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IIU!HODlr CT ION. 
The eynthesis  of hydrazine from ammonia ursing the 

e i l e n t  e l e c t r i c  discharge was f i re t  demonstrated by Beeson 
i n  1911 (1). Subsequent inves t iga t ion  ehowed that both 
the e l e c t r i c a l  energy y ie ld  and percentage conversion 
obtained were very low (2,3) and i n t e r e s t  in trie procese 
waned. Further  work w a s  introduced i n  the  early 1950's 
enabling s u b s t a n t i a l  improveuents i n  y i e lds  t o  be obtained 
in cer ta in  circumstaxcea and a b e t t e r  understanding of the  
k ine t i c  mechanisms i n  the  discnarge t o  emera.  Devine and 
Burton ( 4 )  showed that s ign i f i can t  hydrazine fornat ion only 
took place i n  the  pos i t ive  column of a D.C. discharge. \ 

Moreover, they found that y i e lds  could be subs tan t ia l ly  
increased i f  tne  atomic hydrogen concentration in t h e  dis- 
charge could be reduced by recombination. These general  
observations were l a t e r  confirmed b: Hathsack ( 5 ) .  As a 
reeu l t  mechanisms were proposed f o r  hydrazine syntheeie baaed 

I on t h e  under ly ing  premise that the  hydrazine w a s  f k e t  
formed in t h e  discharge and then degraded by back reactions.  
k c h i  ( 6 )  enowed that y ie lde  could be increased by reducing 
the  residence time of t he  hydrazine i n  the  diechargo in 
agreement w i t h  the  general  premise of  hydr85ine d y r a d a t i o n  
in the  discharge. Subeequent work nas not been at variance 
w i t h  t h i e  finding (7,83. 

Recently, I.C.I. of the  U.K. have reported (9)  that 
r e m o v a l  of product hydrazine i n  a l iqu id  absorbent give0 a 
subetantial increase  in yie ld  and an improvement In p e p  
centage conversion. Thia ie, of cour~e,  a modification of 
the  general  premise of  hydrazine d e g r a a t i o n  in the  diecharge 
proposed by Devine and Burton (4 )  and Oucbi (6). 
following on the  pioneering work of Ouchi (61, and other. 
( l o ) ,  I.C.I. apparently were able t o  achieve even b e t t e r  
y i e lds  by eu i t ab le  modification of the  waveform character-  
i e t i c e  of the  discharge.  In order t o  confirm t h e i r  c l a i r  
and t o  help c l a r i f y  the  mechanisms taking place i n  the  die- 
charge, work wae commenced on t h i s  eyetem at the  Univereity 
of Newcastle-upon-Tyne i n  1965. 
statement of the r e a u l t e  obtained t o  date.  

Furthermore, 

Thie i e  a prelimiPary 

BXPrnIrt&rn&. 
The main a h  of thie work was t o  attempt t o  h C I = e a E e  

hydrazine y ie lde  by reducing the residence t i n e  of  the 
product in the  discharge.  A concentric b a r r i e r  dimcharge 
reactor  w a s  employed with and without trie uee of a l i qu id  
abeorbent. Reactant flow r a t e  wae increaeed UP t o  the 



+xiip.ni +xmi.ng ca i s c i ty  of trie appai,atus a f t e r  W - L i C i i ,  tile 

r . t o ,  give a .f.urther-.reauc!,ion i n  p r o d u c t  residence 
t.irJiei. %'i+ly a d.C. '. p a r a l ' l e l  e lectroae reac t& w a s  we'd '. 
i n  ,:w,yicn t.le discharge waveform characterist icg;,werd 
altered' .  so  t h a t  only a s: ior t  ac t iva t ing  pulse.; was 'supplidd 

, to ' the reactarit i n  tne eiectrode gap as it passed t h r o q h ; ,  
.. . the ., reaat,or. 

'. ' r eac tor  'set brtueen measur mg and analysing sec%,i.ons , i n  .a: 
flowing gas t r a i n .  Commercially 'pure amon5d.uas fed ih to  
the raeasurinf. sec t ion  o f  the  ap::aratus v i a  a ' reduct ion 
valve,  &d- a reigxlating needle .vzlve. '. 
measured on a rotaJ:ieter wriich had been previsusly cal ibrated 
under operating coilditions by us- a soap  f i l m  manometer. 
Gas te:.lperatures an6. 1.ressures.. a l s o  were uie:?.sL.red before the  
dischar,,;e reactor .  The hycirazine formed i n  t iie discharge 
was absorbed i n  ethylerie glycol e i t h e r  i n  s i t u  o r  i n  a 
separate absorrition trLin.  Hydrazine w a s  determined using 
the spectrophoiietric  method of' W a t t '  and 'cLr?sp (11). 
Vacuum control.  'was acuie'ved by a Cartesian manostat located 
before t h e  'vacuuh-.puunp.- 

The A.C. radio frequency power (1.2meg c /s )  to-- 
the  A- and B-type reac tors  was supplied by a modified C-12 
Radyne generator -of l a w  rated output. 3easurement of the 
power dissipat,e.d.. i n  the.  aischarge was acnieved by f i r s t l y  
'.determining t.h,e, power f a c t o r  d i r e c t l y .  on%uitable osc.il10- 
'sc3pe. This value i n  conjunction with the d i r e c t  
-readings of  an X.iG.S. voltmeter (Airmec 314) and a rad io  ' 

. frequency ammeter- (.Cambriuge , Unipivot ) . enabled a reasonably 
accurate .d,etermination of the power i n  the  discharge . t o  be 
-achieved. The D.C. power f o r  the  C-type reac tor  w a s  
provided by a spec ia l ly  engineered 8KW generator. Measure- . 

:merit of t h e ' a c t u a l  discharge power w a s  made using a 
,combination of an oscil loscope t r ace  and the  appropriate 
meter .r.eadinga.' , . . , 

The vaxioue types of diqcharke reac tors  used ' i n  t h i s  
work a re  i l l u s t r a t e d  schen&%ically i n  Fig.1. Other essent.ia1 
geopetr ic  d e t a i l s  of these reac tors  and t h e i r  operating da ta  
are given In Table 1. The A-type s e r iq s  of r eac to r s  
consisted of  a precis ion s i l i c a  tube (which acted as the 
capacit ive ba r r i e r )  with the  high tension electrode a t tached .  
wound the  outeide. The inper e lectrode w a s  a spinning 
cylinder s o  constructed t h a t  ,absorbent liqukd could be 
eprayed onto the  ineide of the tube t o  flow-down through the  
m,ular diecharge gap. 

except tllat a cen t r a l  wire e lectrode vae used and t h e  
absorbent l i qu id  was fed i n t o  the incornin@; gas a8 a epray. 
Dieperpion o f ,  t he  l i qu id  vas, achieyed yl t , raeonical ly  using a 
vibratory gemrator .  
through on annular o r i f i c e  placed a t  a eu f f i e i en t  dietanbe 

T i .  ?.I.. e b::s reducer:,'.p;- chaibing the e lec t rode  area 

: , -;' 
\ . .  The apparatus c o n s h o d  esse:;tially of t-b discharge , : ' 

The flow r j t e :  w a s  

. .  

Co-current gas and l i q u i d  flow was 
employed; : . .  

The B-type eer ie6  of reac tors  were of - s i m i l a r .  conetruction 

The apray was fed i n t o  fhe  kae atream 
, ,, _. .. ,. . ' 
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downstream from the  discharge t o  ensure proper d ispersa l  of 
spray i n  the electrode gap. 
p a i r  of r e c t w a r  e lectrodes s o  s e t  i n  the  gas flow as t o  
avoid reactant  by-passing. "ne use of D.C. power, 
necessitated s t a b i l i z a t i o n  of the  discnarge by means of a 
r e s i s t i ve  load i n  the e l e c t r i c a l  c i r cu i t .  Provision w a s  
made t o  admit l i qu id  spray in to  t h e  i n l e t  gas stream using 
t h e  same aerosol generator used in tile type-B reactors .  

The C-type r eac to r  employed a 

Table 1. 
Reactor units employed. 

Reactor Flow Area Discharge Discharge Ui l ec t i c  
Type CoGe cm I i d t h  rjarr i e  r 2 

cm 
Tubular 81 2.203 1.270 2.798 0.15875 
Cen t r i fwa l  A2 0.254 0.560 II 
Fi3.m ileactor A 3  II 0.127 0.280 I I  

" O 1 Y  "hicme ss cm c1n 

II 

n 0.040 0.089 

1.089 la270 1.383 
II 0.277 0.254 

A4 
rubular B1 
Spray Reactor 62 
U s e d  c1 1.4U 0- 635 0.896 0 

I I  

It 

II 

Reactor 

gmJLTs:. 
Hydrazine y i e lds  f o r  the  var ious r eac to r  geometries and 

t he  operating var iab les  employed a r e  given i n  Figs.  2 tm 6.  
From the  da ta  presented i n  r i g  2 t o  4, it is evident t h a t  the 
y ie ld  var ies  inversely as an exponential funct ion of t he  
*lower density at  pressures under l0Umm of mercury. The e f f ec t  
of pressure a l so  follows a Regative exponent id  va r i a t ion  
therefore  a general  equation of t he  form 

Y = a exp (-W-cv)  
adequately descr ibes  the  results. 
of the  results does not in any sense give a complete 
descr ipt ion o f  the  underlying pnysical chemistry involved in 
t he  synthesis. 
develop separate r a t e  equations in terms of t he  p a r t i a l  
pressures of tne  various components in the  overa l l  hydrazine 

a n a l y s i s  and s ince , in  the  present case,these da t a  a r e  lacking 
the phenomenological approach had t o  be used. The constants  

the equation for tne  var ious reac tors  acd operating 
conditions used were evaluated using t h e  method of l e a s t  
squares (12). These a re  tabulated in Table 2. It should be 
noted i n  t h i s  Table tna t  cer tLin pressure exponential values 
were bracketed. here the relevant da t a  were lacking for 
c&cdat&n and , therefore,  t he  dependence of energy y ie ld  upon 
preesurefdeactors A2 t o  A4 and B2 were assumed t o  be the  
eane RS those found experimentally f o r  Reactors A l  and B1. 

O f  course t h i s  cor re la t ion  

I d e a l l y , i t  would have been preferable  t o  

1 synthesis.  This would have necessi ta ted a complete product 
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. a b c l i qq id  
*iea.ctor L.!n/iLWH ~ 3 a - l  c c/Kwat t absorbent 

Al .l3.14 O.OUB7 73.81 firm 
81 6.33 3.02j6 118.74 none 

10.70 (O.OU87) 19.43 f i l i i l  

12-93 
A2 

3.73 A4 7.28 II 

B1 12.99 0*0098 73.58 spray 
32 9.26 (0.0098) . 13.69 II 

B2 8.88 (U.0236) 35.15 none 

This i s  a reasoliable procedure within any one 

I1  

11 

I1 A3 9.56 

1,erticular s e r i e s  of  r eac to r s  such as  A1 t o  4, but it is 
O i Q Y  Eiproximate w i t i i  i i i f fe r ing  reac tor  se r ies (  e.g. Reactor 
s e r i e s  A and B)due t o  d i s s i m i l a r i t i e s  i n  discharge geometries. 

JJi,c;uSSI #If. 
The i?os t  notable overa l l  fea ture  of the r e s u l t s  i s  the  

.qrogresuive increase i n  hydrazine y ie ld  obteined by t i t e  use 
of  a liqu-id absorbent and b y  p i h i n g  tne discharge. The 
h i m e s t  averase. j i e l d  was obtained wit!i tile puls ing 
technique with o r  without l iqcdd absorbent a id  was approx- 
inietely 15 gms if H /KMH. 
W h  were obtaine8 %ut f u r t h e r  experimental work is required 
before these values can be made reproducible. It is  
noteworthy that  a y ie ld  of 15  pis/KMH is  beginning t o  look 
comerc ia l ly  a t t r a c t i v e  although it must be remenbered that 
the fiiL;,.l. product cost  w i l l  depend t o  a grea t  extent  on the 
cost  of  the product pu r i f i ca t ion  process downstream of  t he  . 
reactor .  

There a re  severa l  i n t e re s t ing  f ea tu res  shown by t h i s  
work which bear discussion. From t h e  results set out i n  
Fig. 2 t o  4 it is evident t h a t  the  hydrazine y i e ld  decreases 
with increasing discharge power i n t e n s i t y  desp i te  a corres- 
ponding increase in the decomposition o f  ammonia. The o n l y  
reasonable explanation for t h i s  which 118s been advanced is  
tha t  hydrazine i s  formed i n  the  discharge b j  a complex 
reac t ion  mechanism and i s  subsequently decomposed by electron 
bombardment o r  o ther  c o l l i s i o n  phenomena (4,6 ) . 
the  slope of the energy yield-power densi ty  p lo t .  This i s  
well  i l l u s t r a t e d  i n  both Pig. 2 and Fig.4 by comparing the 
slope of the  p l o t s  with and drithout the use of l i q u i d  absorb- 
ent.  This i nd ica t e s  t h a t  hydrazine is being reinoved f r o m  the 
diecharge by the  l i qu id  absorbent instead of  being degraded. 
If t he  hydrazine were completely removed s o  t h a t  degradation 
did not  occur the  elope of this p l o t  would be wither  
independent of discharge power or possibly pos i t ive .  

Isolated values as nigi? as 20 @as/ 

The use of  a l i q u i d  absorbent r e s d t s  i n  a decrease in  

The very 



fact  that the sloGe i s  s t i l l  negetive w i t h  t n e  use o f  l iqu id  
absor.bent nay ind ica te  tha t  a s i t n i f  icant amount of hydrazine 
is &till being degraded i n  the discharge in this case. 
Therefore, tiie use o f  a more e f f i c i e n t  absorptlon process would 
reasonably be expected t o  reco.i;er more of  the  hydragice being 
degraded and t h u s  increase y ie lds  s t i l l  fur ther .  IuIoreover, the  
observed uecreasing e f fec t  of pressure on t h e  yield with the 
iise of l iqu id  absorbent (shown i n  E'ig.2)adds weight t o  t h i s  
sv.gge s t ion. 

y i e l d  of hydrazine increased s t e a d i l y  while the s!.ope of -$he 
,;;-ield-power de:>.sity curve remained co:istaiit f o r  s imi la r  reactor  

A reasonable Pxplaiation f o r  t h i s  beliaviour i s  that at the 
lower pressures t n e  eiectrons pass ing  in to  t h e  discharge i r e  
less l i k e l y  t o  s u f f e r  c o l l i s i o n s  i n  tne  immediate v i c i n i t y  of 
t h e  electrode s o  tha t  the average enerLy of  tiie e lec t rons  w i l l  
be -high j u s t  p r i o r  t o  the required ac t iva t ing  co l l i s ions .  
Therefore, a c t i v a t i n g  co l l i s ions  a re  more l i k e l y  t o  occur and 
y i e l d s  t o  iiicrezse corresgondingly. Degradation of product by 
e lec t rons  is. by' t h e  same arguement, more l i k e l y  under these 
conditions but o ther  product degrading discharge c o l l i s i o n a l  
phenomena e.g. the  reac t ion  w i t h  hydrogen atoms, a re  reduced 
because of t h e  g r e a t e r  mean f r e e  path a t  t h e  lower operating 
pressure. The overa l l  r e s u l t  i s  that hydrazine y i e l d s  increase. 
Secondary effects become increasingly important at higher - 

' pressures and it is l i k e l y  that other  var iz t ions  in the ef fec t  
o f .gressure  on yie ld  may w e l l  occur. One such v a r i a t i o n  ie 
reported t o  occur at about 5mm pressure where the energy yield 
passes through a m a x i m u m  (8). 

l i q u i d  absorbent a d  'it w a s  considered that a more e f f i c i e n t  
absorption technique should lead t o  even greater yields.  In 
order  t o  obtain a more intimate gas l i q u i d  disperrknn a spray  
reac tor  w a s  used df the  general  design Bhown-for Reactors 
B1 and 2 i n  Fig.1. The r e s u l t s  ( P i g . 4 )  show that y i e l d s  were 
s l i g h t l y  below t h a t  of t h e  f i l m  reactor.  
were d i f f i c u l t i e s  caused by d i s s i m i l a r i t i e s  in t h e  construction 
of Reactors A and B which l e d  t o  rad ica l ly  d i f f e r e n t  discharge 
condition8 being obtained. 
uniform discharge densi ty  because it was of an apnular 
construct ion where the  annulus width was small compared t o  the 
r e a c t o r  diameter. The spray reac tor ,  on t h e  other  hand, 
employed a c e n t r a l  w i r e  e lectrode and coneequently there  w a s  . 
a non-uniform f i e l d  i n  t h e  discharge gap with a higher . local 
diacharge dens i ty  i n  the v i c i n i t y  o f  the wire electrode. 
Because the y i e l d  is known t o  depend on an inverse funct ion 
of the power d e m i t y , i t  is only reasonable t o  expect that the 
reac tor  deeign :B1 
.Reactor design Al, under. similar operating conditione. 
This  means t h a t  the more intimate gas-liquid contact in  the 
epray r e a c t o r  had no measurable e f f e c t  on the  product yield. 

As tile 3ressur.e was decreased beloit 1001!m of mercury the 

I operating coiiaii;ions such as tiie use of a l i q u i d  absorbent. 

Product y i e l d s  were increased by removing hydrazine in a 

In pract ice  there  

The film reac tor  (U)  had a more 

. 

would give eomewhat lower y i e l d  than the  



On the other  hand, i f  hydrazine i s  formed and degraded 
ullifolvly i n  t h e  ac t iva t ing  sect ion of tlie discharge t h i s  
r e s u l t  i s  d i f f i c u l t  t o  explain. It is suggested from t h i s  
that ,under these conditions, the absorption process is  no 
l o l y e r  t h e  control l ing f a c t o r  s ince an increase in, the 
overal l  po ten t ia l  absorption rate,tiirou(jh an increase i n  the 
i l l t e r fac ia l  a rea  ,produces no corresponaing r i s e  i n  Warazine 
yields.  I~ mag be that l iqu id  surface ac t iva t ion  phenomena 
are  t*&ing place and the increased hydrazine y ie ld  which is 
observed with the use of an absorbent l iqu id  is caused by 
hydrazine formed by otlier mechanisms in  which the l i q u i d  
surface plays an important role.  If this  were the case the 
l iqu id  fi lm, wnich presents a complete b a r r i e r  t o  the  discharge, 
would na tura l ly  give naximal yie ld  and tile spray reac tor  
would only tend t o  tllis value in tile l i m i t .  

residence time of the recictant i n  the  discharge is accompanied 
by an increase i n  energy y ie ld  of ivarazine and a corresponding 
f a l l  in percent%e conversion. . The r e s u l t s  are de ta i led  i n  
Blg.5 and appear t o  be i n  general  agreement w i t h  those of 
k c h i  (6). When a l iquid,absorbent  is used t h e  change of 
y ie ld  and percent conversion i s  steady but without the use of 
an Crbs'orbent the  e f f e c t  becoines very marked at low residence 
times. Ouchi ( 6 )  has concluded from h i s  r e s u l t s  tha t  soae of 
the.  hyQatinO formed in  t h e  diecharge is preserved from 
degradation by rapid physical removal out of the discharge. 
T h i s  would adequately explain, i n  general  terms, t h e  increase 
in energy y ie ld  w i t h  reduced residence time. The degree of 
ac t iva t ion  of species  i n  t h e  discharge uust fa l l  as the  
reactaqt throughput i s  increased. This  would r e s u l t  i n  a 
decrease i n  percent conversion as residence time w a s  reduced. 
Furthermore, as the concentration of hydrazine governs the 
r a t e  of t h e  degrading react ion t!ie smaller .  percent conversion 
achieved at  high flow rates w i l l  r e s u l t  i n  a.higher overa l l  
energy y ie ld  being achieved. With the use of a l i q u i d  
absorbent soize e f f e c t  on tile y ie ld  may well  a r i s e  beczuse 
of changes i n  t h e  absorbtion r a t e s  due t o  i;.;creased turbulence 
and a decrease i n  the gas l i q u i d  c m t a c t  t i m e .  

removal of the product o r  even,for t r l a t  matter, the  use of 
the pulsed uischarge tec'mique cannot give b e t t e r  convers,ions 
, than t h a t  d ic ta ted  by tne equilibrium concentration of 
hydrazine f o r  t n e  basic  react ions t?-king place i n  the discharge. 
T i e  use of the l i q u i d  absorbent, on the  other  hand, permits 
nigner conversion t o  be achieved because of  tile i n a b i l i t y  of 
tne uiscliarge reackion t o  reach equi l ibr iun  as ludraziae is 
being continuously r e n o v 4  a f t e r  it i s  formed in tile discharge. 

The negative sloDe of  tne  ener$y yield-residence t h e  
plot (Pig. 5), yhen l i q u i d  absorbent was used, implies that it is 
oossible t o  increase y ie lds  S t i l l  fur t l ier  by so:ue otiier 
sui table  LnoGification of technique.. . 

It was found experimentally t h a t  a decrease i n  the 

' 

Another point which .mst be borne i n  mind i s  t h a t  physical 
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A'ae rcsu'l'cs, l o r  tiie ca.<e :.Jiien l iqu id  absorbeiit was i lot  
we<., s ;,oi.i ?. vei') ,.taA.-Leci incr,ast: i n  ,, i e l d  w i t h  re i iuct im o f  
resiGe.!!ce time. Y i i i s  abnorwd beiiaviour su-.Gests T;iiat tne 
rocess resu l t ing  i n  increiised nyurazine j- ielus i s  i l u t  jus t  
he physical rernoval of nroduct alone but a ciiaiige.may also 

I n  an endeavoa >io reduce the  residence t h e  below the  
be occurring i n  tile basic  react ion mec.;anism. 

l e v e l  d ic ta te6  by tile cacacity of tne vecu.uni system tile 
electrode a rea  was s t e ? i i l y  reduced (Reactors Al t o  4). 
The results obtained (Pig.>) show that tlie yield f e l l  and the 
dischart;e i t s e l f  a l te red  rad ica l ly  due t o  tne increased 
influence of electrocie edge e f fec ts .  

over tile oti:er iaetiiods e;nployed. A s  trie aurat ion of the 
discharge pulse w a s  shortened tile yield was found t o  r i s e  
and become independent of power density. ihrtiierrnore, the 
yield W E S  not af2ected by t h e  use of a l iqu id  absorbent. Up 
t o  t h i s  point tile usual  v; . r ia t ions with these two var iab les  
were o'iserved. Indicat iuns a re  t h a t  hydrazine y i e l d s  can be 
iiicreased well beyond 1 5  ,ins/'i;'uEi by su i tab le  modification of 
the  pulsed discharge technique. 

from ammonia using t n e  s i l e n t  discharge can be increased if  
the residence t i n e  of the  product in the  discharge is reduced 
by t h e  use of l i q u i d  absorbent, p a s i c a l  f l o w  r a t e  o f  

' r e a c t a n t  or  discharge p u l s i n g .  Several aspects of t h e  r e s u l t s  
seem t o  imply t h a t  the  underlying nechanism involved .is not 
e n t i r e l y  that of physical  removal of product but other  
factors ,  such as changes in t h e  basic  react ion mechanisms, are 
a l so  involved. 

Uisciiarge i ~ ~ l s i i g  Gave a s u b s t s i t  i a l  increase - in  y ie lds  
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