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CATALYTIC DECOMPOSITION OF ARMONIUR PERCHLORATE 
A SURVEY. 

ftlrs) S.Ramamurthy 81 P.G.Shrotr i .  

E x p l o s i v e s  Research and Development L a b o r a t o r y .  Pune 411021 

I n d i a .  

ABSTRACT 

P 

T h i s  paper  r e v i e w s  

ocess  of  ammonium p 

t h e  r o l e  o f  a d d i t i v e s  i n  t h e  combus t ion  

rch loeate .These a d d i t i v e s  a r e  found to 

i n f l u e n c e  t h e  low tempera tu re  decompos i t i on  o f  RP, i t s  i g n i t i o n  

tempera tu re  and b u r n i n g  r a t e .  T r a n s i t i o n  m e t a l  o x i d e s  and 

v a r i o u s  o t h e r  compounds 1 i k e  ch romates ,ha l i des ,  c a r b o n a t e s  and 

p e r c h l o r a t e s  are w e l l  known d e c o m p o s i t i o n  c a t a l y s t s .  Admix tu re  

o f  t h e s e  c:ompounds is ,founrf t o  change t h e  p a t t e r n  and p r o d u c t s  

o f  decompos i t i on .  The mechanism o f  decompos i t i on  i s  e x p l a i n e d  

nn a c t i v a t i o n  energy  o b t a i n e d  from t h e r m a l  data.The a c t i v a t i o n  

energy  o f  ammonium p e r c h l o r a t e  i s  a t t r i b u t e d  t o  t r a n s f e r  o f  

e l e c t r o n  from p e r c h l o r a t e  i o n  t o  ammonium i o n  and t h e  r o l e  of 

c a t a l y s t  i s  t o  a c c e l e r a t e  t h i s  p roccess .  A complex i5 

f o r m e d  ~ i t h  m e t a l  i o n  C104 and NH4 r a d i c a l  wh ich  

s t a b i l i z e s  t h e  e l e c t r o n  t r a n s f e r  p rocess .  

- + 

Ammonium p e r c h l n r a t e  (RP 

i n  t h e  combus t ion  o f  compos 

obse rved  t h a t  t h e  d e c o m p o s i t i o n  

can b e  l a r g e l y  improved by 

INTRODUCTION 

i s  found t o  p l a y  a k e y  r o l e  

te p r o p e l l a n t s .  I t  has  been 

and b u r n i n g  p r o p e r t i e s  o f  c\P 

u s i n g  v a r i o u s  c a t a l y s t s .  
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Transition metal oxides like Fe2C!,,C~!0,1vln!:~, and Cr204 etc. 

form a popular group of catalysts which affect the 

decomposition of p u r e  AP and are used as burning rate 

modi'fiers of. composite solid propellants. Though i: febl review.; 

(1,2,3,4),. a r e  published the crxact mechanism uf their action 

ID still not known.Much scattered i n f o r m i ~ t i o n  i?, available 

ab out and 

sandwich and condensed mi. xturt: combust ion. 'The p i . i r p ( x e  of 

this review is to b r i n g  a b o u t  coniprehc.nsiive coverage of 

the information available. An a t t e m p t  if:; also made to 

understand the mechan ium underlying - the  decomposi t. ion t ilk ing 

into account variom theories and hypotheses put forth by  

various authors. .The review cover5 most of the Literature 

available upta Dec.1993. 

LI 4- 

p 1.0 p e 1 1 a n  t d e c omp os i t i on , c) x i d i 2 e r d E! c o m  p o P i ,t i on 

THERMAL BEijAVIOUR OF AP 

Pure RP (fig.1) i? white crystalline solid is stable 

at room temperature but measurable decomposition starts 

around 130* C .The initial endothermic peak  around 240" C: is 

the transition peak w h e r e  crystal 1oyraph.i~ modification o f  RP 

from orthor-hombic to cubic form occur s .  The piwcess is 

accompanied by a simultaneous dissociative s~iblimation and 

exothermic decomposition . A t  about 2 6 0 ' C  slight infl.ec.l-ion on 

the TG curve may be attributed to the different decomposition 

kinetics of the cubic form. The thcrmogram shows a low 

temperature exotherm (LTE) at 327°C.which corresponds to 30% 

decomposition.The residue left is identical with the starting 
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m a t e r i a l ,  c i l t h o u g t i  t h e  p lo t  o f  f r o c t i o n a 1 .  d e c o m p o s i . t i o n  (4 ) 

a g a i n s t  t i m e  i s  s i y m o i d a l  i n  n a t u r e  l i k e  many o t h e r -  s o l i d  

p h a s e  d e c o r n p o e i t i u n r ,  Id-iei-t? t h e  r e a c t i o n  yoe:; t o  

c o m p l e t i o n . T h e  p r o c e s s  ie i 1 L t t o c a t a l y t i c  and t h e  d e c o m p o s i t i o n  

i s  c o m p l e t e . T h e  high t e m p e r a t u r e @  e x o t h e r m  (HTEI occurs a t  

a b o u t  400° C . A s  t h e  t e m p e r a t u r e  i n c r e a s e s  d e f  l a g r a t i o n  o r  

r a p i d  c o m b u s t i o n  o c c u r s  a t  450’C. 

5 

In  t h e  imrk5 of  var’ioci!-, a u t h o r s  o n l y  s l i g h t  

d i f f e r e n c e  L S  found ~ r i  e n d o t h e r m i c  temper ; i t u re .  The 

d i f f e r e n c e s  a r e  ,however., i n  t h e  e x o t h e r m i c  t e m p e r a t u r e s .  The  

p a r a m e t e r s  1 i . k e  p a r t i c l e  s i z e ,  h e a t i n g  r a t e , a m o u n t  o f  t h e  

s a m p l e  P t c  i l f f f ? C l ;  the DTO c:cirveci. T h e  t e m p e r a t u r e s  a t  iuhich 

t h e  p e a k s  appear. v a r y  iiiith t h e  g a s  a t m o s p h e r e  also. For 

e x a m p l e , t h e  DTG c u r v e  i n  vacuo ,  i s  d i f f e r e n t  b e c a u s e  b e y o n d  

290‘ C a b r o a d  b u t  deep  e n d o t h e r m i c  band i n d i c a t e s  

s u b l i m a t i o n .  The DTR c h a r a c t e r i s t i c s  i n  n i t r o g e n  do n o t  

d i f f e r  s i g n i f i c a n t l y  f r o m  t ihose i n  a i r , b u t  i n  ammonia, t h e  

f i r s t  e x o t h e r m i c  e f f e c t  i s  s u p p r e s s e d  and  t h e  combustion p e a k  

a t  42OoC is s i g n i f i c a n t l y  enhanced.  

KINETICS’ 

The  t h e r m a l  r e a c t i n n s  of AP a r e  ~rscral ly c o m p l i c a t e d .  

I n  low t e m p e r a t u r e  r e a c t i o n  t h e  & - .t c u r v e  ( 4 = f r a c t i o n  

decomposed ) o b e y r  t h e  A v r a m i - E r o f e e 6 . e q u a t i o n  : 

1 - ( 1 -.d) ::: k t  

w h e r e i n  n -z 3 in vacuum , t e n d i n g  t o  2 as t h e  p r e s s u r e  

i n c r e a s e s .  Many of t h e  p u b l i s h e d  v a l u e 5  a re  i n  t h e  r a n g e  o f  
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XI to  50  k. c a l  / mole .  

S a t i o f a c t u r y  r e s u l t s  a r e  o b t a i n e d  for b a t h  a c c e l a r a t o r y  

and d e c e l i ~ r a t ~ ~ r y  s t a g e s  h y  i - t s ~ n p  P rou t - .  Tompl i n ’ s  e q u a t i o n  

log &= l::t + c 
1% 

S t u d i e s  nn h i g h  t e m p e r a t u r e  t h e r m a l  decwmposi t i o n  o f  c\P 

i n  t h e  r a n g e  380 - 451:) was done  by Birc:umehaiAr and Neurmann 

a t  J p r e s s u r e  r a n g e  nf :L3C) t o  140 to r r  t o  r e d u c e  s u b l i m a t i o n .  

The e q u a t i o n  was c o n t r a c t i n g  c u b e  e q u a t i o n  and t h e  

a c t i v a t i n n  e n e r g y  d e t e r m i n e d  ims 38.8 K Cal /  mole. 

Alan9  wi.th d e c o m p o s i t i o n ,  AP u n d e r g o e s  s u b l i m a t i o n .  

l i m i t e d .  Bircumshaw7 and t\lec~rmann showed t h a t  AP decomposes  t o  

e x t e n t  (30%) b e l o w  ZO(:) ’C. I f  t h e  t e m p e r a t u r e  is r a i s e d  

s u b l i m a t j . o n  o f  ‘ t h i s  r e s i d u e  o c c u r s .  T h e  a c t i v a t i o n  e n e r g y  a t  

t h i s  r a t e  o f  s u b l i m a t i o n  is a p p r o x i m a t e l y  71 t:., C a l / m o l e .  

Sul:,]. ima t  i o n  i - a t e s  u n d e r  V ~ C L ~ O  i h e n  measu rcd  shoered E 

to b e  Z 0 . K  .Cal /mole.  A t  h i g h e r  p r e s s u r e  t h e  rate t e n d s  

t o  h e  t o w a r d s  c o n s t a n t  v a l u e  b u t  as p r e s s u r e  is 

d e c r e a s e d  t h e r e  is a d e c r e a s e  in t h e  r a t e  c o n s t a n t s .  The 

e v a p o r a t i o n  c o e f f i c i e n t  varies f r a m  4 :c 10 for s u b l i m a t i o n  

i n  v a c u o  t o  about 5 :.: 1 0  a t  1. atm. p r e s s u r e .  

MECHANISM* 

Mechanism o f  d e c o m p o s i t i o n  o f  M’ is e : . .p la ined  i n  

t h e  f o l l o w i n g  s t e p s ;  

1 )  T r a n s f e r  o f  e l e c t r o n s  f rom C104- t o  NHLI inloirr 

t e m p e r a t u r e  r e a c t i o n .  

4- 
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2) T r a n s f e r  o f  p r o t o n s  f r o m  NH + t o  ?loq, - i n  s u b l i m a t i o n  . 4 

- 
3 )  D e c o m p o s i t i o n  o f  C104 

bond i n  h i g h  t e m p e r a t u r e  r e a c t i o n .  

d u e  t o  break:: docrn o f  C1-0 

L0i.i T e m p e r a t u r e  Thermal  Decomposition o f  AP: 

The p r o p o s e d  mechanism is e l e c t r o n  t r a n s f e r  f r o m  a C104 

a n i o n  to an i n t e r s t i t i a l  c a t i o n  (Nti4 ) tuhich r e s u l t s  i n  

a d s o r b e d  ammonia and HC1D4 r a d i c a l  on t h e  s u r f a c e  of AP. 

S i n c e  t h e  r e a c t i o n  is c a t a l y z e d  by  HC104 and r e t a r d e d  by  

NHx i t  is p r o p o s e d  t h a t  b i m o l e c u l a r  r e a c t i o n  of a d s o r b e d  

p e r c h l o r i c  ar::id friolecu1,es 15 

2HC104 Z H,O + ClO., * C 1 0  which  f u r t h e r  spl i t ! : ;  
A. 4 

i n t o  0 atoms and C10 r a d i c a l s .  

Hioh Temncrature Therlnill Drcomposi  t i o n  u l  AP 

The r e a c t i o n  i s  d e c e l a r a t o r y  t h r o u g h o u t  w i t h o u t  any  

i n d u c t i o n  p e r i o d  and r e s u l t s  i n  t h e  c o m p l e t e  d e c o m p o s i t i o n  o f  

t h e  s a l t .  I f  t h e  o x i d a t i o n  o f  Nti, p r o c e e d s  w i t h  l e s s  t h a n  100 

e f f i c i e n c y  thr .ough d e c o m p o s i t i o n  o,f p e r c h l o r i c  a c i d  t h e n  NH3 

w i l l  a c c u m u l a t t ?  on t h e  s u r f a c e  t h u s  s u p p r e s s i n g  t h e  pro ton  

tranrjter reaction where  i t  c e a s e s  c o m p l e t e l y ,  . A 5  t h e  

t e m p e r a t u r e  is r a i s e d  d e s o r p t i o n  o f  NH, o c c u r s ,  d i s s o c i a t i o n  

recommences and b o t h  NH3 and HC1U4 a r e  d e s o r b e d  i n t o  thr? g a s  

p h a s e  r a t h e r  t h a n  on t h e  o u r f a c e .  

r3 

.J 

S u b l i m a t i o n  

S u b l i m a t i o n  o c c u r s  a l o n y  urit1-1 d e c o m p o s i t i o n .  The 

g a s e o u s  p r o d u c t s  formcd d u e  t o  s u b 1  i m a t i o n  a r e  p e r c h l o r i c  
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a c  i d  and  ammon i Q . 
R e c e n t  d e v e l o p m e n t  i n  AP' d e c o m p o s i t i o n  m e c h a n i s m  

d i s c u s s e s  t h e  f o r m a t i o r !  of: n i  t r o s y l .  p e r c h l o r a t e  a s  an 

i n t e r m e d i a t e  p r o d u c t . T h e  i m p o r t a n t  c h a r a c t e r i s t i c  o f  t h i z  new 

i n t e r m e d i a t e  i s  t h a t  t h e  ? : i t a b i l i t y  0.1' p e r c h l o r a t e  i n n  15 

r e d u c e d  b y  f o r m i n g  a c o v a l e n t  b a n d  NU,., -0 -c10., . 
A 

( 4 ~ 1 ~ 1  1 i t a t  i v e I:: i n  e t i c ~ c i m p  i3r' 1 son cjhoured t h a t  t h  E r e a c t  i Of') 

r a t e  a g r e e d  w i t h  e x p e c t a t i o n s  -tor a p r o c e s s  c o n t r o l l e d  b y  

%ma1 1. amount  I-lf lWJ7Cl.C14 dr t ;~!rminec-l  w a l .  i . t i c a : l  l y  to L.JO p r e s e n t  

i n  p a r t i a l l y  dee::umpnsed R P .  NHJ o : . : i d a t i o n  lead-, to r e g e n -  

a r a t i o n  o f  IV0,.,C104 a n d  t h i s  p e r p e t u a t e s  d e c o m p n s i t i o n .  

.I- 

.L 

GASES EVOLVED DURING DECOMPOSI T I  ON 

Oxygen a n d  n:,:idec, i 3 f  r r i t r n g e n  a r e  not iced a f t e r  

c h  1 o r  i. n e  d in:: i d  E! t r a n s  i t; i o n .  

n i t r o g e n ,  w a t e r ,  o x y g e n  , n i t r o u s  o x i d e ,  n i t r 1 . c  oxide w i t h  

c h l o r i n e  a n d  o x y g e n  ( n i t r o s y l  chloride ) n i t r o g e n  

t r i o s i d e  and  n i t r n c j e n  d i o x i d e  e t c . b e l o w  300 .The  d i s t r i b u t i o n  

o f  n i . t r o g e n  b e t w e e n  e l e m e n t a l  n i t r o g e n  , n i t r o u s  o : : i d e  a n d  

nitric 0:: i d a  :in trmperat;urse d e p e n d e n t  .Below JO(:) nit roLI5j  o x i d e  

p r e d o m i n a t e s  but; a b o v e  t h i s  i t  is n i t r i c  o : < i d e . I n  a d d i t i o n  tn 

HC1 p e r c h 1 c i i . i ~  a c i d  1s a l s o  p r e s e n t  . S u b s t a n t i a l  

r e d  i. B t 1' i bu .t i c i r l  oY c 1 1  1 CI r i n e iamon t h c p r o d  tic t 111 a s  Q C  c CI r r i ncj 

i n  d i f f e r e n t  t e m p e r a r a t u r r  regimes.At low t e m p e r a t u r e  chlorine 

a p p e a r s  as Cl,, and  C 1 0  brhereae; a t  h i g h  t e m p e r a t u r e  (38C~ -450)  

t h e r e  is a n  e q u a l  d i s t r i b u t i o n  o f  c h l o r i n e  bet t l reen t h e  a c i d s  

a n d  C12 a n d  ClO., . 

Dod e i d e n  t i f i e d  ch 1 or i n e  , 

0 

.._ 2 

(L- 
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1 (2 
Spec t r a1 m a  1 yse.; are  made at lower temperature 

and pressure. By mass spectrometer at 8C: -C10, ClO, ,CIOz 

and HC104 a r e  detected . /it 115"HCl  i s  prominent along 

urith N,O ,NO, and C 1  .At 135*HNO, C 1 0 ,  C102 a r e  abundant 

HC10, and HCl,nrl also a p p e a r  which ;ire aI:)witJant; iitlh5e ,Tl'act?s 

of NH2 and NH4 also appear. Oxygen i s  mainly due to dissos 

-iative sublimation . 

- 

2 

.., 

CATALYTIC ACTIVITY OF ADDITIVES ON PURE AP 

T h e  i : l i a r .a t i te r~ .~ t ic . .  . f e a t u r e s  of' thermal stability o f  

AP is extremely sensi t ; ~ v e  to additives. Catalysts itre .found 

to influence the reactions both in accelaratory and 

decelaratory phases.Rate of burning 1.5 !iubstantial ly increased 

or d e c r e a s e d  by them which resuli in prc~fei~ind modif icatiori in 

I:: .in e t i c c h a r ac t e r i s t  i c s and the p rnduc ts o f  r e a c t  ion. 

Same t i mes 

sublimation .Transit ton metal oxides a r e  the main catalytic 

agents.Other than oxides, chromate5 halides , carbonates, 

perchlorates e c t .  also modify AP decomposition behavior. 

c at a 1 y t I. c r B BC t i on:; OCCUI- ut i thou t concur ren t 

OX IDES 
1 1  Iron Oxide 

Fe2OS reduces the induction period to z e r o  and 

increases both reaction rate and extent of pure 

AP decomposition. Tn the presence o f  little oxide above 240 

"C 2 5 4 9 %  conversion o f  RP is at the same rate a5 in the case 

of pure AP.1:l molar ratio of F e a O g  causes longer 

decomposition and doubles the reaction r a t e  . The & - t 
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curves are autncatalytic and the t-ma:: is maximum for 

powdered mistures.The decomposition i 5  found to proceed upto 

90 to 95%.  

Kinetics is determined by Prout 'Tampkin and Rvram 

Erofeev s equati0n.E was found to b e  3% 30.5 K Cal/mole 

accelaratory and decelaratory periods respectively.At 

same temperature Sidoviskii found it to be 41.0 K Cals/mo 

- 
for  

the 

e. 
0 

By DSC it is 48 t:.: Cal/mo e a t  300 to 335 I:. 

Explosicm of AP i n  t h e  p resence  of F e  CI occured at a 2 5  

lower temperature. The minimum ignition temperature o f  AP 

decreased gradually ~ i t h  the increase of catalyst. at the 

lowest tpmperature below 3(5(5° C the 1.: 1 molar mixture 

explode!;. Def lagration r a t e  i s  clecreased by Fe2U2 below that 

of pure RP at low pressure% and promoted at high 

pressures. 

M m  an e s c  D i *' id ' --- e :a 
The kinetic decomposition o f  m i x t u r ' e s  0.f AP+Mn02 

compressed to il rigid pellet was studied by Jacobs and Galwey 

in the t;emperatc.nre range 1.37 -212' C.Sublimation does not 

occur ,  tht! reaction occi-ir!:; i n  t;wu Ljtarjes , t h e  first stage i 6  

l i n e a r ,  t h e  l . : i r i e t t c . E i  fits in the equation p = mkt. In the 

r,econd stage E value was about 30 to 33 t: Cal /mole .Other 

0:: ides nf  manganese are  wistah 1 e .  

The  $iec:ond s t a y e  o i  t h e  reac4;inn is a normal 

unc:atalysed deculnposi.tiori af Ivlnf12. The ceasation of reaction 

b e f o r e  tihe decomposition of the salt is complete, indicates 
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t h a t  c o n t a c t  b e t w e e n  s a l t  and c a t a l y s t  ia lost a t  a n  e a r l y  

s t a g e  c o r r e s p o n d i n g  t o  a b o u t  4% o f  t h e  s a l t .  T h i s  v i e w  is 

s u p p o r t e d  by  t h e  k j n e t i c  r e s u l t s .  The o c c u r r e n c e  o f  l i n e a r  

r e a c t i o n  p e r i o d  i n  p e l l e t s  n f  h i g h  AP c o n c e n t r a t i o n  i n d i c a t e s  

t h a , t  i n t e r f a c i a l  a r ea  r e m a i n s  c o n s t a n t .  I n  loose mixture 

c a t a l y z e d  r e a c t i o n  p e r s i s t s  t o  much l a t e r  s t a g e  a s  c o n t a c t  is 

rqf?newed bPtwcen t h e  p a r % t i c l e s .  

The s t a b i l i z a t i o n  o f  t h e  r e a c t i o n  is by e l e c t r o n  

t r a n s f e r  f r o m  p e r c h l o r a t e  i o n  to t h e  s u r f a c e  (Mn3+C10"NH4 +) .  

Tho gases e v o l v e d  are N,, C 1 0 2  and H70. 

13 Copper ( 1  ) and CopDer (11) O ; , : i d e ~ -  

L. L 

CLI,,~ and C u O  b o t h  j .ncr .ease t h e  d e c o m p o s i t i o n  o f  AP 

b e l o w  3 4 C 1 ~ C ~ 1 n  t h e  p r e s e n c e  o f  C o p p e r ( : )  o x i d e  

a t  248"  C .  The two i m p o r t a n t  f a c t o r s  i n v o l v e d  are t h e  

n x i d a t i o n  o f  Copper  ( 1 )  o x i d e  and thr?  r : a t a l y t i o  r f f e c t  o f  

C o p p e r  (11)  o x i d e  t h a t  is fo rmed.  

AP e x p l o d e s  

C o p p e r  ( 1 )  o x i d e  is also f o u n d  t o  i n f l u e n c e  t h e  

i n d u c t i o n  p e r i o d  ( f ) .  Hermoni and  Salmon s t u d i e d  t h e  

e f f e c t  a t  270* C under. 5 0 m m  o f  N prec,st.irc?. From 0 .5 t o  1 3 x 7  

inc:reasec, and f rom F1 tci 20% CuO remiii.nc s e n s i b l y  c o n e t m t .  

Then i t  f a l l s  s h a r p 1 . y  t o  ha.1.f i t s  p r e v i o u s  v a l u e  and  

d e c r e a s e s ,  s l o t ~ i l y .  W i t h  i n c r e a s e  i n  CuCl. thr?  r e a c t i o n  i r J  

s u p p o s e d  t o  t;ak:e p l a c e  i n  t h r e e  s t a g e s .  The f i r s t  ! i t age  is 

t h e  c a t a l y s e d  d e c o m p o s i t i o n  of AP c a u s e d  by  c o n t a c t  w i t h  

Cu2C).The r e a c t i o n  w i t h  no ( T )  does n0.t p r o p a g a t e  .far i n t o  t h e  

s a l t  p a r t i c l e s  and s o o n  c e a s e s . & f t e r  a t o t a l  i n d u c t i o n  p e r i o d  
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o f  a few m i n u t e s  AP decomposes  sfou1.y .Oxygen r e s u l t e d  from 

t h i s  and t h e  i n i t i a l .  i n t e r f i i c r  r e a c t i o n  is h i g h l y  

c: . :othermic. ' l 'he d e c o m p o s i t i n n  m i  fW is a c c e l e r a t e d  and t h e  

c,e:l,f h e a t i n g  d u e  to f u r t h e r '  n : . : i da t ion  rind f rom t h e  

e x o t h e r m i c i t y  of t h e  p e r c h l o r a t e  d e c o m p o s i t i o n  may r e s u l t  

i ,n  i g n i t i o n .  

The o x i d e s  a r e  I i . ~ u i - i d  t o  ir~(.:r~?as.e t h e  LPL.  Two 

p r o c e s s e s  a re  s u p p o s e d  t o  o c c u r  , i n c r e a s e  i n  t h e  r a d i a t i o n  

h e a t  1o?:is , f r 5 0 m  Lhe !iaurPac.e .zni: i  snc:rc!ii!ie i n  t h e  v a d i a t i v e  

f e e d b a c k  t o  t h e  s u r f a c e .  These  c a t a l y s t s  a r e  also found  t o  

a c c e l e r a t e  AP d e f l a g r a t i o n  v i a  t h e i r  a c t i o n  i n  t h e  c o n d e n s e d  

p h a s e .  

The c a t a l y t i c  e f f e c t  o f  Copper. ( 1 1 )  o x i d e  c a n  b e  

o b s e r v e d  even  w i t h  5 %  o f  CuO. The e q u a t i o n s  f i t t i n g  the 

k i n e t i c  d a t a  are 61vrami - E r o f e e ;  and Prout  - Tompkin's and 

t h e  E v a l u e  i.?i betcrreen a(? to 99 t::: C a l /  m o l e ,  above  2 4 0 ° C ,  E 

is 48 t o  53 t:: C a l l  mole which  may b e  d u e  t o  c h a n g e  i n  t h e  

mec h an i s i n .  

As Ci.10 is $1 semi  c o n d u c t ; o r ,  i t s  ~ ? l e c t r - i c a l .  c o n d u c t i v i t y  

is changed  by  ijopi.ny 1% Li,U.,; doped c o p p e r  o x i d e  d e c r e a s e d  

t h e  d e c o m p o s i t i o n  o f  f'W much be low , w h i l e  CrZO, doped  CuO 

L ;i 

.A 

i n c r e a s e d  t h e  i n d u c t i v e  p e r i o d .  Tho e x p l o s i o n  t e m p e r a t u r e  of 

AP i s  d e c r e a s e d  i n  t h e  f i r s t  c a s e  and is i n c r e a s e d  i n  t h e  

s e c o n d  c a s e .  

14 . a .b .  Masnesium f lx ide  

Magnesium o x i d e  is b o t h  a c c e l e r a t i n g  and i n h i b i t i n g  
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oxide, dependincj upon the amount ot o:.:ide used .With little 

MgO, accelatatiny effect is observed , iuhereas excess o x i d e  

hinders the decomposition process.The rate decomposition 

is maximum with 2:l AP - M g O  mixture in the range 200 - 23So 
and least at 206-235'C.Clbove 300' even a small amount o f  oxide 

gives inhibition effect. After the knduction period the 

oxide a c t s  as accelerdtiny catalyst ..and this nPCeot depends 

on the amount o f  oxide used.Everi the e:cplosion temperature 

depends o n  MgO content ,being 271fC for 11)O:l ratio. and 336" 

f o r  25:  1 ratio mixture. The mechanism suggested is the 

formation of Mg-perchlorate which further activates the 

reaction rate. 

Cobol t 0 U e -  1 4  

Hermoni.et a l l 4  obtained E value for AP catalyzed 

with cobalt oxide a s  33:: Cal /mole at 170 -20dC and 42 1; 

Cal/ mole at 210-238C. but Sidoviskii obtained 38.3 t< Cal 20 

/ mole. The change in the E value may be due t o  change in the 

explodes at 241' mechanism .In the presence of  this o x i d e  AP 

Nickel Oxide% 

Harmoni found that if powder mixture o f  AP+NiO is 

used AP decomposed completely. E value is found t o  be S3K 

Cals/mole at 210-240' C using contracting cube equation. 

Sidoviskii's results were also almost the same. 

Like CuO, NiO affects the decomposition temperature 

of AP due to its electrical properties . NiO doped with 

lithium oxide acts as a better catalyst.But chromium o:clde 
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doped N i O  d e c r e a s e @  t h e  c a t a l y t i c  e i l f o c t .  With theme doped  

o x i d e s  E v a l u e  was found  t o  b e  33-35 K C a l s  / mole. The 

d e c r e a s e  i n  t h e  c a t a l y t i c  e f f e c t  may b e  d u e  t o  t h e  f a c t  t h a t  

t h e  doped  o x i d e s  mod i fy  t h e  d e f e c t  s t r u c t u r e  and t h e  

e l e c t r o n i c  s t r u c t u r e  o f  N i O  . 
15 Cadmium Oxide .  

S m a l l  amount of c a t a l y s t  10% and 16% molar 

r a t i o s  shows  c a t a l y t i c  e f f e c t .  A t  20()-74d' C ZU 1.: C a l s / m o l e  0.f 

a c t i v a t i o n  e n e r g y  11; o b t a i n e d .  W i t h  l a r g e  amount o f  c a t a l y s t  

t h e  i n d u c t i o n  p e r i o d  i r s  loncj. 

CdO r e d u c e s  t h e  i n d u c t i o n  t e m p e r a t u r e  by  a b o u t  

130' C b u t  t h e  i n d u c t i o n  p e r i o d  is l o n g  appro :< .  1'7 m i n u t e s .  

I n v e s t i g a t i o n ? !  p r o v e  t h a t  p r e s e n c e  of s m a l l  cadmium p a r t i c l e s  

i n  CdO is r e s p o n s i b l e  fo r  l o w e r i n g  of i g n i t i o n  t e m p e r a  

- t u r e .  CdO is found  t o  fo rm p e r c h l o r a t e  s a l t s  w i t h  A P .  

Aluminium Oxide .  16 

I t  is f o u n d  t o  be t o t a l l y  i n a c t i v e .  
17 Calc ium Oxide .  

Frrm t h e  DTA d a t a  i t  i . s  found  t h a t  t h e  f i r s t  

e:.:otherni o f  AP f a l . 1 ~  and i t s  f l a s h  p o i n t  a l s o  f a l l s  down 

p r o g r e s s i v e l y  p r o v i n g  t h e  c a t a l y t i c  e f f e c t  o f  CaO.  

The e f f e c t i v e n e s s  of C a O  was c e t i m a t e d  by 

r e f e r e n c e  t o  t h e  i n h i b i t i o n  f a c t o r  ' I n ' ,  e q u a l  t o  t h e  r a t i o  

o f  p u r e  A P  t o  t h a t  o f  AP + CaCl . A t  50-100 atm. p r e s s u r e  t h e  

i n h i b i t i o n  f a c t o r  is i n c r e a s e d  w i t h  CaO c o n t e n t  f rom .1 to  3%. 

B u r n i n g  r a t e  w i t h  3% C a O  and  50 a t m  is 4.3 t i m e s  l e s s  t h a n  
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that o f  p u r e  AP. 1 t c i l  .5 % CaO tias ma::1.nium inhibi tiori 

effect, where the pressure interval is 1(30- 250 atm.The 

weakening of inhibition effect continues upto 300 atm. Then 

CaO accelerates the combustion uf AP. 

The mechanism io that the inhibition of the 

combustion process is due to the formation of  less reactive 

calcium perchloratc.The resulting NH3 is removed from the 

reaction zone and thus does not exert a retarding effect. In 

combustion, however, the excess ammonia formed is not removed 

and the process is retardation.E,:ess ammonia formed as a result 

t h e  dissociation to the left. of combustion with HC104 s h i f t s  

18 Zinc Oxide 

With ZnO derompos 

to the extent of 75 to 85 %.The 

.tion of AP occurred at 240'C 

reaction rate does not depend 

upon the amount o f  ZnO and considerable effect occurred even 

in the presence of 1 % oxide. Contracting cube equation was 

found to be the best f i t  and the E v a l u e  bras found to be 32 t; 

Cals/mole.ZnO belongs to n-type semi- conductors and its 

electrical properties can be effectively influenced by doping 

with foreign ions of different valencies. The rate of 

reaction was accelerated hy increasing its conductivity with 

1% 0l2Os and is lowered by decreasing the conductivity with 

1% lithium oxide. Doping also largely increased the induction 

period of CIP. Catalyzed decomposition of CIP is best followed 

at 240°C with l%ZnO.After the induction period the substance 

e:cploded. With increased amount pf ZnO instead of explosion 
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degeneration of FIP occured. 

The residue otrtairied after decomposition of AP 

was found to be Zn perchlorate which forms an eutectic o f  

lower M.P with the remaining AP. 

Titanium axide and Chromium oxide 14,Lla 

Pure titanium oxide is practically inactive. 

However, doped titanium oxide with chromium oxide decreased 

ignition temperature of. AP doped with Cr$l 

5ave an E value of 26.7 to37.7 tCals/mole at 210-2313'' and 250- 

275°rcspectively.But when doped with tin oxide, its catalytic 

t ic; found 

wh i c h irie re 

by 150'. Pure AP - 3  

charecter is improved.Frorn detailed invest 

that chromium ions are oxidized to higher 

gotion 

states 

stabilized by tin ( l v )  oxide lattices. 

Y i t t r j ,  um 19 Ox i d e  . 
The decomposition temperature of AP is found to 

decrease with Y203 concentration,attains minimum a t  about 

3.5% and again increases. Prout - Tompkin and contracting - 
cube equation ( n = 3 ) were found to fit the TI3 data. E value 

was found to be approximately 106 and 214 K Joules per mole 

at accelaratory and decelarafory periods ver-ipuct ively. 

Catalitic activity which is the ratio of the rate of 

dccimpasition of: catalyzed RF" to thr r'ate o f  dccom - 
position o f  unca.talysed AP is found t;o b e  26. 16% at 240" 

C . Gases evolved durinij deconposition , identified by ZR 

technique are N 0 at approximately 230°C and NO above 300°C. 2 

Lanthanum o x i d e  and its analoqs. 
20 
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Lanthanum oxide and its analogs are also Pound 

to b e  (Nyodimium and Cerium o:t ides  ) useful as catalysts. 

3.5% of the catalyst  as found to be o f  optimum 

concentration which brings abnut maximum decrease i n  the 

ignition temperature of  AP.  Prout Tompkin and contracting 

cube equations J I - C  found tu . f i t  isothei-mal TG data. H a t e  

Constants are found to inct.easja with temperature in both 

accelaratory and decelaratory periods.Energy of activation is 

rpproKimstely 42 K Calf&/ mole with Lanthanum and Niodymiurn 

oxide.; and with Cer-ium dioxide i t  is approximately 3219: Cale/ 

mole. The variation i . n  the activation energy may b e  due to 

change in the mechanism.The main gases evolved during 

derompnsitiim o f  catalysed AP is N20 at 30U.C and NO at 350°C 

OTHER SALTS 

Even t h e  o t h e r  salts like chlorides , chromates 
perchlorates ect. catalyze the decomposition o f  AP. 

Chlorides. 

1. Calcium c h l o r i d e :  By adding 25-30% of calcium chloride 

J gradual reduction is observed in the frequency o f  explos on 

to zero. Sharp reduction in flash point is observed with 5% 

CaC12 .The loer temperature decomposltion of AP is at 290' C 

and high temperature decomposition is a t  41O.C. CaCl,., has 

an effect not only on the second decomposition tempe- 

rature but it also changes the nature o f  the DTA curve. 

With 25 tn 40% calcium chloride two stages are there at 32O0C 

and above 40% calcium chloride h a s  no effect. 

20 , 2 1 

L 
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2. Copper Chloride. 

Cu2C12 catalyses both high and 

accelerates the low temperature decomposition of AP to such 

an extent that there is n o  second stage.&P also deflaqrates 

low temperature reactions. It 

~ v e n  at I iitiii with 3 X CLI,;$ 1::1,7 and C u C 1 2 .  

3. Ferric chloride. 
A,. .L 

FeC13 catalyses the lolri temperature decomposition so that 

there is no second stage. 

4. Magnesium chloride Sodium chloride and Potassium 

chloride ; 

They reduce high temperature decomposition of pure AP. 

5 . M r i C l 2  and CoCI2 . 
They bring down the decomposition temperature o f  AP 

to 210 - ZZCb'C with much reduced induction period. 

6. NiCl, and CrC13 
L 

They affect the decomposition temperature of AP 

only above 2 4 c i C  . 
Chromates and Chromites." 

3- 

Copper chromate: alters low temperature decomposition 

reaction slightly but accelerates the high temperature 

reactions considerably with o r  without cavbon. I t  is found 

to decrease LPL in small proportion but increases it if large 

quantity is used. 4 - t curve i5 decelaratory and 

contracting square equation is 'found to b e  suitable. Excess 

catalyst stops the autocatalytic nature of AP. E value is 

found to b e  around 42 KC /mole ~ i t h  1 : 1 molar rati0.W 
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explodes at about 7 6 S n C  deflayration is effected as copper 

chromi t e  increases the loi~rer pressure limit. 

CarbonatesLul 24 : 
-7 

Car'bonates are another class of compounds which 

affect the decomposition of AP . Thermal decomposition of 

6P 1 6  increased in the presence of basic copper carbonate and 

chromium carbonate. Rate constants are increased in 

accelaratory and decelaratory periods, E is also higher than 

that for AP. Carbonates get converted to oxides and hence the 

oxides and not the carbonates are the real cause of 

cat a 1 y s  i s . 
Carbonates of alkaline earth metals like SrC03 

and BaCO, a s  well a s  L i  CO, also remarkably change the 

AP decomposition temperature and hence are used as catalyst 

in CIP based composite propellants. 

F 1 u o r i d e s Lc : 

d 2 r  

' 5  

The thermal decomposition of AP is catalyzed by 

metal fluorides.The effect is due to the formation ot m e t a l  

ammonia complexes which facilitate proton transfer step in 

the decomposition of AP. The effect is transition metal) 

alkaline earths :> alkali metals. 

With metal fluorides the decomposition takes 

place in one step 

with metal fluorides and AP shows an induction period of 

about 50 rnin. The extent o f  AP decomposition with metal 

fluorides in 2 5 0  min is CoF2 ,MnF2 = 9O%, ZnF,- 82% CuF2 -43% 

at 280-310OC.  The isotherm obtained at 230° 

L 
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NiF, 30% and p u r r  AP 25%. ZnF shows  an  anomalous  b e h a v i o u r .  

The metal f l u o r i d e s  r e a c t  w i t h  AP on h e a t i n g  and g i v e  NH4F 

and HC1. CuF, r e a c t s  w i t h  FIP and g i v e s  C u C l 2 . S i m i l a r l y  MnO,, 

CU203 and N i O  a r e  i d e n t i f i e d .  Due t o  s t r o n g  a f f i n i t y  o f  

f l u o r i d e  i o n s  on p r o t o n  HF is formed which  s u p p r e s s e s  

l h e  f o r m a t i o n  of HC104 l e a d i n g  to d e l a y  i n  the i g n i t i o n  

t e m p e r a t u r e . C o p p e r  and n i c k e l  f l u o r i d e s  a c t  a s  good c a t a l y s t  

above  24.0'C.But b e c a u s e  oQ l a r y e  i r r d u c t i o n  p e r i o d  u s e  o f m e t a l  

f l u o r i d e s  is m i n i m i z e d .  

P e r c h  l o r a t e s "  

i- 2 

L A 

P e r c h l . o r a t a s  0. f .  m e t a l s  a l s o  c a t a l y z e  

AP d e c o m p o s i t i o n .  

S i l v e r  P e r c h l o r a t e  : e n h a n c e s  UP d e c o m p o s i t i o n  be low 

240 ' C .The a c t i o n  i f ;  a u t o c a t a l y t i c  and s t o p s  a t  40-45% 

d e c o m p o s i t i o n  and t h e  E v a l u e  is f o u n d  to  be n e a r l y  30 K 

C a l s  / mole. 

Copper  and I r o n  p e r c h l o r a t e s  : c a u s e  e x p l o s i o n  even  when 

one mole is added .  

Z i n c  Cadmium and Magnesium p e r c h l o r a t e  : h a v e  e f f e c t  a t  even  

200 - 240"'Cand t h e  d e c o m p o s i t i o n  p r o c e e d s  t o  1 0 0  %.E v a l u e  is 

a p p r o x i m a t e l y  30 E C a l s  / mole.With cadmium and magnesium 

p e r c h l o r a t e  t h e y  d e c r e a s e  t h e  i g n i t i o n  t e m p e r a t u r e  by  a b o u t  

200OC. E x p l o s i o n  is found  t o  o c c u r  a t  2 5 0 O C .  

L i t h i u m  p e r c h l o r a t e  : c a u s e s  90 -95 % d e c o m p o s i t i o n  o f  

AP. T e m p e r a t u r e  o f  e x p l o s i o n  i s  320 - 3 4 C i O  C.  E:ccess amount o f  

l i t h i u m  p e r c h l o r a t e  c a u s e s  e : rp los ion  a t  2 9 O o C ,  w i t h  a l o n g  
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induction period o f  2 to 3hro. 

"6 . Alkyl ammoniutri perchlorate" . 
Pai Varnikar added methyl ammonium perchlorate 

and trimethyl ammonium perchlorate and studied the 

decomposition process of AP by DTA.The mixture ignites at 

about 300aC at slow heating rate in contrast to pure HP which 

decomposes in two steps.. At low concentration of the alkyl 

perchlorate there is an enhancement in the intensity o f  

the first exotherin , and reduc:tion in the second until at 

c r i t i c a l  concentration the whole mi.:.:tur*e ignite5 at 290° 0 

show i ng a s in y 1 e e xo t h e r m  . W i t h t r i me thy 1 ammon i u m  p e rc h I or at e 

the terminal. 

temperature. 

uncomplicated 

transition in 

Other sal te2' 

exotherm o f  pure  R P  is shifted to a higher 

With tetramethyl AP because nf its simple and 

decomposition behaviour there is not much 

the decomposition range of AP. 

Salts of ammonium halogeneids and denxidents 

are inhibitors which decelerate the combustion process. 

The coefficient Inhibition - ,In = Rm = 
I d  

(Ratio of mass burnina rate of APJ 

(Ratio of mass burning rate of AP+additives.) is 

used to calculate the inhibition effect.The effect of burning 

inhibitors decreases with Rm and LPL. The infiuence of 

different metal introduced into the salt of of hydrohaloide 

acids also influence the inhibition effecton AP. For example 

boron in the molecule of the salt strongly reduces the 
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inhibition effect. Similarly 5% NH4 F, (NHq)2 SiF6 also 

suppresses the first exothermic reaction. Ammonium - 

diphosphate ,ammonium fluoride are also effective inhibitors. 

Halogenoids of lead , cadmium and zinc are also good 

inhibitors. Stabilisers like diphenyl m i n e  are effective in 

inhibiting AP deflagration. 

Amines . : 27 

Amipan like urea , o~amide+,diry.ndiainide act 

as deoxidents.Aa the additive content ie increased LPL also 

increases. Aromatic amines are less effective burning 

inhibitors, because aromatic nniinee-; a r c  more easily oxidized 

by HC104. ,-Water , hexach1,nroethana (C cI C1 b )  are effective 

inhibitor o f  I-iCl0 

Metals: 

1 .  Aluminium particlesL : 

L 

“8 

For. the ignition o f  Al, the temperature of the 

oxidizing agent must b e  more than alumina. Surface oxidation 

is inhibited by larger particle sixe.The combustion process 

o f  AP is enhanced if Mg-A1 alloy or Mg- Li alloy is added. 

CIP is considered to decompose only at hot 5pot5. 

A 5  the alloy is more reactive than pure Al, it undergoes 

easier oxidation which results in increased heat o f  reaction 

and sensitization in the decomposition temperature of AP. The 

burning rates o f  61-Mg alloy pellets increase with the 

increase in alloy content.The combustion products with alloy 

contain large amount of hydrogen. 
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2.Platinum metal : Induction period with Pt is reduced and 

decomposition rate is increased when AP is crushed in 

platinum crucibles. This activity is due to the ability o f  

platinum t o  catalyze the oxidation of ammonia. 

Non- metals : 

Carbon and Sulfurz9 : 

P u r e  AP decomposes in two stages at 330 and 4hQ°C 

Addition of charcoal causes the exothermic decomposition o f  

AP and oxidation o f  carbon at about 310-330°C. O n  the o t h e r  

hand , presence of  sulfur does not alter the decomposition o f  

put-e AP, but binary mixture o f  C+S increases the temperature 

of decomposition and oxidation of carbon and sulfur and a 

single exotherfn rxcurs at nearly 350'C. 

MECHANISM ON CATALYTIC EFFECT 

Interaction between AP and Catalyst. : 

Admixture of oxides essentially changes the 

direction and products o f  decomposition of FSP. The mechanism 

mainly depends on the data o f  activation energy v a l u e s .  

The same activation energy at loiu temperature 

decomposition for pure AP is attributed to electron transfer 

process. The role (if Catalyst is to promote the transfer o f  

electron from perchlorate ion to ammonium ion. A complex is 

formed with metal ion .C104 radical and NH, radical which 

stabilizes the electron transfer process and the reformation 

v 

o f  perchlorate ion i5 decreased. 

The increase in the activation energy can be  
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interpreted a%, b e i n y  due to change in the mechanism of the 

chatalytic decomposition.It iuas assumed earlier that primary 

reaction is rupture o f  C1-0 bond whose dissociation energy 

64.5 I.::: Cals/mole.which is much higher .Both electron transfer 

(321’: Cal/ mole) and C10 ion formation play a part in the 

decomposition of AP. Metal oxides bring down the C10 bond 

energy significantly and the resultant is around . 
40 K Cal/mole. 

Since the activation energy  o f  catalyzed 

decomposition o f  UP (40-4%: Cals/ molei agreed well with the 

activation energy of perchloric a c i d  ,it is assumed that the 

rate determination step ir:, the perchloric acid decomposition 

on t h e  w r f a c e  0 . f  the o : ( i d e .  

In case nf oxides which inhibit the 

decomposition process the mechanism slightly differs.The 

inhibition process is due to formation of less reactive metal 

perchlorate which is formed either directly or as a result of 

reaction with pevchloric acid.The resulting NH3 is not 

removed from the reacting z o n e  and the process is 

retardation of combustion. E:tcess ammonia formation due to 

combination of metal ion with perchloric acid shifts the 

equilibriim to the l e f t .  

Oxides like F:e203 ,MnOZ ,ZnO etc. are positive 

catalyst. They decrease the induction time to zero and 

increase reaction rate.and decomposition .With Mn02 and AP 

in loose powder form 1 0 0 %  decomposition occurs at about  
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300' C,The most s p e c t a c u l a r  e f f e c t  of SnO, is, i t  lowers 

t h e  i g n i t i o n  t e m p e r a t u r e  b y  15Ci'C 

d- 

Some o x i d e s  a r e  doped  on  AP.Then t h e  

d e c o m p o s i t i o n  c a n  b e  a t t r i b u t e d  to  t h e  c h a n g e  i n  t h e  r a t e  of 

r e a c t i o n  b e t w e e n  AP and o x i d e .  

Modern k i n e t i c  i n v e s t i y a t i o n s  b r o u g h t  a 

f u n d a m e n t a l  c h a n g e  i n  t h e  mechanism o f  u n c a t a l y s e d  AP 

d e c o m p o s i t i o n .  The mechanism is c o n s i d e r e d  t o  be d u e  t o  

p r o t o n  t r a n s f e r  i r r e s p e c t i v e  of t e m p e r a t u r e .  I n  t h e  p . resence  

o f  c a t a l y s t  of h i g h  e l e c t r o n  a f f i n i t y  t h e  mechanism may b e  

d u e  to  t h e  e l e c t r o n  t r a n s f e r  r e a c t i o n  i n  t h e  c o n d e n s e d  p h a s e  

a t  1011, t e m p e r a t u r e .  

A n e w  i n t e r p r e t a t i o n  is? g i v e n  f o r  o x i d e  

c a t a l y s t .  P e r c h l o r i c  ac id  formed m i g r a t e s  t o  t h e  s u r f a c e  o f  

t h e  o x i d e  ant3 under-yoes d e c o m p n s i t i o n .  The n e x t  s t e p  is t h e  

o x i d a t i o n  o f  ammrxtia by t h e  d e c o m p o s i t i o n  p r o d u c t s  o f  

p e r c h l o r i c  a c i d  l i k e  0 ,C10 , a n d  C1D2 

Above SOO'C and also i n  t h e  c o m b u s t i o n  of AP 

where t h e  AP d e c o m p o s i t i o n  i s  s i g r i i f  i c a n t  , t h e  h e t e r o g e n e o u s  

d e c o m p o s i t i o n  o f  p e r c h l o r i c  a c i d  p r e d o m i n a t e s .  S i n c e  t h e  

e l e c t r o n  p r o p e r t i e s  o f  c a t a l y s t s  a r e  d e c i s i v e  i n  t h e  

o x i d a t i o n  of NH,, t h e  c a t a l y s t s  which  e n h a n c e  b o t h  

p e r c h l o r i c  a c i d  d e c o m p o s i t i o n  and o x i d a t i o n  o f  ammonia 

a r e  c o n s i d e r e d  a s  most e f f e c t i v e  and p o s i t i v e  c a t a l y s t s .  

Y 

As f a r  a s  d e f l a g r a t i o n 5  is c o n c e r n e d  , a 

q u a l i t a t i v e  e x p l a n a t i o n  o f  t h e  r o l e  o f  c a t a l y s t  is g i v e n  by  
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Friedman et. al. Catalysts increase the heat flux back t o  the 

surface by catalysing the exothermic reaction. At low 

concentration increase in the heat loss i s  dominent and hence 

the heat flux decreases. This makes deflagration at low 

presriures difficult and thus raigec, the lniu p r e s s u r e  l i m i t .  

The role o f  catalyst in deflagration is still not understood. 
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