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i • A BSTRA CT

i V a r ia b le s  a ffec tin g  th e  c o n c e n tra tio n  of n / 'ro g e n  a n d  c h lo rin e  g a se s

i n  n i t r o u s  ox ide  p. ?dziced by  c h lo rid e  -c a ta ly s e d  d e co m p o sitio n  of 

a m m o n iu m  n i t r a te  (AN) in  a q ueous, a c id  so lu t io n s  h av e  be en  s tu d ied  

i by  b a tc h - s c a le  e x p e r im e n ts ,  A  ty p ic a l r e a c t io n  m ix tu re  c o n s is te d

o f  300 g o f  A N , 300 m l o f  conc. n i t r i c  a c id , 300 m l o f  w a te r  and  

15 m l o f  conc, h y d ro c h lo r ic  a c id . T he c h lo rin e  a n d  n itro g e n  c o n ­

te n ts  w e r e  found  to  b e  b o th  be tw ee n  one a n d  tw o p e r  c en t, w hen 

u s in g  m ix tu re s  o f  c o m p o s itio n  c lo s e  to  th a t  g iv e n  a b o v e, and o p e ra t-  

• ing  a t  th e  bo ilin g  p o in t. T h e  r a te  o f t o ta l  g a s  ev o lu tio n  w as red u c ed

; w ith  the  a d d itio n  o f  a m m o n iu m  su lp h a te  a n d  b y  s u b s ti tu tio n  o f  su lp h u r ic

a c id  f o r  th e  n i t r ic  a c id .

! A  co n tin u o u s ly  o p e ra tin g  b e n c h -sc a le  p la n t, to  t e s t  th e  f e a s ib i l -

' i ty  o f th e  a q u eo u s  p r o c e s s  a s  a n  a l te r n a t iv e  to  the  c u r r e n t  in d u s t r ia l

| p r o c e s s  ( in  w hich  m o lte n  AN i s  de co m p o se d  a t  250 -260  )  w as c o a -

■ s tru c te d . S t e a d y -s ta te  con d itio n s w e re  r e a d i ly  r e a c h e d  a n d  a  n itro u s

I ox ide  p ro d u c tio n  r a te  o f  2 ,5 - 3  1 m in "  (the th e o re tic a l )  w as a ch ie v ed

I a t  th e  b o ilin g  p o in t, u s in g  th e  ty p ic a l  m ix tu re  g iv e n  above. T he c ru d e

: g a s  c o n ta in e d  o n e  to  tw o p e r  c e n t e a c h  of c h lo rin e  a n d  n itro g e n , and

; th e  c h lo r in e  w a s  r e a d i ly  re m o v e d  in  a  s c ru b b e r  w ith  a  5 p e r  cen t

i s o d iu m  h y d ro x id e  so lu tio n . The aq u eo u s p r o c e s s  .vas shown, to be

: te c h n ic a l ly  fe a s ib le ;  i t  w as  c oncluded  th a t  i t  o f fe rs  a  n u m b e r  o f

a d v a n ta g e s  o v e r  th e  c u r r e n t  p r o c e s s  inc lud ing  th e  p o s s ib i lity  o f  u sing  

; a  c h e a p e r  g ra d e  AN ( su c h  a s  f e r t i l i s e r  g ra d e ), th e  a b se n c e  o f  e x -

; p lo s io n  h a z a rd s ,  a n d  g r e a t e r  f le x ib ility . T h e s e  h av e  b e e n  d is c u s se d

T h e  "kinetics o f th e  aq u eo u s p r o c e s s  w as s tu d ied  by  a  b a tc h  

p r o c e d u re . T h e  in i t ia l  r a te  d e pendence  o f  th e  ev o lu tio n  of n it ro u s  

o x id e , c h lo r in e  and  n i tro g e n  on th e  c o n c e n tra tio n s  of a c id , n i t r a te ,  

a m m o n iu m  a n d  c h lo rid e  io n s  w as in v e s tig a te d  a t  94, 8 ° . T he ra.te

■ r ,:d



'w ing e m -  

- 1 ,6 6

d e p en d e n ce  o n  te m p e r a tu re  w as a lso  s tu d ied . T he i 

p i r i c a l  r a t e  eq u a tio n s  -were found a t  94, 8°-

w  W "  H " "  W

T h e s e  e q u a tio n s  d if fe r  su b s ta n tia lly  f ro m  th o se  d e riv e d  f o r  a  

io n  m e c h a n is m  p ro p o se d  b y  K eenan  a n d  D im itria d e c  f o r  th e  c 

c a ta ly s e d  th e rm a l  d e co m p o s itio n  of AN i n  the  m e lt.  T h e i r  e 

h a s  b e e n  d is c u s se d .
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C H A P T E R  1. INTRODUCTION

I t  w as  f i r s t  shotre i b y  S m it ^ in  1964 if ta t n i t r o u s  oxide  m a y  b e  p r o ­

d u c ed  by  th e  th e rm a l  d e co m p o s itio n  o f  am m o n iu m  n itr a te  i n  aqueous 

so lu t io n  in  th e  p r e s e n c e  of a  m o d e ra te ly  h ig h  c o n c e n tra tio n  o f  a c id  

a n d  a  s m a l l  a m o u n t o f c h lo rid e  ion . T he r e a c tio n  p ro c e e d s  by the  

s to ic h io m e tr ic  eq u a tio n

NH4 N 0 3- *N2 °  +  2H 2 °  A** = -8 . *  k c a l  m o1*1 (L  1)
w h ich  i s  th e  s a m e  a s  tiia t f o r  th e  c u r r e n t  c o m m e rc ia l p r o c e s s  in  

w h ic h  p u re  a m m o n iu m  n i t r a te  i s  d e co m p o se d  in  th e  m e l t  a t  2S0 -  260 .

O n th e  b a s is  o f  re a c tio n s  re p u te d ly  und erg o n e  by  aq n a  re g ia .  

S m it2 con clu d e d  th a t  n i t r o s y l  c h lo rid e  (NOC1), c h lo rin e  (C l^ ), n i tro g e n  

(N^) a n d  n i t r i c  oxide  (NO) a r e  s im u lta n e o u s ly  p ro d u c e d  a s  im p u r i t ie s .  

T h e  fo llow ing  re a c t io n s  S m tt^  su g g e s te d  a s  r o u te s  to  th e s e  im p u r i t ie s ;  

3HC1 f  m r o ^ N O C l  + C lg + 2H z O _ (1. 2)

3C12 + 2NH4N 0 3-# N 2 4- 2H N 03 4 6H CI <1. 3)

C l2 +  NH4f ,0 3 '* 2 N 0  *  2HC1 + H2 0  (1 .4 )

T he p r in c ip a l  p o te n tia l adv an ta g e  o f  th e  aq u eo u s p r o c e s s  o v e r  

th e  c u r r e n t  c o m m e r c ia l  p r o c e s s  f o r  n i t r o u s  ox ide , v iz . a m m o n iu m  

n i t r a te  p y r o ly s is  i n  th e  m e lt, a p p e a re d  to  b e  th e  la rg e  s a v in g  th a t 

m ig h t b e  e ffe c te d  by  su b s ti tu tin g  a  lo w e r  g ra d e  a m m o n iu m  n itr a te  

(e. g . f e r t i l i s e r  g ra d e )  f o r  th e  s p e c ia l ,  m o re  >.jcpeaszve, n i t r o n s  ox id e  

g r a d e  th a t  i s  now  u se d .
A lthough  th is  p o te n tia l w as re c o g n is e d  e a r ly  on, th e  o r ig in a l  

w o rk  w as  n o t fo llow ed  up  u a t i l  r e c e n tly , w hen f e r t i l i s e r - g r a d e  a m ­

m o n iu m  n i t r a te ,  a f t e r  a n  a b se n c e  from , the  m a rk e t  o f  m a n y  y e a r s ,  

on ce  m o r e  b e ca m e  re a d ily  a v a ila b le .
I n  b r i e f  4 th - y e a r  r e s e a r c h  p r o je c ts  i n  th is  D e p a rtm e n t , tw o 

s tu d e n ts ,  Mr D. J . H ennesy  a n d  Mr A . I s m a il ,  c a r r i e d  o u t a n  e m p ir ic a l  

s tu d y  o f  6,=  e ffe c t o f  »  « = b e r  of p a . r a e t . x s  t o  th e  . y a t . n ,  o»  ( , )  

t h ,  „ „  0f  a _ 0  p rod= = tio«  a = d  (b) O ,  c o i t e - t  o f  th e  g . s  p . o t e e d .



T h e i r  r e s u l t s  s e e m e d  to  c o n firm  th e  p o te n tia l o f  th e  aqueous p r o c e s s .

T h is  r e p o r t  d e s c r ib e s  a  m o re  d e ta ile d  in v e s tig a tio n , o f th e  

c h lo r id e - c a ta ly s e d  d e c o m p o s itio n  o f  a m m o n iu m  n itr a te  i n  aqueous 

m e d ia . T h e  o b je c t  o f  th e  s tu d y  w as  n o t on ly  to  g a in  an  u n d e rs tan d in g  

o f  th e  im p o r ta n t  p a ra m e te r s  a ffec tin g  th e  r a t e  o f  p ro d u c tio n  o f  N^O, 

a s  w e ll a s  th a t  o f  th e  im p u r i i ie s ,  b u t a l s o  to  o b ta in  k in e tic  d a ta  f o r  

th e  r e a c t io n s . S in ce  th e  u l t im a te  a im  w as to  de v e lo p  th e  aqueous 

p r o c e s s  a s  a n  a l te r n a t iv e  to  th e  c u r r e n t  m e lt  p r o c e s s ,  th e  k in e tic  

d a ta  w e re  so u g h t f o r  th e i r  u s e fu ln e s s  i n  th e  d e s ig n  o f  a  p ro to ty p e  

p la n t  b a s e d  o n  th e  a q u eo u s  p r o c e s s .  I t  w as  a ls o  ho p e d  th a t  th e s e  

d a ta  w ou ld  sh e d  l ig h t  o n  th e  r e a c t io n s  inv o lv ed , p o s s ib ly  le a d in g  to  th e  

u n ra v e llin g  of th e i r  m e c h a n ism s .

A fte r  in itia l, b a tc h - s c a le  e x p e r im e n ts ,  a  la b o ra to r y  b e a c h -a c a le  

p la n t  w as  c o n s tru c te d , a n d  th e  aqueous p r o c e s s  su c c e s s fu lly  t r i e d  

o u t i n  c on tinuous r u n s  e a c h  o f  s e v e r a l  h o u r s 1 d u ra tio n . T h e  r e s u l ts  

o f  th e  b e n c h - s c a le  p la n t  w o rk  p e rm i t te d  a  rough, a s s e s s m e n t  of th e  

p o te n t ia l  o f th e  aq u eo u s p r o c e s s .  S tep s  a r e  now  be ing  ta k en , i n  c o l­

la b o ra t io n  w ith  a  f i r m  of c h e m ic a l e - ^ in e e r s ,  to  c o n s tr u c t  a  p r o to ­

ty p e  in d v .s t r ia l- s iz e  p la n t.

E x p e r im e n ta l  r a t e  e q u a tio n s  a r e  r e p o r te d  f o r  th e  p ro d u c tio n  

o f  n i t r o u s  o x id e , c h lo r in e  a n d  n itro g e n . T h e s e  in d ic a te  th a t  th e  m e c h a n ­

i s m s  o f  th e  r e a c t io n s  i n  th is  s y s te m  a r e  h ig h ly  com plex . F u r th e r  

e x p e r im e n ta l  w o rk  w ould  b e  r e q u ir e d  b e fo re  c o m p le te  m e c h a n ism s  

f o r  th e  r e a c t io n s  c a n  b e  p o s tu la te d , and  th i s  h a s  b e e n  r e g a rd e d  a s  

f a l l in g  o u ts id e  th e  s c o p e  o f  th e  p r e s e n t  study .

1 .1 .  fh -T T n a i D ec o m p o sitio n  o f  A m m o n iu m  N itr a te  i n  the_M plt 

P u r e  a m m onl"™  n i t r a te  ( h e r e a f t e r  a b b re v ia te d  to  AN) m e lts  a t 

169, 6 ° . a m o u n ts  o f  m o is tu re  a s  im p u r i ty  m a rk e d ly  lo w e rs

th e  m - l tiT'g  p o i n t 4  AN  u n d e rg o e s  s lo w  su b lim a tio n  even  b e lo w  i t s  

p r in t  and , a s  m a y  b e  e x p ec ted , th e  r a t e  o f  oabK m ation  in ­

c r e a s e s  s h a rp ly  w ith  r i s in g  te m p e ra tu re .

E v e n  b e lo w  th e  m e ltin g  p o in t, th e  d is s o c ia t io n  o f  AN  b y  the  

■ e n d o th e rm ic  r e a c tio n ;



NH4 N 0 3 - * H N 0 3 + NH3 &K = +41, 8 k c a l  m o l '1 {1.5)

b e c o m e s  n o tic e a b le . 4  U pon r a is in g  the  te m p e r a tu re  i n  th e  m e lt ,

A N  s t a r t s  to  d e co m p o se  in to  n i t r o u s  ox ide  a n d  s te a m  a cc o rd in g  to 

th e  e x o th e rm ic  r e a c t io n  (1. 1), th e  r e a c t io n  beco m in g  s ig n ific a n t 

a t  a b o u t 210 ( re f .  4 ) . A t h ig h e r  te m p e r a tu re s  th e  fo llow ing  e x o ­

th e rm ic  s id e - r e a c t io a s  b e c o m e  sign ifican t}

21ttI4 N 0 3 - * N 2  4 2 N O + 4 H 20  AH = -6 , 9 k c a l  m o l* 1 (1 .6 )

4NH4N 0 3 -» /3 N 2 4 2 N 0 2 4 A H  = -24 , 5 k c a l  m o l" 1 (1. ?)

2NH4N 0 3 —>2N 2 + 0 2 + 4H z O AH = -2 8 ,5  k c a l  m o l" 1 (1 , V,

T h e  m e c h a n is m  o f  A N  d e c o m p o s itio n  in  th e  m e l t  a c c o rd in g  to  

th e  s to ic h io m e tr ic  e q u a tio n  ( I .  1) i s  s u r p r i s in g ly  p o o r ly  u n d e rs to o d . 

D e c o m p o s it io n  on ly  s e t s  i n  a f te r  a n  in d u c tio n  p e rio d , d u r in g  w hich 

th e  m e l t  b e c o m e s  a c id ic  b y  p r e f e r e n t ia l  lo s s  of a m m o n ia , ow ing to  

th e  g r e a t e r  r a t e  o f  d if fu s io n  o f  a m m o n ia  o v e r  th a t  o f  n i t r i c  a c id  

( r e f s .  5 -9 ).

T h e  r e a c t io n  i s  f i r s t  o r d e r  1® w ith  r e s p e c t  to  AN. Wood 

a n d  W lse"^ found  th a t,  w hen  s ta r t in g  w ith  p u r e  AN, th e  in i t ia l  r a te  

o f  d e c o m p o s itio n  w as  a ls o  p ro p o r t io n a l  to  th e  c o n c e n tra tio n  o f  n i t r ic  

a c id  in  th e  sa m p le . T h ey  a ls o  show ed  c o n c lu s iv e ly  th a t  w h ile  th e  

p r e s e n c e  o f  (e x c e s s )  a m m o n ia  in  th e  m e l t  o r  in  th e  v a p o u r  p h a se  

above  th e  m e l t  in h ib i te d  d e co m p o s itio n , th e  p r e s e n c e  o f  f t .s e  ac id  

in  th e  m e l t  w as a  p r e r e q u i s i te  f o r  th e  o n s e t  o f  d e co m p o s itio n . O n 

th e  b a s i s  o f  th e i r  ow n a n d  e a r l i e r  d a ta  th e y  p o s tu la te d  th e  fo llow ing 

m e c h a n ism ;

n h 4 n o 3 n h 3 + h n o 3  (1. 9)

H * + NH4 N 0 3 n h 2n o 2 + H 30 + (1 .1 0 )

NHgNOg % % N .,0  4  HgO (1. 11}
T h ey  r e m a r k e d  th a t  no  d e fin ite  c o n c lu s io n  co u ld  be d raw  - m co rn in g  

che id e n ti ty  o f  th e  in te r m e d ia te ,  a lth o u g h  iso to p ic  a n a ly s is  p o in te d  

to  th e  f o rm a tio n  o f  a n  a s y m m e t r i c a l  in te r m e d ia te  su c h  a s  rd tram id e  

(NH2N 0 2). N It ra m id e  n o w  s e e m s  to  b e  g e n e r a l ly  a c c e p te d  a s  th e  

p r e c u r s o r  f o r  n i t r o u s  ox ide .
V a r io u s  v a lu e s  h a v e  b e e n  r e p o r te d  f o r  th e  a c tiv a tio n  e n e rg y  

• fo r  th e  th e r m a l  d e c o m p o s itio n  o f  p u re  AN -  r e a c t io n  1. 1 -  v ia .



3 4 5  k c a l  m o l" 1 (re fe . 12 a n d  13), 3 1 ,4  k c a l  mol""1 ( re f . 5), 39 k c a l  m o l" 1 

( re f .  14), a n d  th e  m o te  r e c e n t  v a lu e  of 4 9 ,4 5  k c a l  m o l" 1 ( re f .  10). 

T h e s e  v a lu e s  a r e  p ro b a b ly  n o t d ir e c t ly  c o m p a ra b le . T he above v a lu e s ,  

e th e r  th a n  th e  l a s t  quo ted , a r e  p ro b a b ly  to o  lo w  s in c e  no s te p s  had  

b e e n  ta k e n  in  th o se  s tu d ie s  to  p u rg e  th e  m e l t  o f HNO^, know n to  

a u to c a ta ly se  th e  r e a c tio n .

R a te  c o n s ta n ts  r e p o r te d  in  tite  l i t e r a t u r e  f o r  N ^O evo lu tion  

ehov- a  s im i la r  v a r ia t io n . K e e n a n 's  value*®  of 6 , 64 x  10 ® se c  * a t  

2 50°, be in g  lo w e i  th a n  m o s t  o f  th e  o th e r s ,  i s  p ro b a b ly  a ls o  th e  

m o s t  r e l i a b le ,  f o r  th e  r e a s o n s  g iv e n  in  th e  fo re g o in g  p a ra g ra p h .

1. 2  T h e r m a l D e c o m p o s it io n  o f  A tn m o a iu a i M t r a t c  i n  d ie  M e lt 

C a ta ly se d  by  C h lo rid e  and  O theg A d d itiv e s  

I t  h a s  b e e n  know n f o r  a  c o n s id e ra b le  tim e  th a t  th e  p r e s e n c e  of 

c h lo r id e  i n  a n  AN m e lt  c a ta ly s e s  i t s  d e co m p o s itio n  '  a n d  a t  th e  

s a m e  t im e  in c r e a s e s  th e  c o n te n t o f th e  p r o d u c t g a s , a  Ng c o n t­

e n t  a s  h ig h  a s  70 p e r  c f.n t h a v in g  b e e n  r e p o r te d . T h e  n '.r s t  e x te n s ­

iv e  s tu d ie s  o f  th i s  s y s te m  h a v e  b e e n  th o se  re p o r te d  b y  K eenan  a ^ .i 

D im itriad e s ,* 6 who p r o p o s e d  a  d e ta i le d  m e c h a n ism  f o r  th e  r e a c t io n s  

IffrHiTTg to  b o th  N 2 and  N^O o n  th e  b a s is  o f  th e i r  k in e t ic  da ta .

I m p u r i t ie s  su c h  a s  C o , C r ,  M a, N i, Cu a n d  o th e r  h a l id e  io n s  

c a ta ly s e  th e  s id e  r e a c t io n s  (1 .6 ) ,  (1 .7 )  a n d  (1 .8 ) .  T he p r e s e n c e  of 

th e s e  im p u r i t ie s ,  an w e ll a s  o rg a n ic  su b s ta n c e s , a ls o  g r e a t ly  in ­

c r e a s e s  th e  e x p lo s io n  h a z a rd s  i n  b o th  s o l id  and  m o lten  AN,



C H A PT E R  2. TH E  AQUEOUS PR O CESS F O R  NgO 

PRODUCTION; BA TCH  E X PERIM EN TS

2. I .  - In tro d u c tio n

S m it 's  e a r ly  w ork  ind icated- th a t ,  w h ite  h ig h  r a te s  o f e v o lu t­

io n  m a y  b e  ob ta in ed  o v e r  a  w ide  ra n g e  of e x p e r im e n ta l c o n d itio n s , 

th e  g a s  c o n ta in s  up  to  a  few  p e r  c e n t o f C l ,  and  a s  im p u r i t ie s .  

W hile  th e  C l^  co u ld  b e  r e a d i ly  re m o v e d  f r o m  th e  p ro d u c t g a s  b y  a  

s u i ta b le  scru b b in g  s te p  (e , g. w ith N aC H  so lu t io n ), i t  i s  d e s ir a b le  to  

f in d  o p tim u m  co n d itio n s u n d e r  w h ich  th e  r a t e  o f  N ^O ev o lu tio n  i s  

h ig h e s t  a n d  th e  C l^ c o n te n t a t  th e  s a m e  tim e  th e  lo w e s t. T h e  p r e s e n c e  

o f  N g does n o t p r e s e n t  a  p ro b le m  a s  su c h , in a sm u c h  a s  i t  m a y  b e  

r e m o v e d  in  th e  s a m e  w ay a s  i n  th e  c u r r e n t  p r o c e s s  {see  c h a p te r  5). 

P ro d u c tio n  o f  N_, a s  im p u r ity  w ould on ly  b e  of im p o r ta n c e  in so fa r  

a s  i t  a f f e c ts  th e  N^O y ie ld .

In  p re l im in a ry  w ork , th e  r e s u l t s  of th e  4 th  y e a r  s tu d e n ts  H en -  

n e s y  a n d  I s m a i l  w ere  c o n l-rm e d . T hus w hen  th e  r e a c t io n  con d itio n s 

w e r e  " s e v e r e ”,  i .  e . w hen  th e  AN a n d /o r  a c id  a n d /o r  c h lo rid e  io n  

c o n c e n tra tio n , a s  w e ll a s  th e  te m p e r a tu re ,  w as h ig h  a n d  th e  am o u n t 

o f  w a te r  in  th e  s y s te m  low , NO and  NO^ (and  p o s s ib ly  a ls o  NOC1) 

w e re  in d e e d  p ro d u c e d  a s  im p u r i t ie s ,  a long  w ith  N^ and  C l^ , th e  g a s  

show ing  a  b ro w n ish  c o lo ra tio n . U n d er su c h  co n d itio n s th e  h ig h ly  c o n ­

c e n t r a t e d  H N O . a n d  HC1 in  th e  m ix tu re  ev id en tly  te n d  to  show  th e  

p r o p e r t ie s  o f  aq u a  re g ia .
H ig h e r  N ^O ev o lu tio n  r a t e s  w ere  found  w hen th e  c o n c e n tra tio n s  

o f  A N , n i t r i c  a c id  a n d  h y d ro c h lo r ic  a c id , a s  w ell a s  th e  te m p e r a tu re , 

w e r e  in d iv id u a lly  in c re a s e d , a lthough  th e  e ffe c t o f doubling  th e  HC1 

c o n c e n tra t io n  w  u n e x p ec ted ly  low . T he a p p a ra tu s  u se d  in  th e s e  p r e ­

l im in a r y  e x p e r im e n ts  w as s im i la r  to  th a t  u s e d  i n  th e  w o rk  d e s c r ib e d



A dd itio n  o f  a m m o n iu m  su lp h a te  to  th e  m ix tu re  h a d  v e ry  l i t t le  

e f f e c t  on  th e  N^O e v o lu tio n  r a t e ,  b u t  le d  to  a  s ig n ific a n t red u c tio n  

in  th e  C l^  co n ten t. R e p la c in g  n i t r ic  a c id  w ith  an  e q u iv a le n t am oun t 

o f  s u lp h u r ic  a c id  h a d  th e  e ffe c t of r e d u c in g  bo th  th e  N^O evo lu tion  

r a t e  a n d  th e  C l^  c o n te n t of th e  g a s .

2 . 2  Q u an tita t iv e  M e a su re m e n t o f  and  C12 C on ten ts  o f  NgO 

S a m p l. . j  a s  a  F u n c tio n  o f  R e ac tio n  V a r ia b le s  

T h e  o b je c t  o f th is  s e r i e s  o f e x p e r im e n t ! ,  - a s  s ta te d  e a r l i e r ,  w as 

to  t r y  to  f in d  c o n d itio n s  u n d e r  w hich  th e  Cl., (and  N^) c o n te n t of the  

g a s  p r o d u c t  i s  low , w hile  a t  th e  s a m e  tim e  a  h ig h  r a t e  o f  N^O 

p ro d u c tio n  i s  a ch ie v ed . A s a n  in te r e s t in g  s id e - l in e ,  m o re  " s e v e re "  

r e a c t io n  c o n d itio n s  w e re  a lso  t r i e d  o u t to  t e s t  th e  p o s s ib i l i ty  of 

ad ap tin g  th e  m e th o d  fo r  s im u lta n e o u s  p ro d u c tio n  of N ^O  a n d  Cl^.

2 .2 .  1. 1. R e ag e n ts . E q u ip m e n t and A n a ly tica l M ethods,

A ll c h e m ic a ls  e x c e p t f o r  n i t r ic  a c id  ( c o m m e rc ia l  g ra d e )  w ere  of 

A n a la r  p u r i ty .  T h e  c o n c e n tra te d  a c id s  w e re  s ta n d a r d is e d  by  a p ­

p r o p r i a te  d ilu tio n  a n d  t i t r a t io n  w ith  s ta n d a r d  c a , 0 ,1  M N aO H  - tlu t io n , 

u s in g  p h e n o lp h th a le in  a s  in d ic a to r .  T h e  n i tr o u s  ox ide  p u rg in g  g a s , 

s u p p lie d  b y  A fr ic a n  O xygen  L td . ,  w as o f  h ig h  p u r i ty  (9 9 ,9 %  NgO).

T h e  p o ta s s iu m  io d id e  so lu t io n  w as 0, 5 M in  K I a n d  w as a c id if ie d  w ith

H 2S 0 4-
T h e  a p p a ra tu s  (Fig. 1) u s e d  to  d e te rm in e  th e  n i t ro g e n  and  c h lo r in e  

c o n te n t c o n s is te d  o f  a  4 -n e c k e d , 2 - l i t r e ,  Q /Q  f la s k  a s  r e a c to r ,  f i t te d  

w ith  a  th e rm o m e te r  p o c k e t r e a c h in g  in to  th e  r e a c ta n ts ,  and  a  p u rg in g  

in l e t  tu b e , to  w hich  th e  c y lin d e r  w as c o n n ec ted . A  c o i l  c o n d en se r

w as f i t te d  a t  th e  to p  o f  th e  f la s k . A s show n i n  F ig . 1, an  a d a p to r  w as 

f i t t e d  w h ic h  c o n ta in e d  a  tu b e  c o nnec tion  to  a  U -tube  m a n o m e te r ,  a  v e n t 

s to p c o c k  and  a  T -p ie c e  f o r  co n n ec tio n  to  tw o t r a i n s  o f  w ash  b o ttle s  

c o n ta in in g  th e  K I so lu tion . G a s  p a s s in g  th ro u g h  th e  w a sh  b o tt le s  w as 

• c o l le c te d  in  6 g a s  c o lle c tio n  a s se m b ly  c o n s is tin g  of a n  in v e r te d  2 - l i t r e  

m e a s u r in g  c y l in d e r  f i l le d  w ith  s a tu r a te d  p o ta s s iu m  su lp h a te  so lu tio n .





.a s  in o ic a te a  in  tn e  l ig u r e .  (N itro u s  ox ide  i s  s a id  to  have  a  v s r y  

low  so lu b ility  in  th is  m ed ium ).

A lao  c o n n ec ted  to  th e  r e a c to r  w as a  150- m l  g la s s  v e s s e l  

f i l le d  w ith  KOH p e lle t s .  T h is  s e rv e d  a s  a  t r a p  to  a b so rb  m o is tu re  

and  C lg  f ro m  th e  p r o d u c t g a s . T o  th e  o u tle t s id e  of th is  gas  t r a p  

w as c o n n ec ted , v ia  a  n e ed le  v a lv e ,  a  2 5 0 -ro l g a s  p ip e tte , w hich in  

t u r n  w as  c o n n ec ted  to  a  S peed ivac  E . S 35 va cu u m  pum p . T he re a c to r  

w as h e a te d  by  m e a n s  o f  a  5 0 0 -w a tt heatin g  m a n tle  o f 3 - l i t r e  cap a c ity .

A n a ly s is  o f 'Jte g a s  s a m p le s  f o r  w as done in  th e  la b o ra to ry  

of A fr ic a n  O xygen  L td . , u s in g  th e i r  ro u tin e  g a s  c h ro m a to g rap h y  

m e th o d  f o r  N ^O sa m p le s .  A  V a r ia n  A e ro g ra f  (S e rie s  140") gas 

c h ro m a to g ra p h  w as u se d . M o le cu la r  s ie v e  5A  w as th e  s ta tio n a ry  

p h a se . A rg o n  w as u s e 12 a s  th e  c a r r i e r  g a s .

T h e  C l2 c o n te n t o f  th e  g a s  w as found b y  t i t r a t i o n  o f  th e  iod ine  

l ib e r a te d  in  th e  K I so lu t io n  c o n ta in e d  in  th e  tw o w ash  b o tt le s  w ith  

s ta n d a r d  ca  0 , 1 K  so d iu m  th io su lp h a te . The m e th o d  f o r  c a lc u la t io n  

o f  th e  CL, c o n te n t o f  th e  p ro d u c t g a s  is  d e s c r ib e d  in  A ppendix  A.

2. 2 . 1. 2 . P r o c e d u r e

R e a c tio n  m ix tu re s  con ta in in g  v a ry in g  q u a n titie s  ( tab les  1 -  3 )  o f AN, 

co n e, n i t r ic  a c id  o r  su lp h u r ic  a c id , conc. h y d ro c h lo r ic  a c id , am m o n iu m  

c h lo r id e  a n d  w a te r  ( a s  w ell a s  am m o n iu m  su lp h a te  in  so m e  c a s e s )  w ere  

p la c e d  in  th e  r e a c to r  f la s k . T he a p p a ra tu s  w as e v ac u a te d  a n d  N ^O f ro m  

th e  c y lin d e r  p a s s e d  th ro u g h  to  d isp la c e  th e  r e m a in in g  a i r .  T he o p e ra t ­

io n  w a s  r e p e a te d  once  m o re . F in a lly ,  th e  s id e  a r m  con ta in in g  the  

KOH t r a p  and  g a s  p ip e tte  w as  e v ac u ate d .

T h e  r e a c t io n  m ix tu re  w as  now  h e a te d  a t  fu l l  lo a d  of th e  h e a tin g  

m a n tle  to  th e  te m p e r a tu re  in d ic a te d  in  T a b le s  ?. -  3. A t th e  sa m e  

t im e  th e  v a lv e  V war is e d  to  v e n t g a s  slow ly  to  th e  a tm o sp h e re  a t  

su c h  a  r a te  a s  to  m a in ta in  a  m a n o m e te r  y r r - s su re  re a d in g  of ab o u t 

5 c m  above a tm o sp h e r ic  ( c a  625 m m  of K g).

T h e  s a m p le  f o r  a n a ly s is  w as c o lle c te d  as fo llo w s. A fte r  the  

•m ix tu re  h a d  r e a c h e d  th e  bo ilin g  p o in t ( ex c ep t in  th e  c a s e  o f  ru n s  

p r o d u c t g a s  w as slo w ly  a d m itte d  in to  th e  KOH tr a p





•to $ e a c h  th e  s a m e  p r e s s u r e  a s  in  th e  r e a c to r  f la s k . A lte r  about 

30 s e c  th e  n e e d le  v a lv e  N  w as s low ly  op e n ed  to  a d m it g a s  in to  th e  

g a s  p ip e tte .  T he  tra p  end  g a s  p ip e tte  w e re  now  c lo se d  o ff  f ro m  th e  

r e a c to r ,  and  th e  g a s  p ip e tte  e v ac u ate d . T h e  s a m e  p ro c e d u re  was 

r e p e a te d , f in a l ly  a llow ing  th e  g a s  i n  th e  g a s  p ip e tte  to  r e a c h  the  

s a m e  p r e s s u r e  a s  in  th e  r e a c to i  v e s s e l .  T h e  g a s  p ip e tte  w as  how  

r e m o v e d  f o r  s u b se q u e n t a n a ly s is  o f  i t s  c o n te n ts  f o r  N ^.

S im u lta n e o u s ly  w ith  th e  co U e ctto n  of th e  sa m p le  f o r  a n a ly s i s ,  

p r o d u c t  g a s  w as a llo w ed  to  p a s s  th ro u g h  a  t r a i n  o f  w ash  b o ttle s , to  

be  c o l le c te d  in  th e  m e a su r in g  c y l in d e r ,  u n t i l  a  know n v o lu m e  (u su ally  

2  000 m l)  h a d  b e e n  c o lle c te d . T h e  w a sh  b o ttle  t r a i n  w as th e n  is o la te d  

f o r  su b se q u e n t d e te rm in a t io n  of th e  f r e e  io d in e  l ib e r a te d  b y  th e  Gl^e 

a s  d e s c r ib e d .

T h e  vo lu m e  of th e  g a s  c o lle c te d  in  th e  m e a s u r in g  c y lin d e r  

w as  r e a d  o f f  a f t e r  a d ju s tin g  the  c y lin d e r  u n t i l  th e  h e ig h t o f  liqu id  

w a s  th e  s a m e  in s id e  a n d  o u ts id e  th e . c y lin d e r .  T h e  a tm o sp h e ric  p r e s ,  

su re  a n d  th e  te m p e r a tu re  o f  th e  p o ta s s iu m  su lp h a te  so lu t io n  w ere  

r e c o rd e d .

2. Z. L  3 . R e s u lts  and  D isc u s s io n

T h e  r e s u l t s  a r e  g iv e n  in  T a b le s  1 - 3  a n d  p lo tte d  in  Fi& s. 2  and  3.

In  th e  a b se n c e  of a d d ed  ( N H ^ S O ^  th e r e  i s  a  ro u g h ly  l in e a r  r e la t io n ­

sh ip  b e tw e e n  th e  c o n te n t and  th e  CL, c o n ten t. T ab le  2  a n d  $$g. 2 

sh o w  th a t  w h ile  th e  CL, p e rc e n ta g e  m a y  b e  r e d u c e d  b y  adding (NH4^ 5 0 4 

to  th e  m ix tu re ,  th e  c o n te n t a c tu a lly  in c r e a s e s .

T h e  p o s s ib i l i ty  o f s im u lta n eo u s  p ro d u c tio n  of N^O a n d  la rg e  

p e rc e n ta g e s  o f  C l^  w as  in v e s tig a te d  b y  s e le c tin g  m o re  " s e v e re '*  r e a c t ­

io n  c o n d itio n s . T ab le  3 a n d  F ig . 3 sho«r th a t, a s  th e  Clg c o n te n t of 

th e  g a s  i n c r e a s e s ,  eo d o e s th e  M , c o n ten t. A lthough  a  C l^  c o n ten t 

a s  h ig h  a s  21 p e r  c e n t w as a c h ie v e d  b y  a d d itio n  of a m m o n iu m  c h lo rid e  

a n d  u s in g  H ^SO^ in s t e a d  o f  H N O ,, th e  a ccom pany ing  h ig h  Ng c o n ten t 

(and  th e re f o re  th e  g r e a t ly  r e d u c e d  N^O y ie ld ) w ould  probaW  r u le  ou t 

'  th e  p o s s ib i l i ty  o f  c o m m e rc ia l  a p p lic a tio n  o f  su c h  a  .sy stem .

, : L " :





N 2 c o n ten ts  o f th e  g a s  o b ta in ed  u n d e r  

" conditiono .



C H A PT E R  3. TH E  AQUEOUS PR O CESS FOR. NgO 

PR O DU C TIO N : B E N C H -SC A L E  P IL O T  PL A N T  SXPERTMRWTR

3 .1 .  In tro d u c tio n

T h e  p u rp o se  of t h e s e  e x p e r im e n ts  w as  to  d e m o n s tra te  th e  fe a s ib i l i ty  

o f  th e  aq u eo u s p r o c e s s  a s  a n  a l te r n a t iv e  to  th e  c u r r e n t  p r o c e s s  fo r  

NgO  p ro d u c tio n  a n d  to  gdiv) so m e  in s ig h t  in to  th e  p ro b le m s  th a t  m ig h t 

b e  e n c o u n te re d  in  th e  o p e ra t io n  of su c h  a  p r o c e s s .

T h e  aq u eo u s p r o c e s s  d if f e r s  i n  a  n u m b e r  o f  im p o r ta n t  r e s p e c t s  

f r o m  th e  c u r r e n t  m e l t  p r o c e s s .  S in ce  w a te r  i s  one  o f  th e  d e c o m p o s it­

io n  p ro d u c ts  o f  AN  and , m o re o v e r ,  s in c e  AN  w culd  p ro b a b ly  b e  fed  

in to  th e  r e a c to r  as an a q u eo u s  so lu tio n , .w a te r  h a s  to  b e  re m o v e d  c o n ­

tin u o u s ly  f ro m  th e  sy s te m , a t  l e a s t  a t  th e  s a m e  r a t e  a s  i t  i s  fo rm e d  

b y  r e a c t io n  (1. 1). O p e ra t io n  a t ,  o r  c lo s e  to ,  th e  bo ilin g  p o in t o f  th e  

so lu t io n  i s  th u s  in d ic a te d . T he v a p o u r  w ill , o f  c o u rs e , a ls o  co n ta in  

HNO^ a n d  HC1, w h ich  n e ed  to  b e  re tu r n e d  to  th e  m ix tu re . T hus i t  

i s  n e c e s s a r y  to  in c lu d e  a  f r a c t io n a l  d is t i l la t io n  co lum n  s o  a s  to  

a llo w  r e te n t io n  o f  th e  a c id s  w h ile  a ch ie v in g  th e  d e s i r e d  r a t e  o f w a te r  

r e m o v a l,

HC1 i s  s lo w ly  co n su m ed  i r  th e  in e v ita b le  fo rm a tio n  o f  C l^. 

M o re o v e r, s in c e  th e  w a te r  re m o v e d  f r o m  th e  s y s te m  w ould c o n ta in  

a  s m a l l  a m o u n t o f  a c id  (HC1, a s  w e l l a s  KNO^), p r o v is io n  w ould 

h a v e  to  b e  m a d e  f o r  th e  c o n tinuous re p le n is h m e n t  o f  b o th  HC1 a n d  

H N O y  i f  s te a d y - s ta te  c o n d itio n s  a r e  to  b e  ach iev ed .

P a r a m e te r s  c o n tro l lin g  th e  e ff ic ie n c y  o f  th e  p r o c e s s ,  y ie ld s  

a n d  th e  le v e ls  o f  im p u r i t ie s  co u ld  b e  in v e s t ig a te d  m o re  s im p ly  in  

b a tc h  r u n s . F o r  th is  r e a s o n  a  s in g le  r e a c t io n  m ix tu re , w hich  w as 

b e l ie v e d  to  b e  v e r y  c lo se  to  th e  " b e s t"  (o r  op tim um ) c o m p e ti tio n , 

w as  c h o se n  f o r  a l l  th e  e x p e r im e n ts  d e s c r ib e d  in  th is  c h a p te r ,  e x c e p t  

f o r  th o se  i n  w h ic h  th e  o p e ra tio n  o f  th e  f r a c t io n a t io n  c o lu m n  w as



te s te d . T h is  s ta r t in g  so lu t io n  h a d  th e  com position - 

300 g of AN

300  m l o f  co n c, H N O , ,  11, 98 M

3. 2 . 1. R e a g e n ts  and  A n a ly tic a l M ethods

S o lid  c i t r o u s  ox ide  g ra d e  AN, m a n u fa c tu re d  b y  A E a a d  C l  L td ., 

w as  k in d ly  s u p p lie d  b y  U nion l iq u i d  A ir  L td . . T h e  f e r t i l i s e r  g ra d e  

AN, a s  a  60%  (w /w ) so lu tio n , w as o b ta in ed  f ro m  t«ie S a s o l  w o rk s .

I a c id  c o n c e n tra tio n s  i n  th e  r e a c to r  

sn tly  w ithd raw ing  a  s m a l l  s a m p le  in to  

a  t a r e d  w eigh ing  b o ttle ,  d e te rm in in g  th e  m a s s  o f  th e  s a m p le , and  

t i t r a t in g  c o n se c u tiv e ly  f o r  a c id  (w ith  s ta n d a rd  NaOH so lu tion , ph e n o lp h - 

th a le in  a s  in d ic a to r)  a n d  c h lo rid e  (M o h r 's  m ethod) a f te r  su itab le  

d ilu t io n . T h e  b o tto m s p r o d u c t  a n d  c o n d en sa te  w e r e  a n a ly se d  in  th e  

s a m e  way.

S a m p le s  o f  p ro d u c t g a s  w e re  a n a ly s e d  f o r  b y  g a s  c h ro m a to ­

g ra p h y  a s  d e s c r ib e d  in  s e c t io n  2. 2 . 1. 1. S a m p le s  o f  th e  e ro d e  g a s , 

c o l le c te d  a t  a  p r e s s u r e  s lig h tly  above  a tm o sp h e r ic ,  w e r e  a n a ly se d  

f o r  C l2 a s  fo llo w s; T h e  g a s  p ip e t te  w as im m e r s e d  f o r  10 m in u te s  in  

w a te r  o f  know n te m p e r a tu re .  A  s to p c o c k  w as th e n  o p e n ed  to  a d ju s t 

th e  p r e s s u r e  to  a tm o s p h e r ic .  A  fu n n e l w as c o n n ec ted  a t  one e n d , a  

s u i ta b le  v o lu m e  c o n ta in in g  a n  e x c e s s  o f K I added , a n d  th e  KI so lu t io n  

in tro d u c e d  in to  th e  g a s  p ip e t te  b y  c h illin g  th e  p ip e tte  in  ic e  w a te r . 

A f te r  shak ing  to  e n s u re  c o m p le te  re d u c tio n  o f  th e  C I^ , th e  l ib e r a te d  

io d in e  w as e s t im a te d  b y  t i t r a t io n  w ith  s ta n d a r d  th ic ,su lpha te  so lu tion .



•S iarch  in d ic a to r  w as  a dded  n e a r  th e  end  po in t.

E f fo r ts  to  a n a ly se  th e  c ru d e  g a s  p ro d u c t f o r  C l^  b y  p a s s in g  a  

know n vo lu m e  th ro u g h  a  t r a i n  o f  w ash  b o ttle s  con ta in ing  a c id if ie d  

K I so lu tio n , a s  in  th e  e x p e r im e n ts  d e s c r ib e d  in  se c tio n  2, 2 .1 . 1 , 

w e re  aban doned . T h is  m e th o d  . .e su lte d  in  a  b u ild -u p  of p r e s s u r e  in  

th e  r e a c to r  v e s s e l ,  th u s  u p se ttin g  th e  s te a d y - s ta te  con d itio n s.

3. 2 . 2 , D esig n  o f  th e  B e n ch  S c a le  P r o c e s s

T he b e n ch  s c a le  p r o c e s s  w as dev elo p e d  in  c o lla b o ra tio n  w ith  M r 

A . R oukens d e  L ange , o f th e  D e p a rtm e n t o f C h e m ic a l E n g in e e r in g , 

U n iv e rs i ty  o f  th e  W itw a te rs ra n d , w ho d e s ig n e d  th e  f ra c t io n a tio n  

c o lu m n  and  w o rk e d  o u t m a s s  and  h e a t  b a la n c e s  f o r  th e  w hole sy s te m . 

( F o r  d e ta il s  o f M r de L an g e ’s  c a lc u la t io n s  s e e  A ppendix  B . )

3 .2 ,  2 . 1. T he R e a c to r  V e s s e l  and  A c c e s s o r ie s

E x p e r ie n c e  w ith  b a tc h  e x p e r im e n ts  in d ic a te d  th a t  th e  8 0 0 -m l r e a c t io n  

m ix tu re  ch o sen , th e  c o m p o s itio n  o f  w hich i s  g iv e n  in  S e c tio n  3 .1 , 

w ou ld  a t i t s  b e llin g  p o in t in i t ia l ly  g iv e  g a s  evo lu tion  a t  a  r a t e  e q u iv a l­

e n t to  th e  c o n su m p tio n  of abo u t 8 g  (i. e . 0 ,1  m o le ) of AN  p e r  m in u te . 

T h e  d e s ig n  w as  th u s  b a s e d  on  a  con tinuous fe e d  r a te  to  th e  r e a c to r  

o f  8 g  o f AN p e r  m inu te .
T he a p p a ra tu s  i s  show n diag  r a m m a tic a l ly  i n  F ig . 4 . A  2 - l i t r e  

r o u n d -b o tto m e d  f la s k  w as u s e d  a s  the  r e a c to r .  T h is  w as f i t te d  w ith  

a  th e rm o m e te r  p o c k e t, i n le t  p o r ts  f o r  th e  in tro d u c tio n  o f  th e  v a r io u s  

s o lu t io n s , a  p o r t  f o r  c onnec ting  a  m a n o m e te r , a n  e x it c o nnec tion  

f o r  th e  g a s  a n d  v a p o u r ,  a s  w e l l a s  a  sa m p lin g  p o in t a n d  a  le v e l  

in d ic a to r  lo o p . In  th e  l a t t e r  ru n e , s ix  g la s s  tu b e s  o f  d im e n s io n s  

15m m  x  15m m  w ere  a dded  to  th e  so lu t io n  to  e n s u re  s m o o th  bo iling .

F r o m  th e  to p  o f  th e  r e a c to r  f la s k , th e  v a p o u r  p a s s e d  in to  the  

f ra c t io n a t io n  c o lu m n  v ia  a  10m m  i .  d . gh-.ss tu b e , a s  show n i n  F ig . 4 .  

H ea tin g  w as  done w ith  a  5 0 0 -w a tt h e a tin g  m a n tle  o f 3 - I i t r e  c a p a c ity ,  

w h ich  a lso  s u p p o r te d  th e  r e a c to r  v e s s e l  P e r i s ta l t ic  pu m p s o f  v a r io u s  

m a k e s  w e re  u s e d  a s  m e te r in g  p u m p s .
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3. 2 , 2 . 2 . T b e  F r a c tio n a tio n  f.olnrrm

TM s c o n s is te d  o f  a  g la s s  co lum n , of in te r n a l  d ia m e te r  25 m m , anrt 

w as  c o n s tr u c te d  in  th r e e  s e c tio n s ,  w ith  a  to ta l  le n g th  o f  2 ,5  m .

B a l t  a n d  so c k e t jo in ts  w e re  u s e d  to  c o n n ec t th e  v a r io u s  se c tio n s  

of th e  c o lu m n  a n d  o th e r  s e c tio n s  o f  th e  a p p a ra tu s  (F ig . 4 ). The 

p a ck in g  o f  th e  c o lu m n  c o n s is te d  of 6 m m  x  6 m m  g la s e  R a sc h ig  r in g s , 

th e  t o ta l  h e ig h t o f  th e  p a ck e d  b e d  be ing  a b o u t 2 , 3 m . T h e  b e d  w as 

su p p o r te d  w ith  a  r e s t r ic t io n  m a d e  a t  th e  b o tto m  end  o f  tb e  co lum n. 

T h e  e n t i r e  le n g th  o f  th e  c o lu m n  w as la g g e d  w ith  a n  in s id e  la y e r  of 

c o tto n  w ool, a n d  a lu m in iu m  f o i l  on th e  o u ts id e .

T he f ra c t io n a t io n  c o lu m n  w as co n n ec ted  d ir e c t ly  to  a  o n e - l i t r e  

ro u n d -b o tto m e d  r e b o i l e r  w h ich  w as s u p p o r te d  b y  a  3 0 0 -w a tt, o n e - 

l i t r e  h e a tin g  m a n tle . T h e  r e b o il e r  w as  f i t t e d  w ith  a  l e v e l  in d ie '  to r  

lo o p  (F ig , 4 ) . P r o v is io n  w as  a ls o  m a d e  f o r  a  sa m p lin g  p o r t  and  

a n  e x i t  tu b e  f o r  re c y c lin g  b o tto m s p ro d u c t to  the  r e a c to r .

3 .2 .  2 . 3 . T he R e m a in d e r  o f  th e  B e n ch -S ca le  P la n t  

F r o m  th e  to p  o f  th e  re f lu x  co lu m n  th e  v a p o u r  p a s s e d  in to  a  c o il 

c o n d e n s e r  (F ig . 4). T h e  w a s te  w a te r  c o n d e n sa te  w as  c o l le c te d  i n  a  

f lgqy  f i t t e d  w ith  a n  o u tle t  d ra in a g e  s to p c o ck  (u sed  a ls o  f o r  sam p ling ) 

and  a n  e x i t  tu b e  f o r  re c y c lin g  p a r t  o f  th e  c o n d en sa te  to  th e  to p  of 

th e  f r a c t io n a t io n  c o lu m n . T h e  w a s te  c o n d e n sa te  b u ild in g  u p  in  the  

c o l le c t io n  f la s k  w as d ra in e d  p e rio d ic a lly ,  a n d  a lw ay s  sh o r t ly  b e fo re  

sa m p lin g .
Nob- c o n d en sa b le  g a s e s  th e n  p a s s e d  in to  th e  b o tto m  o f  a  NaOH 

s c r u b b e r  co lum n, o f  d im e n s io n s  2 , 5 c m  i .  d . x  5 0 cm , p a c k e d  w ith  

R a sc h ig  r in g s  o f  th e  s a m e  s iz e  a s  th o se  u se d  in  th e  f ra c t io n a tio n  

c o lu m n . A  5 p e r  c e n t NaO H  so lu t io n  w as p a s s e d  in to  th e  to p  o f  "V. 

s c ru b b e r  f o r  r em o v in g  th e  01% im p u r ity  f ro m  th e  g a s  s t r e a m . To 

im p ro v e  th e  e f f ic ie r c y  o f  th e  s c ru b b e r ,  i t  w as ru n  u n d e r  f looded  

c o n d itio n s  i n  a l l  b u t  th e  f i r s t  of th e  s e r i e s  of f u l l - s c a le  e x p e r im e n ts . 

T h e  d ra in a g e  s to p c o c k  of th e  r e c e iv e r  v e s s e l  w as th u s  a d ju s te d  

m a n u a lly  to  g iv e  a  d ra in a g e  r a t e  su c h  a s  to  b a la n c e  th e  N aO H  so lt tt-



5 m l  p e r  m in , w hile

G a s  e m e rg in g  f ro m  th e  s c ru b b e r  th e r e a f te r  p a s s e d  th ro u g h  an  

i c e - b a th  c o ld  t r a p ,  to  re m o v e  m o s t  o f th e  w a te r  v a p o u r. N ex t in  

th e  t r a i n  w as  a  s i l ic a  g e l  d r y e r ,  fo llo w ed  c o n se c u tiv e ly  by  a  r o t a ­

m e te r  a n d , f o r  f u l l  ru n s  o f  th e  p la n t, a n  in te g r a l  f lo w m e te r . I n  th e  

l a t t e r  r u n s  o f  th e s e  e x p e r im e n ts  th e  two d r y e r s  (F ig . 4) w ere  u s e d

th ro u g h  th e  N aO H  sc ru b b e r .

P r o v is io n  w as m a d e , a s  show n  in  F ig . 4, f o r  th e  c o lle c tio n  of

g a s  w as  p a s s e d  th ro u g h  a  g a s  p ip e tte  u n t i l  th e  a i r  w as c o n s id e re d  

to  h a v e  b e e n  fu lly  d isp la c e d . In  th e  te ch n iq u e  ad o p ted  th e  r a te  a t

c a r e f u l ly  c o n tro l le d  b y  m e a n s  of th e  s to p c o ck  X in  su c h  a  w ay  a s  to

i o p e ra tio n  a

3. ;i. 3.

3. 2 . 3. 1.

A s a  f i r s t  s te p .

I n i t ia l ly  i t  w as  a tte m p te d  to  Uf 

fe e d . H o w ev e r, th is  so lu t io n  h 

c ry s t a l l i s a t io n .  I t  w as  o n ly  wil 

of c ry s ta ls  in  th e  tu b e s  le ad in g  

th e  p e r i s t a l t i c  pum p  to  th e  re s

e r e a c to r  w as t e s t e d  se p a ra te ly ,

.d r e m a in d e r  o f  th e  a p p a ra tu s .

80% (w /w ) so lu t io n  a s  th e  AN 

b e  k e p t  h o t (>100°) to  p re v e n t  

sa t d if f ic u lty  th a t  th e  fo rm a tio n  

i th e  th e rm o  s ta tte d  r e s e r v o i r  v ia  

co u ld  b e  p re v e n te d . T o  f a c i l i t a te  

th e  m a t t e r ,  a  60%  (w /w ) AN so lu t io n  w as  su b s titu te d . I t  w as found  th a t 

th e  s y s te m  c o u ld  r e a d i ly  h a n d le  th i s  e x t r a  b u r d e n  o f  w a te r  th a t  ne ed e d  

to  b e  e v a p o ra te d . I>: a l l  th e  e x p e r im e n ts  d e s c r ib e d  in  th e  fo llow ing 

s e c t io n s ,  th e  A N  fee d  w as  a  60%  so lu tio n . T h e  AN  so lu t io n  (kep t



a t  r o o m  te m p e r a tu re )  wais f e d  in to  th e  r e a c to r  a t  a  r a te  o f  10m l 

w h ich  a c tu a lly  r e p r e s e n te d  a  fee d  r a t e  o f  7 , 62g m in  of AN com.pc.so 

e d  to  th a t  o f  8g m in   ̂ e a r l i e r  de c id e d  upon. T he h e a tin g  m a n tle  w as 

o p e ra te d  a t  fu l l  lo a d , a n d  th e  v a p o u r  em erg in g  f ro m  th e  r e a c to r  

p a s s e d  in to  a  c o il c o n d e n se r,  th e  con d en sa te  b e in g  c o lle c te d  in  a 

r e s e r v o i r  f o r  su b se q u en t a n a ly s i s .  A t th e  se co n d  a tte m p t, r e a s o n ­

a b le  " s te a d y - s ta te  c o n d itio n s"  w ere  a ch ie v ed . T he flo w  ra te d  re q u ire d  

w e re  a s  fo llo w s; AN  so lu t io n  (fixed), 10m l m in  \  6, 0  M  HC1, 2 , 5m l 

m in  \  I I ,  9  M  HNO^i 5, Oml m in  w a te r ,  8, 7 m l m in  \  (A d ilu te  

HC1 so lu t io n  w as u s e d  s in c e  th e  c o n c e n tra te d  l iq u id  a tta c k e d  the  

s il ic o n e  r u b b e r  tub ing  o f  th e  p e r i s ta l t ic  pum p).

T he r a te  o f g a s  ev o lu tio n  in i t ia l ly  r o s e  to  3 , 5 1  m in  * ( a t  a m b ien t 

te r . ip e r a tu r e  and  p r e s s u r e ) ,  th e n  d ro p p ed  to  a s  lo w  a s  1, 2 1 m in  \  

r is in g  a g a in  to  a  va lu e  v a ry in g  b e tw ee n  2, 2 a n d  2, 8 1 m in  . (The 

th e o re t ic a l  r a te  f o r  s te a d y - s ta te  con d itio n s a t  a  fee d  r a t e  o f 7 , 62g 

m in " '1 o f  AN i s  a b o u t 2,& 1 m i n '1 a t  th e  a m b ie n t c o n d itio n s .) The 

d u ra tio n  o f  th e  e x p e r im e n t  w as a b o u t 5 j  h o u r s ,  abo u t h a lf  a n  h o u r  

h av ing  b e e n  ta k e n  to  h e a t  th e  r e a c to r  so lu t io n  to  i t s  b o ilin g  po in t.

G as  ev o lu tio n  w as f i r s t  p e rc e iv e d  w K n  th e  r e a c to r  so lu t io n  re a c h e d  

78°.

I n i t ia l ly ,  w hen  th e  m ix tu re  f i r s t  re a c h e d  i t s  bo ilin g  p o in t, th e  

te m p e r a tu re  r o s e  to  a s  h ig h  a s . 110, 5 ° . T h is  w as a c c o m p an ie d  (and 

a p p a re n tly  c a u s e d )  by  a  r i s e  in  th e  p r e s s u r e  to  i9 c m  o f  m e rc u ry  

a b o v e  th e  a m b ie n t  a n d  (aa  show n  i n  th e  fo re g o in g  p a ra g ra p h )  an  u n ­

u s u a l ly  h ig h  r a t e  o f  g a s  evo lu tio n . A fte rw a rd s , th e  te m p e r a tu re  and  

m a n o m e te r  r e a d in g s  dropped! a n d  c o n tin u ed  to  f lu c tu a te  in  th e  r a n g e s  

107, 5 °  -  108, 5 °  a n d  5 - 6  c m , r e sp e c t iv e ly .

T h is  p a t te r n  w as r e p e a te d  in  a l l  su b se q u e n t e x p e r im e n ts : a  

r i s e  in  te m p e r a tu re , w h e th e r  c a u se d  b y  ch an g es in  th e  c o m p o sitio n  

o f  r e a c to r  so lu t io n  o r  b y  a  r i s e  in  p r e s s u r e ,  a lw ay s  le a d  to  an  

en h an c ed  r a t e  o f  g a e  evo lu tion .
T he a low  r a t e s  r e p o r te d  above w ere  c a u se d  b y  p o o r  c o n tro l of 

f e e d  r a t e s ,  le ad in g  to  a n  in c re a s e  in  tlio v o lum e  o f  th e  r e a c to r



i 0 , 49 to  0 , 72 M; HC1, 0 ,0 3 7  to  0 , 091 M. V a lu es  to w a rd s  th e  

E th e  r u n , w hen  th e  s y s te m  h a d  a c h ie v ed  th e  c lo s e s t  a p p ro a c h  

a d y -s t a te ,  w e re ; H N O y 0 ,5 4  M; HC1, 0 ,0 9 1  U  O nly  one  sa m p l. 

na lyeed  f o r  C l^  and  w as found  to  c o n ta in  1 ,2 8  p e r  c e n t (v /v ).

0 ,141  M  in  HC1 and  

i s s e l .  T h es e  v a lu es

of F ra c t io n a t io n

h e a te d  to  I 

H ow ever,

a c id  so lu t io n  0, 85 M in  HC1 a r d  7 ,5 0  M  i n  P 

e r e h o il e r .  T h e s e  v a lu e s  w e re  ob ta in ed  b y  M r de J 

-b a la n c e  c a lc u la t io n s . W hen th e  r e b o il e r  so lu t io n  w 

ilin g  in  th e  s t a r t - u j  

i th e  e x p e r im e n t prc

re f lu x e d  in to  th e  to; 

c o l le c te d  in  r e s e rv e  

th e  r e a c to r  a t  a  ra l 

r e b o ile r .

S a m p le s  w ere  

a n a ly se d  f o r  to ta l  a' 

th e  b o tto m s p ro d u c t 

and  0, 23 M  in  HCL 

r i s e n  a t  th e  s a m e  t  

f r o m  th e  r e b o il e r .

d  a n d  HCL A* ihe  end  of th e  twi 

iad  re a c h e d  th e  s te a d y  a n a ly s is  c 

Che c o n c e n tra tio n s  in  th e  r e a c to r  

ne , to  a cc o m m o d a te  th e  a c id  th a t  :

-h o u r e x p e r im e n t 

2 ,0 1  M in  H N 03





a f t e r  g a s  ev o lu tio n  f o r  a b o u t h a lf  a n  h o u r), f a i r ly  s te ad y  cond itions 

w e re  ach ie v ed , w ith  th e  g a s  evolution, r a t e  f luc tuating  b e tw een  2, 5 

a n d  2, 8 1 m in  \  th e  te m p e r a tu re  b e tw ee n  106, 7 °  and  108, 0 ° , and 

th e  p r e s s u r e  b e tw ee n  8 and  9 c m . A n a ly s is  o f  th e  g a s  p r o d u c t gave  

C l^  v a lu e s  of b e tw een  0 ,8 4  and  1 ,5 %  (th e  l a t te r  va lu e  hav ing  b e e n  

o b ta in ed  a p p a re n tly  w hen th e  HNO^ a n d  HC1 c o n ce n tra tio n s  w ere  

s im u lta n e o u s ly  h ig h  c o m p a re d  to  th o se  of th e  s ta r t in g  r e a c to r  so lu tio n ).

• T he  c o n d en sa te  h a d  a  to ta l  .d lty  o f  on ly  0 ,0 1 9  to  0 ,0 4  M  (the 

l a t t e r  w as  o b ta in ed  w hen  a c id i t ie s  i n  th e  r e a c to r  w ere  h ig h ), c o m p ared  

to  a  v a lu e  o f  0 , 10 M  in  th e  e x p e r im e n t  w ith th e  f ra c t io n a tio n  c o lum n  

on ly . T h is  f iv e - fo ld  im p ro v e m e n t in  f ra c t io n a tio n  co lu m n  e ff ic ien c y  

ev id en tly  r e s u l te d  f r o m  th e  la r g e  n o n -co n d e n sab le  ( la rg e ly  13^0) 

co m p o n en t in  th e  v a p o u r  s t r e a m  in  th e  p r e s e n t  run .

G ra t ify in g ! / ,  i t  w as found  e a s i e r  to  c o n tro l  th e  o p e ra tio n  of 

th e  f u l l  b e n c h -s c a le  p la n t  and  a p p ro a c h  s te a d y - s ta te  c o n d itio n s  th a n  

h a d  b e e n  the  c a s e  in  th e  e x p e r im e n t w ith  th e  r e a c to r  a lo n e . O p era t io n  

o f  th e  s y s te m  w as  c o n tro l le d  a s  fo llow s. In  th e  f i r s t  in s ta n c e  th e  

le v e l  i n  the  r e a c to r  v e s s e l  w as c o n tro l le d  by  a d ju s tin g  th e  p u m p -ra te  

o f  b o tto m  p r o d u c t in to  th e  r e a c to r .  T h e  le v e l  in  th e  b o tto m  p ro d u c ts  

v e s s e l  w as, in  tu rn , c o n tro l le d  by  a d ju s tin g  th e  r e f lu x  r a t e  o f  c o n ­

d e n sa te  to  th e  to p  of th e  f r a c t io n a tio n  co lum n . O n the  b a s is  o f  a n a ly s ­

e s  o f  th e  r e a c to r  so lu tio n , m e te r in g  r a te s  o f th e  H C i/H N O ^ so lu t io n  

w e re  a d ju s te d . A n a ly se s  o f  th e  b o tto m  p r o d u c t so lu tio n  w e re  r e c o rd e d  

to  a s s i s t  judg ing  th e  a tta in m e n t o f  s te a d y - s ta te  c o n d itio n s .

T he s i l ic a  g e l  c o lum n  u se d  a s  d r y e r  tu rn e d  s lig h tly  y e llo w ish  

g r e e n  a t  th e  i n l e t  s id e , p r o b a b ly  b y  in te r a c t io n  w ith  r e s id u a l  t r a c e s  

o f  C lg n o t  re m o v e d  b y  th e  s c ru b b e r .  The p u r if ie d  g a s  e m e rg in g  a t  

th e  f a r  end  o f  th e  bench -p lan t w as show n  to  co n ta in  r e s id u a l  t r a c e s  

o f  C h , a t  t im e s , show ing  th a t  th e  s c ru b b e r  w as n o t 100 p e r  c en t 

e ff ic ien t.
In  su b se q u en t r u n s ,  th e  HG1 a n d  HNC>3 w e re  a dded  s e p a ra te ly  

w hen  a  f u r t h e r  p e r i s ta l t ic  pum p b e c a m e  a v a ila b le . Two c o n s tr ic tio n s  

w e r e  m a d e  in  th e  v e r t i c a l  p a r t  o f  th e  le v e l  in d ic a to r  o f  tf-s r e a c to r



to  r e s t r i c t  o sc i l la t io n s  of th e  l iq u id  le v e l  i n  th e  loop , w hich  m ade 

re a d in g s  d ifficu lt. I t  w as  a ls o  a t  th is  s ta g e  th a t  g la s s  tu b e s  (15m m  x 

15m m ) w ere  in tro d u c e d  in to  th e  r e a c to r  to  p ro m o te  sm o o th e r  bo iling , 

and  th a t  an  in te g r a l  r a te  m e te r  w as in tro d u c e d  in to  th e  train(E"ig. 4),

T ab le  4  a n d  F ig . 5  show  th e  r e s u l t s  o i  a  4 -h o u r  ru n  w ith 

n i t r o u s  ox ide  g ra d e  A N  u sin g  th e  b e n c h -s c a le  p la n t w ith  a l l  the  m o d i­

f ic a t io n s  de ev v ib e d  above. (T h ese  a r e  a l l  in c o rp o ra te d  in  F ig . 4 . )

T h ese  d a ta  g lo w  c le a r ly  how  th e  g a s  e vo lu tion  r a te  v a r ie s  w ith  su c h  

p a ra m e te r s  a s  te m p e r a tu re  a n d  p r e s s u r e .  T he te m p e r a tu re  (here  

the bo ilin g  p o in t  o f  th e  m ix tu re )  a n d  the  p r e s s u r e  a r e ,  o f  c o u rse , 

coup led . T h e re  d o e s n o t a p p e a r  to  be a  c le a r ly  e v id en t re la tio n sh ip  

b e tw een  r a t e  o f  g a s  ev o lu tio n  a n d  the  c o n c e n tra tio n s  o f  H CI and  H N O y 

C le a r ly , th e  v a r ia t io n  of r e a c to r  so lu t io n  te m p e r a tu re  w as the  p r e ­

d o m in a n t e ffec t. T oo few  sa m p le s  w ere  ta k e n  fo r  C l^  a n d  a n a ly s is  

to  a llo w  ev en  te n ta t iv e  c o n c lu s io n s  ab o u t th e  dependence  of th e ir  

le v e ls  on  th e  p a r a m e te r s  m e n tio n e d , b u t th e  im p r e s s io n  w as ga ined  

th a t  th e  C l c o n c e n tra tio n  (and  h e n ce  p ro b a b ly  th e  c o n ten t a s  w ell) 

i n c re a s e d  w ith  in c re a s in g  r a te  o f  gas evo lu tio n , ( It sh o u ld  b e  no ted  

th a t th e  in te g r a l  flow  m e te r  r e a d in g s  in  T ab le  4  a r e  in  e r r o r  by the  

a m o u n ts  o f g a s  th a t  h a d  b y p a s se d  i t  d u r in g  g a s  sa m p lin g  fo r  N ,  a n d  

Clg a n a ly s i s . )

T h e  above  e x p e r im e n t w as  in v o lu n ta r ily  te rm in a te d  w hen the  

s to p c o c k  o f  th e  sa m p lin g  p o r t  on th e  r e a c to r  a c c id e n ta lly  popped  ou t, 

a n d  r e a c to r  so lu t io n  w as s p i l t  o n  th e  h e a tin g  m a n tle , pu ttin g  ou t of 

a c tio n  i t s  to p  h e a tin g  e le m e n t  W ith th e  r e d u c e d  h e a t  ou tp u t f ro m  

th e  h e a tin g  m a n tle , th e  r e a c to r  so o n  w en t ou t o f  c o n tro l i n  th e  se n se  

th a t  th e  n e c e s s a r y  r a t e  of w a te r  e v a p o ra tio n  co u ld  no t b e  m a in ta in ed  

d e sp ite  th e  f a c t  th a t  th e  so lu t io n  con tin u ed  to  b o il. W ith  th e  ensu ing  

d ilu t io n  o f  th e  r e a c to r  so lu tio n , th e  r a t e  r a p id ly  f e l l  off.

In  th e  n e x t, 6 -h o u r  ru n  a  60%  (w /w ) so lu t io n  of AN  of f e r t i l i s e r  

g ra d e  w as  u se d  in s t e a d  of the  n i t r o u s  ox id e  g r a d e  m a te r ia l .  S lig h tly  

h ig h e r  r a te s  w ere  o b se rv e d  (T ab le  5 and  F ig . 6 ), p o s s ib ly  be ca u se  

of a n  e r r o r  m a d e  in  p re p a r in g  th e  so lu t io n  to  th e  d e s ir e d  c o n c e n tra tio n .
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"(T his w as done in  a  r a th e r  c ru d e  w ay  a t  the  S a so l f a c to r y .)  A n­

o th e r  f a c to r  w h ich  m a y  have a ffe c te d  th e  r a t e  w as tiie  p r e s e n c e  of 

c o llo id a l r u s t  p a r t i c le s ,  w hich  w ere  f o rtu ito u s ly  in tro d u c e d  a t  S a s o l-  

h u rg  w hen  88 p e r  c en t AN so lu t io n  w as d ra in e d  f ro m  th e  p ro d u c tio n  

lin e  th ro u g h  a  r a t h e r  r u s ty  p ipe  th a t  h a d  to  b e  b e n t f o r  th e  p u rp o se . 

T he m a n o m e te r  r e a d in g s , i t  i s  n o ted , a r e  g e n e r a l ly  h ig h e r  than  

th o se  o f  F ig . 5.

- V a lu es  f o r  c o n te n t o f th e  g a s  p r o d u c t a r e  n o t g iven  f o r  th is  

ru n . U nfo rtu n a te ly , the  d e te c to r  o f  th e  g a s  c h ro m a to g ra p h  w as  d e fe c t • 

iv e  a t  th e  tim e , g iv ing  sp u r io u s  r e s u l ts .

In  a 2 -h o u r  ru n  w ith  n i t r o u s  oxide  g ra d e  AN th e  e f fe c t  o f  p r e s s ­

u r e  on  th e  r a te  o f  p ro d u c t g a s  w as  te s te d . A  n e e d le  v a lv e  (N) w as 

in tro d u c e d  in to  th e  g la s s  tu b e  connec ting  th e  r e a c to r  v e s s e l  w ith  th e  

f ra c t io n a t io n  c o lu m n  (F ig . 4 ). I t  w a s  found th a t  by  in c re a s in g  th e  

p r e s s u r e  in  th e  r e a c to r  to  50 c m  (above a tm o sp h e ric )  and  th u s i n ­

c re a s in g  the  bo ilin g  p o in t o f  th e  m ix tu re  to  114, i  ,  a  r a t e  o f  p ro d u c t 

g a s  a s  h igh  a s  5 , 5 Im in  w as a tta in e d .

3. 2 ,4 .  D isc u s s io n

R e a s o n a b le  s te a d y - s ta te  c o n d itio n s  w e re  r e a d i ly  a c h ie v ed  in  th e  b e n c h -  

e c a le  p la n t  e x p e r im e n ts ,  th e  f lu c tu a tio n s  o b se rv e d  in  th e  r a te  o f  N^O 

ev o lu tio n  b e in g  m a in ly  due to  v a r ia t io n s  in  th e  bo iling  p o in t  of th e  

m ix tu re ,  w hich  w e r e  i n  tu r n  c a u se d  by  flu c tu a tio n s  in  th e  p r e s s u r e  

in s id e  th e  r e a c to r .  The c a u se  o f  th e  l a t te r  w as  n o t  a s c e r ta in e d  

w ith  c e r ta in ty ;  w e a r e  in c l in e d  to  a s c r ib e  th i s  ( ex c ep t f o r  th e  in i t ia l  

t e m p e r a tu re  r i s e  a t  s ta r t -u p )  to  f lu c tu a tio n s  in  th e  p r e s s u r e  d ro p  

a l  eg th e  f lo o d ed  NaOH s c ru b b e r  ow ing to  v a r ia t io n s  in  th e  le v e l  of 

liq u id  in  th e  co lum n , w hich  w as m a n u a lly  c o n tro l le d .

F r a c t io n a t io n  o f  th e  v a p o u r  i s  n e c e s s a r y  to  e n ab le  HC1 a n d  

H N 0 3 c a r r i e d  o v e r  w ith  th e  w a te r  v a p o u r  to  b e  r e tu r n e d  to  th e  

r e a c to r .  N itr ic  a c id  d o e s n o t a p p c i r  to  b e  co n su m ed  in  e i th e r  th e  

f o rm a tio n  of C I^  o r  o f N ^, a n d  l o s s e s  o f  HNC>3 o c c u r  on ly  a s  t r a c e s  

c a r r i e d  o v e r  in to  th e  d is t i l la te  w h ich  g o e s to  w as te . S om e HC1 i s



co n su m e  si I n  th e  fo rm atio iz  o£ C l^ , a n d  th e  HC1 i a  th e  r e a c to r  w ould 

th u s  h a v e  to  b e  co n tin u o u s ly  r e p le n ish e d , a lb e i t  a ;  a  v e ry  s lo w  Cow 

r s t e .  T h e  p ro d u c t g a s  a lw ay s  c o n ta in s  up  to  a  f e w  p e r  c e n t o f bo th



C H A PT E R  4 . K IN E T IC  EX PE RIM E N T S

4, 1. In tro d u c tio n

F r o m  th e  e x p e r im e n ts  d e s c r ib e d  in  th e  fo re g o in g  C h a p te rs  i t  is  c l e a r  

th a t  s e v e r a l  f a c to r s  in f lu e n c e  th e  r a te  o f  p ro d u c tio n  of N^O and  of 

th e  im p u r i t ie s  C l^  a n d  d a r in g  c h lo r id e -c a ta ly s e d  d e co m p o sitio n  

of AN, T he p r in c ip a l  p a r a m e te r s  a ffec tin g  th e se  r a te s  have  be en  

show n in  C h a p te r  Z to  b e  th e  c o n c e n tra tio n s  o f  AN, a c id  a n d  c h lo rid e , 

a s  w e ll a s  th e  te m p e ra tu re .

T h is  c h a p te r  d e s c r ib e s  a  d e ta ile d  in v e s tig a tio n  of th e  d e p endencies  

o.f N ^O , C lg a n d  ev o lu tio n  r a te s  on th e  re a c t io n  p a ra m e te r s .  B a tc h  

e x p e r im e n ts  w ere  d e s ig n ed  to  ob ta in  e x p e r im e n ta l r a te  e q u a tio n s  f o r  

t h e s e  g a s  ev o lu tio n  re a c t io n s  w ith  a  v iew  to  se le c tin g  o p tim u m  con ­

d itio n s  f o r  a n  in d u s t r ia l - s c a le  p la n t f o r  N .,0  p ro d u ctio n . A t the  s a m e  

t im e  i t  w as  hoped th a t  th e  r a t e  e q u atio n s th u s o b ta in ed  w ould  en ab le  

th e  e lu c id a tio n  of th e  m e c h a n ism s  o f  th e  re a c t io n s  involved .

T he i s o la t io n  m e th o d  w as u se d . S e v e ra l s e r i e s  o f  r e a c tio n  

m ix tu re s ,  i r o m  w h ich  the  c h lo rid e  c a ta ly s t  w as o m it ted , w e re  p r e p a r ­

ed . In  e a c h  c£ th e s e  s e r i e s ,  w h ere  p o s s ib le ,  on ly  one p a ra m e te r  a t 

a  tim e  w as  v a r ie d . A  know n vo lum e of su c h  a  m ix tu re  w as p la ce d  

in  th e  r e a c to r  a n d  h e a te d  in  a n  o il b a th  to  th e  d e s i r e d  te m p e ra tu re ,  

w h ereu p o n  th e  c h lo r id e  c a ta ly s t  w as in je c te d . G a se s  fo rm e d  du ring  

th e  e n su in g  r e a c t io n  w ere  sw e p t ou t o f  th e  r e a c to r  by m e an s  of h e liu m  

s p s r g e  g a s  (p a sse d  th ro u g h  s i  a  know n ra te ) .  T he c o n c e n tra tio n s  o f 

NgO a n d  C l^  in  th e  p r o d u c t g a s  w ere  m e a su re d  con tin u o u sly  by p a s s ­

in g  th e  g a s  s t r e a m  th ro u g h  th e  c o n sec u tiv e  g a s  c e l ls  of a  in f r a r e d  

s p e c tro p h o to m e te r  ( fo r  m e a su r in g  N^O) a n d  a  u l t r a v io le t  s p e c t r o ­

p h o to m e te r  ( fo r  m e a su r in g  C l^). A  4 -w a y  s to p c o c k  w as in c o rp o ra te d  

in  th e  g a s  p r o d u c t lin e  to e n ab le  in te r m it t e n t  in je c t io n  of a  gas  s a m p le



in to  a  g a s  c h ro m a to g ra p h  io x  d e te rm in a tio n  o f  the  con ten t.

E m p ir ic a l  r a te  e q u atio n s f o r  N^O, Cl^ and  w ere  ob ta ined  

f r o m  th e  v a r ia t io n s  o f  th e  r a te s  of ev o lu tio n  of th e  r e s p e c t iv e  p ro d u c ts  

a s  fu n c tio n s  o f  th e  c o n ce n tra tio n s  o f  c h lo rid e , n i t r a te  a n d  am m onium , 

a n d  a c id ity .

T he e ffe c t on  th e  ev o lu tio n  r a te s  o f th e s e  g a s e s  o f  th e  c o n ­

c e n tra t io n s  of AN  and  HNO^ (w here  two p a ra m e te r s  v a ry  a t  th e  s a m e  

t im e )  w as a ls o  s tu d ied . T h e s e  e x p e r im e n ts  w e re  done f o r  th e  p u rp o se  

o f  ob ta in ing  d a ta  d ir e c t ly  a p p lica b V  ►o a n  in d u s t r ia l- s c a le  p la n t  (s in c e

and  a ls o  to  c h ec k  th e  r a te  d a ta  ob ta in ed  f o r  th e  in d iv id u a l v a r ia b le s  

f o r  c o n s is te n cy .

I t  h a s  n o t b e e n  p o s s ib le  to  p ro p o se  a  p la u s ib le  m e c h a n ism  f o r  

the  .e p c tio n s  in  th is  sy s te m  w hich  w ould b e  in  a g re e m e n t  w ith  the  

h ig h  ex p o n en tia l d e pendence  of the  c o n c e n tra tio n  te rm s  in  th e  r a te  

e q u a tio n s . T he  m e c h a n ism s  o f  th e se  re a c t io n s  a r e  ev id en tly  v e ry  

c om plex . T hey  a p p e a r  to  b e  s u b s ta n tia lly  d if fe re n t  f ro m  th o se  p o s tu la t­

e d  by  K eenan  a n d  D im it r ia d e s 1^ f o r  c h lo r id e -c a ta ly s e d  d e co m p o sitio n  

o f AN in  th e  m e lt.

4 . 2 . E x p e r im e n ta l

4 . 2. 1. R e ag e n ts  a n d  E qu ipm en t

S o lid , n itro u s  ox ide  g ra d e  AN w as u se d  f o r  a l l  the  e x p e r im e n ts .

M tric  a c id  a n d  su lp h u r ic  a c id  w ere  o f c o m m e rc ia l g ra d e . Tb-e h y d r o ­

c h lo r ic  a c id , a m m o n iu m  su lp h a te , a n d  th e  c h lo rid e , n i t r a te  and  

su lp h a te  o f  s o d iu m  w e r e  o f  A n a la r  p u r ity . S tan d a rd  g a s  m ix tu re s  

w e re  p i  p a re d  b y  Union L iq u id  A ir  Ltd.

T he a p p a ra tu s  (F ig . 7 )  c o n s is te d  o f  a  4 -n ec lte d , 1 0 0 -m l, round  

b o tto m ed  O /O  f lr .sk  a s  r e a c to r ,  f i tte d  w ith  a  th e rm o m e te r  p ocket, 

a n  i n le t  p o r t  f o r  th e  s p a rg e  g a s  a n d  s ta n d a rd  g a s e s ,  a n d  a n  in a c t i o n  

p o in t  c lo se d  off w ith  a  ru b b e r  sep tu m . T h e  r e a c to r  w as im m e r s e d  

in  a  s il ic o n e  o i l  th e rm o s ta t  ba th . T he lo a d  in  th e  h e a tin g  e le m e n t 

o f  th e  b a th  w as c o n tro l le d  by m e an s  o f  a  V a r ia c  tr a n s fo r m e r .

jflN O j |  r a th e r  th a n  |NH4 " j , a n d  a c id  c o n c e n tra tio n  s e p a ra te ly )
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A  r e f lu x  c o n d e n se r  w as  f i t te d  to  th e  to p  o f  th e  r e a c to r .  The 

c o n d e n se r  w as  c o nnec ted  to  a  g a s  i r ix in g  tube  and  a  so a p -f ilr a  f lo w ­

m e te r ,  T he 4 -w a y  ta p  a llo w ed  con tinuous flow  in  both th e  r e a c to r  

o ff-g as  s t r e a m  a n d  in  th e  he lium  cscrie r  g a e  s t r e a m  to  th e  g as c h ro m a to ­

g ra p h . In  th e  r e a c to r  ilo w  s t r e a m  th e  4 -w a y  ta p  w as po sitio n ed  

be tw ee n  th e  g a g  m ix ing  c h a m b e r  a n d  th e  u l t r a v io le t  c e l l  i n  th e  r e a c to r  

o f f - g a s  s tr e a m . In  th e  g a s  c h ro m a to g ra p h ic  f lo w  s tr e a m , th e  4 -w a y  

ta p  w as p o s it io n e d  b e tw een  i’.ie h e liu m  c y lin d e r  and  gae  c h ro m a to ­

g ra p h  r e f e r e n c e  c e l l .  B y  tu rn in g  th e  co ck  ra p id ly  th ro u g h  160°, th 'i 

s a m e  con n ec tio n s w e re  a g a in  re a l is e d ,  b u t  a  rep ro d u c ib le  vo lum e  

( c a  2 m l) of g a s  m o m e n ta r i ly  tr a p p e d  in  th e  b o r s  rif th e  co ck  c a r r y ­

in g  th e  g a s  f ro m  th e  r e a c to r  w as th u s  in tro d u c e d  in to  th e  g a s  c h ro m a ­

to g rap h .

T h e  c h lo rin e  c o n te n t o f  th e  g a s  s t r e a m  w as m e a s u re d  by  th e  

a b so rb a n c e  of C l^  a t  330 a m  in  a  g a s  c e l l ,  f itte d  w ith  s i l ic a  w indow s, 

w ith  a  V a r ia n  T c c h tro c , m o d e l 635, re c o rd in g  sp e c tro p h o to m e te r.

T h e  N 20  c o n te n t w as o b ta in e d  f ro m  th e  tra n s m it ta n c e  (a t 2080 c’n  ) 

th ro u g h  a  se co n d  g a s  c e l l  (f i t te d  w ith  p o ly e th y le n e  w indow s) in  an  

In fr a g r a p h  H  17.00 in f r a r e d  s p e c tro p h o to m e te r .  T he 2'^ c o n ten t w as 

d e te rm in e d  w ith  a  Sliandon  D K -3 gas c h ro m a to g rap h . H elium  a t  a 

r a t e  o f  25 m l m ir ,-1  w as u s e d  a s  th e  c a r r i e r  g a s . A  U -sh ap e d  co lum n, 

c a  8  m m  x  600 m m , p a ck e d  w ith  6 0 /8 0  m o le c u ls r  s ie v e  5A, l o t  n u m b e r  

10270 (su p p lie d  by  S u pe lco , I n c .) ,  a s  th e  s ta tio n a ry  p h a se . AH l r 2 

d e te rm in a t io n s  w e re  p e rf o rm e d  i s o th e r m a l ly  a t  ro o m  te m p e ra tu re .

4 . 2 . 2 . A n a ly tic a l M ethods
F o r  a  s tu d y  of th»  d e pendence  o f  th e  ev o lu tio n  r a t e ,  o f  N^O, 

a n d  N a s  fu n c tio n s  of th e  v a r io u s  c o n c e n tra tio n  p a ra m e te r s ,  m e th o d s 

w e re  r e q u ir e d  f o r  q u a n tita tiv e ly  m e a su r in g  th e  in i t ia l  r a te s  o f  p ro d u c t-  

Io n  o f  t h ,  g a se o u s  p .o d v c t . ,  T M . w » . d o n . b y  ,v ,= «ping  o u t & .

r e a c to r  v « ,s = l  With a  s p a r g .  g as  a t  «  i- o w n  u r i  c o u e m l  r a t . .  I t .

ru t.. ^  Of MgO. d , " d  " , —M I"
b y  m e a s u r in g  th e  in d iv id u a l c o n c e n tra tio n s  o', th e  th re e  g a . e s  and



th e  to ta l  flow  r a t e  in  the  com bined  gas s tr e a m .

The N^O c o n ce n tra tio n  cou ld  r e a d i ly  be  d e te rm in e d  b y  m e asu r in g  

i t s  a b so rp t io n  a t  one o f  th e  p e ak s  in  i t s  in f r a r e d  s p e c tr u m  (F ig . 8 ) .

T h e  p e ak  a t  2080 c m  w as s e le c te d , a n d  th e  I n fra g ra p h  w as ad ap te d  

to  r e c o rd  th e  p e rc e n ta g e  tr a n s m itta n c e  a t  th is  f ixed  w av en u m b er a s  

a  fu n c tio n  of tim e . The p e rc e n ta g e  tra n s m it ta n c e  w as m in im io e d  on 

th e  2080 c m  * p e a k  to  o p tim ise  th e  s e n s itiv i ty  o f th e  s p c c tro p h o to -

T h e  C lg c o n c e n tra tio n  w as c onven ien tly  m e a su re d  f ro m  its  

a b so rb a n c e  a t  330 a m  in  th e  u l t r a v io le t  r eg io n , w h ere  C l5 a b so rb s  

s tr o n g ly  (F ig . 9 ) .

No co n v en ie n t m ethod  w as a v a ila b le  fo r  con tinuously  m e a su r in g  

th e  Ng c o n c e n tra tio n  in  the  g a s  s tr e a m . I t  w as th u s n e c e s s a r y  to 

t e s o r t  to in te r m i t t e n t  sa m p lin g  a n d  su b se q u en t g a s  c h ro m a to g ra p h ic  

d e te rm in a tio n . C h ro m a to g rap h ic  se p a ra t io n  o f  f ro m  N -,0  end  Cl^  

w as a c h ie v e d  u n d e r  th e  cond itions d e s c r ib e d  in  se c tio n  4 .2 . 1, w h ich  

a ls o  g av e  good  re so lu tio n  of and  (F ig .iO ). The a b i l i ty  to  d e te c t 

O p ro v id e d  a n  in te r n a l  c h ec k  on p o s s ib le  c o n tam in a tio n  of th e  g as  

s t r e a m  w ith  r e s id u a l  a i r .

4. 2 . 3. P r o c e d u r e
T k .  de p en d e n ce  o f  N..O, C l ,  a n d  R ,  .v o lu tio n  r i t e s  on  th e  v a r lo u ,  

c o n c e n tra tio n  p a r a m e t e r ,  w a . i« » .= t tEl t e d  by p re p a r in g  In  e a c h  . e r i c ,  

o f  e x p e r im e n ts  a  n u m b e r  of re a c t io n  m ix tu re s  (T ab le  6 ), th e  c o m ­

p o s it io n  of w hich  w as k e p t c o n s tan t bu t f o r  th e  p a ra m e te r  be in g  v . r l . d ,  

Jn  th e  p r e p a ra t io n  o f  the  m ix tu re  the  s o u r c .  o f c h lo rid e  io n s  w as 

o m it te d , a n d  th e  m ix tu re  m ade  u p  to  100 ml. w ith  d is t i l le d  w a te r .  T he 

m ix tu re  w as t r a n s f e r r e d  to  th e  r e a c to r  v e s s e l  a s  q u a n tita tiv e ly  a s

a .  w - 1 -  P * . ? ) .  - w  - J " ™ -
m e r s e d  in  & e  o i l  ba th . T he l a t t e r  w as h e a te d  to abo u t 1 -  5°

b e lo w  the  d e s i r e d  f in a l te m p e r a tu re  of 94, 6 ° . H elium  g a s  w » , p a s s e d

W hen th e  d e s ir e d  te m p e r a tu re  h a d  be en  re a c h e d , th e  c h lo rid e







In jec tio n

F ig , 10. G a s  c h ro m a  tog  r a m  show ing s e p a r a t io n  o f  Og and  
N 2 in  a n  a i r  sa m p le .
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c a ta ly s t  {in m o s t  e x p e r im e n ts  1 ,5  m l of 1 2 ,0  M  HC1) w as in je c te d  by 

m e a n s  o f  a  h y p o d e rm ic  sy r in g e . In je c tio n  of th e  c a ta ly s t  im m e d ia te ly  

r e s u l te d  in  g a s  ev o lu tio n  f ro m  the  r e a c to r  so lu tion .

B e ca u se  o f  the  e x o th e rm ic  n a tu re  o f  the  r e a c tio n  (se e  equation  

3 .1 ) ,  th e  te m p e r a tu re  of th e  re a c t io n  m ix tu re  r a p id ly  in c re a s e d  by 

3 few  d e g re e s  ( the  e x te n t o f  th e  in c re a s e  depending on th e  c o m p o sitio n  

o f  th e  m ix tu re ), a sy m p to tic a lly  a p p ro a ch in g  a  m a x im u m  v a lu e . T he 

te m p e r a tu re  o f  th e  th e rm o s ta t  b a th  w as a t  th e  s a m e  tim e  a d ju s te d  

u p w a rd s  b y  m e an s  of th e  V a r ia c  co n tro L  B y  t r i a l  and  e r r o r  i t  w as 

fo u n d  p o s s ib le  to  choose  a  s ta r tin g  te m p e r a tu re  a n d  to  o p e ra te  the  

V a r ia c  c o n tro l  in  su c h  a  w ay th a t th e  te m p e r a tu re  o f b o th  th e  r e a c to r  

m ix tu re  and  the  b a th  a sy m p to tic a lly  re a c h e d  the  d e s ire d  re f e r e n c e  

te m p e r a tu re  of 94, 8 °  ( a r b i t r a r i ly  chosen).

H e liu m  sp a rg e  g a s  w as p a s se d  th ro u g h  th e  r e a c to r  a t  a  know n 

r a t e  c o n tro l le d  to w ith in  b e t te r  th a n  t  3% th ro u g h o u t eac h  run . E x c e p t 

f o r  the  f i r s t  s e r i e s ,  th e  p ro d u c t g a s e s  p lu s  h e liu m  w as p a s s e d  th ro u g h  

a  f lo w m e te r  ( to  m e a s u re  the  to ta l  f low  ro te ) , the  g as m ix ing  tube , 

a n d  th e n  v ia  th e  4 -w a y  ta p  to  the  c e l ls  o f  the  u l t r a v io le t  a n d  In fra g ra p h  

sp e c tro p h o to m e te rs  (F ig . 7). W hen a c o n s ta n t a b so rb a n c e  w as r e c o rd e d  

by  th e  u l t r a v io le t  sp e c tro p h o to m e te r, th e  f i r s t  s a m p le  w as in tro d u c ed  

in to  th e  g a s  ch ro m a to g rap h , f o r  N ,  d e te rm in a tio n . (The u l tr a v io le t  

sp e c tro p h o to m e te r  w as found to  b e  k m o re  se n s itiv e  m ethod  o f  d e te c t­

io n  o f  s te a d y  s ta te  f low  c o n d itio n s .)  T h re e  to  fo u r  sa m p le s  w ere  

ta k e n  f o r  d e te rm in a tio n  in  th e  c o u rse  o f  e ac h  run.

T h e  tim e , t r e a s u r e d  w ith  a  s to p -w a tch , w as p e r io d ic a l ly  n o te d  

on  th e  r e c o r d e r  t r a c in g s . P w  r a te s  w e re  checked  a t  r e g u la r  in te r v a ls  

b y  m e a n s  o f  th e  f lo w m e te rs . A  ty p ic a l s e t  o f r e c o rd e r  tra c in g s , and  

a  g a s  c h ro m a to g ra m  a r e  g iv e n  in  F ig s .  11, 12 and  13. T he th e o ry  

o f  th e  m e a su re m e n ts  and  m e thods of c a lib ra tin g  the  in s t ru m e n ts  a r e  

d is c u s s e d  in  th e  n e x t se c tio n s .

d. 2 .4 .  T h e o ry  of  Mea su re m e n ts  

4 . 2 . 4 .  1. DeV '  o f 016 N z °  Rat—
In  c a lib ra tin g  th e  ^ r a g r a p h  sp e c tro p h o to m e te r, two so a p -f i lm  flow m eter.
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w e re  u s e d  to m e a s u re  the r a te s  of p u re  N^O (99, 9% ) a n d  of h e liu m  

sp a rg e  g a s  fed  f ro m  c y lin d e rs  in to  the  r e a c to r ,  w hich  con ta ined  i.v 

s o lu t io n  end  w as k e p t  a t  ro o m  te m p e ra tu re .  W hen th e  a i r - h a d  been 

f u lly  d isp la c e d  th e  p e rc e n ta g e  tr a n s m it ta n c e  r e c o rd e d  re a c h e d  a 

c o n s ta n t va lue . B y  keeping  th e  h e liu m  r a te  c o n s ta n t and  v a ry in g  the 

r a t e  of N^O f ro m  th s  c y lin d e r ,  d if f e re n t c o n c e n tra tio n s , i .  e . p a r t i a l  

p r e s s u r e s ,  w ere  e s ta b l is h e d  in  the  g a s  s tr e a m . V a lu es  o f  th e  t r a n s ­

m it ta n c e  w ere  r e c o rd e d  c o rresp o n d in g  to  th e  d if fe re n t c o n ce n tra tio n s  

o f  N^O. The tr a n s m it ta n c e *  r e c o rd e d  w ere  c o n v e r te d  in to  a b so rb a n c e s  

a n d  th e s e  w ere  p lo tte d  a g a in s t  the  r a t i o  o f  th e  p a r t i a l  p r e s s u r e  of 

th e  NgO to  the  a tm o s p h e r ic  p r e s s u r e  (i. e . the  f ra c t io n  o f  N^O). T h is  

r a t io  w as c a lc u la te d  f ro m  th e  flow  r a te s  o f th e  N ^O and  th e  He 

s t r e a m s  by the  r e la tio n sh ip

p   ̂ = b a ro m e tr ic  p r e s s u r e .

T he m e a su re d  r a te s  o f th e  g a se s  w e re  a lw ays c o n v er ted  to S. T. P . 

F ig . 14 show s a  ty p ic a l c a lib ra tio n  c u rve .

In  the  a c tu a l  e x p e r im e n ta l  run , th e  r a te  of flow  of sp a rg e  g a s , 

h e liu m , w as m e a s u r e d  b e fo re  e n te r in g  the  r e a c to r ,  and  w as k e p t

c o n s ta n t to w ith in  t  3%. T he  to ta l  r a te  of gae  flow  w as m e a su re d  

w ith  a  f lo w m ete r  lo c a te d  a s  show n in  F ig . 7. T he a b so rb a n c e , c a l ­

c u la te d  f ro m  th e  r e c o rd e d  tra n s m it ta n c e , w as then  r e la te d  to the 

f ra c t io n  of N _0 b y  in te rp o la t io n  f ro m  th e  c a lib ra tio n  c u rv e . F r o m  

th e  to ta l  flow" r a te  o f  g a s e s  f ro m  th e  re a c to r ,  a n d  th e  f ra c t i-

o f N20 ,  the  in i t ia l  r a te  o f p ro d u c tio n  of v .as c a lc u la te d  by the

PN 2 0  R N2Q 

P a tm  RN20  f  RHe 

w h ere  PN q  = p a r t i a l  p r e s s u r e  of N^O

(4. 1)

== r a t e  o f  H e e n te r '

r a t e  of N^O e n te r in g  th e  r e a c to r  

r a te  o f  H e e n t e r ' , th e  r e a c to r

(4. 2)





4 . 2 .4 . 2 . D e te rim a a tic in  of th e  Clg a n d  N g R a te s  

S tan d a rd  g a se s  o f  0 .8 ? %  (v /v )  Clg in  N^O and  1 ,8%  (v /v ) in  

N^O w e re  u s e d  f o r  c a lib ra tin g  the  u l t r a v io le t  sp e c tro p h o to m e te r  and  

tiie  gp.s c h ro m a to g ra p h  f o r  C l^  a n d  N ^, r e sp e c t iv e ly . A s b e fo re , 

h e l iu m  a t  a  c o n s ta n t ra t>  w as  p a s s e d  th ro u g h  th e  r e a c to r  to g e th e r  

w ith  one  o f  th e  s ta n d a rd  g a s e s  a t  v a ry in g  flo w  r a te s .  C a lib ra t io n  

g t a  hs w ere  c o n s tru c te d  r e l a t i - j  a b s o rb a n  i  in  the  UV (fo r  C ] ,)  and  

g a s  c h ro m a to g ra p h ic  p e .k  h e ig h t ( fo r  a g a in s t  the  r a t i o  o f  th e  

f ra c t io n  o f  C l^ (o r  N ,)  i n  th s  g a s  s t r e a m  to  th e  Gig (o r  in  the  

s ta n d a r d  g t  . (F ig s .  15 a n d  16) a s  fo llow s

f  , r
C lz  LRC12 -  N20  + RH eJ

(4 .3 )

<Vn 2 ~ 0 -N 2 -  N2Q

w h ere  R „  _ a n d  R ,T _ a r e  th e  f low  r a te s  o f  the  s ta n d a rdC l2 -  N2O N2 -  N20

g a s e s  a n d  1^, F C1 a * d  a r e  the  m o le  f ra c t io n s  o f  and  in  the  

g a s  s tr e c m , and  a n d  ( r _  ) g ^  a r e  th e  m o le  f ra c t io n s  of

C lg  a n d  Ng in  th e  s ta n d a rd  sa m p le s .

A lthough  the  q u a n tita tiv e  r e la tio n sh ip  o f  pe ak  a r e a  to a m oun t 

o f  N2 ( p a r t ia l  p r e s s u r e  o f  N? in  a  c o n s ta n t vo lum e) i s  l l n s a r  o v e r  

a  -w ider ra n g e  of con d itio n s, th e  r e la tio n sh ip  of pe ak  h e ig h t so a m o u n t 

o f  N ? w as a d eq u a te  f o r  o u r  p u rp o se s  a n d  m uch  m o re  conven ien t.

In  the  e x p e r im e n ta l r u n s ,  c a lib ra tio n  g ra p h s  f o r  I?2 w e re  a l ­

w ays d e te rm in e d  im m e d ia te ly  b e fo re  th e  a c tu a l s e r i e s  o f r u n s , to  

a llo w  f o r  day  to  d a y  v a r ia tio n s  in  o p e ra tin g  co n d itio n s o f  the g a s  

c h ro m a to g ra p h . O n th e  o th e r  h a id ,  th e  c a lib ra tio n  c u rv e s  f o r  C l2 

a n d  N20  w e re  n o t  s u b je c t to  v a r ia tio n s  i n  a m b ie n t te m p e r a tu re  a n d  

p r e s s u r e ,  a n d  th u s  a  s in g le  c a lib ra tio n  c u rv e  (w hich w as checked  

' p e rio d ic a lly )  cou ld  b e  u s e d  th ro u g h o u t th e  e n t ir e  k in e tic s  Study.

Tliv. in i t ia l  r a tu s  ( a t S. T . P . ) f o r  a n d  w ere  d e te rm in e d



F ig . 15, C a lib ra t io n  g ra p h  : Clg.



F ig . 26 C a lib ra t io n  g ra p h s  f o r  f o r  d if f e re n t v o lum es 
o f  g a s  s a m p le s  (L e . bo th  b o r e s  i f  the  stopcock ).



dN 2 f  r N2 -  N20  1

d t  "  N2o‘ + ^ i e j  ^ N Z W  R to t« I  <4'  6)
w h e re  dCI2 /d t ,  a r e  th e  in i t ia l  r a te s  o f C I2 a n d  in

m l I  i r e sp e c t iv e ly . ®-to ta  ̂ i s  the  t o ta l  f lo w  r a t e  m e a su re d  in  the  

s y s te m , P e  a n d  P c  th e  b a ro m e tr ic  p r a s s n r e  a t  the  tim e  o f  the  ex ­

p e r im e n ta l  ru n  and  a t  th e  tim e  o f  w hen  th e  c a lib ra tio n  g ra p h  w as 

d e te rm in e d , r e sp e c t iv e ly , a n d  and  ( F ^ ) ^  th e  m o le  f ra c t io n s

o f  C lg and  in  th e  s ta n d a r d  s a m p le s .  T he q u a n titie s  ^

f ro m  th e  c a lib ra tio n  g ra p h s .

T he d e riv a tio n  of e q u atio n s (4. 5) a n d  (4 .6 )  i s  g iv e n  in  A ppendix  C.

4. 3. R e su lts

F o r  a  s tu d y  o f  th e  in i t ia l  r a te s  o f  p ro d u c tio n  of NgO, C l^  and 

a s  a  fu n c tio n  o f  th e  c o n ce n tra tio n s  of a c id , n i t r a te ,  c h lo rid e  and  

a m m o n iu m  io n s , i t  w as d e s ire d  in  e a c h  s e r i e s  o f  e x p e r im e n ts  to 

v a r y  th e  c o n c e n tra tio n  o f  on l) one of th e  com ponen ts  w h ich  a ffe c te d  

th e  r a te  of p ro d u c t evo lu tion  a t  a  tim e . To th is  end , th e  follow ing  

c om pounds w e re  u s e d  a s  v a r ia b le s ;

HgSOg w h ere  jf i^ jw as  v a rie d  

N aN O j w h e re  [N O ^Jw as v a rie d  

N aC l w h ere  j c i j  w as v a rie d  

(NH4)2S0 4 -w here  ^ h |  w as v a r ie d  

I n  th e s e  e x p e r im e n ts  e i th e r  S O ^ "  o r  N a+ a r e  th u s  in tro d u c e d  a s  

f o re ig n  io n s , and  i t  w as n e c e s s a r y  to  v e r if y  th e  a s su m p tio n  th a t 

the ir  p r e s e n c e  h a d  n o  in flu e n ce  (o r a  n e g lig ib le  one) on  th e  re a c tio n s  

in  th e  sy s te m .
T h e  in f lu e n c e  o f  th e  p r e s e n c e  o f  N a*  a n d  SO^ on th e  r a te s  

o f  p ro d u c tio n  o f  w ith  a  ty p ic a l r e a c t io n  m ix tu re  w as  s tu d ied

b y  in c lu d in g  20  g of N * ,S O ,. (w hich w as n e a r  th e  m a x im u m  a m o u n t 

t h a t  c o u ld  b e  d isso lv ed )  i n  1 01 ,5  m l of r e a c tio n  m ix tu re . T ab le  ? 

s h o t 's  th a t  th e  p r e s e n c e  o f  N a^SO ^ h a d  no  s ig n ific a n t e ffe c t on th e  

r a te s  u p  to  th e  m a x im u m  c o n c e n tra tio n  o f  N a2S° 4  te s te d .



In  th e  c o u rse  of a  s e r i e s  of e x p e r im e n ta l ru n s  th e  r a te  of 

s p a rg e  g a s  he U u m  w as a d ju s te d  to  e n s u re  th a t th e  in s t ru m e n ts  w ere  

o p e ra tin g  in  th e i r  m o s t  s e n s itiv e  re g io n s . To c heck  w h e th e r  the  r a te  

o f sp a rg e  g a s  f lo w  h a d  any  in flu e n ce  on the, o b se rv e d  r a te s  o f  p ro d u c t­

io n  of NgO, C l^  a n d  N ^, a  a e r ie s  o f  e x p e r im e n ts  w as c a r r i e d  ou t 

i n  w hich  v a ry iu  c r a te s  o f sp a rg e  g a s  w as u s e d  w ith  r e a c tio n  m ix tu re s  

o f  f ix ed  c o m p o s itio n . T ab le  8  show s th a t  th e  m e a s u re m e n t  o f r a te  

i s  in d e p en d e n t o f  th e  s p a rg e  g a s  r a te .

4 . 3. 1. D e te r  A in a  t i s n  of th e  E xponents of th e  C o n c en tra tio n  T erm s 

in  th e  R a te  E quation  

T h e  r a t e  o f  p r o d u c t  (N^O, C l^  o r  N^) ev o lu tio n  w as found to  b e  h ig h ­

ly  dep en d e n t u pon  th e  c o n c e n tra tio n s  of H *, NOg, C l and  NH^ in  

th e  re a c t io n  m ix tu re . T he exponen t o f  e a c h  of the  c o n c e n tra tio n  te rm s  

w h ich  a p p e a r  i n  th e  e x p re s s io n  fo r  r a te  o f  p ro d u c tio n  o i e i th e r  N^O, 

C l2 o r  Nz w as  d e te rm in e d  f ro m  th e  s lope  o f  th e  s tr a ig h t  lin o  o b ­

ta in e d  w hen th e  lo g a r i th m  o f  the  e x p e r im e n ta l ly  d e te rm in e d  ra te  o f 

g a s  ev o lu tio n  w as p lo tted  a g a in s t  the  lo g a r i th m  of th e  c o n ce n tra tio n  

o f  th e  c o m ponen t w hich w as v a rie d . T he v a lid ity  o f  th is  tr e a tm e n t  

i s  show n below .

C o n s id e r  th e  e x p re s s io n

R  = k ' C *  (4- 7)

w h ere  R  is  th e  r a t e  o f  p ro d u c t evo lu tion , k ' I s  a  p se u d o -c o n s ta n t 

w hich  in c o rp o r a te s  th e  r a te  c o n s tan t a n d  e a c h  af th e  c o n ce n tra tio n s  

a n d  th e i r  r e s p e c t iv e  exponen ts  o f  th e  com ponen ts  w h ich  h a v e  b e sn  

h e ld  c o n s ta n t in  th e  e x p e r im e n ts , i s  the  c o n c e n tra tio n  o f  th e  c o m ­

ponen t w h ic h  i s  v a r ie d  and  x  i s  th e  e x p o n en tia l d e pendence  of the  

r a t e  on  th e  c o n c e n tra tio n  o f  th a t c o m p o n en t

By ta k in g  th e  lo g a r i th m  o f  eac h  s id e  o f  eq u a tio n  (4 .7 )  w e h a v e : 

log  R  = log  k 1 + x  log  C 1 ®)

S in ce  log  k ' i s  a  c o n s tan t , a  p lo t o f  lo g  R  v e r s u s  log  C , shou ld  h av e  

a  s lo p e  o f  x .
In  th is  s tu d y  th e  va lu e  o f  x  w an d e te rm in e d  in  e a c h  c a se  fov



o f  N c2S 0 4 on  th e  r a te  ° f  M20  evo lu tion .

M ix tu re  1 4% ^
3 5 g K H 4N 0 3 

40 m l H N O j 12NK °
100 m l so lu tio n1 „

94. 8

1, 5 m l HCI 12N

5 , 85

40 m lH H O . 12H 

+

K c
100 m l solv tion

A ,

5 ,7 8

M ix tu re
( m l/  sec)

1, 99 M .4 34 ,3 2 1 ,7

3 0 m l H N 0 3 J2N 3, a 2 1 ,0 3 5 ,0 2 1 ,9

l l g  N aN O j 

100m l so lu t io n  

1, 5 m l H C I 12N

1,5 19 ,8 3 4 ,7 21 ,1



th e  s tr a ig h t- l in e  p lo ts  ob ta in ed  by doing a  le a s t  s q u a re s  l it , w ith  a 

95%  con fidence  lim it; on  a  H e w le tt-P a c k a rd  "C a lcu la to r" .

4 . 3 . 2. R a te  D ependenc ies on A cid  C o n c en tra tio n

T he e x p o n en tia l dependence  o f  th e  r a te s  o f evo lu tion  o f  N^O, C l^  and 

on  th e  a c id ity ,  , w as d e te rm in e d  ^ , the  m e th o d  d e sc r ib e d  in

se c t io n  4 . 3. 1. H^SO^ w as u s e d  a s  v a r ia b le  in s te a d  of H N O y to  e n ­

s u r e  th a t on ly  one p a ra m e te r ,  H  ,  w ould  in d e ed  b e  v a r ie d  in  the 

s e r i e s .  T he a c id ity  (T ab le  9) ta s  v a r ie d  o v e r  th e  c o n c e n tra tio n  

ra n g e  3, 36 to  8, 15 M,

T he r e s u l ts  a r e  g iv e n  in  F ig s .  17, 18 and  19. E xponents of 

3 ,7 2  ( fo r NgO), 3 ,5 4  ( fo r C l^) and  3 ,1 6  ( fo r  w e re  ob ta ined .

I t  is  to  be no te d  th a t  i n  th is  s e r i e s  o f  e x p e r im e n ts  the  a p p a ra tu s  

d id  n o t in c o rp o r a te  a  flow  m e te r  f o r  m e a su r in g  th e  flow  ra te  o f  the  

g a s  m ix tu re  is su in g  f ro m  th e  re a c to r .  In s te ad , th e  g a s  w as a s su m e d  

to  c o n ta in  on ly  h e liu m  (the flow  o f  w h ich  in to  th e  r e a c to r  w as  m e a s u r ­

ed) a n d  NgO (the  r a te  o f  p ro d u c tio n  o f  w hich  w as o b ta in ed  f ro m  the  

I n fra g ra p h  re c o rd in g ). A lthough the  p a r t i a l  p r e s s u r e s  of N^O, C l^ 

and  w e re  a c c u ra te ly  m e a su re d , th e  to ta l  f lo w  r a te  o f re a c t io n  

p r o d u c t  and  h e liu m  s p a rg e  g a s  had  to  be d e te rm in e d  in d ire c t ly  f ro m  

th e  m e a s u r e d  h e l iu m  flow  r a te  and  th e  c a lc u la te d  p a r t i a l  p r e s s u r e  

o f  N^O. A lthough  we a r e  con fiden t of th e  re la tiv e  v a lu es  of th e  r a te s  

d e te r m im d  in  th is  s e r i e s  of e x p e r im e n ts ,  we w ould n o t p la c e  too 

g r e a t  a  c o n fidence  in  th e  a b so lu te  v a lu es  th a t  w ere  d e te rm in e d .

4 . 3. 3. R a te  D ep endenc ies  on N itra te  C o n c en tra tio n

T h e  a m o u n ts  o f  so d iu m  n itr a te  added  w ere  su c h  a s  to  g ive  a  v a r ia t io n  

in  to ta l  n i t r a te  c o n c e n tra tio n  in  th e  r e a c t io n ' m ix tu re s  o v e r  th e  ran g e  

7 ,2 4  to  9 .5 5  M (T ab le  10). T he r e s u l t s  a r e  p lo tted  in  F ig s .  20 , 21 

a n d  22. T he e x p o n en tia l d e pendencies  o f  th e  r a te s  o f  p ro d u cu o n  of 

N  O, C l and  on n i tr a te  c o n ce n tra tio n  w ere  found to  b e  4 ,2 1  

( fo r  bi O), :■ >7 ( fo r C l^) and  3 ,3 0  ( fo r  N2).
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of th e  ex p o n en tia l dependence  of 
,  on the  a c id  c o n ce n tra tio n .



m =  ?, 1 6 * 0 ,2 4  
b =  - 1 ,0 8  ± 0, 22

CH .O * (” 0 U " >

F ig , 19. D e te rm in a tio n  o f  th e  ex p o n en tia l dependence  of 
th e  r a te  o f N , on  th e  a c id  c o n c e n tra tio n .
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F ig . 21. D e te rm in a tio n  o£ th e  ex p o n en tia l dependence  of 
th e  r a te  o f  CL. on th e  n i t r a te  c o n ce n tra tio n .



y  = m x  + b 
n »  3, 30 ±  0 ,4 7  
b  = - 1 ,7 3  i  0 ,4 4



4 . 3 .4 .  R a te  D ep endenc ies  on C h lo rid e  C o n e a i tra tio p  

T h e  c h lo rid e  c o n c e n tra tio n  w as v a r ie d  o v e r  th e  ra n g e  0, 12 to  0 ,6 0  M. 

In  e a c h  ru n  th e  c h lo rid e  w as in je c te d  in to  the  h o t r e a c tio n  m ix tu re  

in  th e  f o r m  o f  N aC l so lu tio n . T h is  r e s u l te d  in  a  v a r ia t io n  o f  the  

f in a l  v o lum e  o f  th e  r e a c t io n  m ix tu re  by  up  to  3 ,5% , T o  o b ta in  s tr a ig h t  

lin e  p lo ts  in  a  t r e a tm e n t  of the  e x p er im e n ta l d a ta  a cc o rd in g  to  s e c tio n  

4. 3. 1 , ic w as n e c e s s a r y  to  ap p ly  a  c o rr e c t io n  to  th e  lo g a r i th m  of 

th e  m e a s u re d  r a t e  in  e ac h  c a se . T h ese  c o rr e c t io n s  w ere  a s  fo llow s;■l0g pstr]*'" i‘°r *" ““ iy>)
-108 5'37 if" *he “■*cy
-108 jimrti] 4’72 !,or th= ““ °f m2>

w h ere  v  i s  th e  v o lum e  o f  th e  N aC l so lu t io n  in je c te d  a n d  6, 27, 5 , 37 

a n d  4 ,7 2  a r e  th e  v a lu e s  c a lc u la te d  f ro m  e q u atio n s (4. 11), (4. 12) and 

(4 .1 3 )  (s e c tio n  4. 3. 8 , )  by  addL.g the  exponen ts  o f a n d |n O ^ | a n d

su b s tra c t in g  the  exp o n en t o f |N H ^j in  e a c h  case .

T h e  r e s u l t s  a r e  r e p o r te d  in  T ab le  11 and  F ig s . 23, 24 a n d  25. 

E x p o n en ts  o f  0 ,5 9  ( fo r  N^O), 1 ,0  (fo r 01%) a n d  1 ,3  ( fo r N ^) w ere  

ob ta ined .

4 .3 ,5 .  R a te  D ep en d en c ies  on  AN and  N itr ic  A cid  C o n c en tra tio n  

In  o r d e r  to  d e te rm in e  th e  e ffe c t of AN and  of HNO^ on th e  r a t e  o f 

p ro d u c tio n  of N  O , Cl^ a n d  N^, two s e r i e s  of e x p e r im e n ts  w ere  run  

in  w h ic h  th e  A N  c o n c e n tra tio n  w as v a r ie d  f ro m  1 ,25 to  7 , 50 M and  

th e  H N O j a d d  c o n c e n tra tio n  co v ered  th e  ran g e  2 ,4  to  6 , 6 M. T hese  

r e s u l t s  a r e  show n in  T a b le s  12 a n d  13. In  - d d itio n  to  p rov id ing  

v a lu a b le  d a ta  f o r  a n  in d u s t r ia l  s c a le  p i lo t  p la n t,  th e s e  d a ta  p ro v id e  

a n  e x p e r im e n ta l  c heck  o n  the  v a lid ity  o f  the  e m p ir ic a l  r a te  e x p re s s io n s  

d e v e lo p e d  in  th is  s tu d y  (s e c tio n  4. 3. 8). T re a tm e n t o f  th e se  d a ta  

a c c o rd in g  to  th e  m e th o d  w h ich  w as  ou tlin ed  in  s e c tio n  4. 3. I would 

b e  m e a n in g le s s  s in c e  in  th e se  e x p e r im e n ts  two p a ra m e te r s  w ere  

v a r ie d  s im u lta n e o u s ly  a n d , m o re o v e r , by  v a ry in g  re la t iv e  am o u n ts .
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F ig .  24 . D e te rm in a tio n  o f  th e  e x p o n en tia l depends. ' ■ 01 
th e  r a t e  o f  Cl_ on  th e  c h lo r id e  c o n ce n tra tio n .



F ig . 25, D e te rm in a tio n  of th e  e x p o n en tia l dependence  o f  
th e  r a t e  01 N_ on  th e  c h lo rid e  c o n ce n tra tio n .



/ " s

A 1,
37

0,
98

7

0,
85

5

0,
74

4

0,
80

3

0.
83

5

0,
72

9

3 l ! 5 3 S H

"  a  s '  s '  s '  s '  s  g

-A S  -* (M ^

d = a : : s 2

mi 0  "•  I '  7  2‘  o‘  3

1 2  a  3  =  S 3  3 5

I a a E s s c g

;L a s  5 : 5 : 5  a
0* 0  0  0  0  0  0  o'

M R S  [ft S  n  S'  S  m
N N N N r f  »  ® 0

s s s s a B B S
N N N N N‘ N vT O

6
,6

75
 

7. 
26

6 

7,
 8

57
 

8.
44

8 

9. 
03

9 

9.
63

1 

10
.2

22
 

10
,8

13

: 5 S = S S § !
-  «  r f  *  *  «? -A-^*



/ I s S S s S !

A

S H s H !

z N a z z

5 2 2 2 3 2 5

1.  A.
5* .

5 3 * 3 * 2 ' " '

1 s s a s g g

i h
?

5 , 3  5 s a g
o  o " o ' o " n - o  o"

$ a s s s s s s
o  o  =  o  " o - O

a ;  % E e :  5«? » n" r f m ™ h

;  a :  a :  a 3
„ •  - r  „■  „ •  m- „• J

:  a 3 g p :  at.- ^ «,-«? < -



In  th e  s e r i e s  i n  w liicli jNH4N O J  w as v a r ie d , fo r  in s tan c e ,

w as d e te rm in e d  on ly  b y  the  AK c o n ce n tra tio n , w h erea s  th e  r i t r i c

a c id  com ponent a lso  con trib u ted  to the  | n O ^.

4 . 3, 6 , R a te  D ep endenc ies  on A m m on ium  C o n c en tra tio n  

T he e ffe c t  o f  a m m o n iu m  c o n c e n tra tio n  on the  r a te s  of N  O, C l^ and  

N 2 w as  n o t d e te rm in e d  d ir e c t ly  by  th e  a d d itio n  of v a ry in g  q u a n titie s  

o f  (NH^)gSO^. B e ca u se  of th e  low  so lu b ility  o f  ( N H ^ S O ^  in  the  

r e a c t io n  m ix tu re  on ly  tw o e x p e r im e n ta l po in ts  w ere  ob ta ined . F o r  

th e  re a c t io n  m ix tu re  in  w hich  [h +]  w as 4 ,2  M, [NO^j 4 , 375 M, | c i ]

0 ,1 8  M  a n d  T  = 94, 8 ° , add itio n  of 20 g of ( N H ^ S O ^  re d u c e d  the  r a te  

o f  ev o lu tio n  o f  N^O f ro m  6, 917 x  10 ^ m o l se c " ^  to  2, 054 x  10 ^ m o l s e c  I  

T h is  re d u c tio n  in  m e a s u re d  r a te  w as s u r p r i s in g , s in c e  K eenan  and  

D im it r i a d e s 's  m e c lia n is m  su g g e s ts  th a t  th e  r a te  o f  N^O sho u ld  i n ­

c r e a s e  w ith  in c re a s in g  ^ H ^ ] .  B e ca u se  in  o u r  e x p e r im e n t

v a r ie d  on ly  o v e r  a  s m a ll  ran g e , - l i t t le  s ig n ific an c e  co u ld  be 

a tta c h e d  to  th is  r e s u l t .  We th e re fo re  a tte m p te d  to  o b ta in  the  e x ponen t­

i a l  dependence  of th e  r a te  on  a m m o n iu m  c o n c e n tra tio n  by a n  in d ir e c t  

m e thod . S ince  we h a d  a lre a d y  e s ta b l ish e d  th e  exp o n en tia l dependence  

o f  th e  r a te s  on the n i t r a te  c o n c e n tra tio n , we u til iz e d  th is  r e s u l t  and  

th e  in flu e n ce  of AN c o n c e n tra tio n  on  th e  r a te ,  to d e te rm in e  the  a m ­

m o n iu m  ex p o n en tia l dependence.

C o n s id e r  th e  r a t e  e quation

w h ere  R  i s  the  r a te  o f  p r o d u c t g a s  (NgO, C l^  o r  k "  in c o rp o ra te s  

th e  r a te  c o n s ta n t and  a l l  o th e r  c o n c e n tra tio n  te rm s  w hich  a re  constan t, 

x  th e  ex p o n en tia l d e pendence  o f  the  r a te  on the  NO^ c o n ce n tra tio n ,

C th e  c o n c e n tra tio n  o f  A N, and  y th e  e x p o n en tia l dependence  o f  the  

r a te  on  th e  a m m o n iu m  c o n ce n tra tio n .

E q u a tio n  (4. 9) m a y  b e  w ri tte n  a s

lo g  R  -  x  log  CN O -  = log k"  + y log  CNH+ (4. 10)

B y u s in g  th e  a p p ro p r ia te  ex p o n en tia l d e p en d im d e s  o f  th e  ra te s  o f p ro d u c t­

io n  o f  N  O , C l o r  N  on NO* c o n c e n tra tio n  (pee  s e c tio n  4. 3. 3), <he



of p ro d u ctio n  o f  N ^O, Cl
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F ig . 26. D e te rm in a tio n  of th e  ex p o n en tia l dependence of, 
th e  r a te  of N -O  on th e  a m m o n iu m  c o n ce n tra tio n .





2,2

D e te rm in a tio n  o f  th e  ex p o n en tia l dependence  o fF ig .
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F ig . 29. T h e  e f fe c t  o f  te m p e ra tu re



2 ,9

F ig . 30. T h e  e ffe c t  o f te m p e r a tu re  on th e  r a te  o f  Cl^ 
evo lu tion .



F ig .  31. T he e ffe c t of te m p e ra tu re  
evo lu tion .



-YfTTS. ________

T A B L E  15. A v erag e  v a lu es  of th e  r a te  constan ts

v a r ia tio n *Vr2o

x lO  9 > > "
%  •

xlO  9

H+ 0, 996 1, 33 0 ,5 1 3
N O ' 0, 530 1 ,15 0 ,327

- C l 0 ,482 0 ,911 3, 250

1, 72 2 ,5 8 1 ,01

a , 507 0 ,303 0 ,376

f o r  th o se  s e r i e s  in  w hich  H * a n d  AN co n cen tra ti"  i s  w ere  v a rie d  

s e e m  so m e w h a t in c o n s is te n t  w ith  th e  a v e ra g e  v a lu es o b ta in ed  f ro m  

th e  s e r i e s  in  w hich  the  c o n ce n tra tio n s  o f NO^ a n d  C l '-v e re  v a rie d .

F o r  th e  s e r i e s  in  w h ich  th e  H * c o n ce n tra tio n  w as v a r ie d , th e  i n ­

c o n s is te n c y  co u ld  be dg* to th e  d e fic ie n cy  in  th e  e x p e r im e n ta l m e th o d  

u se d , no te d  in  s e c tio n  4 .3 .2 .  F o r  the  c a se  in  w hich  jXl^j w as v a rie d , 

no e x p lan a tio n  fo r  th e  In c o n s is te n c y  c an  b e  o ffe red .

T he " b e s t"  a v e ra g e  va lu es  f o r  the  e m p ir ic a l  r a te  co n s tan ts  

( d is re g a rd in g  th e  v a lu es  f o r  th e  s e r i e s  in  w hich  H+ and  AN co n ce n ­

t r a t io n  w ere  v a rie d )  w e re  c a lc u la te d  to be: 506 x  10 ,

k ^ O ,  999 x  lO -10  a n d  k ^ O ,  323 x  10 9.

4. 4 . D isc u s s io n

F r o m  th e  e x p e r im e n ta l da ta  ob ta in ed  i t  i s  c le a r  th a t  in c re a s in g  th e  

a c i i i i ty  and  n i t r a te  a n d  c h lo rid e  c o n c e n tra tio n s , su b s ta n tia lly  'j a c fe a e e s  

th e  r a te s  o f  N ^O , C l^  a n d  evolu tion , w h e re a s  in c re a s in g  the  a m -  

m o iiium  c o n c e n tra tio n  h a s  th e  o p p o site  e ffe c t f o r  a l l  th e  g a s e s .

The u n e x p ec ted ly  h igh  exponents w h ich  a p p e a r  in  th e  e m p ir ic a l  

e q u a tio n s  (4. 11, 4 . 12 a n d  4 . 13) cou ld  b e  due to  a  n u m b e r  of f a c to r s ,  

s u c h  a s  v a r ia t io n s  in  th e  w a te r  a c t iv i ty  o f  th e  m ix tu re  w hen  v a ry in g  

th e  c o n c e n tra tio n  p a ra m e te r s ,  p re -e q u i l ib r iu m , e tc . C hanges in  w a te r  

a c t iv i ty  in  th e  r e a c t io n  m ix tu re  w hen v a ry in g  th e  c o n c e n tra tio n  of the  

p a r a m e te r  be ing  p t u i i . l  cou ld  p o .r iM y  .= = o M  1™ «™>=



' ____________ : _______ - p .............................. , .  ™ r..

i
h ig h  e x p o n en tia l de p en d e n c ie s , a lth o u g h  a d d itio n  of up to  20 g of 

;  N a^SO ^ h a d  no s ig n i fic a n t e ffe c t o n  th e  r a te s  o f  l^ O ,  G !^ and

T h e  h ig h  e x p o n en tia l d e p en d e n c ie s  o f th e  te rm s  i n  th e  r a te  e x p re s s io n s  

co u ld  a l s o  b e  due  to  a  s e r i e s  o f  p re - e q u i l ib r iu m  s te p s , th e  com bination  

o f  w hich  w ould  g ive  r i s e  to  th e  h igh  exponen ts  th a t  w ere found in  the  

e m p ir ic a l  r a t e  e x p re s s io n s .

I n  a l l  th e  e x p e r im e n ta l  r u n s  th e  a c id i ty  w as c a lc u la te d  a s  h y d ro ­

g e n  io n s  (H ), a lthough  i t  i s  d if f ic u lt to  know  w h a t the  a c tu a l  c h e m ic ­

a l  s p e c ie s  a r e  i n  th e se  e x tre m e ly  c o n c e n tra te d  so lu t io n s . T h is  a s -  

s u m p to n  w as  a ls o  m a d e  f o r  conven ience  s a k e . C om plete  d is so c ia tio n  

o f  su lp h u r ic  a c id  i n  a l l  e x p e r im e n ts  w as a ssu m e d . T h is  m ig h t a ls o  

b e  a n  a d d itio n a l r e a s o n  f o r  th e  in c o n s is te n t a v e ra g e  v a lu e s  f o r  th e  

r a t e  c o n s ta n ts  ob ta in ed  w hen  th e  h"*" c o n c e n tra tio n  w as v a r ie d .

T h e  l in e a r i t y  o f  th e  A rrh e n iu s  p lo ts  su g g e s ts , a lth o u g h  i t  i s  

no  p ro o f, th a t  th e  r a te  e x p re s s io n  c o n s is ts  o f  a  s in g le  te rm , i . e .  

a  s in g le  m e c h a n is tic  pa thw ay  i s  p re d o m in a te ly  re sp o n s ib le  f o r  th e  

f o rm a tio n  o f  th e  r e a c t io n  p ro d u c ts . T h e  a c tiv a tio n  en erg ies’ l o r  th e  

f o rm a tio n  o f  th e  th r e e  com ponen ts  a r e  3 0 ,5 7  k c a l  m o l * ( fo r  N^O),

37, 80 k c a l  m o l '1 ( fo r CL,) a n d  41, 92 k c a l  m o l” 1 ( fo r  N^).

F in a l ly  th e s e  e m p ir ic a l  r a te  e x p re s s io n s  o b ta in ed  f ro m  ou i 

d a ta  s e e m  to  d if fe r  s u b s ta n tia lly  f ro m  th o se  d e riv e d  f ro m  K eenan ’s  

a n d  D im itn a d e s  m e c h a n ism 16 f o r  th e  c h lo r id e -c a ta ly s e d  d e co m p o sitio n  

o f  A N  in  th e  m e l t



C H A PT E R  5. DISCUSSION

5. 1, R ev iew  and  D isc u ss io n  o t  E x p e r im e n ta l R e su lts  

In  C h a p te rs  2 a n d  3 i t  h a s  be en  show n th a t N ^O m ay  be p roduced  

w ith  a n  aqueous so lu t io n  of A N  con ta in ing  a  re la t iv e ly  h ig h  c o n ­

c e n tra t io n  of a c id , and  c h lo rid e  io n s  a s  c a ta ly s t.  N itr ic  a c id  has 

b e e n  g e n e r a l ly  u se d  a s  th e  s o u r c e  o f  a c id , b u t  su lp h u r ic  a c id  m ay  

a ls o  be  u se d . a n d  C l^  a r e  p ro d u c e d  a s  im p u r i t ie s ,  and , in  

g e n e r a l ,  the  h ig h e r  th e  r a te  o f N ^O p ro d u ctio n , th e  h ig h e r  i s  the  

le v e l  o f im p u r i t ie s  i n  th e  p ro d u c t g a s .  The r e a c t io n  m ay  b e  c a r r i e d  

o u t be low  100 , b u t in  a  c o m m e r c ia l  p r o c e s s  th e  bo iling  p o in t o f 

th e  m ix tu re ,  w h ich  w ould f a l l  in  th e  ran g e  o f  104O-1 1 5 ° , would 

p ro b a b ly  b e  m o re  a p p ro p r ia te ,  s in c e  u n d e r  th e s e  c onditions i t  w ould 

b e  p o s s ib le  to  con tin u o u sly  v o la t i l i s e  a l l  the  w a te r  in tro d u c ed  a s  

s o lv e n t a n d  f o rm e d  a s  a  r e a c t io n  p ro d u c t in  th e  p y ro ly s is  o f  AN. 

In c re a s in g  th e  te m p e r a tu re  in  the  r e a c to r  by  a s  m uch  a s  3-4 

(by  im p o s in g  a n  e le v a te d  p r e s s u r e )  r e s u l te d  i n  a lm o s t  a  doubling 

i n  th e  r a te  o f N^O evo lu tion . T h is  p o in ts  to a  n e e d  f o r  c a re fu l 

c o n tro l o f  p r e s s u r e  in  th e  r e a c to r .

T he NgO cont-a* > of th e  p r o d u c t g as w as  found to  b e  * 95%  a n d  

th e  and  ^ c o n te n t s  bo th  about 1 -2% , A sin g le  sc ru b b in g  s ta g e  (w ith  

NaOH so lu tio n ) i s  r e q u ire d  to  re m o v e  the  C l^. T h is  w ould, o f  c o u rse , 

le a d  to  a  s m a l l  lo s s  o f  N ^O ow ing to  i t s  so lu b ility  in  th e  scru b b in g  

so lu tion .

5, 2 . C o m p a riso n  o f  K in e tic  R e su lts  o f  th is  S tudy  w ith chose f o r

C h lo r id e -C a ta ly s e d  D ec o m p o s itio n  of AN  in  the.._Melt 

K eenan  a n d  D im it r i a d e s 16 s tu d ie d  th e  k in e tic s  o f  AN in  th e  m e lt,  

i n  w hich  C l ,  a n d  N (the  l a t t e r  in  r e la tiv e ly  la r g e  p ro p o rt io n )  a r e



^ 2  .  P .  i )
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m ed iu m ; o r  K eenan  and  D im it r ia d e s 's  p o s tu la te d  m e c h a n ism  i s  in  

e r r o r .  T h is  s ta te m e n t  i s ,  of c o u rs e ,b a s e d  on  th e  a s su m p tio n  th a t 

th e  h igh  e m p ir ic a l  e x ponen ts  in  th e  c o n ce n tra tio n  te rm s  f o r  a c id  

a n d  n i tr a te  o b ta in ed  in  the  p r e s e n t  s tu d y  a r e  r e a l ,  and  n o t due  to 

w a te r -a c t iv i ty  e ffe c ts , e tc.

P e rh a p s  the  on ly  f i r m  c onclu sion  th a t  m a y  b e  d raw n  i s  th a t 

th e  re a c t io n  m e c h a n ism s  in  bo th  sy s te m s  a r e  h igh ly  com plex , n o t 

on ly , b e c a u se  o f  the  a p p a re n t s u c c e s s io n  of r e a c tio n  s te p s ,  b u t a lso  

b e c a u se  of th e  obvious d if f icu lt ie s  in  a ttem p tin g  a  p h y s ic o -c h e m ic a l, 

in te r p re ta t io n  of the  k in e tic  r e s u l ts .

5 . 3. P r e s e n t  C o m m e rc ia l M ethod of P ro d u c in g  N itro u s  O xide 

N itro u s  ox ide  i s  now  p ro d u ce d  c o m m e rc ia l ly  by the th e rm a l d e ­

c o m p o s itio n  o f  AN (equa tion  1. 1) in  the  m e l t  a t  250 -2 6 0 ° . If  so lid  

AN i s  u s e d  a s  raw  m a te r ia l ,  the  p_ant c o n s is ts  of two in te rc o n n e c te d  

p o ts ,  in  th e  f i r s t  o f  w hich  the  AN i s  m e lte d  a n d  h e a te d  to  ab o u t 200 , 

a n d  a  se co n d  in  w hich  the  m e lt  i s  f u r th e r  h e a te d  to p ro d u ce  deco m p o ­

s it io n . In  o th e r  v e rs io n s  the  AN i s  fe d  in to  th e  r e a c to r  in  th e  fo rm  

o f  a  ho t, c o n c e n tra te d  aqueous so lu tio n  (u su a l ly  abou t 88 p e r  cen t). 

D u ring  the  re a c tio n , so m e  AN I s  lo s t  a s  fu m es  and  p a r t l y  a s  NH .

T he ra w  g a s  e m e rg in g  f ro m  th e  r e a c to r  c o n ta in s , a p a r t  f ro  ■* N ^O , d*, 

fu m e s  of A N, so m e  am m o n ia , s e v e r a l  p a r t s  p e r  m il lio n  of h ig h e r  

o x id e s  of n itro g e n  (i. e . NO and  NO^, u su a lly  d e s ig n a ted  NO^) and 

t r a c e s  of O ^. T h ese  im p u r i t ie s  a r e  e lim in a te d  a s  fo llow s.

T h e  ra w  g a s  f i r s t  p a s s e s  th ro u g h  a  d ilu te  su lp h u r ic  a c id  

s c ru b b e r ,  w h ich  re m o v e s  the  AN fu m es  a n d  N H y  T he h ig h e r  ox id es 

o f  n itro g e n  a r e  th e re a f te r  sc ru b b e d  ou t w ith  a  NaOH so lu t io n  con ­

ta in in g  a  s m a l l  a m oun t o f K M nO ,. The r e a c t io n  b e tw een  NO/NO^ 

a n d  the  N aO H  so lu t io n  i s  r e la tiv e ly  slow , and  re m o v a l o f  th e se  

im p u r i t ie s  i s  im p ro v e d  by th e  p r e s e n c e  o f  th e  p e rm a n g an a te , w hich 

o x id is e s  th e  n i t r i t e  to  n i t r a te .  I t  sho u ld  be no te d  th a t  NO^ i s  p o iso n ­

o u s , a n d  th e  N^O p ro d u c t g a s , i f  i t  i s  to b e  su ita b le  fo r  m e d ica l 

p u rp o s e s ,  h a s  to  - e e t  a  s tr in g e n t sp e c if ic a tio n  re g a rd in g  th e  p re se n c e





so lu tion . P r ic e s  r a n g e  b e tw een  R  50 and  R  56 a  to n  o f  AN. U nder 

South A fr ic a n  cond itions a  ch an g eo v er to  th e  f e r t i l i s e r  g ra d e  AN 

would th u s  p ro d u ce  a  sav in g  o f  ab o u t 35 to  40 p e r  c e n t in  the  c o s t  

o f  the  p r in c ip a l  r a w  m a te r ia l  fo r  N^O p roduction . T he c o s t  o f the  

AN c o n s titu te s  a b o u t 40 p e r  c en t of th e  over a l l  p ro d u c tio n  c o s ts  

of N^O f o r  a  s m a l l  p la n t, and  som ew hat h ig h e r  f o r  a  la r g e r  one?^

I t  shou ld  be no te d  th a t two o f  th e  i te m s  l i s te d  in  th e  above 

sp e c if ic a tio n  f o r  so lid  AN, v ia , < .•ide a n d  HNO^, a r e  im p o r ta n t 

a d d itiv e s  i n  the  aq u eo u s p r o c e s s .  E th e r  e x tra c ta b le  m a tte r  ( i .e . 

o rg a n ic  im p u r it ie s )  h av e  to  b e  a b se n t b e ca u se  they  w ould g ive  r i s e  

to  th e  p ro d u c tio n  of N^ a n d  N O /N O.,, and  p a r t i c u la r ly  b e c a u se  of 

d ie  e x p lo s io n  h a z a rd  a s s o c ia te d  w ith  th e i r  p re s e n c e . T he l a t te r  

c o n s id e ra tio n  does n o t app ly  to  the  aq u eo u s p ro c e s s .

A lthough  c h ro m iu m  i s  a" p a r t ic u la r ly  u n d e s ira b le  m a te r ia l  

i n  n i t r o u s  ox ide  g ra d e  AN, a s  w ould a ls o  b e  Co, Mn, N i a n d  Cu 

and a p p a re n tly  a ls o  F e  (se e  below ), no lim its  fo r  m e ta l lic  e le m e n ts  

a r e  s e t  in  the  A m e ric a n  sp e c if ic a tio n . *  T he b u ild -u p  o f  su c h  im ­

p u r i t ie s  in  the  AN  m e lt  n e c e s s i ta te s  p e rio d ic  in te r ru p tio n  of planj: 

o p e ra tio n  to a llo w  d ra in a g e  o f  the  r e a c to r  a n d  r e p la c e m e n t o f  th e  

AN w ith  f re s h , p u re  m a te  r i a l ? 1 In  S outh  A fr ic a , s u :h  fo rc e d  in t e r ­

ru p tio n s  a r e  c au se d  by  the  b u ild -u p  o f  F e  in  the  m e lt.

F e r t i l i s e r  g ra d e  AN is  c o n s id e ra b ly  c h e a p e r  than  the  n itro u s  

ox ide  g ra d e  m a te r ia l ,  b u t th is  does n o t  im p ly  th a t  the  c h e a p e r  g ra d e  

p r o d u c t i s  n e c e s s a r i ly  of m a te r ia l ly  lo w e r  p u r ity . B oth  a r e  m a n u ­

f a c tu r e d  by the  s a m e  p r o c e s s ,  f ro m  a  g a seo u s  s ta r tin g  m a te r ia l  

(NH^)j a n d  th e  im p u r i t ie s  w ould b e  e x p e c te d  to  d e riv e  m a in ly  f ro m  

c o r r o s io n  p ro d u c ts  o f  p r o c e s s  equ ipm en t, a n d  f ro m  im p u r it ie s  in t r o ­

d uced  v ia  w a te r  a n d  the  a i r .
W hile the e ffe c ts  o f im p u r i t ie s  th a t m ay  b e  e x p ec ted  to  b u ild  

u p  in  th e  r e a c to r  so lu t io n  have  n o t b e e n  s tu d ie d  f o r  the aqueous 

sy s te m , i t  i s  n o t ex p ec ted  th a t th e i r  p r e s e n c e  in  the  f e r t i l i s e r  

g ra d e  m a te r ia l  w ou ld  b e  a t  su c h  le v e U a s  to  n e c e s s i ta te  in te r ru p tio n  

o f  p la n t  o p e ra tio n  a t  g r e . t a r  f re q u e n c y  th a t  i s  r e q u ire d  in  the  c u r r a n t
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m e l t  p r o c e s s .

In  the  aqueous p r o c e s s  su c h  r e a c to r  c le a n -o u t o p e ra tio n  would 

a ls o  b e  e x p ec ted  to  b e  s im p le r  and  o f  m uch  s h o r te r  du ra tion .

(b) A b sen c e  of E x p lo s io n  H az ard

E x p lo s io n s  m a y  be c au se d  in  AN  m e lts  by th e  p re s e n c e  of e x ce ss iv e  

le v e ls  of c e r ta in  im p u r i t ie s  a n d /o r  i f  th e  te m p e ra tu re  i s  a llow ed  to 

go too  high . Aii a  r e s u l t ,  m o d e m  N^O p la n ts  a r e  equipped  w ith  

f a i r ly  e x ten s iv e  sa fe ty  d e v ice s , a n d  p la n t o p e ra tio n  p ra c t ic e  has 

to  fo llo w  d ire c tio n s  r a th e r  c lo se ly . No su c h  lim ita tio n s  ap p ly  to  the- 

aq u eo 'is  p r o c e s s ,  a n d  sa fe ty  equ ip m en t could  be d isp e n se d  w ith  a l ­

to g e th e r.

In  p r a c t ic e , th e  o p e ra tio n  of a n  N^O p la n t i s  no t a s  h a z a rd o u s  

a s  th e  fo re g o in g  s ta te m e n ts  m ig h t s e e m  to  im p ly . A d d itiv e s to  the 

A N, su c h  a s  p h o sp h a tes  and  p y ro p h o sp h ates , a r e  c la im ed  to e n su re  th a t 

th e  AN  d e co m p o s itio n  r e a c tio n  p ro c e e d s  sm o o th ly  and  to  p re v e n t  the  

r e a c t io n  f ro m  tend ing  to  the  exp lo siv e  reg io n . ^ The m a in  "exp lo s ion  

h a z a rd "  w ould s e e m  to a r i s e  du rin g  p la n t s t a r t - u p , i f  the  A N  had  

be en  a llo w ed  to so lid ify  in  the  r e a c to r  du ring  the  p re v io u s  s h u t­

dow n. If  the  r e a c to r  i s  h eated  too  s tro n g ly  b e fo re  th e  AN i s  fu lly  

m e lte d , th e  d e co m p o sitio n  re a c t io n  could  s e t  in  and  d a n g ero u s  p r e s ­

s u r e s ,  p e rh a p s  le ad in g  to a n  e x p lo sion , b u ilt  up  below  a  re s id u a l  

c r u s t  o f  so lid  AN.
Such  h a z a rd s  do n o t, o f  c o u rs e , a r i s e  in  the  aqueous p ro c e s s ,  

i n  w hich  s t a r t - u p  a n d  shu t-dow n  o p e ra tio n s  w ould, a s  a  r e s u l t ,  be 

s im p le r .  S ta r t- u p  shou ld  a lso  take  l e s s  tim e , the  tim e  to  h e a t the  

m ix tu re  to  i t s  bo iling  po in t, c o m p a re d  to  a  p e r io d  of abo u t fiv e  h o u rs  

in  a  s m a ll  p la n t  b a se d  on  the  m e lt  p ro c e s s .

(c) H ig h e r Y ie ld s
In  th e  p r e s e n t  s tu d y , r e a c to r  y ie ld s  w ere  n o t m e a su re d  d ire c tly ,  

b u t  w e re  o f  the  o r d e r  *95  p e r  cen t, a  f ig u re  s im ila r  to  the  m ax im um  

a c h ie v e d  in  th e  c u r r e n t  p r o c e s s .  I.» s«  of AN by su b lim a tio n  is  an 

im p o r ta n t  s o u r c e  of lo s s e s  in  th e  m e lt  p r o c e s s ;  lo s s e s  o f fhie kind 

a r e  n o t p o s s ib le  i n  th e  aqueous p ro c e s s .  F u r th e r  lo s s e s  o c c u r  in  

th e  g a s  p u r if ic a tio n  s ta g e s .  S in ce  on ly  a  s in g le  scru b b in g  s ta g e  is



r e q u ire d  in  th e  aqueous p r o c e s s ,  a n  o v e ra ll  y ie ld  h ig h e r  by  a n  

e s t im a te d  5 p e r  c en t m a y  be  ex p ec ted  f o r  th e  aqueous p ro c e s s .

T h is  s m a l l  e x p ec ted  im p ro v e m e n t in  y ie ld  h a s  b e e n .e s tim a te d  

by  c o m p a r iso n  w ith  th e  b e s t  y ie ld s  a ch ie v ed  w ith  the  m e l t  p ro c e s s .

In  p ra c t ic e ,  y ie ld s  in  S outh  A fr ic a  and  e lse w h e re  a r e  on  a v e ra g e  

s u b s ta n tia lly  lo w e r  th a n  95 p e r  c e n t  T h is  i s  m a in ly  due to d if ­

f ic u l t ie s  a r i s in g  f ro m  th e  p re s e n c e  o f  F e  a s  im p u r ity  to  above the  

sp e c if ic a tio n  l im i t  o f  3 p. p. m . ( in  South A fr ic a )  fo r  th e  n itro u s  

ox ide  g ra d e  AN. The F e ,  w hich  a cc u m u la te s  in  th e  r e a c to r ,  a p ­

p a re n t ly  c a ta ly se s  s id e  re a c tio n s  lead in g  to  N O /N O ^, w h ic h , a s  

p o in ted  o u t e a r l i e r ,  i s  s c ru b b e d  ou t w ith  so m e  d ifficu lty . A s a r e s u l t ,  

in te r ru p tio n  in  p ro d u ctio n , w ith  d ra in a g e  of th e  r e a c to r  a n d  re c h a rg in g  

w ith  f r e s h  AN, o c c u r s  ra '"  s r  f re q u en tly . T h is  dow n-tim e  a d d s con ­

s id e r a b ly  to  p ro d u c tio n  c o s ts  and, n a tu ra lly ,  lo w e rs  y ie ld s .

(d) G r e a te r  F le x ib i lity

F o r  th e  c u r r e n t  p r o c e s s  the  r a te  o f  N^O p ro d u c tio n  p e r  u n it vo lum e 

o f  m e lt  i s  m o re  o r  l e s s  f ixed . T he p ro d u c tio n  r a te  m ay  be pushed  

up m a rg in a l ly  by o p e ra tin g  a t  a  s lig h tly  h ig h e r  te m p e ra tu re ,  but* 

th is  o c c u r s  a t  the  ex p en se  of a  h ig h e r  N O /N O ^ con ten t. In  the  

aq u eo u s p r o c e s s ,  th e  r a te  fo r  a  g iv e n  vo lum e  o f  r e a c to r  so lu tio n  

m a y  b e  in c re a s e d  by  in c re a s in g  the  " s e v e r i ty "  o f cond itions in  th e  

so lu tio n , e .g .  by  ra is in g  the o p e ra tin g  p r e s s u r e  (and h e n ce  th e  te m ­

p e ra tu r e  of th e  bo iling  so lu tio n ), o r  by in c re a s in g  th e  c o n ce n tra tio n s  

o f  A N, a c id  a n d /o r  c h lo rid e . Ind ica tions a r e  th a t su c h  in c re a s e s  in  

th e N ^O  p ro d u c tio n  r a te  w ill  b e  ach ie v ed  on ly  a t  th e  ex p en se  o f  

p u r i ty  of th e  c ru d e  N ^O , and  h ence  the  y ie ld . I n c re a s e d  c o n c e n tra t­

io n s  o f  C l ,  in  th e  c ru d e  should , h o w ev e r, p r e s e n t  few  p ro b lem s 

s in c e  C l^ , u n lik e  N O /N O g, i s  re a d ily  s c ru b b e d  ou t w ith  NaOH 

so lu t io n , the  r e a c t io n  b e tw een  Cl^ and  NaOH being  in s ta n ta n e o u s  a n d  the  

r a te  o f  C l^  re m o v a l be ing  d e te rm in e d  s o le ly  by  m a s s  t r a n s f e r  c o n -  

e id e  ra tio  s.
In  »  s itu a tio n  w h ere  d . m n d  to r  1 , ,t=«<Hly . i . t o g  t h .

a b i l i ty  to  , a i» e  th=  ,p= dn= tio»  M  of a  p la n t w ith o .t  t h .  »==d



f o r  s t r u c tu ra l  m o d if ic a tio n  m ig h t p ro v e  to  be a n  im p o rta n t 

ad v an ta g e , even  i f  th is  i s  to  b e  a c h ie v ed  a t  th e  c o s t  o f a  so m e ­

w h a t h ig h e r  C lg /N ^  c o n ten t o f  the  c ru d e  g a s , and  h e nce  of s lig h tly  

lo w e r  y ie ld . (T he a d d itio n a l c o s t o f  rem o v in g  th e  la rg e  a m oun ts  of 

C lg w ould  p ro b a b ly  b e  co m p en sa te d  for by the  in c re a s e d  p roduction  

o f  s a le a b le  N aO C l.)

5 .4 .  J .  O th e r  C o n s id e ra t io n s

The m o s t  im p o r ta n t  d isa d v an tag e  o f  th e  aqueous p r o c e s s  i s  the  

h igh  c o r r o s iv e n e s s  o f  th e  r e a c to r  liq u id , the  va p o u r to b e  f ra c t io n a t­

e d , a s  w ell a s  th e  g a s  s t r e a m  (up to  th e  p o in t w h ere  C l^  h a s  be an  

rem o v e d ) . T h is  shou ld , h o w ev e r, n o t p ro v e  t o  be an  in su rm o u n ta b le  

d if f icu lty  s in c e  su ita b le  v e s s e l s  a n d  other equipm ent m ade  of g la s s  

o r  g la s s - l in e d  s te e l  a r e  now  "fairly re a d i ly  av a ila b le .

T h e  q u a n titie s  of HNO^ and  HC1 co n su m ed  in  th e  aqueous 

p r o c e s s  w ould be  s m a l l  a n d  w ould o n ly  m ake  a  s m a ll con trib u tio n  

to  o v e ra l l  p r o c e s s  c o s ts .  L a r g e r  q u a n titie s  of NaOH w ould p ro b ab ly  

b e  u s e d  in  c o m p a r iso n  w ith  th a t  u s e d  in  the  m e lt p r o c e s s ,  b u t th e se  

c o s ts  sho u ld  b e  m o r e  th a n  o f fs e t  by  th e  c re d i t  a c c ru in g  f ro m  s a le s  

o f  th e  N aO C l b y -p ro d - .c t , fo rm e d  in  th e  s c ru b b e r .

5 . 5 C on c lu sio n

T h e  fe a s ib i l i ty  o f  a n  aq u eo u s p r o c e s s  f o r  th e  p ro d u ctio n  o f  N^O h a s  

b e en  d e m o n s tra te d  by  b a tc h  a n d  b e n c h -sc a le  p la n t e x p e r im e n ts . In  

the  l a t t e r  a  p i duc tiou  r a te  o f a b o u t 2 ,5  to  3 1 m in  o f  g a s  w as 

m a in ta in e d  f o r  s e v e r a l  h o u rs  in  a  2 - l i t r e  r e a c to r  con tain ing  800 m l 

of re a c t in g  so lu tio n . V a r ia tio n s  in  th e  te m p e r a tu re  (i. e . th e  bo iling  

po in t)  o f the  m ix tu re ,  b ro u g h t on  by  flu c tu a tio n s  in  the  p r e s s u r e  in  

th e  r e a c to r  (a  f e w  c e n tim e te is o t  Hg above a tm o sp h e ric ) , had  a  p r o ­

n o u n c ed  e ffe c t on  the  r a t e  o f  N ^O evo lu tion .

T h e  c ru d e  g a s  c o n ta in s  1-2 p e r  c e n t eac h  of Clg and  N ^, and  

i t  w as  show n  th a t  th e  f o r m e r  i s  re a d i ly  r em o v e d  by  sc ru b b in g  w ith  

a  5%  N aO H  so lu t io n . T h e  M , im p u r ity  m ay  b e  rem o v e d  a f t e r  l iq u e -





o f  g a s  c o lle t

a re ,  th e  vo lum e  c o l-  

sspectivo ly . P 2 and

>n w as a p p lied  f o r  -water v a p o u r  p re sa u j 

above s a tu r a te d  K ^SO^ so lu t io n  w as no t 

a lso  n o t m ade  f o r  the  c o n ten t of th<

U ts , w as  a s su m e d  to  co n ta in  on ly  N^O. 

to  so m e  e x te n t co m p en sa te d  f o r  by  the

th e  va lu e  f o r  a i r

equation





p ro d u ce d  in  th e  r e a c tio n . S u ff ic ien t w a te r  m u s t he b o ile d  o ff  to  give  

a  d is t i l la te  s t r e a m  o f  2  t  a  f  ra=  62, 2g 1L,0 p e r  m o le  AN  fe d  to  r e a c t ­

o r ,  a s  w e ll a s  th e  w a te r  p r e s e n t  i n  th e  b o tto m s p ro d u c t o f  th e  co lum n 

w hich  i s  r e tu rn e d  to  th e  r e a c to r .  T he quan tity  o f  w a te r  in  th is  s t r e a m  

depends on th e  o p e ra tin g  cond itions of th e  d is t illa tio n  co lum n (to  be 

c o n s id e re d  n e x t). T h e  m a x im u m  p o ss ib le  a c id  c o n ce n tra tio n  in  th e  

b o tto m s s e t s  th e  m in im u m  b o il-u p  r a t e  p e r  m o le  AN fe d  to  th e  -ea cto r. 

T he m a x im u m  b o il-u p  r a te  i s  n o t  th e o re tic a l ly  lim ite d .

B . 4 . V ap o u r-L iq u id  E q u ilib r iu m  D ata

A t th is  s ta g e  w e a r e  c o n ce rn e d  n o t w ith  th e  p h y s ic a l . e  o f  the  

c o lum n  b u t  w ith  th e  p ro b le m s  o f  r e f lu x  ra t io ,  re b o il  r a te ,  s t r e a m  

co m p o s itio n s , e tc .

In  o r d e r  to c a r r y  o u t a  d e s ig n  w e n e ed  to  h av e  v ap o u r- liq u id  

e q u ilib r iu m  d a ta  f o r  th e  s y s te m  H^O -  HC1 -  HNO^. T he o th e r  g a s e s ,

i .  e . N^O, CIg and  a r e  s o  v o la tile  th a t th e i r  p r e s e n c e  in  th e  liqu id  

m ix tu re  n e e d  n o t be c o n s id e re d . T h ey  m e re ly  in c re a s e  th e  to ta l  g a s  

f lo w  r a te  th ro u g h  the  co lum n.

We do n o t h a v e  d a ta  on v a p o u r- liq u id  e q u ilib r iu m , n o r  on 

e n th a lp y -c o m p o s itio n  f o r  th e  te rn a r y  s y s te m  H^O -  HNO^ -  HCL 

D ata  a r e  o n ly  a v a ila b le  on th e  tw o b in a ry  s y s te m s  H ^ O —HNO^ and

W ithout te r n a r y  d a ta  one can  on ly  g e t  a  v e ry  rough  a p p ro x im a t­

io n  a s  th e  s y s te m  i s  e x tre m e ly  n o n - id e a l a n d  a s su m p tio n s  involv ing  

id e a l i ty  a r e  w o rth le s s .

A  v e r y  rough  id e a  m a y  b e  ob ta in ed , ho w ev e r, by  looking  a t  

th e  two s y s te m s  11 ,0  -  U N O , a n d  -  HC1 s e p a ra te ly . F r o m  data

i n  P e r ry 22 th e  fo llow ing  c a lc u la t io n s  h av e  been  done:

% w /w *BMO, T* p h n o 3 Ph 7o P T THNO3
uc m m  Hg m m  Hg m m H g

0 ,0 6 6 7 1 .3 7 5 5 6 ,4 0 ,00246

2, 50 800 8 0 2 ,5 0,00311



676, 9 0,

0 ,0113  

0, 0337



A lthough  y HCJ and  v a ry  w ith  p r e s s u r e  a n d  te m p e ra tu re ,

p lo ttin g  a p p ro x im a te  in te r p o la te d  v a lu e s  fo r  a  p r e s s u r e  o f  700m m  Hg 

g iv e s  a  good  enough id e a . B o th  sy s te m s  a r e  rough ly  p lo tted  oil the  

a cc o m p an y in g  g r a p h  (F ig . B. I ) , a s  v e r s u s  Xy-.Q. F r o m  th is

g ra p h  a z e o tro p ic  p o in ts  a p p e a r  be yond  w hich  one  can n o t go . The 

a z e o tro p ic  p o in t f o r  the  t e r n a r y  m ix tu re  r e p r e s e n ts  the  l im i t  in  o u r  

c a s e .  We a r e  no t in te r e s te d  in  ob ta in ing  a  v e ry  c o n ce n tra te d  m ix tu re  

o f  a c id s  a n d  w e s h a l l  ta k e  a  lo w e r  l im i t  o f  = 0, 800, a s  the

m a x im u m  a c id  c o n c e n tra tio n  g iv ing  th e  le a s t  b o il-u p  r a te  r e q u ire m e n ts  

i n  th e  r e a c to r .  A  ro u g h  id e a  o f  th e  p o s s ib le  ran g e  o f  b eh av io u r  of 

th e  a c id  m ix tu re  i s  o b ta in ed  by  m aking  te two e x tre m e  a ssu m p tio n s , 

i ,  e  th a t  i t  b e h av e s e i th e r  a s  a  b in a ry  HNO^ -  H^O m ix tu re  o r  a s  

a  b in a ry  HC1 -  H .,0  m ix tu re . In  th e  f o rm e r  c a s e  w e sho u ld  b e  a b le  

to  w o rk  to  th e  HNO^ -  H ^O a z e o tro p ic  co m p o sitio n , b u t in  th e  l a t te r  

c a s e  o n ly  to  th e  HC1 -  H^O a z e o tro p ic  c o m p o sitio n  po in t. T he b e hav iou r 

i s  t i k t l y  to  l ie  c lo s e r  to  the  f o r m e r  s in c e  th e  HC1 i s  on ly  p r e s e n t  in  

a  f a i r ly  low  p r o p o r t io n  ( n o rz n a l ly ^  10 m o le  % o f  the  HNO^ conce n tra tio n ). 

T he c h o ice  of XHgO = ° .  8 a s  th e  lo w e r  l im i t  th e re fo re  s e e m s  r e a s o n ­

a b le . A ny h ig h e r  r e a c to r  b o il-u p  r a te  w ill  n o t  on ly  g iv e  a  h ig h e r  

v a lu e  of x h 2o  1= the  b o tto m s p ro d u c t b u t w ill  a ls o  r e q u ir e  few er 

s ta g e s . F o r  th e  p u rp o se s  o f  d e s ig n  of th e  n u m b e r o f  s ta g e s  w e th e r e ­

f o re  ta k e  the  e x tre m e  c a s e  ( x y ^ o  = 800  ̂ an ti we sha11 a s su m e  th a t

th e  HC1 p r e s e n t  b e h av e s  a s  p u re  HNO^, so  th a t  th e  ff_,0 -  HNO^ 

e q u il ib r iu m  re la t io n s h ip  m a y  b e  u se d . T h is  i s  a  som ew hat h a za rd o u s  

a s s u m p tio n  b u t  p ro b ab ly  c o m p en sa te d  f o r  by  th e  g e n ero u s  va lu e  of 

xH 2C  = °« 80°- A lso ’ o p e ra tio n  w ill n o rm a l ly  b e  at a  b o il-u p  r a te  h ig h e r  

titan  th e  m in im u m  g iv ing  xh 2O z‘ 8d0.

B . 5 . D is ti lla tio n  C olum n: O pera ting  C onditions

We s h a l l  c o n s id e r  th e  c a s e  o f  a  sp e c if ic  (N .,0  f re e )  va p o u r c o m p o s it­

io n  w hich , f ro m  p re v io u s  b a tc h  e x p e r im e n ta l w ork , a p p e a rs  to  be 

r e a l i s t i c .  A c tu a l p r e d ic tio n  o f  v a p o u r  c o m p o sitio n  le av in g  th e  r e a c to r  

. i s  ev en  m o re  co m p lex  th a n  in d ic a te d  by  v a p o u r- liq u id  e q u ilib r iu m  

p re d ic tio n s  f o r  th e  a c id  m ix tu re  b e c a u se  o f  th e  p re se n c e  of AN. The











0, 67 

0 ,6 6

r e f lu x  r a t io  1, 5 x  R  m ia  = 0, 733 s 

of th e  co luum  (se e  F ig . 3):

1, 147 = 1 38 ,2  k c a i/h .
“ -

H e a t in p u t

T he n u m b e r  o f e q u ilib r i 

p re s 'ju t s  tiie  r e b o ile r .  3 

i s  e n te re d  Z s ta g e s  frc 

V apou r a n d  liq u id

r a te  is  6 , 42 m o l/h .

H ence  to ta l  v a p o u r  f lo w  r. 

V fo t = 3 5 ,5  + 6 ,4  = 4 1 ,9  n 

A llow ing  f o r  a  25%  in cren

>, 5 m o l /h  

i-co n d e n sa b le  g

r  p ro d u c tio n  r a te  <



1

i J .



f a : r
' 3 3 k

L iqu id  r a te  w ill  be 

L  = 3 5 ,5  -  2 0 ,4 6  = 15, 0 m o l/h  

L  m a x  = 15, O x  I , 25 = 18, 8 m o l/h  

I f  fee d  r a te  i s  l e s s  than  6 ,0  m o le  A N /h  th e  liqu id  i

b e  h ig h e r  i f  th e  r e b o il  r a te  i s  k e p t constan t.

By m ain ta in in g  a  c o n s ta n t b o il-u p  r a te  in  the  r e b o ile r ,  i r r e s p e c t ­

iv e  of th e  load  on th e  co lum n, the  v a p o u r  r a te  should  n o t v a ry  w ith  

load ing , b u t th e  liq u id  r a te  w ill  in c re a s e  s ig n ific an tly  a s  a  m uch  

la r g e r  r e f lu x  r a t i o  w ill  be re q u ire d . T hus w e ne ed  n o t b e  concerned '

a b o u t la rg e  flu c tu a tio n s  in  co lum n  load ing .

L e t  u s  now  lo o k  a t  the  type  of pack ing  to  

low  th e  p ro c e d u re  g iv e n  by  M o rr i s  and  Ja ck so n .

V o lu m e tr ic  g a s  r a te  is  

41 , 9 x  2 2 ,4  x  = 1282 1/h.

(T h is  a s s u m e s  o p e ra tio n  a t  I  a tm  p r e s s u r e . )

V o lu m e tr ic  liq u id  ra te  is  15, 0  x  18x__l _ 270 1 /h

, We s h a l l  f o l-

(T h is  m a y  b e  s lig h tly  h ig h e r  n e a r  th e  b o tto m  b e ca u se  o f  m e asu r in g  

m o le c u la r  w eigh t b u t th e  e ffe c t w ill  be in s ig n ifica n t.)

" P P °  T ,  ( l « ,  2 9 3 , i  = 0, 697

. 1282 x  0, 697

T h is  in d ic a te s  

w etting  r a t e  (M. W. R. ) o f 0 ,8 5  f t^ /h  f t  T his 

o n  th is  s c a le  and  w e s h a l l  have 

w e ll be low

S f o r  1 /4 "  pack ing  i s  240 f t  /  f t

V1 = 0, 22 x  240 = 52, 6 f t  / f t  h  

52, 6 x  0 , 3044 == 16 ,02  r

pack ing  g r e a te r  th a n  3" f o r  o p e ra tio n  a t  th e  m in im um  

c le a r ly  im p ra c t ic a l  

co n ten t o u rse lv e s  w ith  o p e ra tio n  

M .W . K  a n d  m ake  a llow ances fo r  i t  

L e t  u s  a s s u m e  w e a r e  going to  u s e  1 /4 "  r in g s . A ssu m e  a  w etting  

r a t e  o f  0 ,2 2  f t 3/ h f t  T h is  shou ld  g iv e  a  pack ing  e ffec tiv e n ess  of 

ro u g h ly  50% .

L . l t

I # #



pa ck e d  co lum n
c le a r ly  i s

would he

T he w etting  r a te  i s  ab o u t 0, 0074 x  M. W. R. and e ffec tiv e n ess  

M ill b e  c o n s id e ra b ly  l e s s  th a n  10%.

T he h e ig h t e q u iv a le n t to  a  th e o re t ic a l  s ta te  

(H E T P ) f o r  1 /4 -' r in g s  i s  20 x  0, 135 = 3 f t

F o r  3  s ta g e s  th e  c o lum n  h e ig h t i s  abo u t 9  f t  (v e ry  rough  e s tim a te )

&H  = Q  -  Ws -  A K E  -  &PE

T h e re fo re

A.H6IQ

A  p r o c e s s  e n th a lp y  ba lan c e ite d  b y 'a s su m in g  th e

.0 ° ,  80% ) AN so lu t io n  m ixed  w ith  a  la rg e



q u a n tity  o f w a te r  a t  25° a n d  co o led  to  25°

2 . C old  c o n c e n tra te d  (25°, 20%) HC1, m ixed  w ith  a  la rg e  quan tity  

Of w a te r  a t  25 a n d  coo led  to  25°

3. AN a n d  HC1 so lu tio n s  m ix e d  and  r e a c te d  a t  25°, w a te r  and 

o th e r  p ro d u c ts  i n  g a seo u s  fo rm .

4. P r o d u c t  g a s e s  h e a te d  to  2* ^  o f  a b o u t 110°

5. W ate r o f d ilu tio n  rem o v e d  a t  25°

6. W a te r  o f so lu t io n  of AN  and  HC1 h e a te d  to T e5tit a n d  v a p o ris e d

7. A  q u a n tity  o f  so lu t io n  w ith  c o m p o sitio n  e q u a l to  th a t  o f  the

b o tto m s p r o d u c t of th e  d is t illa tio n  co lum n  w ith  the  sa m e  com ­

p o s it io n  i s  v a p o ris ed .

= A H 1 + AHg + 6  Hg 4 AH^ + M g  4 + fiH? = Qj; H e a t o f  d ilu t io n  o f  AN  is  lik e ly  to be f a i r ly  s m a ll (although t e a t  

o f  so lu t io n  i s  s ig n ific an t). We m u s t fin d  da ta  on NH^NG^ f o r

th is  a n d  we s i  ig n o re  th is  f o r  th e  tim e  being.

k H 2* H e a t o f  so lu t io n  o f  20%  HC1 i s  abo u t 190 Et t, u. / lb .  1 lb  o f 20% 

m ix tu re  = 0 ,00548  + 0, 0445 = 0, 0500 m o le s . $b r 0, 04 m o le s  in  

a  20%  H C 1 so lu tion , &H., = -190 x  *  0, 252 =■ -350  c a l

& H 3: In  d ilu te  so lu t io n  a t  2 5 ° , f o r  th e  re a c tio n  

NH4N 0 3 (aq) - * N ?0  (g) v  H20  (g)

19, 55 + 2 80) + 80, 89 ■= -15 , 16 k c a l/m o le

F o r  th e  re a c t io n

Nh 4N° 3  (aq) 4  2HC1 (aq) -* N 2 4 Clg + 3 ^ 0

^ H R . = -3  x  57, 80 - ( -8 0 , 8 g) -  2 (-22 , 063) = -48, 39 k c a l/m o le

T h e re fo re

A H 3 = -15 , 16 x  (1 -a )  -K -48,39)a

= -15 , 16 -33, 23 a  k c a l /m o l AN 

F o r  a  = 0, 02

£ H 3 = -1 5 , 82 k c a l/m o l AN 
H  ; No h e a t  c a p a c ity  d a ta  on  H ,0  a r e  im m e d ia te ly  a v a ila  'e .  A ssu m e  

4  th a t  t o t  H 20 ,  C l ,  + M , C p  -  6 ,2 5  ( ,» m e  a ,  a l t )

T h ere fo re
A H4 = (110 -  2 f )  X 0, 25 x  (4 3 ,1  4 0 ,5 6  4 1 ,4 2 ) 4  k g j - U  x  

x  (1157, 0 -  1092, 2) = 960 4 1328 = 2288 c a l /m o l AN '



&h 5 = 0

^ H 6  = x  <1157 -  38) = 16 ,0?  k c a l /m o l AN

T h is  c an  b e  found f ro m  th e  e n th a lp y  c o n ce n tra tio n  d ia g ra m  

&H7 » 0 , 1912 x  ^ 5 0 0  = 2} 500 ctl/M C.1 . iN  

H ct.cc f o r  tiic  e n t ir e  r e a c to r  p r o c e s s  f o r  a  fee d  o i  1 m o le  AN 

A H  = Q  = 0 -  0 ,3 5  -  1 5 ,8 2  4 -2 ,2 9  4- 16 ,07  + 2 ,5 0  

Q = 4 , 79 k c a $ / m o le  AN  fed.

T h is  te r m  i s  th e  m iainau—i h e a t  r e a r e d .  I f  m ax im um  h e a t  i s  

a d d ed  th is  w ill c a u se  m o re  o t  th e  a c id  so lu tio n  to  h e  ev ap o ra te d .

B . 8. A b so rp tio n  C olum n f o r  T r a c e  Ci.2 U em oval

A gain  a b so rp t io n  co lum n  d e s ig n  i s  d if f ic u lt b e c a u se  o f  lo w  flow  r a te s ,  

b u t  a p p ro x im a te ly  th e  s a m e  s iz e  ot’ co lu m n  a s  f o r  tb s  d is t illa tio n  

c o lu m n  sh o u ld  b e  ad eq u a te . A  N aO H  so lu t io n  r a t e  o f a b o u t 4  I / h  

•..itould b e  s a t is f a c to r y .

B, 9. N ote  on K ? 0  P r o c e s s  S y s te m  D esign

T he p r o c e s s  u se d  to  p ro d u ce  M .0  in  th e  la b o ra to r y  w as de sig n ed  

u s in g  a  d is t i l la t io n  c o lvm n  w itii i t s  ow n r e b o ile r  a n d  re c y c le  c f  bo ttom s 

p ro d u c t to  th e  r e a c to r .  r e t r o s p e c t  a  s im p le r  sy s te m  cou ld  have 

b e e n  d e s ig n e d  i n  * W ch  th ,' d is t i l la t io n  c c .u m n  w ould have  b e e n  m ounted  

o v e r  th e  r e a c to r  w ith  v a p o u r  e n te r in g  a t  th e  b o tto m  o f  th e  c o lum n  a n d  

r e f lu x  l iq u o r  runn ing  d i r e c t ly  f ro m  th e  co lu m n  b a c k  in to  th e  M a c * * , 

S u ch  a  s y s te m  w ould  h a v e  b e e n  p o s s ib le  b e c a u se  o f  th s  la r g e  d if fe ren c e  

i n  com p .- s t io n  b e ' e en  v a p o u r  le av in g  th e  r e a c to r  a n d  th e  liq u id  in  

.q u iB M m o  . I B .  IM , v r.pom . M u r .  to  » .»  s»=h »  « y « « m  8 " .  r i :«  

a  s o m e  o p = ra ll« s  d im r a M .s  b u t « » n a u d m «  d » m  f r o e

t t «  , = 0 . 1  I— W  s e t - u p  . . .  = o t m ,te r ia H y  « K « n = d  « s  »  t . s o l t .

l a s t  o f  S ym bols
a  = F r a c t io n  o f  AN  r e a c te d  to  f o rm  b y -p ro d u c ts

m  = M elos H20  a n te  r in g  th e  r e a c to r



| n  P a r t i a l  y rc s sv i re  o$ n i t r i c  a c id  i n  va p o u r

*HZ0

HNO3 -
-  P a r t i a l  p r e s s u r e  o f  w a te r  in  vapou r

= T o ta l p r e s s u r e  

yHN 0 3  e  ivto'le  ^ra c t io n  o f  n i t r ic  a c id  in  vapou r 

yH C l = v̂to^e f ra c t io n  o f  h y d ro c h lo r ic  a c id  in  v a p o u r 

yH  O "  h b le  f r a c t io n  o f  w a te r  in  vapou r

= M ole f r a c t io n  o f  n i t r ic  a c id  in  liqu id  

*1101 °  MoIe f a c t i o n  o f  h y d ro c h lo r ic  a c id  i n  liq u id

q  -  t-tole f ra c t io n  o f  w a te r  in  liq u id

P y C I = P a r t i a l  p r e s s u r e  of h y d ro c h lo r ic  a c id  in  vapou r 

h  = E n th a lp y  (B. t. u . /lb )

H  = E n th a lp y  (B. t  u . / lb  m ole)

H bv = E n th a lp y  o f  s a tu r a te d  va p o u r

H g i = E n th a lp y  of s a tu r a te d  liqu id

Cp  = S p e c ific  h e a t a t  c o n s ta n t p r e s s u r e

B  = B o ttom  p ro d u c ts  r a te

V = V ap o u r  r a te

L  = l i q u i d  ra te
^  = D elta  p o in t i n  th e  P o n c h o n -a a v a r it  c o n s tru c tio n

Q = Q uan tity  o f  h e a t  t r a n e fe re d

KE = K in e tic  e n e rg y

P E  = P o te n tia l e n e rg y







A PPE N D IX  D

T he M e ch a n ism  fo r  the  C h lo rid e -C a ta ly s e d  D ecom position  

o f  A m m on ium  N itra te  in  th e  m e lt  p ro p o sed  fay 

K eenan  and  D iin itr iad e s

A cc o rd in g  to  th e  K e e n a n -D i.n itr ia d e s  m e c h a n ism , ^  th e  e x c e ss  HNO^ 

in  a n  / N  m e lt w h ich  h a s  be co m e  a c id ic  by p r e f e r e n t ia l  lo s s  o f  NH^ 

f ro m  We p a r t i a l l y  d is so c ia te d  AN, un d e rg o e s the  follow ing a u to p ro ­

to ly s is  a n d  io n ic  s e lf -d e h y d ra tio n  r e a c tio n s ;

2H N 03-» H ? N 0 j  + N O ' (au to p ro to ly s is )  (d , 1)

a n d  H  NO+-*.w-.>2 + H^O (se lf-d eh y d ra t io n )  (d, 2)

by  an a lo g y  w ith  th e  c a s e  o f  H N O j -  H ^SO^ m ix e d  a c id  s y s te m s , w h ere  

su c h  re a c t io n s  have  be en  e x p e r im e n ta l ly  v e r if ie d  by H ughes e t 

K ee.nan an ti D iin it r ia d e s  a s s e r t  th a t  su c h  re a c tio n s  a r e  fe a s ib le  f o r  

the  c h lo rid e  -co n ta in in g  AN  m e lt  b e c a u se  of th e  h igh  te m p e ra tu re  

(185° in  th e i r  study) and  the  low  w a te r  co n ten t o f the  m e lt.

C h lo rid e  io n s  a r e  o x id is ed  by  th e  n i tro n iu m  io n s (NO*) to  c h lo rin e  

a to m s :

N O * + C l'-J-N C ^  + C l (d. 3)

a  r a d ic a l  m e c h a n ism  deduced  by K eenan  a n d  D im ittzad ee  fvam  the  

s q u a re - r o o t  dependence  o f  th e  N^O r a to  on th e  c h lo rid e  co n ce o to a tio c  

th e y  h a d  found  e x p er im e n ta l ly .

T he c h lo rin e  a to m s  now  re a c t  w ith  NH^ ( p re se n t in  h igh  c o n ­

c e n tra t io n )  by  th e  hy d ro g en  a b s tr a c t io n  re a c tio n

C l + + HC1 (**•

th u s be ing  r e d u c e d  ba ck  to  c h lo rid e  a n d  com pleting  the  c a ta ly s t c jrd a . 

The NH* r a d ic a l  is  fo rm e d  on th e  v-all of th e  's o lv e n t c ag e ' w hich 

c o n ta in s  th e  NO^ r e su l tip g  f ro m  r e a c tio n  (d . 3). B y  th e  re a c tio n

NH+ + n o -.-. N20  + H30 + (d- 5)

th e s e  tw o r a d ic a ls  com b ine  to  f o rm  N^O v ia  the  in te rm e d ia te  n i t r a -  

.m id e , w ri t te n  in  e quation  ( d ,5 )  a s  the  m tra m m o n iu m  ion . T hey  

s ta te  th a t  th e se  r a d ic a l  p r o c e s s e s  a r e  e x p ec ted  to  b e  of low  a c tiv a tio n  

e n e rg y , th u s  exp la in ing  the  h ig h  r e a c t io n  ra te .



F o r  ra d ic a ls  w hich  e sca p e  a f te r  the  in i t ia l  cage  rea c tio n  (d, 3) 

a l te r n a t iv e  r e a c t io n  pa il*  a r e  p o s tu la te d  to  ex p la in  th e  fo rm atio n  of 

C lg a n d  Ng. C h lo rin e  i s  fo rm e d  by  rec o m b in a tio n  of c h lo rin e  a to m s:

C l + C l-^ C lg  (d. 6)

P a r t  of th e  C lg e s c a p e s  by  v o la tilisa t io n , b u t m o s t of i t  r e a c ts  in. 

th e  m e l t  w ith  NH^ to p ro d u ce  acco rd in g  to K eene and  D im itria d e s , 

" p ro b a b ly  by  f a s t  r e a c t io n s  th ro u g h  a s e r i e s  o f c h ic.ram ine  -type  in te r -  

m e d ld to s  w hich ne ed  n o t be sp e c if ie d  fo r th e  p r e s e n t  k in e tic s " . The 

r e a c t io n s  p ro p o se d  a r e  g iven  b y  th e  equation :

C l + NH3~ >  {NH2C3]'-»N2 + HC1 (d. 7)

A  se co n d  re a c tio n  p a th  p ro p o se d  fo r  the fo rm atio n  of ** *•?

by NO^ r a d ic a l  rec o m b in a tio n  and  s e lf -io n is a tio n  (i, s , dia- n)

n o 2 r  « o 2- * n o + + NO* _ ;•

T he NO* now  o x id is e s  a  C l  io n  to  e. c h lo rin e  a tom ;

NO* + C l"-*N O  + C l (d . 9)

fo llow ed  by h y d ro g e n  a b s tr a c t io n  b y  th e  e lfin -ine  a to m  f ro m  an  NH^ 

m o le cu le  in  the  cage  w all:

C l + NH3~*N H 2 + HC1 (d . 10)

w h ereb y  the  c h lo rin e  c y c le  i s  com p leted  to  C l . The NH^ r a d ic a l  

th e n  c o m b in es w ith  the  NO ra d ic a l  a lre a d y  p r e s e r t  in  the  cage  (from  

r e a c tio n  (d. 9)]  to  p ro d u c e  n i t i c s a m in e , a  know n u n s ta b le  p r e c u rs o r  

f o r  N2, thus;

m 2 + N O - * jw H ,N ^ - * N 2 + H 20  (d. 11)

K eenan  a n d  D im itria d e s  then  p ro ce ed e d , by s te a d y -s ta te  t r e a t ­

m e n ts , to  c a lc u la te  r a te  equations f o r  Ng and  NgO evolu tion . F o r  

th e  r a te  o f N2 p ro d u c tio n , a f te r  m aking  so m e  sim plify ing  a ssu m p tio n s , 

th e y  deduced  th e  equation

x  {h 2o )(n o ")*(n h *)(c i " )?

w h ere  k^ , e tc . ;  r e p r e s e n t  r a te  c o n s tan t fo r  re a c tio n s  ( d .7 ) ,

(d , 10), e tc . ,  re s p e c t iv e ly , and  i s  th e  e q u ilib r iu m  c o n s ta n t f o r  the 

h y d ro ly s is  re a c t io n



NH^ + H ^O = H 3Ot  f  NH3 (d. 13)

In  e q u a tio n  (d. 12), a n d  (NO^) a r e  b o th  m e a s u re s  of a c id ity ,

w h ich  h a s  a  co n s tan t , s te a d y - s ta te  va lue  In  th e se  m e lts ,  a s  po in ted  

o u t e a r l i e r  (see  S ec tion  I . 1), T he sa m e  a p p lie s  f o r  (H. O). K eenan 

a n d  D im itria d e s  a rg u e d  th a t  flie (C l^) in  th e i r  m e lts  w as p r o h a b l/  

a le e  c o n s ta n t  I f  r a te s  a r e  c o m p a re d  fo r  ru n s  a t  a  p o in t w h ere  (NH^) 

i s  th e  s a m e  f o r  a l l  ru n s , e q u a tio n  (d. 12) s im p lif ie s  to 

2 p -  = » + M C I")*

(w h e re  a  a n d  b a r e  c o m p o s ite  c o n s tan ts ) , i n  a g re e m e n t w ith  th e ir  

e x p e r im e n ta l  f ind ings.

K eenan  and  D im itria d e s  d id  n o t su c c e e d  in  ob ta in ing  a n  e x p e r i­

m e n ta l r a t e  la w  f o r  N^O evo lu tion , bu t d e riv e d  th e  follow ing  rate, 

la w  f o r  th e  p o s tu la te d  m e ch a n ism :

Z g L  = t 4 (k3/ k 6) W j ) W 4 ) ( a ' ) '  14)

a n d  s in c e

(NO*) = k 1k 2 (H N 03)2/ ( N 0 ‘ )

= (H 30 + )Z(N 0 3> 15>
w e h av e  th a t

■ .  *  iH jO^IN O'lW ^Kcn4 I4- U)
w h ere  c i s  s c o m p o s ite  c o n s ta n t and  K ^ th e  a c id ity  c o n s ta n t o f  H N O y 

I t  co u ld  be a rg u sd  th a t  s in c e  (H jO *) i s  c o n stan t, and  if  r a te s  

w e re  c o m p a re d  a t  a  p o in t w h ere  th e  AN  c o n ce n tra tio n s  a r e  th e  sa m e , 

th e  NgO r a t e  sh o u ld  b e  p r o p o r t i o n !  to  (C l )S. H ow ever, Kt enan  and  

D im it r ia d e s  found  no c o r r e l a t io n  b e tw een  th e  r a te  and  i j- to ride

io n  c o n c e n tra tio n  in  th e ir  e x p e r im e n ts . T hey  e x p la in  tn is  by  po in ting  

o u t th a t w h e re a s  equation  (d . 12) f o r  h a s  a n  a c id ity  f a c to r  in  bo th  

th e  n u m e ra to r  a n d  th e  d e n o m in a to r  of th e  dom inan t te r m ,  no su c h  

c a n c e l la t io n  o c c u r s  i n  e q u atio n s (d . 14) o r  (<L 16) fo r  N ^O. T hey  

- s u g g e s t  th a t  th e  la c k  o f  c o r r e l a t io n  o f  e x p e r im e n ta l NgO r a te s  w ith  

c h lo r id e  concerl*- * -nay h av e  b e e n  due to  a  v e ry  m u c h  g r e a te r



. Y c 3 ' . k , ( c V ( m y

-  t 3(N O *)(C l') -

-  f(H 30 * )Z(N 0 -K C l-)  -  « (N H + X c y /< H 30 +)
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