 
flow system. These experiments were performed with a variety of  subbituminous 
and bituminous Canadian and Japanese coals. Typically a 50 mg sample was evacu- 
ated at 400 K and discharged in reactor (c) of  Fig. 9 with a nitrogen flow of  5 cma/min 
at power levels of 2 5 - 5 0  W. Reaction temperature during a run was controlled and 
measured. Products were analyzed gas chromatographically. The major product was 
HCN which, depending upon the rank of  the coal, was initially produced at rates 
ranging from 0.5 to 0.03 cm 3 g-1 min-1 at STP. As reaction continued, these rates 
invariably fell quickly, usually dropping to to one-third or less o f  the initial value 
after 2 - 3  h. Generation o f  cyanogen proceeded much more slowly than hydrogen 
cyanide in the early stages o f  reaction. Typical rates were one-fifth to one-tenth o f  
the corresponding rate for HCN. 

Neither rates were influenced by the reaction locale, that is, by whether the reac- 
tion took place in the luminous discharge zone or some short distance from it 
(Fig. 12). However, unlike the HCN production rate, the CN rate generally tended 
to attain constant value after 1 h. In consequence, the (CN)2/HCN yield ratio in- 
creased slowly as reaction progressed. For a Canadian coal (88.3% C, 5.1% H) this 
ratio changed with temperature of  the reactor, steadily decreasing up to 460 K and 
thereafter rising again (Fig. 13). The inset in Fig. 13 shows the manner in which 
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Fig. 13. Variation of(CN)2/HCN yield 
ratio with temperature for Canadian 
coal, as determined for 30 min reaction 
period. Shaded points for reaction 
in the luminous discharge zone; open 
points downstream from the luminous 
zone. Inset shows variation of cumulative 
2-h yields and (CN)2/HCN yield 
ratio with rank of Canadian coal. 
(Redrawn from Nishida, S., Berko- 
witz, N.: Fuel 52, 262 (1973), by 
permission of Dr. Berkowitz and the 
publishers, IPC Business Press Ltd.) 
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cumulative 2 h yields of HCN, (CN)2 and the (CN)2/HCN yield ratio varied with 
rank of coal. Neither rates of  production were changed by varying the particle size 
of coal. Unlike the generation of HCN, (CN)2 and CO2 the rate of formation of CO 
was determined by the reaction locale. 

Progress of  the reactions in the above system was studied by measuring changes 
in the intensities of several diagnostic IR absorption bands with respect to time. 
Based on IR spectral changes accompanying the reaction and the rate measurements 
it was concluded that HCN was mainly formed from non-aromatic CH in coal and 
that (CN)2 was formed for the most part in aromatic structures, though some could 
also form in competition with HCN from non-aromatic CH. Rate data obtained in 
subsequent experiments in which nitrogen-hydrogen mixtures were used supported 
these conclusions. In these experiments 283) the rates of HCN production were 
10-50 times greater than in the nitrogen discharges. The generation of hydrocarbons 
was minimal and detectable amounts of ammonia were not found. Based on addi- 
tional experiments 233) in which pure H-free spectroscopic carbon was used in place 
of coal, it was further concluded that the enhanced formation of HCN was control- 
led by transient hydrogenation of aromatic carbon and consequent generation of 
additional nonaromatic reaction centers which could then be abstracted by excited 
nitrogen atoms. 

5.3 Electrical Arcs and Plasma Jets 

Both the electric arc and the plasma jet have been used for the pyrolysis of coal. Ace- 
tylene is the principal hydrocarbon product, its yield being three times more in a 
hydrogen atmosphere than in an argon atmosphere. Since the thermodynamic sta- 
bility of acetylene decreases rapidly below about 1600 K, the product gases must be 
quenched rapidly in order to prevent the decomposition of acetylene (Sect. 2). 

During the last decade several attempts have been made to optimize the pyro- 
lysis process with respect to coal rank, particle size, the discharge atmosphere and 
quenching. 

5.3.1 Electrical Arcs 

The early arcs  234-236) used coal as the consumable anode of a direct current arc 
(Fig. 14). In the process crushed coal, typically 10-20 mesh, was fed into an elec- 
tric discharge sustained between a graphite cathode and the coal at a feed rate con- 
sistent with the surface pyrolysis rate. The rapid heating occurring at the surface 
pyrolyzed the coal. The hydrocarbon products were quenched downstream of the 
arc zone by injecting a gas to preserve the acetylene produced in the discharge region; 
the solid residue of char and undecomposed coal, if any, spilled over the sides of the 
anode feed tube. Gas chromatographic analyses 236) of the products showed that at 
power levels of 15-45 kW the yield of acetylene was 2 - 3  times greater with hydro- 
gen than with argon as the quench medium. 
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Fig. 14. Coal gasification. Arc coal 
reactor. (Redrawn from Krukonis, 
V. J., Gannon, R. E., Modell, M.: 
in Advances in Chemistry Series 
No. 131, pages 30-33 (1974), 
Massey, L. G. (ed.), by permission 
of the authors and the publishers, 
the American Chemical Society) 

Based on the minimal acetylene yields in experiments 236) using hydrogen-free 
char in the arc environment it was concluded that additional reactions occurring 
between carbon in coal and the gaseous hydrogen environment were not responsible 
for the improved acetylene yields with a hydrogen quench. Further, in the absence 
of  quench the decomposition of  acetylene in the product flow occurred readily. One 
of  the most serious causes of  acetylene decomposition was the contact between the 
incandescent surface char layer and the acetylene which was generated below the 
surface (Fig. 14). 

A schematic of  a rotating arc 236' 237) is shown in Fig. 15. Powdered coal, typi- 
cally 100 mesh, was carried downward via hydrogen through a magnetically rotated 
arc region at a velocity of  several m/s. A few cm downstream the hydrocarbon flow 
was quenched. As in the consumable anode arc, hydrogen produced substantially 
higher acetylene yields than did an argon quench. When acetylene itself was injected 
into a C-free plasma stream, it was found that the extent o f  acetylene decomposed 
was 60% with an argon quench as compared to 10-12% with a hydrogen quench. 

In another experiment s 36) it was found that the decomposition of  acetylene in 
both hydrogen and deuterium was identical and low relative to He, Ar or N 2 suggest- 
ing that physical properties such as thermal conductivity, diffusivity or heat capacity 
of  the quench were not the reason for the acetylene-preservation in hydrogen. Mass 
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Fig. 15. Coal gasification. Rotating arc coal reactor. 
(Redrawn from Krukonis, V. J., Gannon, R. E., 
Modell, M.: in Advances in Chemistry Series No. 131, 
pages 30-33 (1974), Massey, L. G. (ed.), by per- 
mission of the authors and the publishers, the 
American Chemical Society) 
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spectrometric analyses of the deuterium samples showed that H-D interaction to 
form C2HD (15%) and C 2 D 2 (84%) was occurring during the plasma quenching step. 
This indicated that almost all of the C2H 2 had exchanged with D 2 to form C2HD 
and C2D2. Thus, a previously proposed quenching mechanism s, 7) which suggested 
rapid cooling of C2H 2 and also required recombination of C2H radical with H ap- 
peared unlikely. In yet another experiment 236) a 50-50  mixture of 12C and 13C 
acetylenes were injected into a hydrogen plasma stream. Mass spectrometric analysis 
showed that nearly all the carbons in the acetylene were exchanged. 

To account for the essentially complete interchange of both C and H atoms Kru- 
konis et al. 236) suggested a chain mechanism in which the chain was initiated by the 
fragmentation of a relatively few C2H2 molecules into C2 H, C2, CH and H species. 
Collision of the fragments with C2H 2 molecules then led to exchanging of atoms and 
splitting to additional fragments. As the reaction mixture cooled downstream, the 
number of collisions would decrease and the chain would eventually be terminated 
by the recombination of two CH fragments or a C2 H and H to form acetylene. 

Pyrolysis of lignite injected into an argon arc axially through an annulus in the 
cathode yielded 23 vol % C2H2 at 3900 K compared with 10% at 5900 K for coal 
injected radially into the arc 238). 

Ladner and Wheatley 239) have described an intermittent submerged arc appara- 
tus with horizontal fixed graphite electrodes operated by 50 Hz current. In a typical 
experiment the graphite electrodes were immersed in 200-300 cm 3 of liquid coal 
feedstock prepared by digesting a low-rank coal (82% C, 5.2% H) under pressure in 
anthracene oil. Hydrogen and acetylene were the major products. The highest con- 
centration of acetylene was produced when the arcs were of short (0.4 ms) duration. 
The concentration of acetylene decreased with increase in coal content of the feed- 
stock. It was estimated that the average consumption of the system was 7 kWhr/kg 

C2H2. 

5.3.2 Plasma Jets 

Various plasma jet devices have been used to study the discharge pyrolysis of coal. 
One such device used by a number of workers is shown in Fig. 16 24o-245). A direct 
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Fig. 16. Plasma jet used in coal gasification. (Re- 
drawn from Graves, R. D., Kawa, W., 
Hiteshue, R. W.: Ind. Eng. Chem., Process De- 
sign Develop. 5, 59 (1966), by permission of the 
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Table 12. Product yields and carbon conversion in different atmospheres 

Coal injec- Coal feed- Plasma gas a Total Carbon conversion, wt % 
tion rate, g/min vol % power input, Ref. 

kW C2H 2 HCN CH 4 

Radial 0.08 Ar 4.2 18 - -  - -  241) 
5.2 Ar 20 52 - - 244) 
0.08 H 2 4.3 18 - - 241) 
5.2 H 2 11 65 - - 245) 
0.05 92%Ar + 8%H 2 4.2 37 - - 242) 
0.06 90%Ar + 10%N 2 7.0 3.4 12.8 0.8 242) 
0.31 N 2 13 2.7 19.0 0.1 242) 

Axial 0.05 At 7 37 - -  - -  2 5 3 )  

0.05 90%At + 10%H 2 13.6 74 - - 253) 

a Flow rate = 30 ~/min. 

current arc was struck between a thoriated tungsten cathode and a tubular copper 
anode, both of which were water cooled. The primary gas, called arc gas, consisting 
of Ar, H 2 or N 2 was passed through the electrode space. The coal samples were in- 
jected radially into the plasma by suspending these in a carrier gas, usually a stream 
of Ar using a fluidized bed. Recently a water-stabilized plasma generator combined 
with a jacketed vertical tube pyrolyzer was described for the high temperature pyro- 
lysis of coal 246). 

The plasma jet reaction of coal invariably produced gas and finely divided soot. 

Tarry material was not  found. With argon or hydrogen plasma jets, the main gaseous 

products were H2, CO and C2H2; with nitrogen plasmas HCN largely replaced C2H 2. 
The percent conversion of carbon in coal to the various products for different arc 

gases is given in Table 12. The data show that the conversion to acetylene is increased 
by axial injection of coal and by adding hydrogen to the plasma. In obvious disagree- 
ment with the data of Bond et al. 241' 242) Kawana and coworkers 244' 24s) found that 

a H2 plasma gave twice the C2H 2 yield (15 g/kWhr) obtained in an Ar plasma. How- 
ever, in agreement with the data of Bond et al. Kulczycka 247) obtained in a H 2 + Ar 
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Fig. 17. Effect of coal feed rate on con- 
version to acetylene. The rectilinear portions 
of the graph, represented by the solid lines, 
correspond to a 20% conversion of C in the coal 
to C in C2H 2 in A.r plasma and to 40% conver- 
sion to C2H 2 in the 90% Ar + 10% H 2 plasma. 
(Redrawn from Bond, R. L., Ladner, W. R., 
McConnell, G. I. T.: in Advances in Chemistry 
Series No. 55, page 659 (1966), Gould, R. (ed.), 
by permission of Dr. Ladner and the publishers, 
the American Chemical Society) 

35 



M. Venugopalan et aL 

% 
30 

2 

c < 1 0  o 

ol 
o 

P - 4  

F - - - - 4  

I 

100 
Part ic le Size 

To 
t 590 -'P,a 

i I . . . .  

200 
Microns 

Fig. 18. Effect of coal particle size 
on the percentage conversion of car- 
bon in coal to acetylene in an. argon 
plasma. (Redrawn from Bond, R. L., 
Ladner, W. R., McConnell, G. I. T.: in 
Advances in Chemistry Series No. 55, 
page 659 (1966), Gould, R. (ed.), by 
permission of Dr. Ladner and the pub- 
lishers, the American Chemical Society) 

plasma twice the C2H 2 yield found in an Ar plasma. A recent patent 24s) describes 
a process in which lignite dust injected into H 2 plasma jet for 1 ms produced a gas 
containing 52% H2, 25% CO and 19% C2H 2 . Srivastava et al. 249) have given an equa- 
tion for the molar free energy function for 11 species produced in a coal plasma jet, 
from which theoretical yields of products may be calculated. 

The effects of coal feed rate and particle size on conversion to acetylene in an 
Ar plasma are shown in Figs. 17 and 18. The rectilinear portions of the graphs in 
Fig. 17, represented by the solid lines, corresponded to a 20% conversion of the car- 
bon in the coal to carbon m acetylene in an argon plasma and to 40% conversion to 
acetylene in 90% Ar + 10% H 2 plasma. At coal feed rates exceeding about 0.3 g/min 
the yield of  acetylene diminished. This could be caused by either inefficient heating 
of the solid feed material or inadequate quenching of the gaseous products, or both. 
The extent of  the reaction strongly depended upon the particle size, particles with 
diameters greater than about 200/2 seldom reacting. Figure 18 shows that for particles 
of 50/2 or less in diameter a 20% yield of acetylene was reached, which was the yield 
obtained for the coal ground to pass a 70 mesh sieve. Similar results have been re- 
ported by Kulczycka 247' 2s0) who worked with Polish coals. 

The yields of C2H 2 in argon plasmas and of C2H 2 and HCN in nitrogen plasmas 
increased linearly with increasing amount of volatile matter in the coals 240' 242) Ac- 
cording to one investigation, rankwise, anthracite gave 5% C2H2, lignite 11-18% 
C2H 2 and bituminous coal 14-24% C2H22s0). Indian coals which contained more 
ash than British or American coals gave the same yields 251). The high mineral-matter 
content of coals increased the energy required per unit of acetylene produced. 

Yields of gaseous products increased with increasing plasma temperature 
(Table 13) 243). In all experiments, plasmas contained sufficient energy to heat the 
coal to temperatures considerably higher than needed for complet devolatilization, 
but the solid residues contained 10% or more volatile matter, indicating that ther- 
mal equilibrium between the coal and plasma was not reached. In another investi- 
gation similar results have been reported 2s~ 

Littlewood2S2, 253) has made several modifications to the Ar plasma jet so that 
the pyrolysis efficiency with respect to acetylene formation could be improved. To 
ensure that the coal was introduced into the hottest region of the plasma, it was fed 
axially into the plasma through holes drilled in a hollow cathode holder. The prin- 
cipal argon stream was introduced tangentially into the plasma jet and the pyrolysis 
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Table 13. Effect of plasma jet temperature on product yields 243) 

Average Average Net power Solid 
plasma coal feed input, kW residue 
temp., K rate, g/min % 

Gas product, wt % maf coal 

H 2 CH 4 C2H 2 CO 

70 x 100 mesh 
4200 9.1 2.0 87.7 0.4 0.2 2.2 3.8 
6900 7.5 3.3 84.0 1.0 0.1 4.3 5.6 
8900 8.4 4.7 78.3 1.7 0.2 6.0 11.0 

-325 mesh 
5100 7.8 2.4 73.6 2.4 2.7 9.5 18.1 
7600 6.4 3.7 62.9 3.0 0.5 12.3 11.4 
9100 5.6 4.9 45.3 3.9 0.6 15.4 24.3 

products were then passed through a reaction tube for quenching. Using a bituminous 
coal sample with 36% volatile matter the maximum yield of C2H2 in an argon plasma 
was equivalent to a conversion of 37% by wt of C in the coal to C2H2 (Table 12). 
When Ar + H 2 mixture was used as the principal arc gas a maximum C2H 2 yield of 
74% by wt on a C basis was found (Table 12). This is the highest yield of acetylene 
from coal yet reported. It appears that the penetration and hydrogenation of the 
coal-carrier gas stream, which was injected axially rather than radially into the plasma 
stream is a critical factor in the acetylene production. 

For the pyrolysis mechanism it is considered that acetylene is formed principally 
from the aliphatic and alicyclic components of coal structure. This in turn is possibly 
related to the volatile material content of coal. Nicholson and Littlewood 2sa) tested 
this hypothesis using coal tar pitch and methane as feedstocks. The maximum yield 
of C 2 H 2 from pitch was only 35% on a C basis, chiefly because of its highly con- 
densed aromatic structure, whereas the yield from methane was 88%. The cracking 
of aliphatic and alicyclic fragments approximating to the general formula CnH2n to 
form acetylene as the ultimate product involves dehydrogenation steps resulting in 
the appearance of at least one molecule of hydrogen for each molecule of  acetylene 
formed. This imposes an upper limit on the yield of acetylene from a given coal. In 
Nicholson and Littlewood's experiments the maximum yields obtained for a number 
of coals were all very close to their limiting values. Possible means of increasing the 
limiting values are addition of more hydrogen to the coal structure be hydrogenation 
before pyrolysis or pyrolysis of coal in the presence of a significant partial pressure 
of hydrogen. The latter is the case found using Ar + H 2 mixture as the principal arc 
gas. 

In one investigation 2sl) the nature of the soot formed in the reaction of coal 
under plasma conditions was examined. X-ray diffraction photographs of the soot 
showed that some of the lines present in the photograph of the original raw samples 
were absent, while most of the other lines were reduced in intensity (Fig. 19). De- 
spite the obvious concentration of ash in the soot, the absence or weakening of the 
lines may be explained by the breaking up of the crystalline structure of the mineral 
matter and by the transformation of phases that occur at these high temperatures. 
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Fig. 19a-d. X-ray powder photographs of 
a original Indian (Jharia) coal, 
b heated at 1500K, 
c plasma-heated and d) soot. (Photographs courtesy of Dr. S. C. Chakravartty, Central Fuel 
Research Institute of India, Dhanbad) 

No graphitic character of carbon was detected. The diffraction pattern of the sintered 
crust, which was deposited around the anode mouth, showed only the broad bands 
of graphite. The degree of graphitization evident from the pattern showed coal par- 
ticles actually in transition to the high temperature required for efficient conversion 
into acetylene. In a subsequent X-ray study 254) the development of considerable 
crystalline structure in highly coking coals under instantaneous (15/as) plasma heat- 
ing (3000 K) was confirmed. 

5.4 Flash and Laser Irradiation of Coal 

Coal has been exposed to intense energy bursts using flash and laser techniques. Flash 
heating uses an intermittent light source to heat coal particles within 1 ms to tem- 
peratures in the range 1300-1800 K. When a high-power laser beam is focussed on 
to coal a small inertially confined plasma is generated near the coal surface. Electron 
temperatures and densities as high as 5 x 10 s K and 1 x 102s m -a ,  respectively, have 
been measured 2ss' 2s6). 

5.4.1 Flash Heating of Coal 

Several reports 2s7-264) have been published in which mg samples of pulverized (lO/a) 
coal placed in fast rotating quartz break-seal tubes were pyrolyzed by exposure to 
1 ms high intensity light flash from a xenon-filled quartz helix flash tube capable of 
delivering energies up to 4 kJ. After flashing in vacuum or in the presence of added 
gases such as Ar, H 2 or N 2 the gaseous products were analyzed by mass spectrometry. 
Representative data are given in Table 14. Variations in energy input and particle 
size affected the distribution of products which invariably consisted of H2, CO, CH 4 
and C2H2. Similar data were also found using the radiant flux from an arc-image fur- 
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Table 14. Gaseous products from flash irradiation of coal in vacuum a 

Coal size Energy Gas composition, mole % Ref. 

u input, J H 2 CH 4 C2H 2 C2s C3s CO CO 2 

10 800 63.4 6.1 13.6 7.1 0.9 7.1 0.4 259) 
10 3200 67.0 1.3 15.5 4.6 0.1 10.2 0.1 259) 

200 4000 69.2 4.1 7.8 0.15 0.4 16.1 0.5 260) 
10 mm cube b 700 62.0 7.0 7.6 2.8 0.3 14.1 5.7 265) 

a Coal contained 35-40% volatile matter, b Using an arc-image furnace, C2s = C2H 4 + C2H6, 
C3s = C3H 6 + C3H 8. 

nace 265). The lower rank coals yielded less H 2 and CH 4. When compared with the 
vaccum runs, added N2 (10 torr)  had no significant effect. Increasing the pressure 
of  added H2 from l 0  to 160 torr decreased the C2H 2 yield and increased the CH 4 
yield. Light pulses from which UV component  was filtered produced lesser amount  
of  gases that were richer in methane 261). There is one patent  which describes the 
flash heating of  coal to prepare gaseous and liquid fuels 263). 

In one investigation 264) the free radicals present in the residual char from flash- 
heating of two coal samples with different volatile material content  were studied using 
ESR. The free radical concentrat ion (3 x 1022 k g -  l ) was higher for the char from 
the less volatile sample. For both  samples the free radical concentrat ion increased 
with increase in flash energy to a maximum and then decreased slowly. The maximum 
corresponded to a heat- t reatment  temperature of  1300 K which was very much higher 
than the 8 0 0 - 9 0 0  K observed for chars from slow heat t reatment  266' 267). The grad- 

ual decrease in the signal was in contrast  to the results for chars prepared by slower 
heat t reatment  266' 26'7), where an important  feature was a rapid decrease in signal 

with increasing temperature as the char became electrically conducting. Since in the 
experiment the Q of  the ESR cavity was reported to be fairly constant  there was no 
indication of  increased electrical conductivity in the char prepared by flash heating. 

5.4.2 Laser Irradiation of  Coal 

Friedel and coworkers 197' 260, 268-273) have published a number of papers on the 

laser irradiation of  coal. In their experiments  a 10 mm cube or about  150 mg of  
< 200 mesh powdered coal was placed in a break-seal tube. For  experiments  with 
powdered coal, the tube was rotated to deposit  as much powder as possible on the 

inner surface of  the tube in the direct path of  the energy. A ruby crystal or rod with 
an output  of  about 1.7 J at 6943 A was used for most of  the experiments.  Energy 
from a 4000 J power supply was discharged through the xenon-filled lamp and the 
1 ms light pulses were focused on the coal sample to evolve gases and to produce 
craters of  about 300/1 in diameter. The luminous plume was recorded by high-speed 
photography 272) and the temperature within the plume was est imated to be some- 
what greater than 1300 K. Presently there is no published information on the photo- 
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Table 15. Gaseous products from laser irradiation of coal in vacuum 260) 

Energy source and/or 
treatment 

Gas composition, mole% 

H 2 CH 4 C2H 2 C2s C3s CO CO 2 HCN 

Estimated 
conversion, 
vet % coal 

Ruby laser 
(1.7 J output) 45.4 4.8 20.9 5.5 5.6 14.4 2.0 1.4 60 

Xenon lamp 
(4 kJ input) 69.2 4.1 7.8 0.2 0.4 16.1 0.5 1.7 18 

Carbonization 
at 1200 K 55.6 31.5 0.1 4.6 0.5 7.4 0.4 - 15 

chemical influence of  laser energy because duplicate craters have not  been produced 
by different lasers and the temperature effect is very much greater than the light 
effect. After  fract ionation the evolved gases were analyzed by mass spectrometry.  

Table 15 compares the results o f  laser irradiation of  coal with flash irradiation 
and conventional carbonization at 1200 K. Laser irradiation yielded higher conver- 
sions of  coal and greater percentages of  acetylene and higher hydrocarbons  than 
flash irradiation or carbonization. When five bursts of  10 J energy were used to irra- 
diate a cube of  coal the acetylene yield increased from 20.9 to 25.9 mole %; this 
const i tuted 90% of  total hydrocarbon products.  The decrease in H 2 (Table 15), rela- 
tive to the product  from the flash irradiation, is possibly related to the increase in 
partially saturated structures such as ethylene (4.9%) and propylene (0.7%). Further ,  
components  with molecular weights up to 130 were found in the gas from laser irra- 
diation; diacetylene and vinylacetylene recognized as pyrolysis products  of  acetylene 
accounted for 2.4% of  the product .  

In another series of  experiments  Friedel and coworkers 268-27~ studied the dis- 

t r ibut ion of  gaseous products  from the laser irradiation of  coals of  various ranks and 
particle sizes in various atmospheres. In  vacuum experiments the total  gas yield varied 
inversely with coal rank, showing a four-fold increase between anthracite and lignite. 
The product  gas composi t ion as a function of  volatile mat ter  in coal is shown in 
Fig. 20. Yields of  acetylene and hydrogen generally increased between anthracite 
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Fig. 20. Distribution of H2, CO, CO 2, 
CH 4 and C2H 2 in the products of 
laser irradiation of coal as a function 
of volatile matter in coal. (Redrawn 
from Karn, F. S., Friedel, R. A., 
Sharkey, Jr., A. G.: Carbon 5, 25 
(1967), by permission of the pub- 
lishers, Pergamon Press Ltd.) 
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Table 16. Gaseous products from laser irradiation of  coal in various atmospheres (p = 20 tort)269) 

Atmosphere Gas composition, wt % 

H 2 CH 4 C2H 2 C2H 6 C3s C4H 2 CO CO 2 HCN 

Vaccum 6.0 8.5 25.9 3.0 4.1 2.7 41.2 3.7 4.9 
He 2.6 7.1 6.7 2.4 21.5 0.5 15.6 43.4 0.2 
At 4.3 3.1 36.7 0.8 1.1 11.1 26.3 14.3 2.3 
H 2 8.3 a 5.9 25.5 1.0 1.5 0.4 37.2 17.8 2.4 
N 2 3.9 4.9 32.6 0.7 0.9 1.6 33.8 19.3 2.3 
H20 vapor 6.1 6.1 22.0 1.1 7.4 1.0 34.6 18.0 3.7 

a H2 produced by laser pyrolysis. 

and tvb coal, and decreased between hvab coal and lignite. Yields of  methane changed 
relatively little with coal rank. For the smaller particles (10-120/1)  there was a modest 
increase in methane and an increase in acetylene yield. Table 16 compares the compo- 
sition of  gaseous products from laser irradiation of a hvab coal in vacuum and various 
atmospheres. The acetylene content of  the gas was increased in,presence of  Ar and 
N2, and diminished in presence of  He. When the gas pressure was increased the acety- 
lene content increased to 50 wt % with Ar and 45 wt % with N 2, both in the pressure 
range of  8 0 - 4 0 0  torr. The role of  Ar or N2 in enhancing the acetylene production 
is not understood. 

In a subsequent investigation 27~ 271) the C2H2/CH 4 ratio was shown to be re- 
lated directly to the light flux at the surface of the decomposing coal. Temperatures 
were changed by varying the energy of  the laser beam, the laser focus, and the type 
of  laser. Besides the ruby laser (6943 A), a neodymium laser (10,600/X.) and a car- 
bon dioxide laser (106,000 A) were used. Data from the irradiation of coal with these 
three lasers, including several variations in the energy intensities of  the ruby laser, 
were compared at approximately the same total energy output to determine if there 
are differences in the quantity and distribution of  product gas. The composition of  
the product gas as a function of light flux is shown in Fig. 21. The temperatures shown 
in the figure were estimated using gas analyses and assuming the gases to be in equi- 
librium during their generation. Only the data from irradiations with the CO2 laser 
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Fig. 21. Total product gas and distri- 
bution of H2, CH 4 and C2H2 in the 
products of  laser irradiation of  coal 
as a function of  light flux. The broken 
curve indicates temperatures of laser 
irradiated coal as estimated from gas 
analysis. (Redrawn from Kaxn, F. S., 
Friede], R. A., Sharkey, Jr., A. G.: 
Fuel 48, 297 (1969), by permission 
of  the publishers, IPC Business Press 
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were inconsistent with the other data, perhaps because of the slow heating and cool- 
ing rates arising from the low intensity and rate of  emission from the CO 2 laser. The 
CO 2 laser produced methane in significant amounts but did not produce acetylene 
which apparently required a higher temperature than was available. The more intense 
laser beams produced greater quantities of product gases and higher C2H2/CH4 ratios. 

The solid residue (53 wt %) from high energy (55 kW/cm 2) ruby laser irradia- 
tion of coal analyzed for a C/H atomic ratio of 1.43 which was higher than the value 
of 1.23 for the unexposed coal 271). Although the solid did not show most of the IR 
bands characteristic of the parent coal, its high resolution mass spectrum was simi- 
lar to that of coal. On the contrary, the solid residue (71 wt %) from low energy 
(140 W/cm 2) CO2 laser irradiation of coal was a low-ash, low-density and high-H 
content solid having a C/H atomic ratio of 1.11. A high resolution mass spectrum 
showed that it was a complex mixture of a variety of organic compounds, including 
naphthalenes, phenanthrenes, pyrenes and their methyl-substituted homologues. 
Compared with conventional carbonization data 271) the solids contained a higher 
concentration of hydroaromatic compounds. 

When the concentrates of macerals of  a high-volatile bituminous coal were irra- 
diated with 6-J pulses from a ruby laser the total gas yield varied directly with volatile 
matter (13.4-55.4 ~af%)  of the macerals 273). Major gases evolved were H2, CO and 
C 2 H 2 ; their relative concentrations varied little among the macerals. 

Laser heating of pulverized coal has been carried out in the source of a time-of- 
flight mass spectrometer 274' 2-is). The pyrolysis products from the coal travelled 
only about 10 mm in the high vacuum of the mass spectrometer before reaching the 
ionizing electron beam, thus minimizing the chances of  secondary reactions occurring 
before analysis. At 70 eV the spectra were recorded for approximately 10 ms, start- 
ing with a fairly intense spectrum, which increased in intensity during the first ms 
and then gradually decreased. A typical spectrum of the initial products obtained 
by heating a hvab coal at two laser energies is shown in Fig. 22 together with probable 
assignments of  the prominent peaks. Peaks with m/e > 100 were not present whether 
the coal was heated at low or high energies. At high laser energy, only the decompo- 
sition products from coal included ions such as Li § Na § and K § radicals such as H" 
and CH~ and polyacetylenes such as C4H2,  C6H 2 and C8H 2 . 
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5.5 Plasma Gasification of  Coal 

Interest in coal gasification stems from anticipated serious shortages o f  natural gas 
and other forms of  energy. The term gasification, as it is presently used, refers not 
only to heating the coal, as in distillation, but  also to the subsequent reaction of  the 
solid residue with air, oxygen,  steam or various mixtures.  A few papers have been 
published on the problems of  coal gasification in plasma chemical flow reactors 276' 278) 
These included the use of  electrical coronas 19s' 279), electric sparks 28~ and plasma 
jets2SO, 281--283) In some instances 284' 285) plasma-heating was used together with 

conventional burner heating to improve the gasification. 
The distinguishing characteristic of  non-plasma and plasma methods of  gasifica- 

t ion is that  the products  are different: the non-plasma conventional carbonizat ion 
process yields gas and tar; plasma processes yield gas and soot. Based on the represen- 
tative data collated for hvab coal in Table 17 it is inferred that  the gas from carboni- 
zat ion is richer in methane, the chief component  o f  natural gas and the preferred 
product;  the gas from plasma is richer in acetylene. In most  of  the plasma methods  
collated in Table 17 the gas temperatures  were 1300 K or more and any methane 
formed would readily decompose to yield acetylene. Clearly, in-so-far as the plasma 
format ion of  methane is concerned the temperature  region o f  7 0 0 - 1 0 0 0  K needs 
to be investigated. Her 60 Hz discharges, with or wi thout  electrodes, in reactors 
heated to the desired temperature may  be advantageous. 

With respect to the different coal ranks the only systematic data on gasification 
which is available at present are for microwave discharges. This data given in Table 18 
show that  appreciable conversions to gaseous hydrocarbons are found only with hvab 

Table 17. Comparison of gas composition for plasma and non-plasma methods of treating hvab 
coal 

Method Gas composition, mole % Totalgases, Ref. 

H 2 CH 4 C2H 2 CO wt% coal 

Carbonization 720 K 19.2 47.8 - 16.0 5 
Carbonization 1170 K 55.6 31.5 0.05 7.4 15 
Flash irradiation 

with 4 kJ Xe lamp 69.2 4.1 7.8 16.1 18 
Laser irradiation 

with 1.7 J ruby laser 45.4 4.8 20.9 14.4 60 
Arc image furnace 62.0 7.0 7.6 14.1 - 
Plasma jet in Ar 48.0 0.8 30.2 a, b 18.4 20 
Microwave discharge 

in vacuum 64.0 2.2 9.3 22.2 18 
in argon 64.0 1.6 10.3 20.7 17 
in argon with cooling 12.8 0.3 61.7 4.9 32 

231) 
260) 

260) 

260) 
265) 
241,242) 

231) 
231) 
231) 

a Increases to 40% on adding 10% H 2. 
b By axial injection of coal to 37% in Ar and to 74% in 90% Ar + 10%H 2 (Ref.2s3)). 
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�9 Table 18. Extent of gasification of coal vs carbon content 230, 231 ) 

Coal rank % C % C in coal 

Gasified 

Vac Ar b Ar + H2 c Ar + H20d 

Converted to gaseous 
hydrocarbons 

Vac Ar b Ar + H2 c Ar + H20d 

Lignite 66.5 20.6 19.4 16.7 20.9 
Lvb 89.6 4.2 4.9 6.7 7.6 
Hvab a 81.8 11.1  11.4 13.6 14.8 

21.7 30.4 24.4 - 
Anthracite 91.1 1.2 1.2 3.9 8.7 

3.9 4.5 4.1 4.1 
2.7 3.5 5.6 4.0 
5.7 6.6 10.4 7.9 

21.1 29.3 22.0 - 
0.6 0.7 3.4 3.0 

a Second row obtained with liquid nitrogen cooling. 
b PAr = 5 tort. 
c PAr = 2.2 tort, pH 2 = 22 torr. 
d PAr = 8 tort, PH20 = 10 tore 

coals in Ar + H 2 plasmas. With plasma je ts  it is known 240-243) that carbon conversion 

to acetylene increases with increasing volatile mat ter  in the coal, that  is, with decreas- 
ing rank o f  coal. Whether the major hydrocarbon product  is methane o r  acetylene, 
other significant products  in the gasification are CO and H 2. In the thermal gasifi- 
cation processes under development 2s6' 287) the H 2 + CO mixture in the ratio 3 : 1 is 

subjected to catalytic methanation.  The reaction of  carbon monoxide  with hydrogen 
in electrical discharges is of  considerable interest and has been studied in some detail. 
In a static reactor 288), at initial pressures of  12 and 50 torr and with reaction times 

of  the order of  a minute, as much as 90% of  the CO (even CO2) originally present 
was converted to hydrocarbons CH 4 + C2H2 using microwave discharges in 5 H2 :CO 
mixtures. Even 50 Hz discharges 289) and rf  ( 2 - 1 1 0  MHz) discharges 29~ yielded high 

conversions o f  H 2 + CO to CH 4. 
Invariably acetylene is the major plasma hydrocarbon product .  There is abundant  

literature on the effect of  heat  and catalysts on acetylene. Vigorous discharges brought 
about by  rf  and microwaves convert acetylene to cuprene 291). In discharge reaction 
of  H atoms with acetylene a series of  reactions occur which consume H atoms and 
eventually regenerate acetylene 236' 292). Apparently,  then, the acetylene must be 

alternately hydrogenated and dehydrogenated.  Since acetylene is very easily hydro-  
genated to ethylene by metal catalysts, studies of  the catalytic methanat ion of  acetyl- 
ene may prove interesting. 

5.6 Plasma Desulfurization of Coal 

The total sulfur content  of  coal varies in the range of  0 .2 -11  wt %, although inmos t  
cases it is between 1 and 3 wt %293) A large part  of  the sulfur is in the form of  FeS2. 
The amount  of  organic sulfur is usually one-half  to one-third of  the total  sulfur 294). 
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All the organic sulfur is believed to be bivalent and it is spread throughout the organic 
matrix 29s). Very few data on the structure of organic sulfur components and their 
distribution have been derived by direct observation on coal. Most of the informa- 
tion was obtained from examination of the smaller molecular products which were 
obtained by breaking the organic coal matrix (depolymerization). Some reviews of 
the reactions of sulfur in coal-gas reactions can be found in the recent litera- 
ture296, 297). The chemical and physical methods of coal desulfurization was the 
subject of a recent symposium held by the American Chemical Society 29a). The 
plasma technique for breaking the organic coal matrix may change the structures of 
the sulfur constituents as well as those of the hydrocarbon parts. 

The two depolymerization methods which have been used most are pyrolysis 
and hydrogenation. Thiophenes and sulfides were the major sulfur components of 
tars from coal pyrolysis; hydrogen sulfide and the lower mercaptans and sulfides 
were found in the volatiles 299). Hydrogen sulfide and thiophenes were practically 
the only sulfur products of coal hydrogenation3~176 hydrogen sulfide is produced in 
char hydrodesulfurization a~ 

A number of experiments have been carried out on the synthesis and/or decom- 
position of hydrogen sulfide in ozonizer discharges 3~ At ordinary temperatures 
the synthesis was much slower than the decomposition. The higher the ozonizer tem- 
perature the lesser was the decomposition, perhaps owing to increased activation of 
sulfur vapor and the enhanced reverse reaction to form hydrogen sulfide. In presence 
of NO and CO, hydrogen sulfide was oxidized to sulfur in ozonizer discharges. A 
method for the simultaneous recovery of H z and S from H2S is described a~ It 
used cylindrical stainless steel electrodes in a glow discharge at 825 V and 0.264 A. 
Very few studies on plasmas in sulfur-containing organic compounds have been made. 
These are reviewed in Sect. 4.6. 

Coffman and Browne 198) reported that in the corona processing of coal, hydrogen 
sulfide was one of the early products indicating that the sulfur bonds cleaved more 
readily than any other bond in coal. This is not surprising since Stokes a~ synthe- 
sized hydrogen sulfide from its elements in a helium plasma jet and obtained con- 
versions as high as 37% based on the sulfur input. 

There are few direct measurements of the sulfur removed from coals treated in 
plasmas. Zavitsanos and Bleiler 3~ reported that coal could be desulfurized without 
loss of heating value by exposing coal particles of 0 .1-4  cm size in 1.5-2 cm layers 
to 2.45 GHz microwaves for 40 s in air at 1-5 torr pressure. The coal temperature 
did not exceed 420 K and the sulfur content was reduced from 4.11 to 1.91%. How- 
ever, Scott et al. 224) did not observe any significant change in S content (2%) of 
bituminous coals as a result of exposure to 60 Hz discharges in the annular space of 
a Siemens tube. 

The effect of air, steam, hydrogen, carbon monoxide, and ozone on the desul- 
furization of coals of rank ranging from anthracite to sub-bituminous has been inves- 
tigated under thermal conditions 3~176 Air treatment was most effective;the order 
of desulfurizing ability between 700 and 900 K was air > steam-CO mixture 
> CO > Nu. At 700 K air removed an average of 38% total sulfur, comprising 51% 
of the inorganic sulfur and 20% of the organic sulfur. With steam at 900 K, 61% of 
the total sulfur, 87% of the inorganic and 25% of organic was removed. Hydrogen 
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was effective at about 1200 K in removing 86% of  the total  sulfur, 94% of  the in- 
organic and 76% of  the organic sulfur. While oxygen and steam are known to oxidize 
the pyri te  (FeS2) and the sulfide (FeS) to sulfates and oxides with SO2 elimination 
at temperatures as low as 6 0 0 - 7 0 0  K, the reaction of  H 2 with FeS2 becomes im- 
portant  above 800 K only and the react ion o f  H 2 with FeS becomes significant above 
1100 K only. Hydrogenat ion of  thiophene and its derivatives is known to eliminate 
H 2 S from the molecule 309-311). Further ,  thiophenic structures can be formed by 
the reactions of  sulfur or H2S with organic molecules or by the reactions of  organic 
molecules like C2H 2 and C2H 4 with FeS 2 312). All these reactions need to  be inves- 
tigated under plasma condit ions as well. 

6 O t h e r  F o s s i l  F u e l  P l a s m a s  

Fossil fuels which have not  been included in the preceding sections are tar or heavy 
oil sands, oil shales and Gilsonite. The tar or heavy oil sands are impregnated with 
heavy crude oil that  is too viscous to permit  recovery by natural flow into wells. 
Athabasca tar sands 227) contain 12% toluene soluble b i tumen which analyzes for 
83.2% C, 10.4% H, 0.9% O, 0.4% N and 4.0% S. Oil shales differ from tar sands in 
that  their hydrocarbon contents,  usually aliphatic or alicyclic, are in a solid rather 
than a viscous liquid form. From oil shale dposits  an intricately polymerized sub- 
stance called kerogen is prepared 227). Typical analyses of these solids, on a moisture- 
free basis, are: 21.1% C, 2.9% H, 0.7% N, 1.3% S, 14.4% O and 59.6% ash for oil 
shale; 66.4% C, 8.8% H, 2.1% N, 3.3% S, 5.2% O and 14.2% ash for kerogen 227' 31a) 

Table 19. Static pyrolysis in microwave discharge 227, 313) 

Product Tar sands Oil shale Kerogen Gilsonite 

mmol/g solid I II I II I II I II 

H 2 1.93 2.77 11.6 11.4 20.6 17.2 16.7 5.77 
CH 4 0.07 0.12 0.91 0.75 2.09 1.83 1.24 2.63 
C2H2 0.19 0.48 1.51 3.2 3.54 5.88 2.36 5.56 
C2H 6 0.04 0.02 0.08 0.05 0.29 0.08 0.21 0.12 
CO 0.82 0.53 4.97 4.97 2.64 2.71 0.56 0.55 
CO 2 0.02 0.07 0.35 0.22 0.12 0.36 0.01 0.04 
HCN a 0.01 0.03 0.28 0.37 0.72 1.11 0.52 1.21 
H20 0.02 0.07 0.18 0.12 0.33 0.04 0.16 0.17 

Total gase s, 
wt% solid 3.7 3.9 25.9 28.1 31.8 34.8 16.5 25.5 

I. Experiments in vacuum; reaction time 10-20 min. 
II. Experiments in the presence of 25 torr of H 2 + Ar (4:1) mixture: reaction time 2 rain. For 

H 2 product the net increase is given. 
a Peaks attributed to ethylene were neglected. 
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Gilsonite is a natural black bitumen found in Utah and Colorado. A typical sample 
analyzes for 84.7% C, 10.3% H, 3.0% N, 0.19% S and 1.4% 0 227, 313). Only one 
investigation227, 313) on the plasma gasification of these fuels has been reported. 
This included both static pyrolysis and flow reactions in a 2.45 GHz microwave ca- 
vity discharge operated at 50 W. 

In static experiments, the discharge was initiated with 10 mg sample either in 
vacuum (10 -4  torr) or in the presence of Ar (5 torr) and a 4H 2 :Ar mixture (25 torr). 
In each case the pressure reached a plateau within a few minutes. Oil shale and kero- 
gen which contained far greater amounts of ungasifiable minerals produced signifi- 
cantly greater amounts of gases than hvab coal. In the presence of Ar gas evolution 
proceeded at a higher rate and reached a limiting value quickly. The mass spectro- 
metric analysis of the products are given in Table 19. Hydrogen and carbon mono- 
xide were the major products, expect for low-oxygen containing Gilsonite. Acetyl- 
ene and methane were invariably the major hydrocarbon products. The yield of 
acetylene increased in presence of added H2 + Ar for all these fuels, but methane 
yields were increased only for Gilsonite and tar sands. For both oil shales and kerogen 
the methane yields decreased on addition of H2 + At. 

In flow experiments, argon was passed through a reactor (Fig. 9a) containing 
100 mg of sample in the discharge zone at a pressure of  10 torr and a flow rate of 
1 cma/min. The gasification was nearly complete after 30 min, except for slow degas- 
sing of  very small amounts of hydrogen. As in the static experiments, mass spectro- 
metric analysis showed that H2 and CO were the major products, methane, acety- 
lene and ethylene being the major hydrocarbon products. Variations in the rate of 
gas production from oil shale and kerogen for H2, CO, CH 4 and C2H 2 + C2H 4 
products are shown in Fig. 23. The other fuels exhibited similar characteristics of gas 
evolution, the initial high rate of gasification decreasing rapidly with the time of dis- 
charge. A comparison of the rate curves for various fossil fuels showed that total 
moles of gases evolved per unit weight of the solid decreased in the following order: 
kerogen, Gilsonite, oil shale and hvab coal. Kerogen and Gilsonite evolved mostly 
hydrogen, but more gases than other fuels perhaps because of their high H contents. 
As expected small amounts of CO were evolved from kerogen and tar sands because 
of the low oxygen content of these materials. 
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Table 20. Condensable products from microwave discharge-flow systems 227) 

Product a Tar sands Oil shale Kerogen Gilsonite 
mmole/g solid 

C2H 2 0.41 1.07 2.02 2.08 
C2H 4 0.11 1.42 3.09 0.55 
C2H 6 0.04 0.2 0.29 0.38 
C3H 6 0.02 0.25 0.63 0.16 
C3H 8 0.01 0.05 0.13 0.05 
C4H 2 0.03 0.16 0.31 0.12 
C6H 6 0.02 0.05 0.13 0.08 
CO 2 0.06 1.85 0.45 0.03 
HCN 0.02 0.13 0.45 0.43 
H20 0.36 0.23 0.71 0.13 

Total condensables, 
wt% solid 2.9 18.8 25.1 11.9 

a Reaction time of 30 min except 60 min for Gilsonite. 

Mass spectrometric analysis of  the discharge products  condensed in a liquid nitro- 
gen trap showed that  these consisted mainly of  C2H2, C2H4, higher molecular  weight 
hydrocarbons (up to C 8, including cyclic compounds),  CO 2, HCN and H20  
(Table 20). I t  is not  known whether the higher hydrocarbons were formed by  free 
radical reactions in the cold trap or as a result of  the quick removal of  product  from 
the discharge zone thus avoiding extensive fragmentat ion of  the larger molecules 
formed in the plasma. More acetylene was found for kerogen than for other fuels; 
both  oil shale and kerogen yielded more ethylene than acetylene. 

Data on the extent  of  gasification are summarized in Table 21. The non-condens- 
able H2, CHa and CO apparent ly accounted for the differences between the weight 
loss o f  solid and the weight of  condensable products.  Comparison of  the data on 
weight loss and ash content  for each solid indicated that large parts of  the organic 

Table 21. Degree of gasification of fuels in argon discharge-flow systems 227) 

Hvab coal Tar sand Oil shale Kerogen Gilsonite 

Carbon, % 81.9 9.98 21.1 66.4 84.7 
Ash, % 2.1 88 59.6 14.2 0.36 

Total condensables, 
wt % solid 9.5 2.9 18.8 25.1 1 t.9 

Actual wt loss of solid, % 35.5 5.3 34.4 60.2 20.9 
Ash-free solid gasified, % 36.2 44.2 85.3 69.1 21.0 
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matter in oil shale and kerogen were gasified in the discharge. Further, irrespective 
of the inherent structural differences the extent of gasification of fuels in the dis- 
charge decreased with increasing carbon content of the solid. Although volatile or- 
ganic matter was removed it was difficult to strip the complex structure of coal in 
low power plasmas even with the use of high frequency. This apparently accounted 
for the substantial amounts of fixed carbon in coal which remained ungasified. 

7 Concluding Remarks  

The impression gained from the preceding sections is that insufficient attention paid 
to experimental parameters may be the reason for the diversity of results obtained 
in the systems considered. Meaningful comparisons of published results by different 
workers are difficult because often the magnitude of parameters known to be im- 
portant is not given, and in some cases at least, not even measured or considered. 
Further experimental work and theoretical modelling under more carefully control- 
led conditions are required for comprehensive understanding of the behavior of fossil 
fuel plasmas. 

The status of work on fossil fuel plasmas indicates that some aspects merit de- 
tailed study. This will allow one to define better the scope plasma techniques offer 
for solving fossil energy problems. From the technological point of view line-fre- 
quency (60 Hz) operated plasmas are convenient but economically inefficient. High 
frequency discharges are less desirable economically. The plasma jet appears to be 
the most promising for acetylene and ethylene production. Optimizing the condi- 
tions for ethylene production in natural gas and petroleum plasmas is of consider- 
able interest in view of its industrial importance. Several new experiments should 
be performed for desulfurization of petroleum fractions in presence of additives 
which readily combine with sulfur atoms or hydrogen sulfide in plasmas. These ex- 
periments could parallel those already done by thermal pyrolysis. 

With regard to coal it appears that the temperature range of 700-1000 K must 
be achieved in plasmas for its gasification predominantly to methane. This inter- 
mediate temperature range is achieved neither in conventional low temperature elec- 
tric discharges nor in high temperature arcs and plasma jets easily. It appears that a 
combination of heating and electrical discharge is desirable for this purpose. In some 
laser experiments with coal these temperatures were attained and methane produced. 
Optimization of the conditions for methane formation from coal and coal combus- 
tion products (CO and CO2) by the plasma technique should be attempted in view 
of the anticipated short supply of natural gas. Besides gasification the organic chem- 
istry of coal in plasmas is fascinating in its own right. The presence of catalysts in 
the plasma zone or downstream might produce new reactions and novel chemicals. 
Finally, experiments on partial rather than total removal of sulfur from coal by 
plasma technique may provide a solution to the existing environmental problems 
in coal burning. 
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1 I n t r o d u c t i o n  

The problems involved in modelling weakly ionized plasmas in molecular gases, oper- 
ated at pressures below about 100 mbar and with average electron energies in the 
range 0 .5-3 eV, are typically those of non-equilibrium systems. 

Great progress has been achieved in the description of this type of plasmas since 
the operation of the first gas laser 1). 

Electron energy distribution functions are generally non-Maxwellian, their form 
reflecting the dominant features of the electron molecule energy exchange processes. 
Electron molecule collision rates are averages of cross sections over the distribution 
of electron energies and evaluation of these quantities requires therefore a knowledge 
of the actual electron distribution function (edf). When energy is pumped by the 
electric field into the vibrational system of the molecule by e-v, r excitation process- 
es, this energy is distributed via v-v (vibration-vibration), v-r (vibration-rotation), 
v-t (vibration-translation), r-r (rotation-rotation) and r-t  (rotation-translation) colli- 
sional energy transfer processes. 

The result of combined excitation by electrons and collisional energy transfer 
is the creation of a nonequlibrium situation in which the electrons and the different 
molecular degrees of freedom are characterized by different temperatures. In general, 
T e > Tv > T r > Tg. The use of temperature to characterize distributions of  electronic, 
vibrational, rotation and kinetic energies is however meaningful for Boltzmann distri- 
butions only. While, in general, rotational and kinetic energies follow Boltzmann 
distributions, large deviations from this distribution have been observed for both 
electronic and vibrational energies. High vibrational levels can be overpopulated and 
the excess energy is fed back to the electrons via superelastic collisions, with a con- 
sequent modifications of the edf. This complex non-equilibrium situation controls 
the operation of gas lasers and this justifies the large attention devoted to these prob- 
lems. 

In the present chapter the attention will be focussed on processes of molecular 
dissociation under nonequilibrium plasma conditions. 

It will be shown that, depending on the system and on the relevant discharge 
parameters, a variable but generally large fraction of the energy pumped into the 
type of plasma under consideration is transferred to the vibrotational system of 
the molecule which can then dissociate via a ladder-climbing mechanism across 
the vibrotational manifold of  the ground electronic state. This represents an addi- 
tional mechanism which should be examined in conjunction with dissociation 
processes involving the direct electron excitation to an electronically excited state 
of the molecule which then dissociates or predissociates 

M2 + e----~M~ + e > 2 M + e  

The distribution of the population of vibrational levels are either non-Boltzmann 
or, in any case, characterized by vibrational temperatures Tv > Tg. One important 
consequence is that the excited state M~ can now be pumped by electrons not only 
from the v = 0 level of the ground state, as was generally assumed, but also from 
v > 0 levels, with an obvious increase of  the pumping rate from ground state to M~'. 
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The relative importance of the various contribution to the plasmochemical dissocia- 
tion rate strongly depends on the system and on plasma conditions. 

When the molecule dissociates atoms are produced and some interesting feed- 
back processes should be considered. 

The parent atom is, in general, very effective in removing vibrational energy by 
v-t transfer processes. As the concentration of atoms builds up the distribution of 
vibrational levels is progressively changed into a Boltzmann distribution with "Iv 
approaching -I-g. As a consequence, dissociation processes controlled by the vibra- 
tional distribution will be progressively depressed. However, the increased atom con- 
centration increases the homogeneous three body recombination, a process Which 
tends to overpopulate upper vibrational levels. The vibrational distribution is thus 
modified with a plateau appearing at high v's, a situation which favours dissociation 
via the vibrational ladder. 

An important consequence of the presence of the atoms is that they modify the 
electron distribution function in the sense that, for a given reduced field E/N (Vcm2), 
the average electron energy becomes higher. This will favour processes with a high 
energy threshold, such as dissociation or ionization by direct electron impact. 

In the sections to follow an attempt will be made to describe a model containing 
the essential features outlined above. A comparison with experimental findings will 
be made, when possible. 

A well suited case study is represented by the dissociation of molecular hydro- 
gen, which will form the subject matter of  Sect. 2. 

Section 3 illustrates the distinct features which characterize the dissociation of 
different diatomic molecules (N2, 02, CO, HF). 

Section 4 will be devoted to polyatomic molecules. A selection of papers is made 
to illustrate the point of view of the authors on the influence of non equilibrium dis- 
tributions on the rates of plasmochemical dissociation reactions. The material pre- 
sented has mostly been derived from the authors' group investigations directly related 
to it. 

2 A Case S tudy :  

The  Dissoc ia t ion  o f  Molecu la r  H y d r o g e n  

2.1 Evaluation of the Electron Energy Distribution Function (edf) 

Electron energy distribution functions have been calculated by different 
authors 2, 3, 34-36, 68-70) by solving the appropriate Boltzmann equation. 

The results reported in Fig. 1-6 ,  have been obtained by using the formulation 
of Ref. 69). 

Figure 1 shows the edf calculated for H 2 by solving the relevant Boltzmann equa- 
tion with the inclusion of  the following inelastic processes, besides the elastic ones 2). 

a) Vibrational excitation 

e + H 2 (v = 0) > e + H 2 (v = 1, 3) (I) 
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IO I 

- ~  I0  

,4eV] 
10 15 

Fig. 1. Electron energy distribution func- 
tions f(u) as a function of energy at dif- 
ferent E/N values ( - - :  "cold" molecular 
gas; - - -  vibrationally excited molecular 
gas; . . . . .  H2/H 1:1 mixture) 
(a E/N = 10 -16  Vcm2; 
b E/N = 3 x 10 - 1 6  Vcm2; 
c E/N = 6 x 10 - 1 6  Vcm 2) (From Ref. 2)) 
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b) Dissociation 

e + H 2 (v = 0) > e + H~' , e + 2H (II) 

c) Electronic excitation 

e + H 2 (v = 0) , e + H~ (III) 

d) Ionization 

e + H z ( v = O  ) , e + a ~ + e  (iv) 

One notices that 1) all processes start from the ground vibro-electronic state of H 2 . 
2) rotational excitation and thermalization effects of electron- electron interactions 
have not been included. In fact rotational excitation is important at values of the 
reduced field E/N lower than those considered in the calculations and electron- 
electron interactions can be neglected in weakly ionized plasmas (ionization degree 
zi < 10-s).  

Figure 1 (full lines) shows that, at E/N ~- 10 -16 Vcm 2, the edf is characterized 
by the absence of electrons with energies greater than 3eV, a consequence of the 
rapid rise of the vibrational cross-section in the 1 -3  eV energy range. This effect 
becomes less marked at higher E/N, where the electrons can penetrate the vibration- 
al barrier. 

The non-maxwellian character of  the calculated distribution can be appreciated 
from Fig. 2, where the ratio f(u, E/N) / f(u, Te) has been plotted as a function of 
electron energy u, with T e (eV) taken equal to the reduced average energy 

u-r = 2 ~.  Rates of vibrational excitation (e-v), of dissociation and of ionization can 
3 

be easily obtained from the calculated edf, together with the reduced average energy. 
Figures 3 - 5  illustrate the dependence of these quantities on E/N. The high threshold 
energies of dissociation and ionization, which effectively overlap the high energy tail 
of the edf, are responsible for the rapid increase with E/N of the rates of the two 
processes. 

Edf's of  Fig. 1 (full lines) do not include the effects of vibrationally excited mole- 
cules and of H-atoms. 

In the presence of an appreciable population of vibrationally excited molecules 
an additional process should be included in the Boltzmann equation, namely 

e) Superelastic vibrational collisions 

e+  H 2 (v = 1,3) ~ e + H2 (v =0)  (V) 

Only levels connected to v = 0 have been considered for which cross sections are 
available. Edfs  including process V are given as dashed lines in Fig. 1. 

The tails of these electron energy distributions benefit of  the presence of excited 
vibrational states which, in this calculation, have been assumed to obey a Boltzmann 

65 



M. Capitelli and E. Molinari 

distribution with -Iv = 3500 K. The tails of these distributions are more populated, 
by orders of  magnitude than the corresponding ones for a vibrationally "cold" gas. 
As a consequence, processes controlled by the edf tail, such as dissociation and ioni- 
zation, will strongly be affected by vibrational disequilibrium, while a minor influence 
is expected on e-v rates and Ur which depend more on the bulk of the edf. (Fig. 1 ,3-5) .  

In the presence of hydrogen atoms the Boltzmann equation should be solved for 
a mixture of the two species (H2, [t) 3). Elastic and inelastic processes involving H- 
atoms should now be considered. The following have been included in the calcula- 
tions of Ref. 2). 

e + H (1 s) - -  e + H (2s, 2p) (VI) 

e + H ( l s ) - -  e + H + + e (VII) 

The results obtained for an equimolar mixture of vibrationally "cold" H 2 and H- 
atoms, have been reported in figure 1 as dashed dotted lines. Edf tails again benefit, 
owing to the absence of vibrational losses in the atomic system. The presence of 
atoms can therefore increase the rates of  dissociation and ionization by one or two 
orders of  magnitude (Fig. 5). A minor influence is again expected on e-v rates, and 
gr (Figs. 3 -4) .  

In the course of  a dissociation process in a plasma, the rate constant of this pro- 
cess increases with time as a c o n s e q u e n c e  of the increased concentration of atoms 
and of the increased vibrational temperature, both affecting the edf's tail. 

In the calculations presented above "Iv and the concentration of H-atoms have 
been included as independent quantities in order to illustrate their effects on the edf. 
In a rigorous treatment the Boltzmann equation for the electron distribution func- 
tion should be coupled to the equations which describe the temperal evolution of 
vibrational level densities and atom concentrations (see below). 

2.2 Fractional Power Transfer 

The balance of the electron energy can be written in implicit form as 

(1) 

were l~f is the rate of  energy gained by the electrons from the DC field and the right 
hand side of Eq. (1) gives the rate of energy losses due to elastic and inelastic process- 
es (vibrational, electronic, dissociation, ionization processes). It is of particular in- 
terest for both laser operation and plasmochemical processes to evaluate the relative 
importance of the various terms. Typical results have been reported in Fig. 6 as a 
function of E/N for a vibrationally excited gas with "Iv = 3500 K, and a 1/1 mixture 
ofvibrationally cold H 2 and H-atoms. 

It should be appreciated that at E/N < 5 x 10 -16 Vcm 2 energy is almost entirely 
deposited in the vibrational system of H 2. The marked influence of vibrational exci- 
tation and of the atoms on fractional power deposition emerges quite clearly from 
this figure. 

66 



Kinetics of Dissociation Processes in Plasmas 

2.3 Dissociation Mechanisms of Molecular Hydrogen 

2.3.1 The Pure Vibrational Mechanism (PVM) 

According to this mechanism 4-s), electron molecule collisions populate the low 
vibrational levels of the ground electronic state of H2 via e-v processes 

e + H a ( v )  ~ e + H  2(i) (VIII) 

The vibrational quanta are then redistributed over higher vibrational levels by means 
of v-v (vibration-vibration) energy exchanges 

near resonant H2(v)+ H2(v) ~ H 2 ( v +  l ) + H 2 ( v -  1) (IX) 

non resonant H2(I )  + H2(v) ~ H z ( 0 )  + H2 (v+ 1) (X) 

On the other hand v-t (vibration-translation) energy transfer tends to depopulate the 
v + 1 level 

H 2 (v + 1) + a 2 ~+- H2 (v) + H 2 (xa) 

Dissociation occurs when vibrational quanta cross a pseudolevel or dissociation level 
(v' + I) located at the top of the vibrational ladder (v' = 14 is the last bound vi- 
brational level of H2 (l E). 

The dissociation process can be written as 

H2(v,) + H2 Pv',v'+ 1 , H2(v, + 1 ) + H  2 ~ 2 H + H  2 (xlI) 

nV'~V'+ 1 

H2(v,) + H2(v ) *-v,v-1 ~ H2(v, + 1 ) + H 2 ( v _  1) , 2H + H2 ( v -  1) (Xlli) 

The dissociation rate rd is then written as the rate of population of the pseudolevel in 
the form 

7) I 7j I 

r d = dNv,+l/dt = NH2Nv,Pv,,v,+ 1 + N v, E ~.T pV',v'+l �9 ,v v,v-1 = ka (t) ~ N v (2) 
0 0 

where Pv' v'+l and Dv',v'+l represent the rate coefficients of processes (XII) and 
(XIII), respectively (cm-3s -x) .  Equation (2) is then coupled to a system of v' vi- 
brational master equations, each of which describes the temporal evolution of the 
population density of the vth vibrational level submitted to the action of e-v, v-v 

and v-t  energy transfers 4-8) 

dNv/dt = (dNv/dt)e~, + (dNv/dt)v-v + (dNv/dt)v-t (3a) 

( d N v / d t ) e . v  ne ~ (k~vNi e = - kviNv) (3b) 
i = 0  
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v % l  

�9 (dNv/dt)v_ v y. Di- 1,i = - v + l , v  {Nv+lNi-1 - NvNi exp - [(Ev+ 1 + Ei_ 1 - E v -Ei) /kTg])  + 
i = l  

i 
v 

]~ pl, i+l {NvN i _ N~_INi+I exp [(E v + E i Ei+ l Ev_l)/kTg]} 
i=O 

(3c) 

( d N v / d t ) v - t  = NH2Pv+I,v { N v +  1 - Nv exp - [ ( E v + l  - E v ) / k T g ) ] }  + 

- NH2Pv,~-I {Nv - Nv+~ exp - [(Ev - E v - l ) / k T g ] }  
(3d) 

After an induction time, the phenomenological pseudo-first order dissociation con- 
stant ka(t  ) (Eq. 2) settles to a stationary value k~ ( s - l ) ,  which can be taken as a 
measure of  the contribution o f  PVM to dissociation (see Ref.4)). Values ofk~ and 
of  the corresponding Nv distributions have been reported as a function of  gas tem- 
perature "l'g, pressure p and electron density ne, at different E/N in Figs. 7-119).  The 
sharp decrease ofk~t with increasing Tg (Fig. 7), a result opposite to that normally 
observed under thermal conditions (ne = 0), is caused by the higher rates of  the deac- 
tivating v- t  processes which tend to thermalize the Nv distributions. Moreover, at 
high Tg, the net rates Of up-pumping by the v-v mechanism decrease as a consequence 
of  the increasing importance o f  the reverse processes. Nv distributions, for conditions 
reported in Fig. 7, are given in Fig. 8. Some comments on the shape of  these distri- 
butions are appropriate: 

If  the system of vibrational master equations (vme) is solved without the inclusion 
of v-v and v- t  processes, i.e. one considers e-v processes only, the Nv distribution is 
well represented by a Boltzmann distribution at the electron temperature T e for all 
levels connected by e-v processes. 
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Fig. 7a and b. Values of the dissociation constants (s-1) as a function of gas temperature 
(NH2 = 1017 em -3,  n e = 1012 em -3) (a E/N= 3 x 10 -16 Vcm2;b E/N = 2 x 10 -16 Vcm 2) 
(From Ref. 9)) 

68 



Kinetics of Dissociation Processes in Plasmas 

-3 " '  -2 

=- - 

2 4 6 8 12 I0 

VIBRATIONAL QUANTUM NUN9ER 

2 4 B l tO 12 

VIBRATIONAL QUANi'UM NUMBER 
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quantum number at two different gas tem- 
peratures (NH2 = 101'7 cm - 3 ,  
ne = 1012 cm - a ,  E/N = 3 x 10 - 1 6  cm2; 
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JVE with recombination). (From Ref. 9)) 

Fig. 10. Vibrational population densities 
(log Nv/NH2) as a function of vibrational 
quantum number at two pressures 
(n e = 1012 cm - 3 ,  Tg= 300 K, 
E / N = 3 x 1 0  - 1 6 V c m  2 , t =  10 - 3 s )  
( - -  JVE; - - -  PVM) (From Ref. 9)) 
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Fig. 9. Values of the dissociation con- 
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E/N = 3 x 10 - 1 6  Vcm 2) (From Ref. 9)) 

k~e(v =O)ne 

I I I 

i011 2 s s lO~Z 

ne(Cm -=') 
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p = 4 mbar) (From Ref. 9)) 
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When the system of vme is solved by retaining v-v terms only, under an initial 
disequilibrium between the ground and the first vibrational level, defined by a vi- 
brational temperature 01 = Elo/kln (No/N l), one obtains a Treanor distribution in 
the form l~ 

N v l N v + l  = exp (Elo/01 - 2Elo 6 v/Tg) (4) 

This type of distribution, which presents an inversion at a vibrational quantum num- 
ber given by v I = Tg/2 ~ 01 + 0.5 predicts a high population of excited vibrational 
levels for 01/Tg >> 1. [In Eq. (4) Elo is the energy of level 1 and 5 is the anharmoni- 
city of  the molecule]. 

Inclusion in the vine of v-t terms only produces a Boltzmann distribution at the 
gas temperature Tg. The inclusion of e-v, v-v and v-t terms produces the distributions 
of Fig. 8: e-v processes tend to establish the non equilibrium vibrational temperature 
01 > Tg. v-v processes, which have rates several orders of  magnitude larger than v-t  

ones, at low vibrational quantum numbers, tend to create a Treanor distribution up 
to approximately v = v 1. Above a given level, v- t  processes dominate the v-v ones and 
determine a Boltzmann tail characterized by a temperature approaching Tg. The 
plateau, which extends from approximately v = v I up to the onset of the Boltzmann 
tail, is connected to the near resonant v-v terms. The dependence of k~ on pressure 
(Fig. 9) can be interpreted along these lines by examining the normalized distribu- 
tions of Fig. 10. The same arguments apply to the data of Fig. I 1. 

The possibility for a diatomic molecule to dissociate according to the PVM mech- 
anism outlined above is therefore bound to a "crossing" of favourable conditions 
for the relevant e-v, v-v and v-t rates. High e-v and v-v rates should be accompanied 
by small v-t  losses. In the case of hydrogen these conditions are fulfilled at low gas 
temperatures and low pressures. 

2.3.2 The Joint Vibroelectronic Mechanism (JVE) 

According to this mechanism 9) hydrogen dissociation occurs through processes (XII), 
XIII as well as through a direct electronic mechanism (DEM) from each vibrational 
level 

e + H2(v) k~l(v) > e + H2(baZu +) > e + 2H (XlV) 

The rate of dissociation can be written as 

~Nw,+l v' w' 
r d (JVE) - ~ = r d (PVM) + ne ~ Nv k~l (v) = kdj (t) • N v (5) 

0 0 

where ra(PVM ) [see Eq. (2)] represents the contribution to r d of the PVM and the 
second term represents DEM from each vibrational level. DEM from v = 0 only has, 
so far, been considered as the unique electronic mechanism respons ib le  for molecular 
dissociation in plasmas. This equation should again be coupled to a system of v' mas- 
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a function of electron energy for different 
vibrational levels (From Ref. 9)) 

ter equations with the insertion of the term neNvk~(v) in Eq. (3). In order to cal- 
culate k~ (v) for processes XIV one needs both the cross sections for each vibrational 
level and a self consistent edf. Cross sections for processes (XIV), as calculated in 
Ref. 9) have been reported in Fig. 12 as a function of electron energy for different 
vibrational levels. With increasing v, threshold energies are lowered, as expected, and 
the maximum cross section is significantly increased. 

The k~ (v) rate coefficients have been obtained by using the cross sections of 
Fig. 12 and the non-Maxwellian electron distribution functions of Fig. 13. The edfs' 
have been obtained by a numerical solution of the Boltzmann equation (BE) which 
includes the superelastic vibrational collisions involving the first three vibrational 
levels, and the dissociation process from all vibrational levels (see Ref. 9) for details). 
The vibrational population densities inserted in the BE are self-consistent with the 
quasi-stationary values reported in Figs. 8 and 10. It should be noted that the DEM 
rates (Fig. 14) depend on E/N as well as on the vibrational non equilibrium present 
in the discharge, which affects the electron distribution functions, as discussed in 
Sect. 2.1. 

The system of v' + 1 differential equations has been solved starting at t = 0 with 
the initial condition 

N v ( t = 0 ) = 0  f o r v ~ 0  (6a) 

Nv=o (t = 0) = NH2 (6b) 

After a transient period, the phenomenological pseudofirst order dissociation con- 
stant kai(t ) settles to a stationary k~i (s-  1), which can be taken as a measure of the 
contribution of JVE to dissociation. In the early part of the evolution 
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kai (t) = k~ (v = 0) ne, while the quasi-stationary value is achieved in times of the 
order of (nek~o)- 1. 

Figure 7 shows the behaviour of k~i as a function of Tg at two different E/N 
values. The small increase of k~ti with decreasing gas temperature should be com- 
pared with the strong dependence ofk~ on Tg. This behaviour is due to the fact that 
vibrational levels responsible for dissociation in JVE are those far from the v-t deac- 
tivation region (i.e. far from the Boltzmann tail) while, in PVM, only levels belonging 
to the tail can dissociate. The strong dependence of k~t on q-g is therefore attributed 
to the sensitivity of the Boltzmann tail of the Nv distribution to the gas temperature. 
In contrast, the apparent independence of k~ on Tg is due to the small dependence 
of the Nv portion far from the tail on Tg. It is worth noting that the distribution 
of vibrational levels in both JVE and PVM are practically the same. 

A comparison between k~ti, k~l and k~t (v = 0) ne (s - I  ) is shown in Fig. 7. One 
appreciates that k~tj values are always larger than the corresponding kc~ (v = O) ne values, 
the deviation being one order of magnitude at E/N = 2 x 10 -16 Vcm 2 and Tg <350  K 
where k~t also overcomes k~ (v = 0) no. 

Figure 9 and 11 show k~j, k~t and k S (v = 0) ne as a function of p and of ne re- 
spectively. The dependence of k~lj on this parameters is small when compared with 
the corresponding variation of k~ values. Once again this point can be understood on 
the basis of the different portions of the Nv distributions participating in JVE and 
PVM. 

The behaviour of Nv distributions at different pressures is very similar in the two 
mechanisms (see Fig. 10). The dramatic dependence of k~ on v-v and v-t rates has 
been pointed in previous work a-6). The accuracy of k~tj values depends on e-v and 
DEM rate coefficients rather than on v-v and v-t  ones. This point can be understood 
by noting that the portion of the N v distribution involved in JVE (i.e., the first levels 
and the plateau) does not depend too much on v-v and v-t cross sections. For example 
an increase by a factor of 2 of all v-v rates and a decrease by the same factor of corre- 
sponding v-t rates produce no appreciable variations in k~j values (ne = 101 lcm -3, 
Tg = 500 K, p = 6,66 mbar), while the same variations cause differences up to two 
orders of magnitude in k~t values. On the other hand the accuracy of the present 
k~j values strongly depends on both DEM and e-v rates. In turn kS (v) rates depend 
on the relevant cross sections as well as on the electron energy distribution function. 

2.3.3 Recombination Process 

Different approaches can be used for introducing the recombination process as well 
as the influence of atoms on both PVM and JVE. The simplest one is an extension 
of the method utilized in Ref. 11) for the dissociation o fH  2 under thermal condi- 
tions (n e = 0). 

It consists of reversing the processes (XII) and (XIII). One can therefore write 
the following equations for N v ' + l ,  Nv '  and Nv: 
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H 2 pH,v,+l NH)Nv, + dNv '+ l /d t  = - (Pv~2+I,v'NH2 + Pv'+l,v '  NH) NH + (P~,2v'+l NH2 + 

t ~ r ?Y 
+ ~-.v ~r Nv'Ni _ pvi_l,i + l,v NI~Ni_ 1 + ne 2~ k~ (i) Ni (7) 

i = o  i=o 

dNv,/d t H2 " H H2 H , = - [(Pv',v'- t NH2 + Pv',v'-INH) + (Pv',v'+l NH 2 + Pv',v +INH)] Nv' + 

H N H2 H 2 + (p~2 1,v,NH + Pv'-I,v'NH) ~'-~ + (Pv'+I,~,'NH2 + Pv'+I,v'NH)NH + 
- 2 

V s 
rDi ' i+  1 N~ h i , i - -  1 [Di , i+  1 ~ i , i - -  1 + Z t*v'+l,v' +rv'- i ,v '  Nv'_l - t r v ' , v ' - I  +ev',vS+1)Nv']Ni + 

i=0 

(pv '+l ,v '  DV',v'+l 2 
+ ~. "v ' - l , v '  N v ' - I  - *v '+ l , v '  Nv ' )NH + 

V'+I  
+ n  e ~ e (ki, v,Ni e -- kv, iNv, ) - nek~(v')Nv, (8) 

i = 0  

dN~/dt H 2  H H 2  H 
= - [(Pv, v - 1 N H  2 + P v , v - I N H )  + ( P v , v - I N H  2 + Pv, v+INH)]Nv + 

H2 H H 2  H + (Pv-l,v NH2 + Pv-I ,v NH)Nv-1 + (Pv+l,vNH2 + Pv+l ,vNH)Nv+I + 

~t 

+ ~  
i=0 

Di, i+ l  '~,r  + D i , i - - I  Nv-i / D i , i + l  i , i - -1  
xV+ 1,v X'~v+l Jtv--I ,V -- ~.~V,V--I + Pv, v + l ) N v ] N i  + 

ipv'+l ,v '  Nv-I w'+l,v' Nv) N~t + + ~, v - - l , v  - -  Xv, v + l  

V '+I  
+ ne X (kie, vNi -kev, iNv) - neNvk ~ (v) (9) 

i=O 

where 

Pv'+l ,v' = Pv',v'+l [exp - (Ev,/kTg)]/Km Qv 00a) 

p • ' + l , v '  = Dv',v'+l [ e x p  - ( E v + l  + Ev, Ev)/kTg]/KeqQv / 0+1  x? )+ l )v  OOb) 

NH = 2Nv,+1 ; NH2 = N~2 - Nv,+j (10c) 

Equation (7) disregards the possibility of atom recombination in the presence of 
electrons (i.e. the reverse of processes X/V) while the influence of atoms on the vibra- 

H tional relaxation comes from terms Pv, v+l NHNv and so on in the different equa- 
tions. Eqs. (10a) and (10b) are a direct consequence of the detailed balance applied 
to Eqs. (XII)-(XIII), while Keq and Qv represent the equilibrium constant of the 
process H 2 Z 2H and the vibrational partition function of H 2 respectively. These 
values have been taken from 12). 
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The v-t rate coefficients relative to 

H 
H + H 2 ( v  ) Pv, v - l )  H + H 2 ( v  - 1) (xv) 

are strongly affected by chemical effects (exchange and reaction). The experimental 
value of  Ref. 13) has been used for the 1-0 transition (PH o = (3 -+ 1.9) 10 -13 cm 3 s -1 , 
Tg = 300 K. The v :~ 1 rates have been estimated in Ref. 9). 

The system of vibrational master equations has been numerically integrated with 
the same initial condition described in Sect. 2.3.1. Figure 15 reports the No distri- 
bution obtained in JVE with allowance for recombination at different times. One 
can note that at a time of  10 -3  s the Nv distribution with recombination is very simi- 
lar to that calculated without recombination. The only part affected by recombination 
and by the presence of  atoms is the tail of Nv-distribution, which is strongly over- 
estimated in JVE without recombination (see Fig. 8). This is due to the chemical 
deactivation, which increases the depopulation o f  higher vibrational levels. These con- 
siderations suggest that the k~ values (which depend on the tail of  Nv distribution) 
are smaller than the corresponding values calculated without atoms. 

On the other hand k~ti values, which do not depend on the tail o f  Nv distribu- 
tions, are less sensitive to the presence of  atoms. 

It should be noted that the quasi-stationary values reported in Figs. 7 - 1 1  are 
reached in times of  the order of  10 - 3  s. After t = 10 -3  s the increased atom concen- 
tration deactivates the vibrationally excited molecules, since the deactivation rate of  
process XV can exceed the pumping e-v rate nek~l. In this case one observes a strong 
decrease of  the vibrational temperature 01, with dramatic consequence on the vi- 
brational kinetics. As a result at t = 10 -2  - 10 -1 s, one observes the disappearance 
of the Nv plateau resulting from the v-v pumping processes. The plateaus appearing 
in Fig. 15 (t = 10 -2 ,  10 -1 s) are in tiffs case due to the recombination process, which 
populates levels near the continuum (see Sect. 3.2.1). 

log t 
-6 - s  -~ -3 -2 -J o 

16 ~ ' . l  ' 

,2v ,,,x, -,,, \ \ 

VibrQtional quantum number 

Fig. 15. Vibrational populations at different 
times and half the atom concentration as a func- 
tion of time for JVE with recombination 
(n e = 1012 era-3, N~ 2 ~ 1017 cm -3,  
E/N = 3 x 10 -16 Veto 2, Tg = 300 K). (From 
Ref. 9)) 
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Fig. 16. Vibrational populations at different 
times and half the atom concentration as a 
function of time for JVE with recombination 
from Eqa. 15-19 (same conditions of Fig. 15; 
E/N = 2 x 10-16Vcm 2) (From Ref. 9)) 

Figure 16 shows the JVE N o distribution with recombination at 
E/N = 2 x 10 -16 Vcm 2. In this case the results look very similar to those reported 
for JVE and PVM without recombination, since the density of  H atoms does not 
exceed 5%. 

Only at t = 10 -1 s deactivation by H atoms becomes important in this case. 

2.3.4 Experimental Data 

The existence of  vibrational disequilibrium in a hydrogen flow discharge (p - 20 mbar, 
E/N - 3 x 10 -16 Vcm 2) has recently been ascertained in direct measurements of  the 
vibrational temperature o f  the outflowing gas by means of  a stimulated Raman scat- 
tering technique 14). (I- v = 2300 K, Tg = 600 K, at reactor's exit). 

Measurements o f  the extent of  H 2 dissociation in flowing discharges operated at 
pressures up to a few mbar are available and have been analyzed in Ref. Is). Uncer- 
tainities in the selection of  rate constants and of  electric quantities relevant to the 
discharge model are rather high. Rate constants for the dissociation process, calculated 
for DEM from v = 0 only (k~) and utilizing a maxwellian edf, can fit the experimen- 
tal data. The accuracy of  this fit is likely to be within one order of magnitude. 

Measurements in a higher pressure range ( 6 - 5 5  mbar) have been performed in 
our laboratories 16). A tubular flow reactor surrounded by a calorimetric water jacket 
was operated at 35 MHz, power densities of  4 - 4 0  W cm -3  and gas flow rates up to 
0.05 tool s -1. Values of  the estimated gas temperatures plotted against power density 
have been reported in Fig. 17 for various conditions. Power densities are higher than 
those utilized in Ref. 14) quoted above and one appreciates that values o f  Tg are all 
below Tv = 2300 K. 

In Fig. 18 the ratio between the rate constant calculated according to Ref. 1 s), 
and the corresponding experimental rate constant kexp has been plotted against 
power density for various values o f  pressure and gas flow rates. This figure shows a 
gradual transition from a situation in which DEM predominated (low p, high W) to 

76 



1600 

14.00 

1200 

.'~,1000 

8O0 

6O0 

400 

Kinetics of  Dissociation Processes in Plasmas 
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Fig. 17. Calculated values of the 
kinetic gas temperatures, Tg asa 
function of the power density W at 
different pressures and gas flow rates 
(From Ref. 16)) 

a situation where the contribution of  DEM is reduced almost to zero (high p, high 
flow rates, low ~r). Rate constants calculated according to JVE (k~j) have been com- 
pared with k~ and the experimental values kexp in Table 1 from Ref. 9) for different 
experimental conditions. Calculated 01 have also been included and appear to be 
reasonable. 

It should be noted that dissociation cross sections used in JVE refer to excita- 
tion to the b 3~ u state only. Actual dissociation cross sections include excitation to 
all triplet H 2 states. Use o f  experimental cross sections and of  edf's which take into 
account the simultaneous presence of  vibrational disequilibrium and of  atoms yield 
values of  k~i, also reported in Table 1, which are in better agreement with kexp. Fur- 
ther details can be found in Ref. 2). 
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Fig. 18. k~l(V = 0)ne/kex p ratio as a func- 
tion of power density, at different pres- 
sures and gas flow rates (From Ref. 16)) 
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Table 1. A comparison of theoretical and experimental 16) dissociation constants 

E/N Tg p n e k~j b k~j c kexp 01 d 

Vcm2 (K) (mbar) em-3  s - I  s-1 s - I  K 

4.1(-16) a 700 26.7 3.1(11) 8.4  36 .8  114 2840 
5.8(-16) 910 26.7 1.9(11) 20.0 75.0 149 2750 

a 5 . 8 ( - 1 6 )  = 5 .8  �9 10 -16.  
b Cross sections and edf of Ref. 9). 
c Cross sections of Corrigan (J. Chem, Phys. 43, 4381, 1965) and edf of Ref. 2). 
d 01 is the vibrational temperature from ReL 9). 

3 The Dissociation of Other Diatomic Molecules 

3.1 Ni t rogen 6a' 6b) 

In molecular nitrogen large e - v  and v - v  rates are associated with unusually low v - t  

rates. This represents a "crossing" of conditions favourable to the PVM, as discussed 
in 2.3.1. This situation is immediately reflected in the Nv distributions of  Fig. 19. 
These distributions consist of a Treanor distribution followed by a long plateau 
extending up to the dissociation limit. The Boltzmann tail has practically disappeared, 
as consequence of the low v - t  rates, and the influence of Tg on rite distribution is 
limited. The behaviour of the N~ distributions is reflected on the k~l values reported 
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Fig. 19. Population densities (log N v) as a function of vibrational quantum number at different 
times in molecular nitrogen (From Ref.6b)) 
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Fig. 20. Dissociation constants log k~l in 
molecular nitrogen as a function of gas tem- 
perature (From Ref. 6b)) 

in Figs. 20 and 21. The dependence on Tg and on p is strongly reduced with respect to 
H2 and large values of  the dissociation rate constants are obtained which can be as much 
as two orders of  magnitude higher than the corresponding DEM rate constants 

(v = 0) ne (Fig. 21). Nv distributions and k~ values are also expected to be very 
sensitive to the presence of species which enhance the rate of  v-t processes, e.g. H26a). 
This is clearly brought out in the Nv distributions of  Fig. 22b where a Boltzmann 
tail is again present with its depressing influence on the PVM rate constant k~ (Fig. 21). 

A depressing action is also expected on the part of  N-atoms. Nz (v)-N v-t rates 
are not available but can be estimated on the basis of  the known N 2 (v)-Ov-t rates 17). 
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Fig. 21. Dissociation constants log k~i as a function of 
pressure in molecular nitrogen (PVM) and for H2-N 2 
mixtures. In the last case pN 2 = 6.66 mbar (From 
Ref.6a)) 
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Fig. 22a and  b. Populat ion densities 
as a func t ion  of  vibrational quan tum 
number  at different pressures in (a) 
pure nitrogen and (b) in H 2 - N  2 mix- 
tures (PN2 = 6.66 mbar).  The arrows 
at p = 6.66 mbar  indicate the es t imated 
v's for the onset  o f  the Bol tzmann 
tails due to the  presence o f  1 and 10% 
of ni t rogen atoms) 

In Fig. 22a the arrows mark the onset of a Boltzmann tail for 1% and 10% of atomic 
nitrogen. The corresponding v's have been calculated according to Ref. 8). The occur- 
rence of non-Boltzmann distributions of the type illustrated in Figs. 19 and 22 has 
been demonstrated experimentally. 

Spectroscopic observations of  the emission of the first positive system of 
N2 (B 3 I Ig -A 3 ~+) in electrical discharges 18) have been interpreted by assuming that 
the B aug state is populated by electron excitation from the ground X leg  state; the 
distribution of vibrational populations observed in the B state is consistent with the 
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Fig. 23a and b. Relative popu- 
lation o f  the  various levels of  
a C 2 and b CN as a func t ion  
of  vibrational q u a n t u m  number  
at different pressures (From 
Ref.19)).  (,~: p = 6.66 mbar;  
e: p = 13 .3 ;o :  p = 20; A: p 
p =  26 .7 ;x :  p = 33.3; m: 
p = 40 tubas) 
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Fig. 24. Vibrational temperatures T v of N 2 (C3Hu), CN (B2~; +) and C2(d3Hg) states as a func- 
tion of pressure (From Ref. 19)) 

distribution of  vibrational levels in the X state similar to those reported in Figs. 19 
and 22. Figures 2 3 - 2 5  illustrate results obtained in our laboratories 19) with N2/H2/CH 4 
mixtures flowing in rf discharges operated under conditions similar to those described 
for hydrogen in Sect. 2.4. The presence of non-Boltzmann distributions of  the vibra- 
tional levels in the C2(dalIg) and the CN(B 2 ~+) states is apparent from Fig. 23 for 
v > 2. Vibrational temperatures, derived from the first three levels, decrease with 
increasing pressure for C 2 and CN and are independent of  pressure for N2 (C a IIu) 
(Fig. 24). Rotational states obey Boltzmann law up to high rotational quantum 
numbers19, 20). A rapid increase with pressure of  the rotational temperature Tr up 
to 4300 K is apparent from Fig. 25 for the three emitting species. 

5-0 
~ 
o CN ~ . , 

t ~ q.I kw 2.5 , .  " " "  - 

2.0 ,~ 2o 3~ ~'o 5o 
p [mbar] 

Fig. 25. Rotational temperatures T r of N2(C3Ilu), CN(B2 Y- +) and C2(d3IIg) states as a function 
of pressure (From Ref. 19)) 
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Fig. 26. Experimental values of dissociation constants k~cm 3 s as a function of E/N in pure 
nitrogen ( theoretical curve from DEM; see Ref. 22aj for details). Tg(O) and Tg(R) is the 
gas temperature at the center and at the boundary of the discharge respectively 

Direct determination of non-Boltzmann distributions of the vibrational levels of 
the ground N2(X1Xg) state has recently been performed by a new diagnostic tech- 
nique, coherent anti-Stokes Raman spectroscopy 2]) with results consistent with cal- 
culated distributions. Kinetic data on N 2 dissociation amenable to a comparison with 
theoretical predictions are scanty. Data from Ref. 22a) can however be quoted and 
are reported in Fig. 26. The dashed line has been calculated on the assumption that 
dissociation takes place via predissociated electronic states excited by direct electron 
impact. Observed dissociation rates are higher and a much better agreement has been 
claimed with dissociation rates calculated on the basis of a pure vibrational mecha- 
nism22a, 22b). 

3.2 Oxygen  

3.2.1 Vibrational Distributions and Dissociation Rates s' 23) 

The characteristic features to be considered for the molecular oxygen system are 
the following 
1) e - v  pumping rates are small. 
2) v -v  rates overcome v - t  rates in the molecular system. 
3) Process O2(v) + O ~ 02 (v -1)  + O is very effective in removing vibrational 

energy by v - t  transfer 24' 2s) 
3 + 4) Dissociation via direct electron impact to both the A Z u and the B 3 ~u excited 

electronic states is very effective. 
These features have important implications for the dissociation mechanisms. 
The presence of oxygen atoms is crucial. Oxygen atoms deactivate the first vi- 

brational level of the ground electronic state of O: ,  thus reducing the vibrational 
temperature 0 x = E]o/kln(N0/Nl) which is responsible for the effectiveness of the 
vibrational mechanism. An estimate of the maximum concentration of v = 1 level 
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(and therefore of 01 ) in JVE can be made by assuming the following processes to be 
responsible for the production and destruction of 02 (v = 1) species 

kh 
e+O2 (v=0 )  ~ e +O2(v= 1) (XVI) 

02(v=  1 ) + 0  PIO0" 0 2 ( v = O ) + O  (XVlI) 

k~(~--0) 
e + 02 (v = 0) ~ e + 20  (XVlII) 

One obtains 2a) a maximum value of N 1 at a time 
1 

tmax =(2No2(v=o,k~ P~ he) - ~  

(N1)ma x ~ n e k~) 1 No2(v = 0) tmax 

(11) 

(12) 

The quenching of N 1 (and therefore of 01 ) is practically unaffected by the pres- 
ence of oxygen atoms for t < tma x the reverse being true for t > tma x. 

Equations (11)-(12) indicates that appreciable values of N 1 (01) can be obtained 
for discharge conditions in which large values of the pumping rate k~l combine with 
small values of the dissociation constant k~. These favourable conditions hold for 
E/N values less than 10 -16 V cm 2, while for E/N > 10 -16 one expects very small 
vibrational temperatures (i.e. 01 ~ Tg) with important consequences on the vibrational 
kinetics. 

An aspect which should also be duly considered is the influence of the recombi- 
nation process on the Nv distributions. In fact, when oxygen atoms reach a large con- 
centration one expects that levels lying near the continuum will be affected by the 
recombination process. A simplified picture of the situation can be drawn by assum- 
ing that 

(i) DEM for v = 0 is the only atom producing mechanism; (ii) the levels near the 
continuum are dominated by v-t exchanges (v-v process neglected); (iii) a region of 
levels v* < v ~ v' is populated by a cascade model. Points (i) (ii) (iii) can be simu- 
lated as 

k~ 
e+O2@ = 0) ~ e + 20  

M 

O + O + M ) O2(v' + 1) + M ~ -v'+x,v' ~ O2(v, ) + M 

M 
02(v') + M Pv'.v'-i . 02(v ,_ l  ) + M 

M 

02( O+  M Pv, v-z , O2(v_l )+  M 

(xlx) 

(xx) 

(xxl) 

(xxu) 

83 



M. CapiteUi and E. Molinari 

From this simplified kinetics scheme, one obtains 23) 

M 
Nv , = Pv'+l,v' N~ (13) 

M 
Pv',v'-I 

M 
Nv = Nv+l Pv+l~VM = Pv'+l,V'M N02 

Pv, v - I  Pv, v - I  
(14) 

Equations (13 ) - (14 )  show that a port ion of levels near v' increases its concentration 

No with a N 2 law, while the ratio - -  is determined by the deactivation rates o f ( v +  1) 
Nv+ 1 

and (v) levels. 

Another interesting aspect is the possibility of  obtaining large concentration of  
M rates). These level v' under special conditions (i.e., large pvM,+l,v, and small Pv',v'-i  

high concentration of v' species can redissociate according to 

O2(v') + M ~ O2(v' + 1) + M , 2 0  "~ M (XXIII) 

i.e., a recombination assisted dissociation process. 

Features of  N v distributions and rates in oxygen, will be illustrated by selected 
numerical results obtained in different E/N regions. 
1) E/N > 1 0  - 1 6  V cm 2 (JVE + Recombination) 

Conditions: - E / N  = 1 �9 5 10 -16 V c m  2, n e = 1011 cm - 3 ,  p = 26.7 mbar  

Tg = 500K. 

Values of  the population densities of  levels v = 1, 2 and half  the concentration of  
0-atoms have been plotted against time in Fig. 27. Deactivation by 0-atoms causes 
populations to decrease for t > tma x bringing N1 to it's Boltzmann value at Tg. 

The maximum vibrational temperature 01 (tmax) is -~ 700 K and close to 
Tg = 500 K. The concentration of  oxygen atoms at t = tma x is approximately 
10 Is cm - a ,  i.e., 1% of  the total concentration. In view of  the small vibrational non- 
equilibrium, the v-v pumping mechanism is o f  minor  importance. 

Figure 28 shows the Nv distribution at t = tma x and for times t > tma x. InFig.  28a 
we have also reported the instantaneous Treanor 's  distributions at the relevant 
01 (t) 's values. These distributions, which are analytical solutions of  the system of  
vibrational master equations including v-v rates only, should represent upper limits 
to the actual Nv distributions, which include all v-t deactivating processes. 

One appreciates that the low lying vibrational levels only satisfay Treanor 's  dis- 
tributions, while f rom approximately v = 10 on a plateau is present in the Nv dis- 
tributions, the population of  which is much higher than the corresponding Treanor 's  

2 
values. Concentrations belonging to the plateau grow with a N o law, while the 
Nv/Nv+ 1 ratio approximately fits Eq. (14). This plateau should therefore be attributed 
to the recombination process, as outlined above. 
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Fig. 27a  and b. Population densities o f  v = 1 and v = 2 levels and half the a tom concentration 
as a funct ion  o f  t ime (n e = 1011 c m -  3, p = 26.7 mbar, T~ = 500 K, E/N = 1.5 x 1 0 - 1 6  V cm 2); 
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Table 2. Normalized first order dissociation constants (s-1) for  

processes XXIV, XXV, XXVI (see text) (E/N = 1.5 x 10 -16 Vcm 2, 
n e = 1011 cm -3, p:~ 26.7 mbar, Tg = 500K) 

0' = 5.6 x 106 K a 

time (ms) k(XXIV) k(XXV) k (XXVI) 

10 0.56 9. 10 -6  4.5 10 -2  
20 0.56 3.4 10 - s  1.1 10 -1 
30 0.56 5. 10 - s  1.4 10 -1 
50 0.56 6.2 10 -5  1.6 10 -1 
90 0.56 6.2 10 -5  1.6 10 -1  

0 '=1 .04x106K 

133 0.56 1.44 10 -2  7.7 10 -4  
233 0.56 4.9 10 -2  1.7 10 -3  
333 0.56 7.4 10 -2  2.2 10 -3  
433 0.56 8.6 10 -2  2.5 10 -3  

a The quantity 0' enters in the adiabaticity factor of SSH theory 
used in this work for calculating v-t and v-v rates (see ReL 4) and 71)). 

Table 2 compares the pseudo first order dissociation constant for the process 

e + 02(v = 0) ~ e + 2 0  (XXIV) 

O + O2(v') ~ O + 2 0  (XXV) 

02 + O2(v') ~ 02 + 2 0  (XXVI) 

These constants have been normalized to the 0 2 (v = 0) concentration i.e., we 

compare k~l (v , o , No No2 = 0)no, Nv Pv,  +1 , P~ 1 
No2(v=o) No2(v=o) 

It should be noted that the contribution coming from reaction XXV123) is approxi- 
mately 30% of the corresponding k S (v = 0)ne for O' = 5.5 x 106 K, while it becomes 
insignificant for 0' = 1.04 x 106 K. If one increases the electron density to 
ne = 1013 c m -  3, other conditions being equal, a consistent vibrational nonequilibrium 
with respect to the gas temperature can now be established. 

At t = tmax the vibrational temperature 01 reaches a value of 1650 K, the system 
being able to sustain appreciable vibrational populations of higher levels by means of 

v-v exchanges. The Nv distribution (see Fig. 29) is, at t = tmax, very close to the 
corresponding Treanor's distribution which in this case overestimates the populations. 
As time evolves, the concentration of deactivating oxygen atoms increases and the 
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vibrational temperature falls toward the translational one. At t = 10 - 3  S 01 is equal 
to 950 K and the corresponding Tremor ' s  distribution holds now only for the first 
few vibrational levels (v < 10), while for v > 10 the plateau generated by the recom- 
bination process strongly overcomes the Treanor's distributions. 

Figure 30 compares the partial dissociation rates coming from the vibrational 

levels v :# 0 with the corresponding v = 0 case [i.e., e + O2 (v) k~t(v) ~ e + 2 0 ;  par- 

tial rate = neNvk~l (v)] 
L 

One can note that at t = tma x the contribution coming from v = 1 is of  the same 
order of  magni tude  as the v = 0 one, decreasing its impor tance  for t > tma x- 

2) E/N < 10 -16  V cm 2. (PVM + recombina t ion)  
Conditions: 10 -17  < E/N < 10 -16  ~ KTe 5000 K, p = 6.66 mbar,  Tg = 500 K 

Figure 31 shows the temporal  evolu t ion  of  the popu la t ion  o f  first few vibrat ional  

levels as well as the p roduc t ion  of  oxygen  atoms. 
As a consequence of  the small dissociation rate, the first vibrat ional  levels reach 

quasi-stat ionary values in t imes of  the order of  (nek~o) -1  . At  the vibrat ional  tem- 
perature 0] ~ 2270  K v-v processes will transfer the in t roduced  quan ta  up  to  the 

dissociation level. PVM therefore prevails under  these condi t ions.  The p roduc t ion  
of oxygen atoms is, however,  very small (Fig. 31). 
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Fi~ 31. Vibrational population densities and 
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time for the pure vibrational mechanism 
(n e = 1012 cm -3 ,  E/N < 10 -16  V cm 2, 
p = 6.66 mbar, Tg = 500 K, e '= 2.6 x 106 K) 
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Figure 32 shows the complete Nv distribution at different times. Three portions 
of the Nv distribution are present, the Treanor, the plateau and the Boltzmann tail. 
The plateau is now controlled by v - v  exchanges because the contribution coming 
from the recombination process is negligible as a consequence of the low concentra- 
tion of oxygen atoms. An estimated contribution of the recombination process is 
also shown in Fig. 32 at a time at which the oxygen atom concentration is practically 
stationary. 

If the gas temperature is decreased to 300 K one obtains dissociation rates up 
to one order of magnitude larger than the corresponding rates at Tg = 500 K. 

These rates, however, produce higher oxygen atom concentrations in the early 
part of  the evolution, which, at once, self limit the dissociation rates. 

3.2.2 Experimental Data 

Dissociation of molecular oxygen in non-equilibrium plasmas has been subject of 
numerous experimental investigations, mostly at pressures below about 10 mbar 26- 3 t). 

Dissociation from electronic states excited by direct electron impact has generally 
been considered as the prevailing mechanism in this pressure range. The possibility 
of alternative mechanisms involving vibrationally excited ground state molecules has 
recently been explored at higher pressures (27 mbar) 32). Apparatus and conditions 
are similar to those described for hydrogen. A method of titration of O-atoms with 
CO has been developed, appropriate to the higher pressure range investigated. 

A reaction scheme which takes into account the most relevant processes com- 
monly accepted to occur under plasma conditions is 

02 + e ------+ O + O + e k e (XXVII) (XXVII) 

02 + e , O2(IA) + e k e (XXVIII) (XXVIII) 

02 (~ A) + e -~ O + O + e k e (XXIX) (XXIX) 

O + 02 + 02 ~ Oa + 02 k e (XXX) (XXX) 

O 2 ( I A ) + 0  s " , 0 + 0 2 + 0 2  k e(XXXI) (XXXI) 

0 + 0 + 02 , 0 2  + 02 k e (XXXII) (XXXII) 

O + O + 0 ~ 02 + 0 k e (XXXIII) (XXXIII) 

O + O a ~ 02 + 02 k e (XXXIV) (XXXIV) 

O + wall , 1/2 02 k e (XXXV) (XXXV) 

Net production of oxygen atoms by dissociative attachment 

e + O  2 ~ O - + O  

can be excluded in that the reverse reaction is very rapid. 

(xxxvi) 
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The kinetic expression for atom production in the discharge zone is 

dN~ - 2[k e (XXVII) + k e (XXVIII)] No2 ne-rrec (I 5) 
dt 

which can be derived on the assumption of a stationary state for the concentrations 
of both 03 and O2 (1A), consistent with the negligible amounts of these species 
detected in the outflowing gas. 

k e (XXVII) and k e (XXVIII) can be evaluated from the relevant cross sections 
o(u) and the discharge parameters. For reaction (XXVII), excitations leading to both 
the Herzberg system (A3~u +) and the Schumann Runge system (A3~u),  with thresh- 
old energies at 4.5 and 8.0 eV respectively, are considered as the most probable 
dissociative channels. For process (XXVIII) excitations to both the singlet (alAg) 
and the singlet (b ~ Eg)state have been considered (threshold energies 0.96 and 
1.63 eV respectively). Values of  k e (XXVII) and k e (XXVIII) have been plotted 
against the reduced field in Fig. 33. The overall rate of O-atoms disappearance 
rree has been calculated in Ref. 32) by appropriate selection of literature values 
of the relevant rate constants (k e (XXX) and k e ( x x x I )  to k e ( x x x v ) .  In Fig. 34 
the dependence of the extent of O 2 dissociation on residence time has been plot- 
ted as calculated with and without the inclusion of the dissociation channels via 
singlet states and by utilizing either maxwellian edf 's  or the more appropriate 
non-maxweUian edf of  Ref. 33). The experimental points, included in this figure, 
show quite clearly that the observed kinetics follows different patterns. This can 
also be appreciated from Fig. 35 where the degree of dissociation z a has been 
plotted as a function of residence time NV/F ~ according to the equation 

I%xpNV/F ~ = - (z d + 2 in (1 - Zd) ) (16) 

10 -8 

(A ] ] ~ I) + ( I 
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~E 
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Fig. 33. Rate constants of direct electron excitation 
to both 2; and A singlet states and to both Schumann 
and Hertzberg systems as a function of E/N (From 
Ref.32)) 
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(V  (cm 3) = volume of  discharge zone,  F ~ (mol s -  1) = inlet molar flowrate of  0 2 )  which 
represents the integrated form for a 1 st order, plug-flow kinetics of  dissociation, with- 
out recombination (i.e. rrec = 0). The first order rate constant derived from these 
plots ( 3 - 7  s - ' )  are in satisfactory agreement with values of  k e (XXVII) n e calculated 
at the corresponding E/N values. Inclusion o f  dissociative channels via singlet states 
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�9 [ke(XXVlII)ne] would result in rate constants 5 to 10 times larger than the observed 
O n e s .  

Attempts to fit the experimental data with the inclusion of recombination pro- 
cess, lead to values of  the dissociation rate constant which increase with time by more 
than one order of magnitude. 

The possible additional contribution of a "ladder climbing" vibrational mechanism 
to the rate of dissociation is however incompatible with the presence of a high concen- 
tration of oxygen atoms, as discussed in Sect. 3.2.1. 

The recombination assisted dissociation process also discussed in Sect. 3.2.1 can 
contribute up to 30% to the rates calculated for a dissociative electron excitation 
mechanism. This calculated contribution is however insufficient to account for the 
present observations which correspond to almost complete suppression of recombi- 
nation within the discharge region. In order to account for such a large suppression 
of recombination to the ground electronic state of O 2, the suggestion has been 
made 32) that the mechanism of recombination assisted dissociation, might be applied 
not only to the vibrational system of the ground electronic state, but, more advan- 
tageously, to the long lived metastables lying at 4.2-4.5 eV above ground state and 
close to the dissociation limit (C 3Au, A 3 Z+u, C l Zu). This group of metastables should 
therefore be responsible for the observed suppression of recombination under the 
present experimental conditions. Under the experimental conditions of Ref. 32) the 
heterogenous recombination of the atoms to the ground state of 0 2, occurring on 
the walls (reaction XXXV), can be shown to be small with respect to the rate of 
atom production. Similar considerations very likely apply also to the heterogenous 
losses of metastables, while their homogenous removal is replaced by various plasma 
processes. 

The other fact brought out by the observed kinetics is the apparent suppression 
of the dissociation channel via A-singlets, which should make a rather large contri- 
bution to the process. A possible explanation is that removal of these metastables 
under discharge conditions effectively competes with their excitation to the disso- 
ciation limit. 

In this Connection, it should be mentioned that there is a series of resonant type 
cross-sections for reaction (XXXVI) in the energy range 0 . 9 -  2.0 eV, which corre- 
sponds to vibrational quantum numbers v = 5 - 9  of the ground O2(XaY~g -)  state, 
and which can be attributed to a 1As and b 1Zg single states. 

A possible route for the removal of singlet states could, therefore, be through 
the following process: 

O2(a lAg, blZg)  + 0 2 - - ' *  O2(XaZg -) (v = 5 - 9 )  + 02 (XXXVII) 

O2(v) + M ' O2(v - 1) + M (XXXVIII) 

O2(1) + O , O2(v = 0) + O (XXX/X) 

The main conclusions which can be derived from the analysis of the experimental 
results can be summarized as follows: 
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1) In this type of discharge both 03 and 02 (alAg), are practically absent. 
2) The main channels to dissociation are by electron excitation to the Schumann 

and Herzberg systems with practically no contribution of the channel via 
02(a lag)  and 02 (b l~g). 

3) The use of  maxwellian or of non maxwellian electron energy distribution func- 
tions is dearly reflected in the values of the rate constants. 

4) When the contribution of O-atoms becomes appreciable there appear to be two 
opposing effects: depopulation of vibrational levels by the very effective 
02(v) + 0 ~ 02(v - 1) + 0 v - t transfer and repopulation of the higher levels 
by cascade from the recombination level. The effective suppression of O-atom 
recombination to ground state of 02 within the discharge is probably linked to a 
recombination assisted dissociation involving the high lying metastables 
(C 3Au, Aay~ +, C l~u). 

3.3 Carbon Monoxide 

Electrical gas discharges in carbon monoxide have received a great deal of attention 
due to their importance for the generation of laser beams in the infrared. Electron 
energy distribution functions have been calculated by different authors a4-a6) (see 
in particular Ref.34)). The influence of superelastic collisions on edf and related 
quantities has recently been treated 36) with results very similar to those discussed 
for hydrogen in Sect. 2. An increase of the vibrational temperature from T v = 300 K 
to Tv = 3000 K increases the rate of ionization by one order of magnitude and causes 
a 20% increase of fi-r at E/N = 3 x 10 -16 V cm 2. Vibrational distribution in the electronic 
ground state functions have been measured by different spectroscopic techniques 
in CO/He mixtures 37' 38). A comparison between measured and calculated N v dis- 
tributions has been reported in Fig. 36 from Ref. 38). 

v - v  processes prevail over v - t  ones and these distributions have practically no 
Boltzmann tail, a situation similar to that discussed for nitrogen in Sect. 3.1. Ex- 
perimentally determined Nv distributions in CO/O2 mixtures 17) have been reported 
in Fig. 37. The deactivating action of the oxygen atoms, formed in the dissociation 
of 02, makes itself felt through the appearance of Boltzmann tail in Nv distribution. 

Possible mechanisms of carbon monoxide dissociation in electrical discharges 
have recently been discussed in Ref. 39). 

Rates of CO dissociation have been measured experimentally in Ref. 4~ At 
~r = 0.5 eV and n e = 101~ cm - a  the measured characteristic dissociation time 
(k~ ne) -1 is 30 -+ 5 s. e 

Dissociation by DEM e + CO (v = 0) ka ~ e + C + O can definitely be ruled out 
for the experimental conditions reported. In fact calculation based on edfs  of  
Ref. 34) and cross sections of Ref. 41) yields a value (kc~ he) -1 ~ 104 s. 

PVM can be very effective in pure CO under sufficiently strong e - v  pumping 
(high ne) because large v - v  rates are associated with small v - t  rates, like in N 2. A value 
ofk~ ~ 10 s -1 can be calculated for the following conditions: E/N = 8 x 10 -16 Vcm 2, 
ne = 1012 cm-3,  Nc O = 1017 cm-3 39) 
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Appropriate scaling to the experimental conditions of Ref. 4~ would result in 

a characteristic time of 50 s. This value does however appear optimistic in view of 
a 3% dissociation producing O-atoms which depress k~t, as expected from the Nv dis- 

tributions of Fig. 37. A more realistic model should make use of the JVE. An ap- 
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proximate calculation based on a judicious estimate of k~(v) rates yield a dissociation 
rate two orders of  magnitude larger than k~ (v = 0), i.e. a characteristic time of about 
100 s, to be compared with an experimental one of 30 s. Further theoretical and 
experimental work is necessary on this system. 

It should furthermore be pointed out that c h e m i c a l  dissociation channels ~uch as 

CO(v)+CO(v)  ~-C20-.I-O and CO(v)+CO(v)- - - -+CO2+C (XL) 

can be activated by the presence of vibrationally excited molecules 42). Dissociation 
of carbon monoxide has also been obtained by pumping the vibrational system of 
CO with IR photons from a cw laser source 43' 44). In this case Nv distributions and 
the possibility of CO dissociation can be explained on the basis of  PVM; chem- 
ical channels remain open in this case as well. 

3.4 Hydrogen Fluoride 4s) 

The efficiency of PVM in dissociating HF is linked to the possibility of creating a 
high vibrational temperature 01. This occurs when the pumping rate of the process 

k e 
e + H F ( v = 0 )  ol , e + H F ( v = l )  (XLI) 

overcomes the most important deactivation channel 

HF(v = 1) + HF pHOF' nF(v  = 0) + HF (XLII) 

Large 01 will thus be obtained when the inequality n e 2> Pn~ k~--l- NHF holds. From this 

follows that appreciably high 01 can be expected at high values of n e only. This is 
confirmed by Fig. 38a and 38b. Values ofk~t are high for ne > 1012 cm -3 in agree- 
ment with the qualitative considerations presented above. The strong dependence 
of k~ on Tg is expected for reasons similar to those discussed for H=. 

Figure 39 shows typical Nv distributions at different times for n e = 1014 cm -a .  
Also reported in this figure is the temporal evolution of the atoms. It should be noted 
that N v distributions do not display a Boltzmann tail. In fact with n e = 1014 cm -3,  
Ts = 300 K the vibrational temperature is high and v-v processes dominate over 
v-t processes. High electron concentrations of the order of 1014 cm -3 can be ob- 
tained in pulsed discharges with characteristic times of the order of 1 #s. Fig. 39 shows 
that the atom concentration reaches a value of 2 x 101 s cm-3 (i. e., about 1% disso- 
ciation) in a time of 10 -6 s. HF dissociation induced by IR laser pumping has been 
investigated in Ref. 46' 47) with laser pulses of the order of 3 x 107 W/cm 2. The corre- 
sponding pumping rate for the process 

hu + HF(v = o)----~ HF (v = 1) (XLIII) 
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is in this case about 109 s - I  and is able to overcome the vibrational deactivation of 
process (XLII) thereby introducing vibrational quanta in the HF system, v - v  processes 
will transport these quanta up to the dissociation limit. 

Nv distributions calculated in Ref.  46-47)  for the laser pumped system are similar 
to those reported in Fig. 39. However, for the conditions, discussed above, hv-v pump- 
ing is more intense than e-v excitation and therefore laser pumping yields large k~. 
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4 Polyatomic Molecules 

Three cases will be examined, which have formed the subject of recent experimental 
investigations, namely the dissociation of carbon dioxide 48), the cracking of hydro- 
carbons (CH4, C2H6, CzH4, nC4Hlo) s2), and ammonia decomposition ss). Appara- 
tus and conditions are, in these three cases, similar to those utilized for hydrogen 
and oxygen dissociation. Detailed informations on excitation and energy transfer 
processes, such as those available for diatomic molecules, are at present, insufficient 
to formulate a dependable model for the dissociation processes of these polyatomic 
molecules under plasma conditions. However, it will be shown that a simplified disso- 
ciation mechanism involving only direct excitation by electrons to excited dissocia- 
tive states can not account for the observed rates. A fraction of the energy pumped 
into the vibrational system of these molecules is apparently utilized for the dissocia- 
tion process and this fraction increases with increasing pressure. 

4.1 The Dissociation of Carbon Dioxide as) 

Dissociative electron excitation of C02 

C02 + e ~ CO~ + e ~ CO + O + e (XLIV) 

involves the excited electronic state CO~, approximately 7 eV above ground state. 
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Fig. 40. Electron energy distribution func- 
tions in CO 2 for various E/N values (From 
Ref.34)) 
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Cross sections for this process are available 49) and values o f  k~ for this process can 
then be calculated as a function of  E/N by using the non-maxwelliarl edf 's  of  Fig. 40 
from Ref. 34). Dissociative attachment according to 

c o 2  § e -~ c o  + o -  (XLV) 

has been shown to make only a minor contribution to the dissociation process 48). 
Figure 41 from Ref. 34) gives the fractional electron power transfer to the dif- 

ferent excitation processes in pure CO2. Fractional power transfer is a unique func- 
tion of E/N and is also independent o f  both ne and Nco  2. 

The initial rate of  CO2 dissociation according to reaction XLIV is 48) 

- dNco  2/dt = k~ neN~ : F~ (E/N) W-/6.7 x lO s (17) 

F~ (E/N) is the fractional power transferred to dissociative electronic excitation at 
a given E/N, as derived from Fig. 41, W is the electric power density transferred to 
the discharge (W cm - 3 )  and 6.7 x 10 s Jmo1-1 is the 7 eV threshold energy of  pro- 
cess XLIV, N~ is the initial number density of  CO 2. The experimentally deter- 
mined degree of  CO2 dissociation z a at the exit of  the discharge zone of  length s has 
been fitted by a first order equation with volume variation 

~/ap = R T ~ .  1 
kexp ~ A [ -0 .5  z d - 1.5 In (1 - zd)] (18) 

with r variable volumetric gas flow rate, r discharge tube radius, A conversion factor. 
Experimental plots o f -  [0.5 z d + 1.5 In (1 - zd) ] against s  are straight lines from 
which values of  the experimental dissociation rate constant kex p can be derived. The 
ratio F~(E/N) W/6.7 x l0  s o kexpNco 2 gives k~t ne/kexp. This ratio has been plotted 
in Fig. 42 as a function of the reduced average electron energy ~r, at different pres- 
sures. 
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Table 3. Fraction of the energy pumped into the vib- 
rational system of CO 2 utilized for the dissociation 
processes (Wvd)/(Wv), at different pressures and power 
densities (From Ref. 48)) 

p, mbar W, W cm -3 (Wvd)/(W v) 

53.3 15.7-23. 0.54-0.59 
26.7 8.4-16.7 0.28-0.42 
13.3 8.9-9.9 0.03-0.06 

Measurements of initial rates of dissociation of CO2 have also been performed 
in a lower pressure range (0 .4-4  mbar) s~ (see alsoSl)). The dashed line of Fig. 42 
gives the ratio between calculated k~ne and the corresponding kexp of Ref. s~ 
The results reported in this figure show that process XLIV can not represent the 
unique mechanism of dissociation. The contribution of this process to the observed 
rates decreases with decreasing fi-r, becoming negligible around fi-r = 0.8 eV, and 
with increasing pressure. From Fig. 41 and Fig. 42 one finds that an increasing 
fraction of the power transferred to the vibrational modes of CO 2 should actually 
be utilized for dissociation when the pressure is increased. This fraction can easily 
be calculated and the results are given in Table 3 from Ref. 48). One finds that at 
53 mbar about 60% of the energy pumped into the vibrational systems of CO 2 
is actually utilized in the dissociation process. 

The contribution of chemical dissociative channels, activated by the presence 
of vibrationally excited CO2, such as 

C02(,0 ) + C 0 2 ( v  ) > CO + 0 + CO 2 (XLVI) 

0 + C02(v) ~ CO + 02 (XLVII) 

is discussed in Ref. 42). Application of the theoretical treatment of Ref. 42) to the 
experimental data of Ref. 4s) is not straightforward and needs closer attention. 

4.2 Cracking of Hydrocarbons s2) 

Cracking of CH4, C2H6, C2H4, and n-C41-llo has been investigated in the presence 
of H 2 (mostly equimolar mixtures of one hydrocarbon with hydrogen) at total pres- 
sures between 10 and 40 mbar. The results can be summarized as follows: 

(1) The decomposition of all hydrocarbons investigated follows rather closely 
a zero order kinetics up to 80-90% conversion. (2) Rate constants of dissociation can 
be considered approximatively the same for  all hydrocarbons studied (between 2 and 
40 s- 1 ), depending on power input and hydrocarbon to hydrogen ratio and many 
orders of magnitude higher than the corresponding rates of "thermal" cracking 
(2 x l0 "9 for CH4, 2.6 x l0 -3 s - l  for n.C4Hlo ) at the maximum gas temperature 

99 



M. CapiteUi and E. Molinari 

of the plasma (950 K). (3) The primary step for the decomposition is very likely to 
be the same for all hydrocarbons investigated and involves the rupture of a C - H  bond. 
(4) The proposed reaction scheme is the following: 

RH k(XLVl/D > R + H (XLVIII) 

H2 k(XLIX) > H + H (XLIX) 

RH + H k(L) ) R + H 2 (L) 

R > C2H 2 + polymer 

, ~ Intermediate stable_J 
products 

(LD 

According to this simplified scheme the rate of disappearance of the hydrocar- 
bons, when a stationary state for N H is assumed, can be written as: 

dNRn/dt = 2k (XLVIII)NRH + 2k (XLIX)NH 2 (19) 

Since the concentration of RH decreases with time while that of H 2 increases 
as a result of hydrocarbon decomposition, a zero order kinetics can follow from 
Eq. (19) for appropriate values of the rate constants [k(XLVIII) ----k(XLIX)]. Reac- 
tions grouped under (LI) in the kinetic scheme represent alternative routes for the 
conversion of radicals R (CHa, C2H5, C2Ha, C4H9) into C2H 2, which is the main 
reaction product, and into polymer. Intermediate stable products are C2H4, CH 4 
and Call 6. (5) Rate constants k(XLVIII) are significantly larger than those predicted 
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by a mechanism of direct electron impact dissociation RH + e '~ R + H § e and 
imply the presence of additional mechanisms involving vibrotationally excited mole- 
cules. This is well illustrated by the data of Fig. 4352) where rate constants k(XLVIII) 
for CH 4 and C2H6 decomposition, divided by the estimated electron concentrations 
he, have been plotted against E/N at different pressures. Dissociation by direct elec- 
tron impact implies a rate constant k~t = k(XLVIII)ne which should be a unique func- 
tion of E/N. The results given in the figure show that this mechanism can not be the 
only one operating under the reported experimental conditions. In fact, even on the 
assumption that at the lowest pressure investigated dissociation by direct electron 
impact is predominant, the contribution of this mechanism decreases with increasing 
pressure and becomes negligible at 26.7 mbar. These results closely parallel those 
previously described for hydrogen and carbon dioxide. 

Sources of previous work on hydrocarbon cracking can be found in Ref. s2). 
Cracking ofCH 4 and of C4Hlo has also been studied in the presence of CO 2 and 
H2 O vaporS3, 54). The interesting observation is that the rupture of a C-H bond 
remains the slow step which occurs at rates very close to those measured in mixtures 
with hydrogen. Further oxidation to CO follows via C2 species. In the presence 
of 0252), conversion to CO occurs through self-accelerated radical chain reactions. 

4.3 The Decomposition of Ammonia ss) 

NH 3 decomposition has been studied in the pressure range 7-53 mbar with simul- 
taneous spectroscopic observation of emission bands of N 2, NH, H 2 and of atomic 
lines of H. 

Spectroscopic observations confirm the existence of a vibrational temperature 
"Iv ~ 2000 K greater than the translational one (Tg ~ 800 K) and show that NH is 
an important intermediate. The decomposition follows a zero order kinetics in ana- 
logy with the results reported in Sect. 4.2. Values of the rate constants are again 
several orders of magnitude larger than those observed in thermal decomposition 
and do not differ appreciably from those derived for hydrocarbons under similar 
discharge conditions. The reaction scheme is similar to that proposed in Sect. 4.2. 
The slow step involves the rupture of a N - H  bond and the final step is 
NH + NH-----* N 2 + H2. The presence of a mechanism of dissociation which makes 
use of the energy pumped into the vibrational manifold of NH 3 has been invoked 
for this system as well. 

5 C o m m e n t s  

In previous sections an attempt has been made to compare available experimental 
rates of selected plasmochemical reactions with predictions by mechanisms (PVM, 
DEM, JVE) based on the existence of electronic and vibrational nonequilibrium in 
the plasma. 
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While N v distributions find increasing support from direct and indirect experi- 
mental observations, the comparison of predicted and observed reaction rates suf- 
fers of  limitations which are both experimental and theoretical. 

On the experimental side, limited accuracy concerns the evaluation of no, Tg, 
E/N, f(u) as well as of the fluid dynamics of the chemical discharge reactor i.e., type 
of flow (plug. laminar, turbulent) and related dimensionless quantifies relevant to 
the definition of (a) velocity profiles and corresponding effective residence times, 
(b) of  transport properties, needed in the calculation of deexcitation of excited species 
and of recombination of atoms on the walls, of heat transfer to the walls, and of back- 
mixingS s). For example the constriction of the plasma column is a complicating factor 
at pressure above about 5 mbar. 

The situation on the theoretical side requires a more detailed analysis: 

The model mechanism, discussed in the preceeding sections, requires the follow- 
ing refmements: (a) A complete temporal coupling between the system of master 
equations and the relevant Boltzmann equation should always be made in order to 
obtain edfs  and N v distributions consistent with each other and with the presence 
of atomic species. The recombination of  the atoms should be taken into account. 
All this can be done but represents a serious mathematical and computational pro- 
blem. (b) Dissociation mechanisms are particularly sensitive to different excitation 
and transfer processes, as illustrated in the preceeding sections. More accurate cross 
sections are needed. In fact differences of  one or more orders of  magnitude are not 
unusual among literature values. New excitation channels might come into play which 
modify calculated rates. For example recent work s6) indicates the existence of reson- 
ances in H~- which could substantially increase e-v cross sections of high vibrational 
levels. JVE in H 2 should also take into account the possibility of dissociation over 

b ~u state normally considered in the calculations. Recent triplet states higher than 3 + 
work sT) has in fact shown that dissociation channels of comparable importance are 
those involving electronic excitation to aa~gg and carlu. This point has partially been 
considered at the end of Sect. 2.3.4. 

The mechanisms reported in the previous sections refer to a simplified model of  
the plasma. This point will be illustrated in the sections to follow. 

5.1 The Role of Walls 

The possibility of the deactivation at the reactor walls ofvibrationally excited mole- 
cules was not considered. This contribution to the overall loss of  excitation is deter- 
mined by the accomodation coefficient for vibrational energy of the wall material 
and by the transport coefficients of the molecules to the walls. An example will serve 
for illustration: The first order rate constant k w which accounts for the losses of  
vibrational excitation of an excited species at the reactor wails can be expressed as 

kw = _2 kwS/(k w + ~) (20) 
r 
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H 2 N2 

~d a b a b 

10 -3 118.5 92.2 38.0 31.1 
10 -4 26 15.3 7.2 4.2 

a: p= 26.7 mbax, @= 7.4 x 10 -3 mols-l, r = 2.4 cm, Tg = 1000K 
b: p=l.33mbar, e~=7.4x10 -4reels - l , r=2 .4cm,Tg= 300K 

Values of ad 10-3- 10-4 have been reported for N2(v) on glass by Polak 
(Pure Appl. Chem. 39,307, 1974). 

1 
where kw = ~- cad,  with c random velocity of the species at "l'g and c~ a deexcitation 

D 
coefficient for vibrational energy at the wall. <5 is given by 8 = Sh ~rr where r is dis- 

charge tube radius, Sh, Sherwood number for cylindrical geometry, which is a func- 
tion of the Schmidt and Reynold's numbers 58) and D is the diffusion coefficient, 
k w represents the rate constant for a 1 st order heterogenous wall process in the pres- 
ence of limitations by diffusion s9). Values of the Sherwood number depend on type 
of flow (plug, laminar) and gas flow rate and this introduces a dependence of k w 
on flow conditions. Table 4 gives some of the calculated kw values for conditions typ- 
ical of the experiments carried out in our laboratory. One appreciates that vibrational 
deactivation at the walls can be very important for H2, since k w is of the same order 
of magnitude of the e - v  pumping rate (nek~l ~ 200 s- 1, ne = 1011 cm-3, 
E/N > 2 x 10 -16 V cm2). A smaller influence is expected for N2 as a consequence 
of higher e - v  pumping rates (of the order of 103 s- 1 ) and of lower k w values. The 
influence of the deexcitation coefficient on calculated k w should also be noted. 

Wall deactivation of vibrationatly excited nitrogen should however be considered 
at number density lower than 10 is cm -3 as pointed out in Ref. 7). The influence on 
the kinetics of hydrogen dissociation of the transport of atoms to the walls and their 
recombination thereon has been considered in Ref. 16). Calculated values of kw are 
affected by the scattering in the literature values of the recombination coefficients. 

5.2 The Role of Metastables 

Figure 4460) gives a simplified energy level scheme for N2 which includes the ground 
state singlet N2(X 1 ~ )  and the triplets N2(A 3 ~uu) Nz ( B3 Ilg) and N2(C3IIu). Electro- 
nically excited metastable states and the ground state are joined in tiffs figure by 
heavy lines indicating the main connecting processes, process of  secondary import- 
ance being shown as broken lines. Rate constants for these processes have been evalu- 
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Fig. 44. Simplified energy diagram of the 
nitrogen system (From Ref. 61)) 

ated in60, 61) and in references given therein. Beside excitation by direct electron 
impact from the ground state (vertical arrows) important processes for the popula- 
tion of the various states are the following 

2N2(Aa ~ )  + N2(X l ~)----+ N 2 (C3 IIu) + 2N2(X a Eg) (LII) 

N2(Aa~uu) + N2(X 1 ~ v > 20)----+ N 2 (C31-1u) + N2(X 1 ~ v-Av) (LIII) 

which populate the C state 

N2(A3 ~uu) + N2(XI ~gg v ~ 6) ~ N2(BaIIg) + N2(X'Eg v-Av) (LIV) 

2N 2 (AaE+u) ~ N 2 (BalIg) + N2(X t E~) (LV) 

which populate the B state. 
N2( Aa ~uu) is populated from the upper B level. An important deactivation process 

is N2(Aa~u) + N(4S) ~ N2(X 1 E~) + N(2p). Steady state concentrations of the var- 
ious electronic states will therefore be dependent on the edf and on the Nv distribu- 
tion as well as on pressure and gas temperature. Dissociation of N2 can take place 
from any one of these excited electronic states by PVM, DEM or JVE, beside disso- 
ciation from the ground N2(X 1 Z~g) state which is the only one considered in our 
simplified model. However, the extent of the contribution of triplet states to the 
overall rate of dissociation can not be evaluated with presently available data. 

Results of a detailed spectroscopic investigation of a glow discharge in nitrogen 
at low pressure have recently been reported in Ref. 62). In this work concentration 
of C3llu, B3Ilg and AaE+u species have been determined at different radial positions 
in the discharge, together with the corresponding distributions of vibrational popu- 
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lations. These results have satisfactorily been intepreted along the lines outlined above 
by using appropriate edf's. Population distributions among vibrationally levels in the 
ground X 1 ~g state have also been derived. The connection between vibrational tem- 
peratures in the C a llu and in the ground X 1Z~ state has been established in discharges 
operated in the moderate and high pressure range in Ref. 6a). 

The dissociation of oxygen, discussed in Sect. 3.2.2, is an instructive example of 
a predicted contribution of the (a I Ag) and (b I ~gg) metastables to the dissociation 
process which has actually been invoked in low pressure discharges a~ 31) and which 
is absent under the discharge conditions discussed in Sect. 3.2.2. as a consequence 
of mechanisms competing with the excitation of  these metastables to the dissociative 
electronic states. Under the experimental conditions of Ref. 32) a decisive role is ap- 
parently played by the high lying metastables (CaAu, A3~ + , C 1 ~u) which increase 
the net rate of dissociation by a substantial reduction of  the recombination rate of 
O-atoms. 

5.3 The Role o f  Rotational Excitation 

In the discussion of  the electronic and vibrational disequilibrium no mention has 
been made of the possible role of rotational excitation. This was justified by the fact 
that, for values o f ~  r ~ 0.5 eV, the contribution of rotational excitation to the edf 
can be neglected and that the fractional energy transferred by the electrons to rota- 
tion is also negligible 34). 

However, the data of Fig. 23 and the values of Tr measured at 5 -5 0  mbar in 
various systems (gas NH3/H2, emitting species NH, N 2, Tr = 2000 Ks5); gas CO, 
emmitting species C2, Tr = 6000-8000 K 64)) indicate that, in contrast to the situa- 
tion prevailing at pressures below 5 mbar, where Tr---+ "l'g, above 5 mbar T r increases 
with increasing pressure and becomes equal to "Iv at about p = 15 mbar. Rotational 
distributions are apparently Boltzmann in these discharges 19' 20) and rotational levels 
of very high rotational quantum number are appreciably populated at the measured 
Tr~'S. 

In a recent paper 6s), devoted to energy transfer processes in HF it has been shown 
by trajectory calculations, that v-r processes of the type 

H F ( v  I = 1, Jl = 2) + HF(v 2 = 0, J2) ~ HF(vl = 0, Jl = 10-16) + HF(v 2 = 0, J2) 

(LVI) 

HF(v 1 = 3, J1 = 2) + HF(v 2 = 0, J2) ----~ HF(v 1 = 2, J1 = 10-16) I 

I - - ~ H F ( v l  = l ,  J1 1 6 - 2 0 ) / + H F ( v 2 = 0 ,  J2) 

HF(vt --- 0, Jl = 21-26)  (LVII) 

proceed at very fast rates, with a probability of ~ 0.2 and -~ 0.1 for single-quantum 
and multiple-quantum transitions, respectively. In these processes the vibrational 
energy of the vibrationally excited incident HF is transferred by an intramolecular 
process into rotational energy of the same molecule, with practically no change of 
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the internal energy state of the target HF molecule. One appreciates form Eq. (LVII) 
that HF (v = 0) species are formed, and that therefore vibrational energy can be re- 
laxed from high v states by these additional fast processes. Very high rotational states 
are populated via v - r  processes with much smaller energy defects than would have been 
predicted if both reagent and product HF species were assumed rotationless. 

The reverse processes of (LVI) and (LVII), which proceed at similar rates, repres- 
ent additional channels for the pumping up of vibrational energy. 

The occurrence of v - r  processes of  this kind can, in principle, have important 
consequences for both the PVM and the JVE mechanisms. This can be illustrated by 
the case of hydrogen. A number of resonant or near-resonant levels can be found in 
both para and ortho hydrogen, e.g., 

H 2 - p (v = 0, J = 8) and H 2 - p (v = 1, J = 0) 

H 2 - o (v = 0, J = 9) and H 2 - o (v = 1, J = 3) 

and others at J ~> 8, 9. The mole fraction of para and ortho molecules with J values 
t> 8, 9 is a function of the rotational temperature, as given below: 

I t (K)  4000 2000 1000 500 

mole 0.2 0.05 0.003 10 - s  
fraction 

The rate of  up-pumping (v = 0 ~ v = 1) can be written as-kr.v Nj/> 8,9 NH 2' 
where kr.v is the weighted average of the r - v  rate constants for each v = 0, J /> 8,9 
level. With overall transfer probabilities of the order of 0 . 3 6 5 )  this rate can be larger 
by one to three orders of magnitude at 1000 K < T r < 4000 K than e - v  (0,1) rates 
utilized in the previous sections for establishing the vibrational temperature 01. These 
considerations can be extended to v > v + 1 (v > 0) pumping. A theoretical evalua- 
tion of the Nv distributions which determine the rate constants k~i and k~li of  the 
PVM and of the JVE mechanism respectively, should therefore include direct and 
reverse v - r  processes in the master equations. This is a very complex problem which 
remains to be solved. Qualitatively speaking the rate of up-pumping depends on Tr, 
mostly through N j  > j  mha and on N 2. When T r depends on pressure as indicated by 
Figure 25 one expect a rapid increase of this rate between about 5 and 15 mbar, 
followed by a slower increase with pressure. This behaviour is reflected, in different 
ways, by k~ and k~i and one therefore expects that the ratio k~ne/kexp should de- 
crease with increasing pressure, in accordance with the experimental evidence for 
H2(Fig. 18), CO 2 (Fig. 42), CH 4 and C2H 6 (Fig. 43) and probably for NH 3. On the 
contrary, rotationless PVM and JVE mechanism decrease their contribution to the 
total rate of dissociation with increasing pressure and gas temperature (Sect. 2). 

There is another important consequence of the inclusion of rotational excitation. 
In a rotationless model, the dissociation pseudo-level is taken at v' + 1 (v' = 14 for 
H2). When high J levels are excited this pseudo level can be associated with a lower 
V 66), and this results in a strong increase ofk~ (Sect. 2.3.1). 
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5.4 Concluding Remarks 

In spite of the uncertainities involved in a comparison of  calculated and observed 
dissociation rates which have been illustrated in the preceeding sections, the follow- 
ing conclusions appear to be justified by the analysis which has been presented in 
this chapter. 

1) Hydrogen. JVE is the dominant mechanism at pressures below about 5 mbar; 
the contribution of PVM becomes appreciable below -I'g = 300 K. In the range of 
moderate pressures (5-55  mbar) these mechanisms appear to be insufficient to 
account for the observed decrease of  the ratio k~ne/kexp with increasing pressure. 
The contribution of rotational excitation to k~i is a possible suggestion which could 
account at least qualitatively for the pressure dependence of  the k~n e ratio. 

2) Nitrogen. PVM rates can be very high for pure nitrogen. The presence of dif- 
ferent gases (hydrogen-oxygen) and/or N-atoms, as well as the effect of the walls, 
reduce the importance of  this mechanism which should then be replaced by JVE. The 
role of metastables has not been ascertained quantitatively but can, in principle, be 
important. 

3) Oxygen. As a consequence of the low e-v pumping rates and of vibrational 
deexcitation by O-atoms, this system appears to be dominated by DEM both at low 
and intermediate pressures. The predicted strong contribution of metastable O2(1 A) 
is suppressed in the range of moderate pressures. Metastables close to the dissocia- 
tion limit are likely to be responsible for the reduction of the rate of O-atom recom- 
bination. 

4) Carbon monoxide. Considerations similar to those presented for nitrogen are 
valid for this system as well. 

5) Hydrogen fluoride. Dissociation of this molecule requires very high ne (pulsed 
discharges). 

6) Polyatomic molecules (C02, hydrocarbons, NH3). DEM contribution decreases 
in all cases with increasing pressure and decreasing E/N. An increasing fraction of  the 
energy pumped into the vibrational systems of these molecules is utilized for disso- 
ciation when the pressure is increased. There are no available PVM or JVE calcula- 
tions for these systems. 

The theoretical analysis of non-equilibrium plasmas, developed in this chapter, 
appears therefore to provide a useful framework into which experimental observa- 
tions on plasmochemical dissociation can be fitted. This is generally true at pressures 
below about 5 mbar, where Tr is not very different from Tg. At higher pressures a 
more sophisticated analysis must be developed which includes excitation and non- 
equilibrium of rotational levels and which might hopefully help understanding the 
behaviour reported at moderate pressures. Chemical dissociation channels activated 
by the presence of vibrotionally excited species should also be duly considered. It 
should finally be remembered that the pure vibrational mechanism discussed for 
plasmochemical dissociation can be extended to dissociation induced by infrared 
single-photon laser pumping after substitution of e-v excitation by hu-v pumping 
(Sect. 3.3 and 3.4). Infrared single photon laser pumping is a topic of current research 
activity 67) which is becoming progressively entangled with plasmochemical processes. 
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