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INTRODUCTION 

One of the "natural" react ions found t o  proceed i n  a pLasma-jet reactor  
i s  the formation of hydrocyanic ac id  by the introduct ion of methane i n t o  a nitrogen 
j e t :  

N2 + 2CH4 = 2HCN + 332 1 1-7 
The react ion can be made t o  proceed i n  good y i e l d  (based on methane consum@ion) and, 
furthermore, the main by-products, acetylene and hydrogen, are of considerable cheai- 
c a l  s ignif icance.  
from various invest igators  purely as  a production p o s s i b i l i t y .  

This reac t ion  therefore ,  has  received more than passing i n t e r e s t  

I n  an  ever  widening c i r c l e  of plasma-jet appl icat ions t h i s  react ion is  
almost unique in  t h a t  i t  i s  almost cer ta in  t h a t  t h e  chemistry must proccc 
produced intermediate species  of a s o r t  unknown at  ordinary temperatures. 
the in te res t ing  s o r t  of process one would l i k e  to  iontcnlplate when considering possi-  
b i l i t i e s  f o r  plasma j e t  cherllistry. One f e e l s  t h a t  i f  ins ight  can be gained in to  the 
d e t a i l e d  mechanism f o r  t h i s  key reaction, then it is  qui te  possible  t h a t  avenues will 
open t o  e p l o i t  o ther  high temperature species i n  chemical synthesis  or ,  indeed, t o  
use the  act ive species  of a ni t rogen j e t  i n  o t h e r  react ions.  

v ia  thermally 
This i s  

I n  t h e  "active nitrogen" research (1,2,3) t h a t  has pers i s ted  i n  vigorous 
_._-_-___________-__---------------~------------------------------------------------- 
(1) K. R .  Jennings and J. TJ. Linnett ,  Quart .  Rev. - 12, 116 (1958). 
(2)  G. G. Mannella, Chem. Rev. 47,  1 (1963). 
( ) N .  E .  V .  Evans, G. R .  Freeman and C .  A .  Winkler, Can. J. Chem. 34, - 1271 (1956). 

a c t i v i t y  f o r  more than ha l f  a century, HCN plays an equal ly  important role .  I n  fac t  
uhen cold methane i s  added t o  ni t rogen a t  low pressure t h a t  has been recent ly  passed 
through a high-voltage e l e c t r i c  discharge, one g e t s  exact ly  the  stoichiometry of 1 1  . 
That the experimental s y s t e m  thewelves  are  d i f f e r e n t  i s  apparent f o r  the  high-voltage 
discharge i s  a high-exci ta t ion device whereas the plasma jet i s  thought t o  be nearly 
i n  thermal equilibrium and hence a low-excitation device (spectroscopical ly  speakin - 

(4) F. A. -Kovolev and Yu. K. Kvaratskheli, Optics & Spectroscopy, - 10, 200 (1961). 

in te rnedie te  between a r c  ana spark) .  
here were performed a t  one-half atmosphele bs opposed t o  -1 t o r r )  and a t  a tempera 
ture  twenty times as  high t h e  absolute sca le  as room temperature, where the bulK 
of a c t i v e  nitrogen experiments have been performed. Final ly ,  the  react ive carbon- 
containing species evident ly  does not contact the  ac t ive  nitrogenous species as  
methane. 
lenes  with various degrees of sa tura t ion .  
form if the j e t  w e r e ,  say, argon. It has been shown elsewhere ( 5 )  t h a t  the  precursors 

- - - - -_-_-_-____-_-__--------- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  
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- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  _______-________________________________--------- -  
Furthermore the  plasma j e t  experiments reported 

That is, the  products other  than HCN are  mainly 3-etylene and higher acety- 
These are the  same products t h a t  would 

A 



1 7  

I n  s p i t e  of these differences it nevertheless does not  seem reasonable t o  
say the two systems are  only super f ic ia l ly  re la ted  f o r  the  chemistry seems too spe- 
c i f i c  and unique t o  permit one t o  accept t h i s  in te rpre ta t ion  l i g h t l y .  
wil l ing t o  accept the f a c t  of the chemistry given i n  equation [ 1-7 . . . perhaps 
modified by an as te r i sk  t o  indicate  the  nitrogen has been subjected t o  an exci-  
t a t i o n  of some kind ... as an operat ional  a e f i n i t i o n  f o r  act ive nitrogen then t h i s  
szudy i s  i n  a t rue  sense a study of  act ive nitrogen. 
provides a d i f f i c u l t  environment i n  which t o  do precise  work. 
d i f f i c u l t y  would seem t o  be o f f s e t  by the f a c t  t h a t  the r e l a t i v e  concentration of 
ac t ive  species i s  observed t o  be as high as 12% which is  Lwo orders  of magnitude 
higher than the ( a t  most) tenths  of a percent quoted i n  conventional research (6) .  

( 6 )  

I f  one i s  

It i s  t r u e  t h a t  the  plasma j e t  
On the  o ther  hand t h i s  

___-_---___i_____-------_---------------------------- 

J. M. Benson, J .  App. Phys. c?, 759 (1952). 

Furthermore, whereas i n  conventional research on act ive ni t rogen t h e  p a r t i d l  pressure 
of t h i  ;;ctive species i t s e l f  is on the order of hundredths of a t o r r ,  it i s  here 
observed t o  be i n  the tens  of t o r r s .  Naturally, t h i s  high concentration promotes a 
considerable s implif icat ion i n  the recovery and analysis  of products. Perhaps most 
s ign i f icant  i s  the f a c t  t h a t  owing t o  the high temperatures avai lable  i n  a plasma je t  
atomic nitrogen can be produced i n  la rge  amount as an equilibrium const i tuent  of t h e  
stream and hence serves as  an important new variable .  

The procedure followed w a s  t o  add methane through an annular s l o t  to a 
confined nitrogen j e t  of prec ise ly  defined average enthalpy. 
under these conditions 'mixing i s  very rapid as i s  the drop i n  temperature ( 5 ) .  After 
ebout 1 ni l l i second ' the  resu l t ing  flow of high temperature species  was  fur ther  c h i l l e d  
by the entrainment of cold product gas . . ( the  f a s t e s t  quench known) . . . and the flow 
of HCN i n  the product 5as  re la t ive  t o  the e f f luent  nitrogen flow chemically determined. 
Data were taken at  about 350 torr reactor  pressure i n  two reactors  t h a t  d i f fe red  i n  a 
s igni f icant  way. In one reactor  the  methane mixes with the  j e t  as  it emerges from 
the head in to  a water cooled channel the  same s i z e  as  the f r o n t  e lectrode o r i f i c e .  
I n  the  o ther  x a c t o r ,  t h e  j e t  en te rs  a plenum chamber, with an e x i t  o r i f i c e ,  and then 
e-ands '0 more then twice the o r i g i n a l  diameter. Only a f t e r  the je t  has pers i s ted  
outs ide -;he head for more than a millisecond, during which it has l o s t  about half  of 
i t s  enthalpy, i s  the methane added. 

It has been shown t h a t  

A s  the methane i s  added a t  various flow ra tes  the corresponding r a t e  of 
production of HCN re la t ive  t o  the ef f luent  nitrogen flow is  noted. 
Vinkler ' s  ( 3  1 work with act ive nitrogen, a plateau is  observed which ind ica tes  t h a t  
sone act ive species i s  indeed determined. Because of equipment a v a i l a b i l i t y  work 
was done with the  second of the  two reactors  described above severa l  months i n  ad- 
v3nce of the first, a reactor  t h a t  i s  both h o t t e r  and more amenable t o  an enthalpy- 
' 2ndence study. Because the data  from the  e a r l i e r  study indicated an HCN flow r a t e  
trizhin a fac tor  two  of the nitrogel. atom flow r a t e  f o r  a nitrogen stream of enthalpy 
eTJal t o  the average enthalpy (7) it TTZS t e n t a t i v e l y  concluded (8) t h a t  the reagent 

:. 1 

(8) 

species i s  the  nitrogen atom. It i s  c lear  from t h e  more complete s tudy reported here  

J u s t  a s  i n  

_ . . _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - _ - - _ - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - _ - - - - - - - -  

7 .  Martinek, Thermodynamic and Transport Properties of' Gases, Liquid and Sol ids  
(McGraw-Hill, New York, 1959), p. 130. 
H. M. Hulburt and M. P. Freeman, Trans. N. Y. Acad. Sci. ,  11, 25, - 770 (1963) .  _ ____________________-- - - -_- - - -_-___-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -~- - - - - - - - -  
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4 t h a t  t h i s  conclusion is, i n  f a c t ,  erroneous a d  t h a t  the apparent agreement was 

fo r tu i tous ,  a consequence o f  the choice of power l e v e l  used i n  t h a t  p a r t  of the 
study. i 

I n  order not  t o  confuse what i s  observed with the immediately apparent 
in te rpre ta t ion ,  these f a c t o r s  are seDarated i n  the  following presentat ion:  After a 
reasonably complete presentat ion of t h e  experimental procedure and d e t a i l s  (-1- 
MENTAL) sample da t a  are presented together with such generalizations about the da t a  

attempt i s  made t o  discuss  each of the observations i n  terms of the various in te r -  
p r e t a t i o n s  they would seem t o  warrant (DISCUSSION). Included i n  t h i s  sect ion i s  a 
b r i e f  discussion of the p r i n c i p a l  questions remaining unresolved. 
those in t e rp re t a t ions  t h a t  would seem most probable are col lected together t o  pre- 
s e n t  a plausible  sequence f o r  the observed reaction. 

) 
as seem warranted f r o m  simple inspection (RESULTS). Following t h i s  sect ion,  an 1 , 

, 
Final ly ,  (SUMWRY) , 

, 

i 
MpERlMENTAL 

Apparatus. Plasma-jet reactors  consis t  of three par t s ,  head o r  a r c  un i t ,  , 
intermediate section, and quenching sect ion.  
s tudy is  a Thermal-Dynamics L-40 Plasma-jet with "turbulent nitrogen" electrodes and , 
it i s  powered by t w o  1 2  kw welding power suppl ies  open c i r c u i t  voltage 160 v o l t s  
connected with t h e i r  outputs  i n  p a r a l l e l ,  but with opposite phase rotat ions on the . 
input  so as to  minimize power supply r ipp le  i n  the  output. The intermediate sections 
(Figures 1 and 2) are made o f  copper and f i l l y  water-cooled as is the head. The SOR ' 
( l o c a l  designation) shown i n  Figure 2 has ducts and thermometers located so tha t  heat 
l o s t  t o  the  cooling water upstream of the s l o t  i s  determined independently from t h a t  
l o s t  downstream. The quenching sect ion where the  hot stream of plasma and reaction 
products i s  quenched by entrainment of cold product gas i s  simply a heat exchanger, 
i .e.,  it is a s t a i n l e s s  steel pot 11 inches i n  diameter and 11 inches long sparsely 
wound w i t h  soldered copper tubing. Between the windings it g e t s  hot enough to  cause 
f l e s h  burns but all p a r t s  subject  t o  heat damage, such as seals, are  w e l l  cooled. 
A t  the  o u t l e t  o f  the quenching sect ion i s  s i x  feet of 1 inch I . D .  thick-walled 
rubberized fabr ic  ac id  tubing. This i n  t u rn  is attached t o  the  bottom of a 3 foot  
v e r t i c a l  mixing sect ion of 2 inch s t a i n l e s s  steel  tubing loosely packed with glass  
wool. 
cold discharge from the plasma-jet  reactor .  
connected t o  a high capaci ty  steam jet  vacuum pump with an automatic control ler  f o r  
maintaining desired pressures .  

The plasma-jet head used f o r  t h i s  

,, 

' 

A t  the bottom o f  t h i s  mixing sect ion carbon dioxide i s  mixed with the now 
The top 7f the mixing sect ion i s  J 

A Toeppler pump i s  arranged t o  withdraw 522 ml. of gas from the top of the 
This a l iquot  may mixing sect ion at room temperature and at t h e  reactor  pressure.  

then be collected f o r  ana lys i s  i n  a su i tab le  gas col lect ion system. 

Gas flows, except f o r  methane, a r e  metered by o r i f i c e  gages cal ibrated t o  
within 1% f o r  CO2 and N2 respect ively by water displacement. Methane flow, much less 
c r i t i c a l ,  i s  determined by a rotameter ca l ib ra t ed  by calculat ion.  All  cooling water 
flows a r e  determined by experimentally ca l ib ra t ed  rotameters. Cooling water temper- 
a tu re  rise i s  determined by s u i t a b l y  graduated interconsis tent  mercury thermometers. 

Procedure. Heat flow i n  the nitrogen plasma a t  the point o f  methane 
introduct ion is  determined by subtract ing f r o m  the  voltage-current product i n  the a r c  , 
the  heat l o s t  to a l l  cooling-water supplies up t o  t h a t  point.  ( I n  the  case of the "R , 
reactor ,  a l o c a l  designation f o r  the r eac t e r  configuration of Figure 1, t h i s  is j u s t  
t h e  head cooling water.)  For da t a  taken a t  a p a r t i c u l a r  heat flow (and hence average 
enthalpy) an attempt was made t o  keep t h i s  heat flow constant. In  t h i s  endeavor 
the  re la t ive ly  g rea t  i n t r i n s i c  s t a b i l i t y  of plasma j e t s  made by t h i s  manufacturer 

1 
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ndpt-ci ,  but because data fo r  a typ ica l  run extended over severa l  hours the re  was 
.in appreciable d r i f t  with occasional overcorrection (about 25%). This i s  undoubt- 
edly the pr inc ipa l  source of s c a t t e r  i n  the  data; note t h a t  t h e  methane flow r a t e s  
i;ers ce t  i n  random order so t h a t  trends i n  the  data due t o  ne t  power d r i f t  would 
not be observed except as sca t t e r .  

Except where noted, i n  a l l  systems t h e  pressure a t  the  sampling t a p  ( ca l l ed  
reac tor  pressure w a s  350 2 20 t o r r .  The ac tua l  pressure of  each sample was known t o  
2 1 t o r r  bu t  t h i s  i s  not a s igni f icant  datum i n  the  data analysis.  Reactor pressure 
ioes not d i r e c t l y  measure pressure i n  the  head because of t h e  pressure drop through 
the  a r c ,  which is  qui te  l a r g e  when the  head i s  operating. Although t h i s  u n i t  i s  not 
instrumented for  an in-head s t a t i c  pressure measurement, some exploratory pressure 
measurements were run with a t a p  a t  the  i n l e t  t o  t h e  head. It was found t h a t  pres- 
sure changes a t  t h i s  point a t  t h e  standard flow rate were f a i r l y  in sens i t i ve  t o  pow- 
e r  leve l ,  as well as t o  reac tor  pressure i n  t h e  range covered i n  these  experiments. 
A t  350 t o r r  with a ga; flow of 0.0171 gm. mole see.-' t he  i n l e t  pressure was observed 
t o  be 710 t o r r .  No condition rea l ized  i n  t h i s  experiment at  t h i s  flow r a t e  a l t e r e d  
t h i s  pressure by more than 10%. 
sure t o  about 600 t o r r ,  a change s t i l l  l e s s  than 20%. 

Lowering the  gas flow rate by 27% reduced the pres- 

Whenever methane, power and/or pressure conditions were changed the  system 
w a s  operated for  e ight  minutes before taking a sample. 
time t o  e s t ab l i sh  a constant composition. 

This was found t o  be su f f i c i en t  

The collected gas a l iquot  w a s  slowly sparged thourgh 100 ml. of ice-cold 
caus t ic  containing 12.50 millimoles of base. 
was i n i t i a l l y  evacuated so that the  e n t i r e  sample, together with t h e  a i r  used t o  
f lush  out res idua l  product gas from t he  l i nes ,  might be co l lec ted  i n  the  caustic and 
the  space over it. 
dure has been found sa t i s f ac to ry  fo r  t he  quant i ta t ive  recovery of Cog and HCN. 
ac id  i n  the  aqueous so lu t ion  was then determined by t i t r a t i o n  w i t h  0.500 N HC1 u n t i l  
a l l  o f  the  carbonate had been converted t o  bicarbonate (pH 8.3). 
then added as an ind ica tor  and cyanide determined alone by precipitometric t i t r a t i o n  
with 0.0100 N s i l v e r  ion. 
hence r e l a t i v e  flow rates of HCN and C O 2  t o  be determined. But t h e  r a t i o  of  the flow 
r a t e s  of N 2  (e f f luent )  and C02 is  known both from t h e  ca l ibra ted  gages and t o  s imi la r  
prec is ion  from t i t r a t i o n  of a blank run done without power o r  methane. 
t he  r a t i o  o f  HCN t o  e f f luen t  N 2  follows immediately. 

The h a l f - l i t e r  space over t he  caus t ic  

This was followed by one minute of vigorous shaking. This proce- 
Total  

Ammoniacal K I  was 

This permits the  i n i t i a l  r a t i o  of p a r t i a l  pressures and 

Consequently 

Accounting fo r  t he  various sources of uncer ta in ty  t h e  a c t u a l  r a t i o  of HCN t o  
N 2  i s  estimated t o  be within about lO$ of t h e  reported value and t h e  hea t  flow t o  with- 
i n  about 5$. 
3.1 and 0.01% of the  t o t a l  gas flow. 

A i r  leakage in to  the  system, a po ten t i a l  source of e r ro r ,  was between 

The quenching sec t ion  i s  mounted with a window through which, f o r  a time 
a f t e r  each cleaning, t he  exhaust of t h e  intermediate sec t ion  can be observed. Under 
some conditions (notably high enthalpy and low gas flows) rap id  solids formation 
ozcurred leading, indeed, t o  plugging at  the  highest  heat flow. It is, therefore, of 
some i n t e r e s t  t ha t  when to t a l ed  over a l l  runs an inconsequential amount of  so l id  prod- 
uc t  formed. 
r e su l t i ng  i n  l e s s  than 6 g. of recovered so l id .  

j - idahl  ana lys i s  t o  contain about 5$ nitrogen by weight; it i s  apparently a mixture 
of HCN polymer and carbon. 

Although temperatures a= not quoted (and as w i l l  be shown below, cannot be 

More than 3 Kg of methane was used i n  the  course of these  experiments, 
This very bulky s o l i d  was found on 

meaningfully quoted because of a subs tan t ia l  departure from equilibrium) it i s  ins t ruc-  
t i v e  t o  note t h a t  t he  eight-fold range of average enthalpy covered i n  t h i s  experiment, 
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would, on the  assumption of equilibrium, correspond t o  temperatures *om j 2 5 O o K .  
t o  7000‘~. \ 

I 
< RESULTS \ 

Yield. In Figure 3 t yp ica l  r e s u l t s  f o r  the yield o f  hydrocyanic acid as  a - 
function o f  methane feed r a t e  i s  shown for  the TR reactor  a t  a nitrogen flow of 0.0171 E.{ 
mole sec. -I, a t  three widely d i f f e r e n t  enthalpy leve ls .  
t ions  may be made immediately: 

Several  important observa- 

a.  A t  every enthalpy l e v e l  a l imi t ing  value of HCN production 
i s  achieved, as observed by Winkler, e t  al .  ( 3 )  

b. A f t e r  t h e  l i m i t i n g  or  saturat ion value is reached a fur ther  
excess of methane does not decrease the yield,  suggesting 
a condition of frozen equilibrium. 

c. Before sa tu ra t ion  i s  reached a l l  of the yield curves 
coincide with each other  and with a l i n e  slope of 113. 
That i s  when i n s u f f i c i e n t  methane i s  added t o  reach the  
l imi t ing  production, only one carbon atom i n  th ree  i s  
converted t o  HCN. 

The th ing  t h a t  s t r i k e s  the inves t iga to r  is the s t a b i l i t y  and r ep roduc ib i l i t y  of these 
e f f e c t s  despi te  the d i f f i c u l t i e s  inherent i n  keeping a plasma-jet system operating a t  
p rec i se ly  defined conditions for  several  hours. 
Figure 3 for  the highest  enthalpy run done i n  the  TR reactor  at  subs t an t i a l ly  reduced 
gas flow. 
c l e a r  t h a t  no qua l i ta t ive  difference i n  behavior i s  t o  be observed. Also shown i n  
t h i s  f igure i s  the i n i t i a l  run done i n  the SOR reactor  a t  a s ingle  enthalpy. Again, 
e s s e n t i a l l y  the same behavior occurs. 

Figure 4 shows a yield curve as i n  

Although t h i s  run was plagaed b y  plugging and unstable operation it is 

Variation with enthalpy. Because the y i e ld  var ies  r ap id ly  with enthalpy, 
t h e  enthalpy var ia t ions encountered during runs of several  hours durat ion make average 
values determined from full yield curves such as those of Figures 3 and 4 no more pre- 
c i s e  than s ingle  points  using methane flows corresponding t o  the plateau regions of 
the  curve. A t  a l l  ava i l ab le  enthalpy l e v e l s  a methane flow r a t e  equal t o  one-half the 
nitrogen flow i s  seen to  g ive  the  l i m i t i n g  yield of HCN and much of the data describ- 
i n g  enthalpy dependence was taken a t  t h i s  feed r a t i o .  

I n  Figure 5 the logarithm of  the flow r a t e  of a c t i v e  species (as measured by 
The open points re- t h e  sa tu ra t ion  HCN production) i s  p lo t t ed  vs reciprocal  enthalpy. 

present  “one point” data; t h e  f i l l ed  points were determined by a full y ie ld  curve of 
the s o r t  shown i n  Figure 3. Circular o in ts  represent  data  from the  TR reactor,  at a 
nitrogen flow of 0.0171 g. moles sec.s while t r i angu la r  points  represent  data from 
the  same reactor a t  0.0125 g. moles sec.-’. The square point  represents data  taken on 
t h e  SOR reactor  using average enthalpy determined a t  the s l o t .  
f igure  i s  a l i n e  segment representing the pcpulation of atomic nitrogen a t  0.46 atmos- 
pheres as a function of enthalpy as calculated from equilibrium considerations (7). 
Two important conclusions can be drawn from t h i s  f igure:  

Also shown i n  t h i s  

d. The production of ac t ive  species appears t o  be a smooth 
and reproducible function of enthalpy for  a pa r t i cu la r  
reactor  regardless  of flow r a t e .  



e. The population of act ive species correlates  very poorly 
with nitrogen atom population based on average enthalpy, 
being many orders of magnitude too high a t  low enthalpy 
and a factor o f  10 low a t  high enthalpy. 

Pressure dependence. Although the experiment was principdl ly  run a t  a nom- 
i d  reactor  pressure of 350 t o r r  some indication of s e n s i t i v i t y  t o  pressure is  nec- 
essary t o  assess the importance 3f the s m a l l  pressure var ia t ions encountered. A t  a 
net power of 7000 2 100 watts a d  a nitrogen flow of 0.0171 g. moles sec.-', the data 
of IIBble I were taken. 

TABLE I 

Relative Yield of HCN as a Function of Reactor 
Pressure a t  Moderate Power 

!Cotal Reactor Pressure ( t o r r )  195 350 484 
n HCN/G 0.052 0.074 0.078 
Heat Flow (watts) 6991. 6992 (avg.) 7216 
Conductance (mhos. ) 1.27 0.58 0.68 

Note t h a t  a t  195 t o r r  an  appreciable f rac t ion  of the t o t a l  enthalpy is  t i e d  up i n  
directed k ine t ic  energy so the f ree  stream enthalpy i s  subs t an t i a l ly  lower than the 
heat flow would indicate.  This leads t o  the fur ther  ra ther  surpr is ing observation: 

f. The f r ac t ion  of nitrogen capable of ultimate react ion with 
the carbon containing species t o  HCN is  nearly independent 
of reactor  pressure. 

Methane Uti l izat ion.  Four gas samples were taken for  mass spectrometric 
analysis  a t  the 7000 w a t t  level ,  corresponding t o  four points on the  center curve of 
Figure 3,  two below saturat ion and two above. Unreacted methane accounts for  l O $  of 
the  methane flow a t  the highest  flow r a t e  (CH4/H2 s0.6) but a t  a l l  lower flows the 
conversion was found t o  be complete. In every case acetylene was found t o  be by far 
the  major product, although ,for the points above the saturat ion value some carbon (a 
few percent) i s  lound as other C2, C4 and CS unsaturated hyirocarbons. I f  HCN pro- 
duction i s  estimated from Figure 3, the observed carbon balance is sa t i s f ac to ry  t o  
within the limited precis ion of the mass spectrometric analysis.  This leads t o  the 
f inal  observation: 

g. When the nitrogen i s  i n  excess a l l  of the methane reacts  
t o  make for  each molecule of HCN one of acetylene. When 
the methane i s  i n  excess, the excess methane t h a t  reacts  
forms ch ie f ly  acetylene, with minor amounts of C 4  and Ce 
species. 

DISCUSSION 

General 

In l i g h t  of the observations a .  and b. above, there w o u l d  appear t o  be l i t t l e  
question t h a t  the e a r l i e r  interpretat ion ( 7 )  of t h e  data taken on t h e  SOR reactor was 
correct  t o  the extent t h a t  a nitrogen plasma j e t  evidently contains some act ive species, 
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perhaps more than one, capable of reacting with the immediate decomposition products 
of methane t o  make HCN or i t s  precursor.  It seems equally c l e a r  t ha t  the  procedure 
employed here quzn t i t a t ive ly  deternines the  flow rate of t h i s  ( these)  species. 

4 

I 
Reactive Nitrogen. Species 

Atonic Nitrogen. From t h e  welter of confusing evidence, and conflicting 
v iews  t h a t  ha're accumulated over t h e  decades of "active nitrogen" research, a s o r t  
of genera l  agreement has  r ecen t ly  been reached t h a t  at  least  t h e  most important 
cons t i tuent  must be atomic nitrogen i n  i t s  ground s ta te  (1). With the high temper 1 
a tu re  thermal plasma inves t iga ted  here it would seem t h a t  t h i s  p o s s i b i l i t y  can be I 

immediately excluded by observation e .  Taking i n t o  account a l l  t h e  known character-  ' 
i s t i c s  o f  a plasna-jet  reac tor ,  one can not account f o r  the very low production r a t e  1 
of ac t ive  species a t  high enthalpy. That is ,  on account of t he  i n t r i n s i c  steep temper' 
a tu re  gradient near t he  w a l l s  of a contained p lasaa- je t ,  one must always consider the 

e f fec ts .  Furtherno-e, the  enthalpy f luc tua t ions  t o  which a plasma j e t  i s  subject ( 9 )  

(9 )  M.  P. Freeman, S .  U. Li  and W.  vonJaskowsky, J.  App. Phys. - 33,  2845 (1962). 

are not t o  be ignored. However, by ac tua l  conputation one may veryquickly s a t i s f y  
himself t h a t  while a non uniform temperature d i s t r ibu t ion  might account f o r  a t o t a l  
nitrogen atom population somewhat i n  excess of t he  average concentration calculated, 
no reasonable d i s t r i b u t i o n  o f  en tha lp ies  could account f o r  the  observed dearth at  
high enthalpy. 

p o s s i b i l i t y  t ha t  the  non-uniform radial  temperature p r o f i l e  might cause observed I 

. . . . . . . . . . . . . . . . . . . . . .  
I 

1 
________________________________________- -_  

I 

, 

Ionic Nitrogen. One of the  theor ies  of ac t ive  nitrogen t h a t  has i n  the  
pas t  enjoygd sone popular i ty  i s  t h a t  of Mitra (1 ) .  
ion N$ as :he ac t ive  spec ies .  
o f  ac t ive  species w i t h  t he  r a t e  of production of  pos i t ive  ions i n  the a r c  process. 
(The equilibrium population of ions  a t  reac tor  conditions i s  much too s m a l l  t o  be 
in t e re s t ing . )  This is, of course, j u s t  the rate of production o f  e lec t rons ,  since the 
p lasaa  remains e l e c t r i c a l l y  neu t r a l .  Note that  st the  higher power leve ls ,  even 
allowing f o r  the considerable amount of hea t  in. d v e d  i n  non-equilibrium ionization 
th i s  implies, the  temperature should s t i l l  be high enough t h a t  t he  p r inc ipa l  pos i t ive1  
charged species i s  t h e  atomic i o n  rather than t h e  molecular ion.  Since there i s  no 
reason t o  suppose t h a t  t h e i r  ult imate products should be any d i f f e ren t ,  t h i s  presents 
no d i f f i cu l ty .  

This theory invokes the  molecular 
This suggests attempting t o  co r re l a t e  t h e  production 

A number propor t iona l  t o  the  rate of production of e lec t rons ,  and hence of 
pos i t i ve  ions, may be estimated i n  the  following way: The conductivity, 6 , i n  the  
ac tua l  arc discharge pa th  i s  proportional t o  the  dens i ty  o f  e lec t rons ,  ne, and t h e i r  
mean f r ee  vath (13). On allowing f o r  t he  pressure dependence o f  the mean f ree  path: 

(10) 
- - - - - - - - - - - - - - - - - - - -_ I__________________- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  - - - -  

H.  0 .  G.  Alfven, Cosmical Electrodynamics (Oxford, Clarendon Press,  1950) '3. 47. 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -_-------- - - - - - - - - - - - - - - - - - - - - - -  

There i s  also a weak temDerature rlependence, but t h i s  may be ignored a s  the temueratur 
i n  :-A: ac tua l  discha 'gc na th  p-obably does not change much. If the discharge pazh t 
occupies a f r a c t i o n a l  area, 
M i s  proportional t o :  

8 , of the  t o t a l  plasma-jet channel then the conductance 
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. I .  . .  
No:r we .-iake'the assumption t h a t  "the io,n production ra te ,  R, -is jus t .equal  to . . the . ion"  
(an5 hence e lec t ron)  .population densi ty  . i n  . the discharge' path times tlie velocity.  
(nro3ortional t o  1/P) of t h a t  par t ,  YG, of the t o t a l  flow,-G, tha t ' f lows  through the  
discharge column: .. . 

. . .  
/-4 7- , . . .  . . - R  a n e , ~  GYP. - -  

Combining 1-2 7, 1-3 7 and 1-4 7 we obtain the simple r e s u l t  t h a t  t h e  conductance i s  
Groportiongl Eo tKe Flow raFe G f  ions  out  of the discharge path divided by the e f f luent  
flow r a t e :  

M CC R I G  

Assuming t h a t  the  heat  flow, W, leaving the  head i s  proport ional  t o  the  energy actual ly  
d iss ipa ted  i n  the  a rc  (as  opposed t o  energy diss ipated t o  the cooling water i n  e lectrode 
3 . ~ c - z s - s )  then from Watt's law: 

R/G a I ~ / W  = M (&os) 

Where I i s  the measured current through the head. 

Figure 6 i s  a p l o t  of conductance vs. r e l a t i v e  rate of HCN production f o r  
a l l  the  data taken a t  350 t o r r .  
the agreement would seem t o  be ex t raord inar i ly  good. 
tu rns  out t o  show l i t t l e  dependence on the  reactor  pressure as t h i s  var iable  was not 
held precisely constant f o r  a l l  the  runs. Furthermore, t h i s  would seem t o  be consis t -  
e n t  with observation f .  where, despi te  t h e  widely disparate  reac tor  pressures employed, 
the ac t ive  species production i n  the  der ivat ion of L 6-7 now become apparent when one 
considers the conductance f o r  i t  changes appreciably f o r  the  low pressure run. The 
points  from the data  of Table I are  represented by a s t e r i s k s  on Figure 6 .  . One might 
suDpose the obvious d i s p a r i t y  t o  be due t o  the a r c  length or node of operation chang- 
ing a t  l o w  reac;o- pressure.  As explained above, much l a r g e r  changes i n  pressure are  
produced i n  the a rc  chamber by changing the  flow r a t e  than by changing the reactor  
pressu-e.  Yet, i f  there  f s  any real discrepancy between data taken at 0.0125 (0) 
and 0.0171 g .  moles see.-  

Considering the crudeness of the der ivat ion of 1 6  7 
It is  for tunate  t h a t  the analysis 

( 0 )  it is s m a l l .  

Equilibrium Considerations. Apparently a charged specie (s ) t h a t  p e r s i s t s  
i n  the  jet i s  responsible f o r  the obse-ved HCN production rate. But now the  question 
a- ises  cs t o  whether t h a t  snecies i s  present because of a slow recombination reaction 
and, hence la rge  departures from l o c a l  thermodynamic equilibrium (LTE) o r  whether it 
i s  due t o  the r a d i a l  temperature p r o f i l e  discussed above. 
the datum for the SOR reactor,  contr ibutes  a veLry d i r e c t  answer t o  t h i s  question. 
For t h i s  reactor  the methane is  added only a f t e r  the  j e t  has been f i r e d  i n t o  a plenum, 
choked and then expanded. 
on leaving the head: and y e t  it s t i l l  agrees well with the  cor re la t ion  between HCN 
production and head conductivicy exhibi ted by the  TR reactor .  
rc.'irl temperature i n  t h i s  case i s  wel l  below t h a t  i t  which ions could e x i s t  at 
equilibrium, one nust  conclude t h a t  the back .-eaction destroying charged species i n  
the . jet  i s  very slow compared t o  je t  residence times (on the  order  of  milliseconds 
f o r  t h i s  reac tor ) .  

The s w a r e  point  i n  Figure 6, 

In  the  process it has l o s t  near ly  h a l f  the  enghalpy it had 

Since even the maximum 

Another question t h a t  should be considered i s  whether so much enthalpy i s  
t i e d  ug i n  non-equilibrium ionizat ion t h a t ,  assuming all o t h e r  degrees of freedom to 
be equi l ibrated,  the resu l t ing  temperatures a re  too low t o  allow an appreciable 
amount of atomic nitrogen. This could account for  the unexpected lack  of  HCN gen- 
e ra ted  by t h i s  species.  However, i n  the  worst possible  case, subtract ing from the 



7 4 

t o t a l  enthalpy the heat  of forna t ion  of  a nitrogen ion f o r  each HCN molecule formed, 
one i'i:iBs t h a t  i n  the runs a t  highest  heat  flow there  is s t i l l  s u f f i c i e n t  enthalpy 
t o  provide as much as 35% atomic nitrogen. 
the i n a c t i v i t y  of t h i s  species .  

Clear ly  one must look elsewhere t o  explain 

Unresolved Questions.  It remains t o  ident i fy ,  i f  possible  the  ac tua l  ionic  
species  involved i n  the  reac t ion  from among the  four  l i k e l y  candidates:  

These may be quickly reduced to  three by the following reasoning. If one pos i t ive  
ion i s  the  reactive species then they both must be react ive s ince no difference i s  
observed i n  Figure 6 between d a t a  taken at high power and a t  l o w .  
f a c t ,  be indistinguishable as reagents i n  t h i s  react ion.  As a matter of  convenience 
we may denote them both by t h e  low temperature species,  the molecular ion.  Because 
the  atomic ion i s  always surrounded by atoms and c h i l l i n g  is  very rapid i n  t h e  mixing 
zone of the reactor, it may be t h a t  the molecular ion i s  i n  fact t h e  ac tua l  reagent. 

They must ,  i n  

The negative species presents  more of a d i f f i c u l b y .  It is c e r t a i n  ';hat i f  
charged p a r t i c l e s  of one s ign a r e  involved i n  the  chemistpj, so must p a r t i c l e s  of the 
opposite f o r  the  product emerges e l e c t r i c a l l y  neut ra l .  
involved, the electron gas, has cer ta in  drawbacks. Po:e.nost mong the drawbacks, it 
i s  hard t o  accept the s l o w  recombination r a t e  between e lec t rons  and pos i t ive  ions 
implied. This would furthermore represent a disao_nointing departure f r o m  conventional 
ac t ive  nitrogen research f o r  by the  use of microwave techniques Benson (6) has shown 
the concentration of e lec t rons  t o  be orders of magnitude too small  t o  be paired i n  
one-to-one correspondence with the act ive species (although t h e  long persis tence of 
conductivity could indicate  t h e  e lec t rons  were i n  equilibrium with some o ther  species)  

The l i k e l y  species  t o  be 

It has, t o  be s u r e ,  been almost axiomatic f o r  th ree  decades t h a t  the negative 
nitrogen ion can not form because i n  i ts ground s t a t e  it i s  u n s a b l e ,  o r  near ly  un- 
s tab le ,  with respect t o  d issoc ia t ion  t o  the atom. However, Boldt (11) has recently 

(11) G .  Boldt, 2 .  f .  Physik - 154 330 (1959). 

shown through spectroscopic evidence t h a t  a metastable n i t r i d e  ion forms and p e r s i s t s  
i n  appreciable concentration i n  an a rc  discharge tha t  i s  not appreciably d i f f e r e n t  
from the plasma generating a r c  emDloyed here so t h a t  t h i s  p o s s i b i l i t y  may not be 
l i g h t l y  disregarded. The t r a n s i t i o n  of t h i s  metastable ion  t o  the ground s t a t e  i s  
spin forbidden. Its i o r i z a t i o n  p o t e n t i a l  i s  1.1 ev t o  an exc i ted  metastable atomic 
s t a t e  t h a t  l i e s  2.38 ev above the  g-ouid atomic s t a t e .  

- - - _ - - - - - -__ - -_ - - - - -  ___ -________________- - - - - - - - - - - - - - - - - - - - - -  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
- - - - - - - - - - - - - - - -_ - - - - -  - - - - - -  - - - -  - - - -  - -  _ _ - - _ _ - _ _ _ _ _ _ _ - _ _ _ _ _ - - - - - - - - - - - -  

There would seem t o  be no good way t o  determine within the context of the 
present  experiment whether the  pos i t ive  or  negative species i s  involved i n  the 
reaction i n  a path determining way. More important perhaps within the context of 
act ive nitrogen research is  t h e  manifest i n a c t i v i t y  of  atomic nitrogen ... even under 
conditions o f  heavy methane flow. 

Reactive Carbon Species - 

As a completely unexpected by-product of t h i s  work. observations c and g 
would seem t o  give i n t e r e s t i n g  confirmation t o  the  work of Skel l  and Wescott (12) .  

(12) 
- - - - - - -  - - - - - - - - - - - - - - - -_______________ - -  _ _ _ _ _ - _ _ _ - _  - - - -__ - - - - - - - - -  _ _ - - - -  

P. S .  Skel l  and L .  D .  Wescott, J.  Am. Chem. S O ~ .  85. 1023 (1963). - - _ _ _ - _ _ - - _ _ _ _ _ - - - - - _ _ ^ _ _ _ _ _  _ - _ _ _ _ _ _ _ _ _ _ _ _  - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  __.._----- 
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These invest igators  have iden t i f i ed  the pr inciple  species i n  carbon vapor a t  low 
Fressures as  a dicarbene: 

. .  , .  
,.. , 

. . - 1-8-7 . .  
: C - = C = , C :  . , 

by the chemical i den t i f i ca t ion  of i t s  addition products with o l e f i n s  when they are  
sublimed together onto a cold surface.  

Observation c . ,  t h a t  only one carbon atom i n  three may react  t o  make HCN 
when t h e  nitrogenous react ive species i s  i n  excess, the o the r  two going t o  acetylene, 
i s  quite reasonably explained i f  i n  the pr inciple  s tep  a nitrogen kernel i s  attached 
t o  a dicarbene which then subsequently forms one HCN and C2H2. Observation g.  follows 
equally well by pos:ulating t h a t  when the dicarbene i s  i n  excess it dimerizes ana then 
forms mono-, d i - ,  and t r i -acetylene uni t s  on subsequent a t t ack  by atomic hydrogen; 
p a r t i a l  hydrogenation of the higher acekrlenes by atomic o r  molecular hydrogen t o  make 
vinyl- and divinyl-acetylene then completes the reaction sequence. 

SUMMARY 

This experiment, simple i n  concept and in te rpre ta t ion ,  would appear t o  
shed considerable l i g h t  on the d e t a i l s  of the reaction of methane with a nitrogen 
plasma-jet. Although there  a r e  s t i l l  may d e t a i l s  requiring f u r t h e r  work, at the 
present time we can propose the following simple concept f o r  the reaction sequence: 

1. A par t  of the nitrogen as it passes through the a r c  head uni t ,  passes 
through the a rc  column o r  discharge path.  
ionized t o  the extent required by the a r c  process. 

There it is completely dissociated and 

2. As the  f resh gas enters  the discharge column, atoms, atomic ions,  
and electrons are  swept out  where they mix with the r e l a t i v e l y  cold gas t h a t  i s  by- 
passing the discharge column. 

3 .  The mixture equ i l ib ra t e s  i n  most degrees o f  freedom t o  some reproducible 
steady s t a t e  consisting of a mixture of a t  l e a s t  atoms, molecules, atomic and molecular 
ions apd electrons.  

4. Some process leading t o  equ i l ib ra t ion  of t h a t  degree of freedom of the 
mixture involving the existence of the act ive species i s  e f f ec t ive ly  "frozen" o r  
nearly so; the flow of act ive species i n  the stream is equal, o r  almost equal t o  
the r a t e  a t  which it o r  i t s  precursor is displaced from the a r c  zone. 

5. The r a t e  at which the act ive species o r  i t s  precursor i s  blown out of  
the a r c  zone is  proportional t o  the  r a t e  a t  which charged p a r t i c l e s  o f  e i t h e r  sign 
are  blown out,  which is presumed t o  indicate  t h a t  the act ive species or i t s  precursor 
i s  charged. 

6 .  A s  the end products are necessar i ly  e l e c t r i c a l l y  neu t r a l , . i ons  of both 
p l a r i t i e s  are required i n  the chemistry. Those with pos i t i ve  charge are  probably an 
equilibrium mixture of the molecular and atomic ions, presumed t o  be chemically 
indistinguishable,  while the negative charge c a r r i e r  could be electrons,  f r e e  n i t r i d e  
ion gas, o r  possibly some equilibrium mixture. 
no indicat ion of the s ign of the ions which i n i t i a t e  and determine the  path of the 
reaction. 

From the present experiment there  is  

7 .  As the methane en ters  the reactor  it rapidly mixes i n t o  the hot plasma 
and i s  converted t o  C.3 dicarbene molecules. The nitrogen containing act ive species 
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r e a c t s  with it t o  form one molecule of  HCN and one of C 2 H 2  on subsequent cooling and 
a t t ack  by atomic hydrogen. When the C3 i s  i n  excess, t he  excess dimerizes; on subse-  
quent cooling and a t t ack  by  atomic hydrogen it goes mainly t o  acetylene with small 
amounts of C+ and CB molecules with varying degrees of  unsaturation. 

This reaction sequence i s  of  course only appropriate t o  the  plasma je t  
s i t ua t ion ;  however, the outstanding f ac to r  emerging from t h i s  study t h a t  one should 
keep i n  mind when considering the  g rea t e r  relevance of  t h i s  work i s  t h a t  an active 
species has been found t h a t  has  chemical proper t ies  genera l ly  a t t r i b u t e d  t o  ground 
s t a t e  atomic nitrogen i n  conventional ac t ive  nitrogen research. This species has 
been shown t o  be: 

a )  

b )  

N o t  atomic nitrogen i n  the  ground state. 

d i r ec t  proportion t o  the  number of charged p a r t i c l e s  
produced i n  the  a r c  process. 
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On,, CH4 / G  

Rate of production of HCN vs. feed  r a t e  
of methane (both re la t ive  to  effluent 
ni t rogen flow, G, of 0.0171 g r a m  
moles  sec .  -l) a t  t h r e e  net  power leve ls :  
3522 wat ts  - 0; 6992 wat ts  - (P; and 
9782 wat ts  - - .  . . . . T R  r e a c t o r .  
Dashed line has  slope of one-third.  
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Figure  5 

-1 

Logari thmic plot of the flow r a t e  of HCN 
(as sumed  equal  t o  the flow r a t e  of ac t ive  
spec ies )  re la t ive  to  the flow r a t e  of effluent 
ni t rogen as a function of r ec ip roca l  ave rage  
enthalpy a t  the point of introduction of 
methane.  
Line shown r e p r e s e n t s  expected ni t rogen 
a tom population based  on ave rage  enthalpy as 
calculated from equi l ibr ium cons idera t ions .  

Point  legend given in text. 
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Figure  6 
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Conductance (propor t iona l  t o  the f r ac t ion  of 
n i t rogen  molecules  ionized) vs .  ac t ive  spec ie s  
flow r a t e  re la t ive  to effluent nitrogen. Legend 
of points co r re sponds  to  that  of F i g u r e  5 .  
Po in t s  m a r k e d  with a s t e r i s k s  co r re spond  to 
the  da ta  of Table I. 
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