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OBJECTIVE 

The objective of this program was to conduct a research a n d  development 
study f o r  the synthesis and evaluation of the low molecular weight 
alkali metal ozonides for air revitalization purposes. 
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ABSTRACT 

The chemis t ry  o f  a l k a l i  metal ozonides  has been s t u d i e d  from thk p o i n t  
of view o f  t h e i r  u se  i n  non-regenerat ive a i r  r e v i t a l i z a t i o n  systems. 
Various methods have been explored for the s y n t h e s i s  of potassium, 
sodium, and l i t h i u m  ozonides.  The phys ica l  and chemical p r o p e r t i e s  of 
potassium ozonide,  which could be r e a d i l y  prepared i n  pure form ( 8 8 -  
97%), have been cha rac t e r i zed  by s t u d i e s  of the  compound’s thermal 
s t a b i l i t y ,  i t s  r e a c t i o n  w i t h  water vapor, and i t s  r e a c t i o n  w i t h  carbon 
d ioxide .  The handl ing and s t o r a g e  c h a r a c t e r i s t i c s  of potassium ozo- 
n ide  have a l s o  been determined. Theore t ica l  d i s c u s s i o n s  o f  chemical 
non-regenera t ive  a i r  r e v i t a l i z a t i o n  systems i n  g e n e r a l ,  and o f  the  

s y n t h e s i s  and chemistry of a l k a l i  metal  ozonides  i n  p a r t i c u l a r ,  are 
p resen ted  i n  t h i s  r e p o r t .  

ix 



I 

I NTRODUCT ION 

1.1 GENERAL 
The complexity of t h e  problems a s soc ia t ed  wi th  t h e  e x p l o r a t i o n  of o u t e r  
space by the use of manned v e h i c l e s  i s  g r a d u a l l y  and s y s t e m a t i c a l l y  
being overcome t o  t h e  e x t e n t  t h a t  at the p re sen t  t i m e  t h e  g o a l s  s e t  
f o r  t h i s  ex tens ive  e x p l o r a t i o n  are  i n  s igh t .  One of t h e  major o b j e c t i v e s  
s t i l l  t o  be  achieved i s  t h e  development o f  r e l i a b l e  and safe a i r  r e v i t a l -  
i z a t i o n  systems. During t h e  y e a r s  o f  study devoted to such a develop- 
ment, t h e r e  has appeared t o  evolve a s u b t l e  f e e l i n g  on t h e  p a r t  of many 
i n v e s t i g a t o r s  t h a t  a s e a r c h  f o r  a panacea; i .e . ,  one system t o  meet t h e  
requirements  of a l l  space missions,  should c o n s t i t u t e  o u r  main e f f o r t  
i n  t h i s  area. I n  e f f e c t ,  such th ink ing  s p e l l s  out  t h e  requirements for 
t h e  development of a r e l i a b l e ,  completely r egene ra t ive ,  a i r  r e v i t a l i z a -  
t i o n  system. Such a philosophy, on t h e  p a r t  of t h o s e  who espouse it, 
i s  va luab le  and should be encouraged. 

The experience accumulated t o  da t e ,  however, d i c t a t e s  t h a t  t h i s  
t h i n k i n g  must not  predominate t o  the  extent  t h a t  t h e  importance of 
fundamental r e sea rch  s t u d i e s  necessary t o  develop non-regenerat ive 
a i r  r e v i t a l i z a t i o n  systems be minimized. Also, such systems should 
not  be simply viewed a s  stopgap measures taken t o  f i l l  t h e  void 
u n t i l  a l l  manned space missions can be met with a r egene ra t ive  system. 

I n  f a c t ,  i t  appears  t o  be q u i t e  c l e a r l y  e s t a b l i s h e d  t h a t  non-regenerat ive 
a i r  r e v i t a l i z a t i o n  s y s t e m  should,  for many y e a r s  t o  come, provide t h e  
most economical and re l iab le  means of maintaining a h a b i t a b l e  atmosphere 
f o r  space missions which w i l l  las t  for a t  l e a s t  one man-month. Among 
t h e  missions adap tab le  t o  such systems a r e :  

1. S h u t t l e  t r i p s  t o  manned space s t a t i o n s .  

2. Near-earth s c i e n t i f i c  space exp lo ra t ions .  

1 



3. Near-earth m i l i t a r y  reconnaissance missions.  

4. O r b i t a l  space s t a t i o n  excur s ion  v e h i c l e s .  

5. Ex t r aveh icu la r  manned space equipment. 

6. Emergency back-up systems f o r  long-term space missions 
r e q u i r i n g  a r e g e n e r a t i v e  technique as t h e  primary l i f e  
support  system. 

The requirements of such missions emphasize t h e  importance of cont inuing 
t h e  search f o r  e f f i c i e n t ,  s a f e ,  l i gh t -we igh t ,  small-volume a i r  r e v i t a l -  
i z a t i o n  m a t e r i a l s .  An important phase of t h i s  s e a r c h  has been t h e  work 
c a r r i e d  out on u n f a m i l i a r  o x i d a t i o n  s t a t e  ino rgan ic  chemicals such as 
peroxides,  superoxides ,  and ozonides. The most s p e c t a c u l a r  r e s u l t s  i n  
t h i s  area have come from Russian r e s e a r c h e r s ,  due i n  g r e a t  measure t o  
t h e i r  p a t i e n t  and ex tens ive  i n v e s t i g a t i o n s  of fundamental problems, 
t h e  s o l u t i o n  of which are so  necessary. i f  s u c c e s s f u l  l i f e  support  sys -  
tems and eng inee r ing  s t u d i e s  a r e  t o  be obtained.  

This  report  p r e s e n t s  t h e  r e s u l t s  of t h e  f i r s t  Government -sponsored p r o j -  
e c t  devoted s p e c i f i c a l l y  t o  t h e  i n v e s t i g a t i o n  of  t h e  a i r  r e v i t a l i z a t i o n  
p o t e n t i a l  o f  one of t h e  most promising groups of  u n f a m i l i a r  o x i d a t i o n  
s t a t e  inorganic  chemicals,  t h e  a l k a l i  metal ozonides.  

1 . 2  THE THEORETICAL POTENTIAL OF ALKALI METAL OZONIDES AS A I R  RFVITAL- 
I Z A T I O N  MATERIALS 

A discussion of t h e  h i s t o r y  o f  t h e  development of i no rgan ic  ozonides 
can be  found i n  a r e c e n t  review a r t i c l e  by P e t r o c e l l i  and C h i a r e n z e l l i .  
The important chemistry of t h e  ozonides wi th  r e spec t  t o  t h e i r  user i l lness  
i n  a i r  r e v i t a l i z a t i o n  systems may be summarized as fo l lows :  

(1) 

2 MOH + C02 = %CO + H20 3 

Reactions (1) and (2 )  p o i n t  out t h a t  t h e  a l k a l i  metal ozonides f u n c t i o n  
i n  a way analogous t o  t h e  a l k a l i  metal superoxides  (Ma2) i n  t h e i r  manner 

Of Producing o2 and scrubbing C02 from a c losed  system. The comparisons 
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made i n  Table I emphasize t h e  considerable  p o t e n t i a l  which t h e  ozonides 
have as a i r  r e v i t a l i z a t i o n  materials. 

A conparison of t h e  weight savings poss ib l e  with t h e  use of ozonides 
i s  g iven  i n  Figure I. Ti?is i s  achieved by c o n t r a s t i n g  t h e  t o t a l  weight 
of  s o l i d  chemical mixtures ,  based on ozonide and superoxide systems, 
r equ i r ed  to remove a l l  metabol ic  GO2 produced by one man i n  one day 
with t h a t  r equ i r ed  to r e p l e n i s h  h i s  required oxygen supply.  The e s t i -  
mates shown i n  Figure I were c a l c u l a t e d  on t h e  basis o f  moderate a c t i v -  
i t y ,  r e s u l t i n g  i n  an O2 requirement of 1.87 lb/man-day an3 a GO2 output  
of 2.11 lb/man-day. Est imates  are  presented f o r  mixtures  of t h e  a c t i v e  
0, source wi th  bo th  L i O 3  and Li202 as a u x i l i a r y  GO2 scrubbers .  Tne use 
or L i O H  i n  t h i s  manner i s  w e l l  e s t a b l i s h e d .  
to o f f e r  a n  a t t r a c t i v e  method for GO2 scrubbing v i a  t h e  r e a c t i o n :  

A s  f o r  Li202, i t  appears  

+ COS = L i  CO 2 3  + 1/2 o2 (3)  

Although much remains t o  be l ea rned  regarding t h e  use of Li202 as a C02 

scrubber ,  it i s  a n t i c i p a t e d ,  on t h e  b a s i s  of what i s  c u r r e n t l y  known 
about t h i s  system, t h a t  i t s  f u t u r e  use has a ve ry  h i g h  p r o b a b i l i t y  of 
acceptance.  Its use i n  conjunct ion with a n  ozonide would provide a 
most a t t r a c t i v e  basis f o r  an a i r  r e v i t a l i z a t i o n  system. The coaparisons 
made i n  Figure poirii o u t  that rei- t h e  cond i t ions  s t i p u l z t e d ,  xn - 
a u x i l i a r j r  GO2 sc rubbe r  mixtures  would o f f e r  a n  a p p r e c i a b l e  weight saving 
ove r  s imilar  KO2 mixtures.  
to bo th  KO2 and t h e  d i f f i c u l t  t o  o b t a i n  Na02 mixtures ,  and L i O  
l e a d  t h e  f i e l d  as a l i gh t -we igh t ,  a i r  r e v i t a l i z a t i o n  material. 

-2 

Sodium ozonide mixtures  would be s u p e r i o r  
would 3 

On t h e  basis of  r e a c t i o n s  (1) and ( 2 )  t he  use of a n  ozonide alone would 
not be s u f f i c i e n t  to maintain a s a f e  GO2 l e v e l  i n  a space cabin f o r  an 
extended pe r iod  of time. 
to have a volume of 203 cu f t  and a two-man crew i s  shown i n  Figure 11, 
along wi th  t h e  r a t e  of  bixLld-up of GO2 r e s u l t i n g  i f  only KO 
as a scrubber .  
maximum al lowable concen t r a t ion  of 3$, f o r  s h o r t  exposure t imes,  i n  
3.4 hours ,  whereas with t h e  use of KO t h e  danger p o i n t  i s  not reached 

The ra te  of C02 build-up i n  a cabin assumed 

were used 3 
Without scrlJbbing, t h e  C02 concen t r a t ion  reaches t h e  

3’ 
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TABLE I 

SUMMARY OF IMPORTANT PROPERTIES OF VARIOUS 
I .NORGANIC A I R  REVITALIZATION MATERIALS 

Lithium ozonide 
Sodium ozonide 
Potassium ozonide 
Lithium superoxide 
Sodim superoxide 
Potassium superoxide 
Calcium superoxide 
Sodium c h l o r a t e  
(Candles) 
Hydrogen peroxide 
Hydrogen superoxide 
Llthium peroxide 

REMARKS 

Formula 

3 LiO 

3 NaO 

Li02 
Na02 

K03 

KO, 
Ca(02)2 

H2 O2 

Lf202 

3 N a  C 1 0  

H2 '4 

Lb 0, - Produced/ Lb C02 Scrubbed/ 
Lb Compound Lb Coapound Remarks - ---- ~ - -  

0.73 0.39 1 
0.56 0.31 2 
0.46 0.25 3 
0.61 0.56 4 
0.43 0.40 5 
0.34 0.31 6 
0.46 0.42 7 
0.40 None a 
0.47 None 9 
0.73 None 10 
0.35 0.96 11 

1. 

2 .  

3. 
4. 

5. 
6. 
7. 

8. 

9. 

10. 

11. 

As y e t  unprepared; evidence i s  f a r  from conclusive t h a t  i t  cannot 
be prepared. Outstanding O2 source.  

Prepared. Conf l i c t ing  r e p o r t s  concerning i t s  s t a b i l i t y .  
Prepared. Conf l i c t ing  r e p o r t s  concerning i t s  s t a b i l i t y .  
Unsubstantiated Russian claims for i t s  p r e p a r a t i o n  and s t a b i l i z a t i o n  
at room t empe rat u re  . 
Commercial r o u t e  f o r  i t s  p r e p a r a t i o n  a v a i l a b l e .  Expensive. 
C o m m e r c i a l  r ou te  f o r  i t s  p r e p a r a t i o n  a v a i l a b l e .  Widely used. 
Produced i n  low p u r i t y .  Highly d e s i r a b l e  due t o  h igh  me l t ing  p o i n t  
of C a ( O H ) * .  

Widely used as emergency O2 source.  

Liquid s o l u t i o n s .  Requires auxiliarjr chemical f o r  CO removal. 

E s s e n t i a l l y  unsubs tan t i a t ed  Russian claims.  Highly a t t r a c t i v e  as 
high energy o x i d i z e r .  

2 

High i n t e r e s t  i n  t h i s  compound for use i n  a i r  r e v i t a l i z a t i o n  systems; 
necessary b a s i c  work i n  p rogres s .  
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u n t i l  6.7 hours .  These times would, of course,  change p r o p o r t i o n a t e l y  
w i t h  t h e  f ree  volume of t h e  space cabin.  I n  any event ,  t h e s e  numbers 
probably r e p r e s e n t  t h e  minimum e f f e c t i v e n e s s  to be expected of t h e  
ozonides as C02 scrubbers .  K e a t i n g ( 2 ) ,  i n  a s e r i e s  o f  extremely well  
planned experiments demonstrated t h a t  KO if p r o p e r l y  used, can by 
i t s e l f  supply metabol ic  oxygen and remove C02, wa te r  vapor, gaseous 
contaminants,  and odors from a sea l ed  environment. Such engineer ing 
c o n s i d e r a t i o n s  are important ,  s i n c e  a t  the  p r e s e n t  t ime t h e r e  i s  no 
reason t o  b e l i e v e  t h a t  t h e  same can not  be accomplished with s t a b l e  
ozonides wi th  t h e  added a t t r a c t i o n  a t t end ing  t h e  weight saving advan- 
t a g e s  of t h e  ozonides. Those s t u d i e s  which have l e d  t o  t h e  cQnc lus ion  
t h a t  it i s  not  f e a s i b l e ,  with t h e  use of KO2 a lone,  to match man's 
Rzsp i r a to ry  Quotient must be  c a r e f u l l y  analyzed w i t h i n  t h e  framework 
of t h e  engineer ing des ign  used i n  t h e  ernployment of t h e  superoxide,  
e s p e c i a l l y  with r e s p e c t  to c a n i s t e r  design. However, any c o n s i d e r a t i o n  
to t h e  use of superoxides or ozonides alone, without providing f o r  add i -  
t i o n a l  C 0 2  scrubbing, should be approached wi th  guarded optimism. Thus, 
i n  making comparisons, as i n  Table I and Figure I, it  i s  b e s t  t o  con- 
s i d e r  the use of supplementary chemical C02 scrubbers  w i th  t h e  awareness 
t h a t  improved engineer ing p r a c t i c e  may f u r t h e r  optimize t h e  system to 
o u r  g r e a t e r  advantage. 

W a k i n g  ( 2 )  has po in ted  out that a sealed atmmsphere cond i t ion ing  sys -  
tam based on a "pass ive  atmosphere-chemical r e a c t i o n "  use of s o l i d  
chemicals i s  f e a s i b l e  and i s  advantageous for t h e  fol lowing reasons:  

2' 

1. it does not use e l e c t r i c a l  power, 
2. it i s  l i g h t  i n  weight, 
3. it occupies a small volume, 
4. 
5. it should r e q u i r e  l i t t l e  maintenance. 

i t  need have no moving p a r t s ,  

Such f e a s i b i l i t y  has  been adequately demonstrated for KO2. 

What of  t h e  ozonides? It i s  expected t h a t  t h e  a v a i l a b i l i t y  of s t a b l e  
ozonides would make use of a l l  t h e  engineer ing know-how b u i l t  up for 
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superoxide systems, without major mod i f i ca t ions ,  and b r i n g  t o  such 
systems d e f i n i t e  improvements i n  weight and volume c h a r a c t e r i s t i c s .  

With r e spec t  t o  t h e  oxygen s t o r a g e  c a p a b i l i t i e s  of ozonides,  a n  impor- 
t a n t  point  which must be kept i n  mind i n  t h e  course of r e s e a r c h  on 
t h e s e  compounds i s  t h e  f a c t  t h a t  for a l k a l i  metal ozonides t o  be  com- 
p e t i t i v e  with t h e  a v a i l a b l e  metal superoxides  as a i r  r e v i t a l i z a t i o n  
m a t e r i a l s ,  it may no t  be necessary t o  p repa re  ozonides i n  a b s o l u t e l y  
pure form. 
NASw-559, we have v e r i f i e d  t h a t  ozonides can be syn thes i zed  witn 
r e l a t i v e  ease by a t  l e a s t  two r o u t e s ;  e . g . ,  t h ?  ozon iza t ion  of 
s o l i d  KOH and t h e  ozon iza t ion  o f  s o l i d ,  d r y  KO2. 
mixture con ta in ing  as l i t t l e  as 74% KO 
potassium hydroxide-ozone r e a c t i o n ,  would provide as much O2 p e r  pound 
of  mixture as i s  ob ta ined  from a pound o f  pure KO2. 

ozonide mixtures  con ta in ing  a n  amount of ozonide g r e a t e r  t h a n  74% would 
provide a c l e a r  advantage ove r  pure KO2 as a n  oxygen s t o r a g e  media. 
Figure I11 i l l u s t r a t e s  t h e  r e l a t i o n s h i p  between t h e  pounds of oxygen 
a v a i l a b l e  p e r  pound of a l k a l i  metal  ozon ide -a lka l i  metal hydroxide 
mixtures.  Mixtures prepared " i n  s i t u "  v i a  t h e  r e a c t i o n  between a l a k l i  
metal hydroxide and ozone whose O2 y i e l d  f a l l s  below t h e  y i e l d  f o r  pure 
KO2 on Na02, shown on t h e  f i g u r e  by h o r i z o n t a l  l i n e s ,  would not be com- 
p e t i t i v e  with t h e  superoxides .  However, t h e  importance of  t h i s  d i scus -  
s i o n  l i e s  i n  t h e  p o s s i b i l i t y  of c a r r y i n g  out  r e l a t i v e l y  s t r a i g h t f o r w a r d  
ozonizat ion r e a c t i o n s  w i t h  t h e  hydroxides and superoxides  s o  as t o  pro-  
duce, without t h e  need f o r  p u r i f i c a t i o n  o r  s e p a r a t i o n  procedures ,  m i x -  
t u r e s  o f  ozonide and hydroxide or superoxide whose cornpositions a r e  
g r e a t e r  t h a n  t h e  c r i t i c a l  compositions shown i n  Figure 111. Tnus, t h e  
concern of var ious  i n v e s t i g a t o r s  ove r  t h e  d i f f i c u l t i e s  t h a t  may be 
encountered i n  p repa r ing  pure a l k a l i  metal ozonides,  may not  be as 
s e r i o u s  as f irst  supposed, when t h e  in t ended  end use  of t h e s e  m a t e r i a l s  
i n  a i r  r e v i t a l i z a t i o n  systems i s  considered.  

I n  t h e  course of  t h e  work c a r r i e d  out under N A S A  Contract 

Thus, a s t a b l e  s o l i d  
and 26% KOH, prepared from a 3 

Sol id  hydroxide- 

Tne optimum s i t u a t i o n ,  of course,  c a l l s  for t h e  s y n t h e s i s  of t h e s e  
m a t e r i a l s  i n  as pure a form as p o s s i b l e ,  bu t  t h e  c o n s i d e r a t i o n s  o u t l i n e d  
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above a l l o w  us a region of " t r ade  o f f "  between p rocess ing  d i f f i c u l t i e s ,  
c o s t ,  and oxygen y i e l d s  of which we must be aware. 

1.3 BRIEF SUMMARY OF S I V I E T  ACTIVITY IN THE AFXA OF UNFAMILIAR OXIDATION 
STATE CHEMISTRY 

Tine m s s i a n  successes  i n  t h e  use of u n f a m i l i a r  o x i d a t i o n  s t a t e  compounds 
as a i r  r e v i t a l i z a t i o n  materials i n  space v e h i c l e s  have been dramatic ,  
p a r t i c u l a r l y  i n  t h e  l i f e  support  systems of t h e  Vostoks I and I T .  
Instead of using a reduced-pressure al l -oxygen system, as i n  t he  case 
of our Mercury v e h i c l e s ,  a l l  i n d i c a t i o n s  a r e  t h a t  the  Vostok f l i g h t s ,  
a s  well as some of t h e i r  animal f l i g h t s ,  employed a s l i g h t l y  oxygen- 
r i c h  a i r  at normal p r e s s u r e s ,  and regenerated t h e  a i r  by means of a 

( 3  1 

superoxide. ( 3 )  

It must be pointed out t h a t  as f a r  as can be discovered,  nowhere i n  t h e  
Rllssian l i t e r a t u r e  d e s c r i b i n g  Russian manned space f l i g h t s  i s  t h e  source 
of breathing oxygen employed s p e c i f i c a l l y  i d e n t i f i e d  as a superoxide.  
However, carer ul a n a l y s i s  of t h e i r  publ ished works ( ' ~ 5 9 ~  ) very c l e a r l y  

po in t s  to t he  use of unfami l i a r  o x i d a t i o n  s t a t e  compounds of  t h e  a l k a l i  
o? a l k a l i n e  metal  peroxide,  superoxide,  o r  a l k a l i  metal ozonide type.  
A s  an example, Volynkin, e t  a l ,  (6) 
t i m e ,  h i g h l y  e f f i c i e n t  r egene ra t ion  substances a r e  a b l e  not only to g ive  
off oxygen i n  exchange f o r  t h a t  used i n  b r e a t h i n g ,  but  a l s o  t o  absorb,  
simultaneously,  g r e a t  q u a n t i t i e s  o f  carbon dioxide and moisture .  I n  
add i t ion ,  t h e s e  substances,  as r e s e a r c h  has shown, have t h e  a b i l i t y  t o  
oxidize and absorb c e r t a i n  hamnful gaseous products  fomned i n  t h e  course 
of human v i t a l  a c t i v i t y . "  

p o i n t s  o ~ i t  t h a t  "at t h e  p r e s e n t  

Among t h e  important advantages a s c r i b e d  to t h e  a i r  r e v i t a l i z a t i o n  systems 
of t h e  Vostoks a r e  t h e  following: ( 6  1 

1. Eff i c i ency  of o p e r a t i o n  a t  a temperature  o f  20 + 10°C, a re la -  
t i v e  h m i d i t y  of 30 to 70$, and a barometr ic  p rFssu re  of 760 
+ - 50 mm Hg. 

v i t a l  a c t i v i t y .  
2. Absorption of gaseous products  l i b e r a t e d  i n  t h e  course of  human 

3. Resis tance t o  t h e  in f luence  of v i b r a t i o n  and h igh  overloads;  
hea t  and exp los ion  r e s i s t a n c e .  
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4. S i m p l i c i t y  of c o n s t r u c t i o n .  

5. Minimum power consumption. 

6. High o p e r a t i o n a l  r e l i a b i l i t y .  

7. Complete a u t o n a t i o n  o f  processes  for maintaining the required 
mic roc l ima t i c  cond i t ions .  

In a d d i t i o n  to t h e  " a c t i v e  chemical" descr ibed above, the Vostoks r e -  
q u i r e d  a n  a d d i t i o n a l  chernical for c o n t r o l  of the c a b i n ' s  r e l a t i v e  
humidity. T h i s  f a c t  s e r v e s  as more evidence tha t  the "ac t ive  chemical" 
i s  a n  u n f a m i l i a r  o x i d a t i o n  s t a t e  compound s i n c e  peroxides ,  superoxides,  
or ozonides would not  be e f f i c i e n t  enough to maintain t h e  cond i t ions  o f  
Resp i r a to ry  Quotient  s p e c i f i e d  above. 

The Russian l i t e r a t u r e  c l e a r l y  i n d i c a t e s  tha t  t h e  g r e a t  a t t e n t i o n  t h e y  
have given t o  the use of h i g h  a c t i v e  chemical compounds for a i r  regenera-  
t i o n  has payed o f f  handsomely. 
problems a s s o c i a t e d  w i t h  t h e i r  use was " i n  p r i n c i p l e  and i n  p r a c t i c e ,  
solved i n  p repa r ing  and conducting t h e  b i o l o g i c a l  experiments i n  t h e  
two ear th  s a t e l l i t e s . "  

In t h e  words of Volynkin,et  a l ,  ( 6 ,  the  

Seyyapin' 
l i n i n g  o u r s ) ,  capable  of simultaneous absorpt ion of mois tu re  and carbon 
d iox ide  and l i b e r a t i o n  of oxygen, i s  q u i t e  economical i n  comparison with 

o t h e r  system."  These chemical systems were developed "to r egene ra t e  
the  a i r  i n  s e a l e d  capsu le s  occupied by animals during space f l i g h t s "  
and "the a i r  was brought i n  con tac t  w i t h  the r e g e n e r a t o r  by e l e c t r i c  
f a n s . "  H e  goes on to o f f e r  tha t  "systeins employing chemical l i m e  
abso rbe r s  and s i l i c a  g e l  a long w i t h  l i q u i d  oxygen or gaseous oxygen 
would be 3.5 and 8 times as heavy, r e spec t ive ly ,  as a s y s t e n  based on 
t h e  use of  these s o - c a l l e d  ' a c t i v e  chemical s u b s t a n c e s ' . "  This chemical 
system ''was subsequent ly  used i n  t h e  second space f l i g h t  with the dog, 
Layka. 

) writes tha t  "the a p p l i c a t i o n  of  'chemical substances (under- 

Tne Russian c a p a b i l i t y  i n  t h e  f i e l d  of superoxides can be d i r e c t l y  
t r a c e d  to t h e  many y e a r s  of work i n  t h i s  f i e l d  by t h e i r  ino rgan ic  and 
p h y s i c a l  chemists,  l e d  p r i n c i p a l l y  by Kazarnovskii. 

11 



I n  an a r t i c l e  e n t i t l e d  "Toward New Achievements i n  Soviet  Chemistry, " 
which appeared i n  Pravda, ( ) June 25, 1962, Kazarnovskii  i s  desc r ibed  
as a major i no rgan ic  chemist .  H i s  work on superoxides  i s  noted, and 
he i s  c r e d i t e d  w i t h  being r e spons ib l e  f o r  the c u r r e n t  i n d u s t r i a l - s c a l e  
production of Na02 i n  Russia. 

A l l  of  t h e s e  cons ide ra t ions ,  coupled wi th  o t h e r  numerous evidence 
o f fe red  by the Soviet  s c i e n t i f i c  l i t e r a t u r e ,  l ends  s t r o n g  support  t o  
t h e  content ion t h a t  a superoxide has been s u c c e s s f u l l y  employed f o r  
a i r  r e v i t a l i z a t i o n  purposes i n  the Russian manned space f l i g h t s .  ( 9 )  

It i s  noted tha t  the  same school of Russian chemists r e spons ib l e  f o r  
t h e  superoxide successes  have, i n  r ecen t  years ,been concen t r a t ing  on 
t h e  chemistry of the  a l k a l i  metal  ozonides i n  an e f f o r t  t o  develop a n  
even more e f f i c i e n t  chemical for such purposes.  Kazarnovskii  has  a l s o  
been the l e a d e r  i n  ino rgan ic  ozonide chemistry and much of what i s  known 
of  ozonides emanates from t h e  Russian s c i e n t i f i c  l i t e r a t u r e  (10,111. 
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RESULTS OF EXPERIMENTAL STUDIES 

2 . 1  THE SYNTHESIS OF ALKALI l”AL OZONIDES 
- 2.1.1 Gas -Sol id  React i ons  

2.1.1.1 Theore t i ca l  Considerat ions 
The passage o f  a gaseous ozone-oxygen mixture over  a s o l i d  a l k a l i  metal 
hydroxide r ep resen t s  t h e  most common method of producing a lka l i  metal 
ozonides.  The y i e l d s  of  ozonide v i a  t h i s  method have been c h a r a c t e r i s -  
t i c a l l y  small, 5 - l O % .  I n t u i t i v e l y ,  one could p r e d i c t  such poor conver- 
s i o n  r a t e s  s i n c e  the  s y n t h e s i s  r eac t ion  i s  between a gas  and a s o l i d .  
A p l a u s i b l e  mechanism has been o f fe red  for t he  ozonide syn thes i s  reac-  
t i o n  by Kazarnovskii ,  e t  a l .  (I2) 
using potassium as the a l k a l i  metal: 

This proposa l  i s  i l l u s t r a t e d  below 

O3 KOH + O3 = KOH 

KOH*03 + 0 = KO + H02 + O2 3 3 

H02 + 0 = HO + 202 3 

HO + 0, = H02 + O2 (chain)  
1 - 

The o v e r a l l  syn thes i s  r e a c t i o n  may thus be w r i t t e n  as: 

~ K O H  + 403 = 4K0 + 2KOH*H20 + O2 (7) 3 

N i k o l ’ s k i i ,  e t  a l , ( 1 3 ) h a v e  a lso determined t h e  hea t  of formation of  
potassium ozonide t o  be -62.1 Kcal/mole. 

A s  a r e s u l t ,  it i s  p o s s i b l e  t o  es t imate  the  en tha lpy  and entropy changes 
a s s o c i a t e d  w i t h  r e a c t i o n  ( 7 ) .  The thermodynamic q u a n t i t i e s  necessary to 
make t h e s e  estimates a r e  l i s t e d  i n  Table  11. They have been c a r e f u l l y  
s e l e c t e d  and r ep resen t  the best values  a v a i l a b l e  t o  date. I n  some cases ,  



TABLE I1 

'SELECTED THERMODYNAMIC QUANTITIES FOR 
PERTINENT MOLECULAR 'SPECIES 

AT 298.16OK 

Thermodynamic Function 
4 SO 

KOH*H20  ( e )  -179.6 (15 ) 28** 

37** KOH*2H20 ( e )  -251.2 (15 ) 

KOH.0, ( c )  ------ ea.  19*** 
i 

-62.1 (13 ) 

(15) -57 9 7979 

*In e s t i m a t i n g  t h i s  value t h e  assum t i o n  was made t h a t  t h e  entropy 
d i f f e rence  between OH g and O,H( 7 i s  equa l  t o  t h e  entropy 
dif  f e rence  between O2 [ g  and 0; (g$  . 

**These va lues  have been e s t ima ted  by adding t h e  entropy of  i c e  
(9  cal/deg/mole) t o  t h e  entropy va lue  f o r  t h e  anhydrous 
c r y s t a l l i n e  KOH. 

***See t e x t  f o r  a d i s c u s s i o n  of t h i s  value.  
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the  v a l u e s  used i n  t h i s  t r ea tmen t  d i f f e r  from t h o s e  o r i g i n a l l y  used by 
the  Russian i n v e s t i g a t o r s  i n  1950. The va lues  of AHo, ASo, AFo and 

. 298OK c a l c u l a t e d  for r e a c t i o n  (7) a r e  g i v e n  i n  Table 111. 
Keq 

The mechanism rep resen ted  by equa t ions  (3-6) depends on the  formation 
of a complex, KOH*03. 
mediate i s  reasonable ,  based on t h e  very h igh  va lue  of the  e l e c t r o n  
a f f i n i t y  of the ozone molecule. 
has been c a l c u l a t e d  by us to be -56.8 cal/deg. 
a n  assumption i s  necessary r e l a t i v e  to t he  entropy of t h e  molecular  
s p e c i e s  KOH-0 The assumption was made that  the en t ropy  of t h i s  
s p e c i e s  would d i f f e r  from t h e  entropy o r  c r y s t a l l i n e  anhydrous potassium 
hydroxide by t h e  entropy va lue  of s o l i d  ozone. This  c a l c u l a t i o n  i s  
analogous to t h e  s i t u a t i o n  found i n  c r y s t a l l i n e  hydrates where the  
en t ropy  o f  va r ious  hydrates of t h e  same c r y s t a l l i n e  compound d i f f e r  by 

the en t ropy  of i c e ;  i . e . ,  9 cal/deg p e r  hydrated water molecule. I n  
t h e  case  of K O H - 0  it i s  t h u s  assumed tha t  t h e  en t ropy  of s o l i d  ozone 
i s  e s s e n t i a l l y  zero.  An a l t e r n a t e  r e a c t i o n  p a t h  invo lv ing  t h e  fol lowing 
r e a c t  ion:  

P o s t u l a t i o n  for the formation of such an i n t e r -  

The entropy change f o r  r e a c t i o n  (3) 
For t h i s  c a l c u l a t i o n ,  

3' 

3' 

KOH + O3 = KO3 + OH (8) 
cannot be supported by the  thermodynamic data which y i e l d s  a p o s i t i v e  
OFo va lue  of approximately 17 c a l o r i e s .  

It i s  p o s s i b l e  tha t  the r e a c t i o n  mechanism f o r  t h e  formation of a l k a l i  
metal ozonides p o s t u l a t e d  by Kazarnovskii, e t  a l ,  (12' overlooks a key 
r o l e  played by the  H02 r a d i c a l  i n  the d i r e c t  formation of a l k a l i  metal  
ozonides.  Thus a mechanism invo lv ing  the fo l lowing  p rocesses  can a l s o  
be p o s t u l a t e d :  

KOH + O3 = KOH* O3 

K O H - 0  + O3 = KO + KO2 + O2 (10) 3 3 

KOH + HOP = KO2 + H 2 0  (11) 
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KOH + H20 = KOH'H20 

KO2 + O3 = KO + O2 3 

The o v e r a l l  formation r e a c t i o n  would then be: 

3KOH + 303 = 2K0 + KOH*H20 + 202 (14) 3 

The thermodynamic p r o p e r t i e s  f o r  t h e  above r e a c t i o n s  a r e  given i n  Table 
111. A comparison of the thermodynamic data c a l c u l a t e d  i n  support  of 
the mechanism o f f e r e d  above with t h e  data  c a l c u l a t e d  f o r  the Russian 
mechanism po in t  out  tha t  no c l ea r - cu t  choice can be made between the 
mechanisms. Our mechanism d i f fe rs  from that  of the  Russian inves t iga -  
t o r s  mainly v i a  r e a c t i o n s  (11) and (l3), i .e. ,  the superoxide i s  con- 
sidered a n  in t e rmed ia t e  i n  the formation of the ozonide. The f a c t  tha t  

r e a c t i o n  (13) proceeds with g r e a t  ease  has been demonstrated i n  these 
l a b o r a t o r i e s  and elsewhere . ( l 7 9 l 8  

occurs  i s  supported by the  thermodynamic data o f f e r e d  i n  Table 111. 
The assumption tha t  r e a c t i o n  (11) 

A s  complete a thermodynamic a n a l y s i s  f o r  sodium and l i thium ozonides i s  
not  poss ib l e ,  s i n c e  the  heats o f  formation of these compounds have not  
as yet been determined. However, it i s  f e l t  that  the mechanisms out -  
l i n e d  abme f o r  t h e  fom.itior? of potassium ozonide w i l l  a l s o  account 
f o r  the formation of sodium and lithium ozonides.  

From our  observa t ions  on the r a p i d i t y  with which the su r face  of a po ta s -  
sium hydroxide bed changes c o l o r  i n  the  presence of ozone, it can be 
said that  k i n e t i c a l l y  the r e a c t i o n  i s  q u i t e  rap id .  However, i n  s p i t e  
of  the  f avorab le  thermodynamics and k i n e t i c s  a s s o c i a t e d  w i t h  the  con- 
ve r s ion  of s o l i d  potassium hydroxide t o  s o l i d  potassium ozonide, the  
conversion y i e l d s  are low. Some ins igh t  as t o  t he  reason  f o r  the low 
conversion rates may be obta ined  from a cons ide ra t ion  o f  gas - so l id  
react ion phenomena. 



Bas ica l ly ,  a r e a c t i o n  between a S o l i d  and a gas can be expected t o  
involve t h r e e  major s t e p s :  

1. Adsorption of t h e  gas  molecules on the s o l i d  su r face .  

2. Diffusion of the  gas molecules to a r e a c t i o n  s i t e .  

3. Diffusion of  the  r e a c t i o n  products  away from the r e a c t i o n  s i t e .  

I n  such r e a c t i o n s ,  t h e  d i f f u s i o n  process  i s  o f t e n  found t o  be ra te  
determining. Thus, t h e  almost i n s t an taneous  conversion of the  s u r f a c e  
layers of potassium hydroxide to potassium ozonide can be accounted 
f o r  by a n e a r l y  simultaneous adso rp t ion  and r e a c t i o n  on t h e  potassium 
hydroxide su r face  v i a  r e a c t i o n  (7) o r  ( 1 4 ) .  It i s  doub t fu l  t ha t  such 
r e a c t i o n s  occur t o  a depth g r e a t e r  t h a n  one o r  two molecular  t h i cknesses .  
For wholesale conversion of potassium hydroxide to potassium ozonide it 
t h e n  becomes necessary f o r  the  ozone t o  d i f f u s e ,  without d i s s o c i a t i o n ,  
i n t o  the bulk of t h e  bed. Since water i s  a product of t h e  formation 
r eac t ion ,  it must, i n  t u r n ,  d i f f u s e  away from t h e  r e a c t i o n  s i t e  t o  the 
s u r f a c e  l a y e r s  of anhydrous potassj.um hydroxide. T h i s  process  must 
occur  r ap id ly  enough s o  as to prevent  t h e  r e a c t i o n  between water and 
potassium ozonide; i . e . ,  

2K0 + H20 = 2KOH + 5/2 O2 (15) 3 

2.1.1.2 Synthesis  o f  Potassium Ozonide 
A s  pointed out i n  t h e  previous s e c t i o n s ,  it has been c l e a r l y  e s t a b l i s h e d  
~11~12j1’~20721) 

a l k a l i  metal hydroxides r e s u l t s  i n  the  formation of s o l i d  a l k a l i  metal 
ozonides. 
formation of potassium ozonide by exposing d r y  powdered potassium 
hydroxide t o  a d i l u t e  gaseous ozone s t ream (6-8% i n  oxygen) a t  -10 t o  
-15OC. 
was then accomplished by t a k i n g  advantage of the  s o l u b i l i t y  of t he  ozonide 
i n  l i q u i d  ammonia. (11) A red s o l u t i o n  was ob ta ined  which y i e l d e d  r edd i sh -  
brown c r y s t a l s  of potassium ozonide upon evapora t ion  of the  ammonia. 

t h a t  t h e  passage o f  gaseous ozone over s o l i d  

For example, Kazarnovskii ,  e t  a l ,  (I2) have r epor t ed  the  

The recovery of e s s e n t i a l l y  pure ozonide from hydroxide mixtures  

18 



The above method of' a l k a l i  metal  ozonide s y n t h e s i s  remains today as 
t h e  p r i n c i p a l  means of p repa r ing  potassium ozonide and has been followed, 
w i t h  minor mod i f i ca t ions ,  by many i n v e s t i g a t o r s .  ( 11,lg. 21) 

Due t o  the  l i m i t e d  work tha t  has been done i n  t h i s  f i e l d ,  i t  was con- 
s i d e r e d  doub t fu l  that  t h e  optimum condi t ions,  w i th  r e s p e c t  t o  y i e l d ,  
s t a b i l i t y ,  and p u r i t y  o f  potassium ozonide, had been achieved f o r  the 
r e a c t i o n  of gaseous ozone wi th  d ry  s o l i d  potassium hydroxide. Accordingly, 
under t h i s  c o n t r a c t  a s tudy  of  t h i s  r eac t ion  p a t h  was c a r r i e d  out .  

Two ozone sources  were a v a i l a b l e  for these s t u d i e s .  A l a b o r a t o r y  
ozonator  was cons t ruc t ed  and used f o r  prel iminary s t u d i e s .  A diagram 
of  t h i s  ozonator  i s  shown i n  Figure IV.  Ozone product ion i n  a n  oxygen 
stream from t h i s  ozone g e n e r a t o r  was l e s s  t h a n  one pe rcen t ,  as deter-  
mined by t h e  iodometr ic  method. (22)  The low ozone output  i s  due t o  the  
f a c t  t h a t  pyrex g l a s s  was used i n  t h e  c o n s t r u c t i o n  of  t h i s  ozonator .  
Somewhat h i g h e r  output  would be expected i f  " s o f t "  g l a s s  had been used. 

Under t h e  terms of t h i s  c o n t r a c t ,  a Welsbach Model T-408 l a b o r a t o r y  
ozonator  was purchased. T h i s  instrument i s  capable  of d e l i v e r i n g  con- 
c e n t r a t i o n s  o f  ozone i n  an oxygen stream up t o  e i g h t  pe rcen t  by weight. 
T h i s  instrument  was used da i ly  to prepare potassium ozonide samples f o r  
de t a i l ed  k i n e t i c  s t u d i e s .  
purchased for t h i s  program and was used to monitor the  ozone-oxygen 
stream from the gene ra to r .  The meter was c a l i b r a t e d  p e r i o d i c a l l y  
according t o  the  manufacturer ' s  s p e c i f i c a t i o n s .  

A Welsbach Model H-80 ozone meter was a l s o  

The technique and appa ra tus  employed i n  t h e s e  s t u d i e s  have evolved from 
the i n i t i a l  s t u d i e s  modeled a f t e r  those of Whaley and Kleinberg. ( 2 1 )  

Since t h e  a l k a l i  me ta l  ozonides a r e  extremely hydroscopic,  it i s  essen-  
t i a l  t h a t  a l l  handl ing o r  t r a n s f e r r a l  ope ra t ions  be c a r r i e d  ou t  i n  a 
d r y  atmosphere. Two d r y  boxes were used on t h i s  p r o j e c t .  One was a 
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Fische r  model Isolator /Lab box which was des i cca t ed  with phosphorous 
pentoxide i n  f l a t  open d ishes .  The second dry box w a s  one s p e c i a l l y -  
designed and s u c c e s s f u l l y  used i n  our  l a b o r a t o r i e s  during the  p a s t  
t h r e e  y e a r s  f o r  work on superoxide systems. This d ry  box i s  cons t ruc t ed  
of l u c i t e  and has a volume of approximately 12 cu f t .  
phosphorous pentoxide and magnesium pe rch lo ra t e ,  were placed i n  open 
d i shes  on the f l o o r  of the dry box. A t r a y  of  l i thium hydroxide was 
a l s o  p laced  i n  each dry  box t o  scrub the atmosphere of carbon dioxide.  
Manipulations could a l s o  be c a r r i e d  out under an  atmosphere of a d ry  

i n e r t  gas.  A small f a n  was used t o  c i r c u l a t e  the a i r  i n  the d r y  boxes. 

The d e s i c c a n t s ,  

The r e a c t i o n  flask, a commercial glassware i t e m  wi th  a f r i t t e d  d i s c  
(shown i n  Figure V) was charged i n  a d r y  box with a weighed sample of 
d ry ,  powdered, potassium hydroxide. The appara tus  was assembled i n  a 
hood as shown i n  Figure VI .  The apparatus  conta in ing  t h e  hydroxide 
sample was then  f lu shed  with oxygen f o r  20 minutes p r i o r  t o  s t a r t i n g  
the ozone genera tor .  The gaseous ozone-oxygen stream was then  passed 
over  the sample above t h e  frit and t h e  hydroxide sample began immediately 
t o  t a k e  on an  orange co lo r .  For reasons noted below, t h e  sample was 
a g i t a t e d  by g e n t l y  tapping  the r eac t ion  f lask w i t h  a rubber  hammer 
during t h e  course o f  t h e  ozonizat ion.  T h i s  ozoniza t ion  process  was 
normally cont inued f o r  a t  least f o u r  hours.  The sample was t h e n  f lu shed  
aga in  w i t h  d ry  oxygen f o r  f i v e  minutes and f i n a l l y  f lu shed  w i t h  gaseous 
ammonia. 
f lask and t h e  ammonia condensed above t h e  frit.  
i s  suggested when us ing  t h e  acetone bath s i n c e  potassium ozonide w i l l  
r e a c t  v i o l e n t l y  wi th  the acetone i f  t h e  r e a c t i o n  flask should break and 
con tac t  i s  made between t h e  ozonide and acetone.)’  The orange potasslum 
ozonide immediately d isso lved  i n  t h e  l i q u i d  ammonia, y i e l d i n g  a dark,  
blood-red so lu t ion .  Pressure  from the  ammonia gas  above t h e  s o l u t i o n  
and from the ammonia tank then  forced the  red l i q u i d  ammonia s o l u t i o n  
through the frit and over  i n t o  the c o l l e c t i o n  flask (Figure V ) .  
e x t r a c t i o n  process  was continued u n t i l  the l i q u i d  ammonia s o l u t i o n  was 
almost c o l o r l e s s .  The c o l l e c t i o n  f l a s k  was maintained at t h e  same 
temperature  as the bath used during the e x t r a c t i o n  process .  The l i q u i d  

A dry i ce-ace tone  bath was t h e n  p laced  around the r e a c t i o n  
(Note: Extreme cau t ion  

The 
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ammonia s o l u t i o n  was allowed t o  evapora te  slowly, a f t e r  which the  s o l i d  
potassium ozonide was vacuum pumped t o  completely remove the  ammonia. 
The c o l l e c t i o n  f lask  was removed, p laced  i n  a dry  box, and the sample 
scraped put  i n t o  a tared v i a l .  The v i a l  wi th  the reddish-orange ozonide 
sample was kept i n  a polyethylene bag w i t h  a s u i t a b l e  des i ccan t  and 
s to red  a t  -35OC u n t i l  ready f o r  use.  
exceed f i v e  days. 

Storage times normally d i d  not  

U s i n g t h e  procedure o u t l i n e d  above, samples of potassium ozonide up t o  
0.5 gram have been obta ined  i n  y i e l d s  of the  o r d e r  o f  7% f o r  a s i n g l e  
ozonizat ion process .  By f l u s h i n g  the potassium hydroxide that  remains 
a f t e r  e x t r a c t i o n  wi th  d r y  oxygen t o  remove the residual ammonia, 
repea t ing  the ozoniza t ion  and e x t r a c t i o n  processes ,  and combining the 
l i q u i d  ammonia e x t r a c t i o n s ,  samples of potassium ozonide g r e a t e r  t h a n  
one gram have c o n s i s t e n t l y  been obta ined  from a g iven  ba tch  of potas-  
sium hydroxide. The p u r i t y  o f  t h e  prepared potassium ozonide samples 
ranged f r o m  88 t o  97%. 
discussed below. 

The a n a l y s i s  of a l k a l i  metal ozonides i s  

The cont ro l  s t u d i e s  c a r r i e d  out  on the gaseous ozone-sol id  potassium 
hydroxide haveemphasized c e r t a i n  p o i n t s  i n  the s y n t h e s i s  procedure 
t h a t  was followed. An excess  of anhydrous potassium hydroxide was 
used t o  i n s u r e  that  the water formed i n  the s y n t h e s i s  r e a c t i o n  w i l l  be”  
t i e d  up by t h e  formation of hydrated potassium hydroxide. 
ou t  above, a n  accumulation of unbound water i n  the r e a c t i o n  system 
would prove extremely de t r imen ta l  t o  the syn thes i s  of a lka l i  metal 
ozonides. The presence of excess  moisture  has not  been observed i n  

A s  po in ted  
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these s y n t h e s i s  r eac t ions .  I n  o r d e r  t ha t  a f resh potassium hydroxide 
su r face  would be exposed t o  the  ozone-oxygen gas  stream, the  r e a c t i o n  
chamber w a s  f r equen t ly  a g i t a t e d  and t h e  potassium hydroxide-ozonide 
bed mixed. 

Our best  y i e l d s  (ea.  7%) f o r  a s i n g l e  ozonizat ion were obtained when 
the fo l lowing  procedures were observed: 

1. 

2. 

3. 

4. 

An excess  of  anhydrous potassium hydroxide was used t o  t i e  
up the water formed by the syn thes i s  r eac t ion ,  t h u s  prevent ing  
the r e a c t i o n  between water and potassium ozonide. 

The r e a c t i o n  chamber was a g i t a t e d  f r e q u e n t l y  t o  in su re  con- 
t i n u a l  exposure of a f resh  sur face  area of potassium hydroxide. 

Low concent ra t ions  of ozone a t  high flow r a t e s  were found t o  
produce the higher y i e l d s .  High ozone concent ra t ions  were 
not  necessary f o r  e f f i c i e n t  conversion of  potassium hydroxide 
t o  potassium ozonide, and, apparent ly ,  were de t r imenta l  t o  
h ighe r  y i e l d s .  Figure VII i l l u s t r a t e s  t h e  e f f e c t  of t h e  t o t a l  
amount of ozone passed through the r e a c t i o n  chamber i n  225 
minutes on the  y i e l d s  obtained. The s i z e  of the  potassium 
hydroxide sample va r i ed  between 5.5 and 8 grams. 

The l eng th  of  t i m e  that  the ozonizat ion r e a c t i o n  was allowed 
t o  run was kept w i th in  2.5 t o  4.5 hours.  UT observa t ions  

out  t h e i r  syn thes i s  r e a c t i o n  for 2.5 t o  3 hours.  Q u a l i t a t i v e  
observa t ions  i n d i c a t e  that extended ozoniza t ion  does not 
improve the y i e ld  of potassium ozonide. I n  fac t ,  t h e  y i e l d s  
were low, and, i n  most cases ,  the ozonide sample was destroyed 
when the s y n t h e s i s  r e a c t i o n  was extended f o r  long per iods  of 
t i m e .  For example, s e v e r a l  s t u d i e s  were carried out i n  which 
potassium hydroxide was ozonated f o r  20 hours.  I n  a l l  of 
these cases ,  the  orange-colored potassium ozonide tha t  formed 
wi th in  the f i rs t  three hours  was found t o  r e v e r t  g radua l ly  t o  
the white c o l o r  of t h e  s t a r t i n g  material. S imi l a r  observa t ions  
were made when potassium superoxide was allowed t o  ozonate 
overnight .  The orange ozonide g r a d u a l l y  r eve r t ed  t o  white 
hydroxide and yellow superoxide. 

are i n  agreement w i t h  Kazamovskii ,  e t  a l ,  ? 12) who c a r r i e d  

To o b t a i n  information regarding t h e  syn thes i s  r e a c t i o n  i t s e l f ,  the ozone 
concen t r a t ion  e x i t i n g  from the  r eac t ion  chamber was monitored while 
potassium hydroxide was ozonated i n  t h e  " s t a t i c "  state,  i . e . ,  shaking 
of  the sample was avoided. When the  ozone-oxygen gas stream was d i v e r t e d  
i n t o  the r e a c t i o n  chamber, it was expected that  the ozone concen t r a t ion  
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would decrease as the  s y n t h e s i s  r eac t ion  occurred. The ozone concen- 
t r a t i o n  was then  expected to l e v e l  o f f  and inc rease  as t h e  hydroxide 
su r face  l a y e r s  became f u l l y  ozonated. A s  shown i n  Pigulf?. VIII, t h i s  
expected phenomenon was not  observed. The ozone concen t r a t ion  d i d  

decrease,  exponent ia l ly ,  bu t  d i d  not exh ib i t  an inc reas?  a f t e r  s i x  
hours.  I n  less t h a n  20 minutes f r o m  the s tar t  o f  t h e  s y n t h e s i s  r eac t ion ,  
an approximately 4-mm l a y e r  of potassium ozonide formed a t  t h e  t o p  of 
an approximately 5-em column of potassium hydroxide.  During t h e  expe r i -  
ment, the  white potassium hydroxide below the ozonated l a y e r  d i d  not  
change co lo r .  Shaking t h e  sample chamber t o  o b t a i n  mixing of  t h e  
ozonide and hydroxide d i d  inc rease  t h e  s c a t t e r i n g  of the experimental  
data obtained,  but  d i d  not  change the shape of the curve.  

Thus, a f t e r  t h r e e  t o  f o u r  hours,  t h e  ozone i s  appa ren t ly  consumed with-  
out  a s i g n i f i c a n t  i nc rease  i n  ozonide formation. It i s  p o s s i b l e  t h a t  
the su r faces  of potassium ozonide and/or hydrated potassium hydroxide 
are c a t a l y t i c  f o r  the decomposition of ozone. 

We b e l i e v e  that  t h e s e  s t u d i e s  have served t o  e s t a b l i s h  t h e  optimum 
condi t ions  f o r  the p repa ra t ion  of potassium ozonide v i a  the  gaseous 
ozone-solid potassium hydroxide r eac t ion  path.  Although the  y i e l d s  
are r e l a t i v e l y  low, extremely pure samples  are obta inable .  A s  a r e s u l t ,  
t h i s  method was used throughout t h e  course o f  t h i s  program t o  o b t a i n  
potassium ozonide samples f o r  eva lua t ion  as a i r  r e v i t a l i z a t i o n  material. 

The p repa ra t ion  of  potassium ozonide by t h e  passage of gaseous ozone 
over  s o l i d  potassium superoxide has been observed i n  t h e  E l e c t r i c  Boat 
l abora to r i e s .  T h i s  independent observat ion has confirmed r ecen t  
r e p o r t s  of t h e  p r e p a r a t i o n  of cesium and potassium ozonides by t h i s  
method- (17’18y ’’ Apparently pu re r  ozonides are obtained;  however, 

i n v e s t i g a t i o n s  i n  our  l a b o r a t o r i e s  do no t  readily i n d i c a t e  any s i g n i f i -  
cant  i n c r e a s e  i n  t h e  y i e l d  of potassium ozonide obta ined  v i a  t h e  gaseous 
ozone-sol id  potassium hydroxide method. 
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2.1.1.3 Synthes is  of Sodium and L i t h i u m  Ozonides 
Niko l sk i i ,  e t  a l ,  (24) have claimed the s y n t h e s i s  of sodium ozonide by 
exposing anhydrous sodium hydroxide t o  a gaseous ozone stream a t  -55OC.  
The ozonide was e x t r a c t e d  a t  -50°C w i t h  l i q u i d  ammonia. 
t i o n  of the  ammonia so lu t ion ,  red c r y s t a l s  were obtained which were 
analyzed t o  be 9% sodium ozonide. 
ozonide a t  -8OOC i n  a similar manner, followed by e x t r a c t i o n  w i t h  l i q u i d  
ammonia which was removed i n  a vacuum a t  -50°C. 
obta ined  conta in ing  90-92$ sodium ozonide. 
po in t  out  the s o l u b i l i t y  of sodium ozonide i n  l i q u i d  ammonia and r e p o r t  
that  t h e  ozonide i s  uns t ab le  a t  room temperature.  The decomposition 
of' sodium ozonide t o  sodium superoxide and molecular  oxygen i s  r epor t ed  

Upon evapora- 

Kuznetsov (25) has prepared sodium 

Red c r y s t a l s  were 
The Russian i n v e s t i g a t o r s  

t o  be complete i n  53 hours.  (24) 

Whaley and Kleinberg have prepared sodium ozonide by pass ing  ozone 
through powdered sodium hydroxide a t  room temperature .  Their observa- 
t i o n s  are i n  d i r e c t  c o n f l i c t  with the  Russian r e s u l t s .  Whaley and 
Kleinberg r epor t  t h e i r  product t o  be inso lub le  i n  l i q u i d  ammonia and 
s table  a t  room temperature ,  no t ing  no decomposition i n  sodium ozonide 
samples which had s tood  f o r  18 months. The observa t ions  of Whaley and 
Kleinberg have been confirmed by McLachlan, e t  al .  (26) 

The apparent  d i screpancies  concerning the  s o l u b i l i t y  and s t a b i l i t y  of 
sodium ozonide have been i n v e s t i g a t e d  by Kacmirek 
These i n v e s t i g a t o r s  have concluded t h a t  the d iscrepancies  r e s u l t e d  from 
the probable  ex i s t ence  of two c r y s t a l l i n e  forms of sodium ozonide; one 
s o l u b l e  i n  l i q u i d  ammonia and unstable  a t  room temperature,  the  o t h e r  
i n so lub le  i n  l i q u i d  ammonia but  s t a b l e  at  room temperature. 

(I7) and Solomon. ( 2 0 )  

Attempts i n  our  l a b o r a t o r i e s  t o  synthes ize  and i s o l a t e  sodium ozonide 
by the methods descr ibed  above have been only p a r t i a l l y  success fu l .  
When gaseous ozone was passed through dry  powdered sodium hydroxide a t  
room temperature ,  a pale yellow co lo r  developed i n  the hydroxide bed. 

This yel low product ,  presumably sodium ozonide, was inqoluble  i n  l i q u i d  
ammonia and could be s t o r e d  under anhydrous cond i t ions  f o r  a t  least one 
week without  any no t i ceab le  loss of color .  These observa t ions  t end  t o  
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confirm the  r e p o r t s  of Whaley and Kleinberg tha t  sodium ozonide 
prepared a t  room temperature  i s  s table  but  i n s o l u b l e  i n  l i q u i d  ammonia. 

At tempted  syn thes i s  at -8OOC by the  same method produced the  same 
yel low c o l o r  i n  the sodium hydroxide bed. When e x t r a c t e d ,  the  yellow 
product d i sso lved  i n  l i q u i d  ammonia, r e s u l t i n g  i n  a p a l e ,  orange-red 
so lu t ion  that  was similar i n  appearance to d i l u t e  l i q u i d  ammonia so lu -  
t i o n s  of potassium ozonide. Upon evapora t ion  of t h i s  s o l u t i o n  under 
vacuum, a white s o l i d ,  predominantly sodium hydroxide, was obta ined  
ins tead  of t h e  expected red c r y s t a l s  o f  sodium ozonide. I n  no cases  
were we able t o  i s o l a t e  sodium ozonide v i a  t h i s  procedure.  I n d i c a t i o n s  
are t h a t  the observa t ions  of previous  i n v e s t i g a t o r s  are confirmed tha t  
sodium ozonide prepared a t  temperatures  between -80 and - 6 O O C  i s  so lub le  
i n  l i q u i d  ammonia and uns t ab le  a t  room temperature .  

Thus, it would appear  tha t  a stable form of sodium ozonide can be pre- 
pared  by t h e  ozoniza t ion  of sodium hydroxide a t  room temperature. Once 
aga in  we are faced w i t h  a gas - so l id  r e a c t i o n  which g ives  low conversion 
y i e lds .  I n  add i t ion ,  t he  s table  c r y s t a l  form of sodium ozonide i s  
in so lub le  i n  l i q u i d  ammonia and can not be e x t r a c t e d  from the  unreacted 
s t a r t i n g  material t o  y i e l d  h igh ly  pure samples. 

It i s  ev ident ,  t h e r e f o r e ,  tha t  i f  advantage i s  to be taken  of sodium 
ozonide as a n  a i r  r e v i t a l i z a t i o n  material, a novel r e a c t i o n  procedure 
w i l l  have t o  be developed which w i l l  produce high y i e l d s  of pure sodium 
ozonide i n  i t s  s table  form. 

have failed t o  syn thes i ze  l i thim ozonide by Russian i n v e s t i g a t o r s  
the a c t i o n  of gaseous ozone on s o l i d  l i thium hydroxide and have postu-  
la ted tha t  the  formation of l i thium ozonide i s  thermodynamically 
unfavorable.  However, the  v a l i d i t y  of t h e i r  thermodynamic va lues  has 
been questioned. 

Kacmarek, e t  a l ,  (28) have r epor t ed  t h e  formation of a the rma l ly  uns t ab le  
te t raammoniate .of  l i thium ozonide from the  r e a c t i o n  of gaseous ozone 
w i t h  anhydrous powdered l i t h i u m  hydroxide which had ammonia absorbed 

(24) 

(26,271 
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on i t s  sur face .  The compound assayed a s  Li(NH ) 0 and was charac-  
t e r i z e d  by i t s  v i s i b l e  spectrum i n  a l i q u i d  ammonia so lu t ion .  

3 4 3  

Since the formation of l i thium ozonide was s t i l l  ques t ionable ,  a t t empt s  . 

were made t o  syn thes i ze  l i t h i u m  ozonide by pass ing  gaseous ozone through 
pure,  anhydrous l i t h i u m  hydroxide a t  temperatures  between 2 5 O C  and -8OOC. 

A p a l e  yellow c o l o r  developed b r i e f l y  i n  the l i t h i u m  hydroxide bed but  
disappeared quickly.  The t r a n s i t o r y  yellow c o l o r  was very  s imilar  to 
tha t  developed during the attempted syn thes i s  of sodium ozonide v i a  the 
same method. This  yellow product may indeed have been l i t h ium ozonide. 
Attempts were not made t o  e x t r a c t  the yellow product with l i q u i d  ammonia 
because it quick ly  disappeared when the ozone flow was stopped. 

2.1.2 The Study of Novel Reaction Paths f o r  t h e  Synthesis  of Alkali 

The t h e o r e t i c a l  and experimental  work presented  i n  t h i s  r epor t  c l e a r l y  
establishes t h e  p o t e n t i a l  of a l k a l i  metal ozonides as a i r  r e v i t a l i z a t i o n  
materials. The major obs t ac l e  prevent ing an  engineer ing  eva lua t ion  o f  
t h e s e  materials on a l a rge - sca l e  b a s i s  i s  the i n a b i l i t y  t o  produce 
ba tch - s i ze  q u a n t i t i e s  of t h e  material v i a  the p repa ra t ive  methods t h u s  
f a r  developed. Thus the  fol lowing promising ideas were pursued i n  an 
e f f o r t  t o  es tabl ish a method of synthes iz ing  potassium ozonide i n  ba tch-  
s i z e  q u a n t i t i e s .  Batch-size q u a n t i t i e s  are def ined  here as one o r  more 
pounds of product p e r  p repa ra t ive  run. 

Metal Ozonides 

2.1.2.1 Reactions i n  Liquid Ammonia 
The f a c t  that potassium ozonide i s  so luble  i n  l i q u i d  ammonia, (I1 
t h e  hydroxide i s  not ,  suggested t h e  p o s s i b i l i t y  of a more e f f i c i e n t  con- 
ve r s ion  of t h e  base t o  the ozonide by the passage of  an ozone-oxygen 
stream through a d i s p e r s i o n  of t h e  s o l i d  hydroxide i n  l i q u i d  ammonia 
o r  through a s o l u t i o n  of potassium metal i n  l i q u i d  ammonia. 

The formation of ammonium ozonide has  been repor ted ,  (29) r e s u l t i n g  from 
t h e  passage of ozone through pure l i q u i d  ammonia. Evidence f o r  t h e  
formation of t h i s  compound was based on the s i m i l a r i t y  of t h e  v i s i b l e  

whereas 

abso rp t ion  spectrum of t h e  ozonated l i q u i d  ammonia to t h e  s p e c t r a  of  
a l k a l i  metal ozonide s o l u t i o n s  i n  l i q u i d  ammonia.(20) It was f u r t h e r  



repor ted  that ammonium ozonide i s  thermal ly  unstable above -126OC, but  
i t s  formation has been observed at -8OoC, followed by immediate decom- 
p o s i t i o n  when the  ozone flow i s  removed. ( 2 9 )  

If an  ozone-oxygen stream were t o  be passed through a d i s p e r s i o n  of 
potassium hydroxide i n  l i q u i d  ammonia, the temperature  a t  which the 
s tudy  was t o  be made must be g r e a t e r  t han  a t  l eas t  -8OOC so as t o  pre-  
vent  the formation of  ammonium ozonide. It was expected tha t  as the  
ozonide was formed on the  s u r f a c e  l a y e r s  o f  the hydroxide p a r t i c l e s ,  
it would d i s so lve  i n  the  l i q u i d  ammonia, thereby  renewing f resh su r face  
f o r  f u r t h e r  r e a c t i o n  wi th  ozone. 

Studies  were c a r r i e d  out  i n  the temperature  range from -80 t o  -6oOc t o  
i n v e s t i g a t e  t h i s  r e a c t i o n  p a t h  with potassium hydroxide as the s t a r t i n g  
mater ia l .  The appara tus  used f o r  s t u d i e s  i n  non-aqueous so lven t s  i s  
shown i n  Figure I X .  Af te r  t h e  r e a c t i o n  chamber had been charged w i t h  
potassium hydroxide i n  the  d r y  box, t he  appara tus  was assembled,,and the 
ammonia condensed over  the hydroxide sample. The ozone flow was s t a r t ed  
and the  l i q u i d  ammonia immediately turned  a pa le  red co lo r ,  cha rac t e r -  
i s t i c  o f  ozonide s o l u t i o n s  i n  l i q u i d  ammonia. The ozoniza t ion  process  
was continued for a s h o r t  per iod ,  t he  ozone flow stopped, and the  l i q u i d  
ammonia evaporated.  I n  no cases  were w e  a b l e  t o  o b t a i n  pure potassium 
ozonide v i a  t h i s  procedure.  In s t ead ,  yellow-green c r y s t a l s  were obta ined  
which q u a l i t a t i v e l y  were shown t o  be n i t r a t e s .  T h i s  i n d i c a t e d  that  
s i g n i f i c a n t  amounts of ammonium ozonide were formed which decomposed 
t o  n i t r a t e s  i n  t h e  fo l lowing  manner: (29) 

2NH403 = NH 4 3  NO + 1/202 + 2H20 (16) 

The r e s u l t s  o f  these s t u d i e s ,  however, are f a r  from discouraging.  The 
tendency t o  form ammonium ozonide a t  t he  r e a c t i o n  temperatures  employed 
appears t o  be a m i t i g a t i n g  f a c t o r  a g a i n s t  the  formation o f  the a lka l i  
metal ozonide. The evidence i n d i c a t e s  t ha t  a t  h ighe r  temperatures  t h i s  
mi t iga t ing  f a c t o r  may be overcome. It seems that  the  s tudy  of t h i s  
r e a c t i o n  path should be cont inued using a spec ia l ly-des igned  p res su re  
v e s s e l  which would a l low the ozon iza t ion  r e a c t i o n  t o  take p lace  i n  
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suspensions of a l k a l i  metal hydroxides i n  l i q u i d  ammonia o r  i n  l i q u i d  
ammonia s o l u t i o n s  of a l k a l i  me ta l s  a t  room temperature.  

2.1.2.2 Potassium Hydroxide Dispersions i n  Freon 
An i n t e r e s t i n g  and promising approach i n v e s t i g a t e d  during the  t i m e  
pe r iod  covered by t h i s  c o n t r a c t  concerned t h e  ozon iza t ion  of potassium 
hydroxide d i spe r sed  i n  Freon. Freon i s  i n e r t  t o  ozone and does not 
d i s so lve  t h e  hydroxides. It has been e s t a b l i s h e d  i n  o u r  l a b o r a t o r i e s  
t h a t  the ozonides and superoxides a r e  l i k e w i s e  i n s o l u b l e  and non- 
r eac t ive .  Therefore,  l.t was expected t h a t  Freon would a c t  s o l e l y  
as a d i spe r s ing  medium. It has been r epor t ed  tha t  Freon, i n  a d d i t i o n  
t o  being r e s i s t a n t  to the  ox id iz ing  a c t i o n  of ozone, a l s o  has  p r e f e r -  
e n t i a l l y  high s p e c i f i c  s o l u b i l i t y  f o r  ozone i n  comparison t o  oxygen, 
which f a c t  should al low a means of s e p a r a t i n g  and f u r t h e r  concen t r a t ing  
ozone from an oxygen-ozone mixture as produced by a s t anda rd  ozonator.  
By t h i s  technique it has been demonstrated that  high concen t r a t ions  of 
ozone can be s t o r e d  f o r  pe r iods  of t i m e  a t  low temperatures  without  
marked de composition. 

(30 ) 

Studies  were i n i t i a t e d  t o  employ t h e  Freon technique t o  provide h i g h e r  
concen t r a t ions  of ozone for r e a c t i o n  wi th  d r y ,  powdered potassium 
hydroxide using t h e  appa ra tus  i l l u s t r a t e d  i n  Figure I X .  F re sh ly  
d i s t i l l e d  Freon TI?, CClpFCClFg, was used as the  d i s p e r s i n g  medium. 

The p o s s i b i l i t y  a l s o  e x i s t e d  t ha t  the v i o l e n t  t u rbu lence  r e s u l t i n g  from 
t h e  gaseous ozone bubbling through the  d i s p e r s i o n  would renew, a t  l eas t  
i n  p a r t ,  t h e  s u r f a c e  of the  hydroxide, enhancing the  hydroxide t o  
ozonide conversion rate.  Subsequent e x t r a c t i o n  of  t h e  s o l i d  p roduc t s  
with l i q u i d  ammonia o r  some o t h e r  s u i t a b l e  so lven t  was expected t o  
produce a high y i e l d  of potassium ozonide.  

The r eac t ions  s t u d i e d  were c a r r i e d  out  a t  O°C. 
occurred upon t h e  passage o f  a n  ozone-oxygen gas  mixture  through the 
potassium hydroxide-Freon suspension were ve ry  dramatic.  The suspended 
s o l i d  almost immediately took  on a n  orange t o  red c o l o r .  De tec t ab le  
c o l o r  changes c h a r a c t e r i s t i c a l l y  occurred w i t h i n  t h e  first 10 minutes 

The changes that  
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a f t e r  the s ta r t  of ozoniza t ion .  The ozoniza t ion  was t h e n  allowed t o  
cont inue f o r  one to t h r e e  hours. A t  the end of t h i s  t i m e ,  t h e  r e a c t i o n  
chamber was t r a n s f e r r e d  t o  a d r y  boxjand the r edd i sh  s o l i d  powder 
sepa ra t ed  from t h e  Freon by vacuum f i l t r a t i o n  through a s i n t e r e d  g l a s s  
f i l t e r .  The powder was t r a n s f e r r e d  t o  a vacuum d e s i c c a t o r  charged 
w i t h  magnesium pe rch lo ra t e ,  and pumped t o  dryness.  The b e s t  ana lyses  
obta ined  to date on samples obtained v i a  th i s  method were 7%, i n d i c a t i n g  
once aga in  a very  low conversion o f  potassium hydroxide t o  potassium 
ozonide. 

I n  s e v e r a l  runs,  a t tempts  were made t o  e x t r a c t  a pure sample of potassium 
ozonide from the s o l i d  mixtures  of potassium hydroxide and potassium 
ozonide. Accordingly, l i q u i d  ammonia e x t r a c t i o n s  were dark red and 
c h a r a c t e r i s t i c  of potassium ozonide. However, a remarkable phenomenon 
occurred when t h e s e  samples were scraped with a s p a t u l a  aga ins t  the  
g l a s s  walls of the  c o l l e c t i o n  f l a s k .  Such scrap ing  caused t h e  samples 
t o  explode. I n  a l l  such occurrences the  product was a f i n e  white res idue .  
S i g n i f i c a n t  amounts of t h e  res idue  could not  be c o l l e c t e d  f o r  adequate 
a n a l y s i s .  A t  t h i s  t i m e ,  we are unable t o  account f o r  t h i s  behavior .  
This  phenomenon i s  not  a t  a l l  c h a r a c t e r i s t i c  of a lka l i  metal ozonide 
samples c o l l e c t e d  v i a  t h e  r e a c t i o n  of t h e  hydroxide with ozone i n  o t h e r  
media. T h i s  problem w i l l  have t o  be solved be fo re  t h i s  promising reac-  
t i o n  p a t h  can be explo i ted .  

2.1.2.3 Ozonization of an Alkali  Metal t-Butoxide 
Milas and D j ~ k i c ( ~ ' )  have shown that it i s  p o s s i b l e  t o  ob ta in  potassium 
ozonide v i a  the r e a c t i o n  of ozone and s o l i d  potassium t -butoxide  a t  
-78OC.  
r e f l u x i n g  a mixture  of t - b u t y l  a lcohol  and potassium metal i n  an  atmos- 
phere o f  d ry  n i t r o g e n  u n t i l  a l l  o f  t h e  potassium has  r eac t ed  forming 
a s o l u t i o n  of ( C  ) COK. The excess  a l coho l  i s  removed by means of  a 
r o t a t i n g  evapora to r  under h igh  vacum and t h e  potassium t -butoxide  i s  

The procedure f o r  producing potassium t -butoxide  involves  

5 3  
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recovered as a white  powder. 
the following r e a c t i o n s  are assumed t o  occur:  

Upon ozoniza t ion  of  the white powder, 

2(CH 3 3  ) COK + 203 = 2K03 + 2(CH3)3CO* (17) 

By modifying the above procedure,  it was hoped tha t  potassium ozonide 
could be obtained i n  good y i e l d .  The modi f i ca t ion  involved the ozoniza- 
t i o n  of the  potassium t -butoxide  while  s t i l l  i n  the a l coho l  s o l u t i o n  
using the apparatus  shown i n  Figure X ,  w i t h  t h e  expec ta t ion  t h a t  
t he  r eac t ion  could be caused t o  go t o  completion on the basis tha t  as 
the  ozonide i s  formed it would p r e c i p i t a t e  out of so lu t ion .  Pre l iminary  
i n v e s t i g a t i o n s  i n  our  l a b o r a t o r i e s  have determined that  pure potassium 
ozonide i s  e s s e n t i a l l y  in so lub le  and non-react ive i n  a b s o l u t e l y  d r y  

t - b u t y l  a lcohol ,  thereby  removing doubt tha t  the ozonide could not  be 
recovered v i a  the proposed method. The best  samples obta ined  v i a  t h i s  
procedure contained 4.6% potassium ozonide. 
the  formation o f  impure potassium ozonide but  were success fu l  enough t o  
enhance our  enthusiasm f o r  t h i s  s y n t h e t i c  route .  A great  deal of funda- 
mental  work and spec ia l ly-des igned  equipment w i l l  be r equ i r ed  t o  o p t i -  
mize t h i s  method of  ozonide product ion  wi th  r e spec t  t o  q u a n t i t y  and 

,. 

These studies have i n d i c a t e d  

p u r i t y .  

2.2 ANALYSIS OF ALKALI WTAL OZONIDES 
If the k i n e t i c  and thermodynamic data t o  be obtained dur ing  t h i s  pro-  
gram were  t o  be of va lue ,  it was m o s t  important t h a t  a r e l i a b l e  procedure 
be developed f o r  the a n a l y s i s  of  a lka l i  metal ozonides i n  t h e  presence 
of  lower oxides.  

Alkali  metal  ozonides are known t o  decompose thermal ly  with an appre-  
c i a b l e  r a t e  i n  t h e  temperature  range of 60-100°C t o  the superoxide 
and oxygen: 

M 0 3  = M02 + 1/2 O2 (19) 
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At t hese  temperatures  the  superoxide i s  q u i t e  thermal ly  s t a b l e  . (32y33)  
The approaches suggested by r e a c t i o n  (19) as a q u a n t i t a t i v e  method of 
ana lys i s  f o r  t h e  p u r i t y  o f  a l k a l i  metal ozonides inc lude  thermogravimetry 
and gas a n a l y s i s .  However, f o r  a complete a n a l y s i s  of t h e  ozonide i n  
which t h e  m a j o r  impur i t i e s  would be t h e  corresponding superoxide,  
hydroxide, and/or hydrated hydroxide,  a d d i t i o n a l  techniques  would be 
required.  A l i t e r a t u r e  survey emphasized t h e  f a c t  t h a t  the methods of 
ana lys i s  that  were i n  use were va r i ed ,  o f t e n  q u i t e  vague, and of ques- 
t i onab le  p r e c i s i o n  and accuracy. I n  a l l  cases ,  an  adequate  a n a l y s i s  of 
t h e  ozonide sample could not be obta ined  by any one s i n g l e  
procedure. ( 12 17,21,34) 

The following scheme was developed i n  our  l a b o r a t o r i e s  f o r  the  a n a l y s i s  
of a l k a l i  metal ozonides i n  the presence of  lower oxides :  

1. Determination of Ozonide Content 
A thermogravimetric method was developed i n  which t h e  ozonide 
sample was decomposed thermal ly  under an  i n e r t  atmosphere to t h e  
superoxide and oxygen v i a  r e a c t i o n  ( 1 9 ) .  The appara tus  designed 
f o r  t h i s  a n a l y s i s  I s  shown i n  Figure X I .  The ozonide sample, 
powder o r  p e l l e t ,  w a s  p laced  i n  a v i a l  i n  the d r y  box. Under a 
flow o f  n i t rogen ,  t he  t a r e d  v i a l  was quick ly  t r a n s f e r r e d  to the  
sample chamber, the  n i t rogen  flow stopped, and the  system evacuated 
to mm Hg. D r y  n i t rogen  was t h e n  b l e d  i n t o  t he  system and t h e  
flow rate ad jus t ed  s o  as to mainta in  a p o s i t i v e  p re s su re  of lOmm Hg 
over t h e  sample. 
temperature f o r  a t  l e a s t  one hour,  cooled, qu ick ly  removed from 
the  r e a c t i o n  chamber, and reweighed. 

The ozonide content  was then  c a l c u l a t e d  on the basis o f  the  weight 
loss observed according to the  s to ich iometry  of r e a c t i o n  ( 1 9 ) .  
The r e p r o d u c i b i l i t y  of t h i s  a n a l y t i c a l  procedure has  been e x c e l l e n t .  
For example, three ana lyses  of a given ba tch  of potassium ozonide 
y ie lded  va lues  of 92.0, 92.1, and 92.2%. 

The sample was hea ted  to 70°+50C, - h e l d  a t  that  
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2. Determination of Superoxide Content 
The sample obtained a f t e r  the a n a l y s i s  f o r  ozonide content  con- 
sisted o f  t h e  superoxide and hydroxide p re sen t  i n i t i a l l y ,  and t h e  
superoxide produced by the thermal  decomposition o f  t h e  ozonide. 
The superoxide content  of the  i n i t i a l  sample was c a l c u l a t e d  from 
a knowledge of t he  amount of  ozonide i n  t h e  o r i g i n a l  sample and t h e  

t o t a l  superoxide conten t  of t h e  decomposed sample. The method of 
Seyb and has  proven q u i t e  s a t i s f a c t o r y  f o r  the 
analysis of  a lka l i  metal superoxides  and was used for such i n  t h e s e  
l a b o r a t o r i e s .  

3. Determination of Hydroxide Content 
The major disadvantage i n  using t h e  Seyb-Kleinberg method f o r  
superoxide i s  t h e  prevent ion  of a simultaneous de te rmina t ion  of 
t he  hydroxide content .  Therefore ,  i n  n e a r l y  a l l  of ou r  ana lyses ,  
the  unaccountable m a t e r i a l  was assumed t o  be potassium hydroxide 
o r  i t s  hydrated form. (12) 

2.3 THE CHEMISTRY OF POTASSIUM OZONIDE 
2.3.1 Thermal S t a b i l i t y  
The thermodynamic data repor ted  i n  Table I11 p o i n t s  out that  potassium 
ozonide t ends  t o  decompose spontaneously a t  room temperature  t o  po ta s -  
sium superoxide and molecular  oxygen according t o  r e a c t i o n  (19) .  
Therefore, t h e  important ques t ions  that  must be answered regard ing  the 
s t a b i l i t y  of potassium ozonide concern t h e  ra te  a t  which t h e  decomposi- 
t i o n  takes  p lace  i n  t h e  temperature  ranges of i n t e r e s t  i n  a space cabin,  
and t h e  t empera tu re ( s )  a t  which the ra te . ' i s  s l o w  enough t o  allow long-term 
s to rage  of the material without  fear of s i g n i f i c a n t  amounts of decom- 
p o s i t  ion. 

A l i t e r a t u r e  survey of t h i s  problem d i s c l o s e d  c e r t a i n  d i sc repanc ie s  
between Soviet  and American i n v e s t i g a t o r s  with regard t o  the s t a b i l i t y  
c h a p a c t e r i s t i c s  of potassium ozonide. Table I V  summarizes t y p i c a l  
k i n e t i c  d a t a  obtained i n  t h e s e  l a b o r a t o r i e s  a long wi th  the r e s u l t s  
reported i n  t h e  l i t e r a t u r e  by o t h e r  i n v e s t i g a t o r s .  
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The Russian i n v e s t i g a t o r s  have r e p o r t e d  t h a t  t h e  decomposition r e a c t i o n  
i s  complete i n  approximately 10 days a t  room t empera tu re , (12 )  while a t  
50-6ooc, t h e  decomposition i s  ove r  i n  30 minutes.  (1293') 
data a l s o  d i s c l o s e s  the e x i s t e n c e  of a s o - c a l l e d  " induct ion p e r i o d , "  
i . e . ,  a time pe r iod  during which t h e  decomposition rate i s  ve ry  much 
s l o w e r t h a n  t h e  rate of a c t i v e  decomposition of t h e  sample. An example 
of t h e  Russian data i l l u s t r a t i n g  t h i s  i n d u c t i o n  pe r iod  i s  shown i n  
Figure X I I .  

decomposition of potassium ozonide a t  19OC,in p e l l e t  form, has a n  
induct ion pe r iod  of  40 hours (F igu reXI I ) ,  a h a l f - l i f e  pe r iod  of 90 
hours,  and complete decomposition t i m e  of about 10 days. The average 
ra te  of decomposition a t  t h i s  temperature  f o r  t h e  i n d u c t i o n  pe r iod  was 
on ly  O.23$/hrY and f o r  the a c t i v e  pe r iod ,  2.3$/hr. Analyses by a least-  
squares t r ea tmen t  i n  these l a b o r a t o r i e s  of the  a v a i l a b l e  Russian data 
y i e lded  0.28 and 3.2$/hr as the  decomposition rates of t he  i n d u c t i o n  
and a c t i v e  per iod,  r e s p e c t i v e l y .  

me Russian 

Kazarnovskii, e t  a l ,  (12y34) have r e p o r t e d  tha t  t he  thermal 

( 3 4 )  

To i l l u s t r a t e  the dramatic e f f e c t  on s t a b i l i t y  ob ta ined  by a decrease 
i n  temperature,  t h e  Russian i n v e s t i g a t o r s  (34) r e p o r t  t h a t  a t  - 1 8 O C  t h e  
induct ion pe r iod  was 205 days and a decomposition of  less t h a n  1% of 
potassium ozonide took  p l ace  during t h i s  e n t i r e  per iod.  T h i s  c o r r e -  
sponded t o  a l o s s  of only 0.2s of the a c t i v e  oxygen. Russian data a t  
o t h e r  temperatures are  a l s o  l i s t e d  i n  Table  IV. 

Kacmarek (I7) has expressed disagreement with the  Russian data w i t h  
r ega rd  t o  t h e  presence of a n  i n d u c t i o n  pe r iod .  Induc t ion  pe r iods  were 
not observed by Kacmarek f o r  k i n e t i c  s t u d i e s  of the  thermal  decomposi- 
t i o n  o f  potassium ozonide a t  20 and 25OC. H e  does n o t ,  however, r e p o r t  
whether the  ozonide was i n  t he  form of a powder o r  a p e l l e t .  I n  a d d i -  

t i o n ,  i n  c o n t r a s t  t o  t h e  e x c e l l e n t  r e p r o d u c i b i l i t y  of the  Russian data, 
Kacmarek's r e s u l t s ,  a t  a g iven  temperature,  showed v e r y  wide d i f f e r e n c e s  
i n  the  rate of decomposition. For example, f o r  e i g h t  runs a t  F j o C ,  the 
ra te  of a c t i v e  decomposition ranged from 4.9 to 5O$,/hr. 
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Accordingly, a k i n e t i c  s tudy  of t h e  the rma l  decomposition of potassium 
ozonide was c a r r i e d  out  t o  r e s o l v e  t he  apparent  d i s c r e p a n c i e s  concerning 
the  s t a b i l i t y  c h a r a c t e r i s t i c s  of potassium ozonide. The appa ra tus  used 
f o r  t hese  s t u d i e s  i s  shown i n  Figure X I 1 1  and was designed t o  f o l l o w  t h e  

rate of oxygen e v o l u t i o n  g a s o m e t r i c a l l y  as t h e  sample decomposed v i a  
r e a c t i o n  (19) i n  a thermostated bath.  The potassium ozonide sample was 
loaded i n t o  a v i a l  i n  the d r y  box, q u i c k l y  t r a n s f e r r e d  t o  the sample 
chamber, t h e  g a s  b u r e t t e  e q u i l i b r a t e d ,  and the  volume of oxygen evolved 
recorded as a f u n c t i o n  of time. Our r e s u l t s ,  Table IT, f e l l  i n t o  t h r e e  
c l a s s e s ,  depending upon t h e  s t a t e  o f  t h e  potassium ozonide sample and 
t h e  drying procedure followed. 

1. Class I 
The f irst  k i n e t i c  runs during t h i s  s tudy  were made us ing  powdered 
potassium ozonide samples. The r e a c t i o n  chamber was f l u s h e d  w i t h  
d ry  n i t r o g e n  p r i o r  t o  i n t r o d u c t i o n  o f  the  tared sample v i a l  i n  a n  
attempt t o  exclude water vapor from t h e  system. FigureXIV i l l u s -  
t ra tes  t y p i c a l  k i n e t i c  curves ob ta ined  during these s t u d i e s .  I n  
a l l  ca ses ,  an induc t ion  per iod,  as r epor t ed  by the  Russian i n v e s t i -  
g a t o r s ,  was not observed. Some data r e p o r t e d  by Kacmarek does,  
however, resemble t h e s e  r e s u l t s ,  b u t  only w i t h  r e s p e c t  t o  t h e  
shape o f  the  curve. The rates of decomposition of powdered p o t a s -  
sium ozonide r epor t ed  i n  Table IV f o r  v a r i o u s  temperatures  were 
determined from the f i r s t - o r d e r  r e a c t i o n  ra te  p l o t s  i l l u s t r a t e d  i n  
Figure XV. 

2. Class I1 
Following t h e  k i n e t i c  s t u d i e s  us ing  powdered potassium ozonide 
samples, runs were made w i t h  the  ozonide i n  p e l l e t  form a t  t h e  
same temperatures .  A hand p e l l e t  p r e s s  ( P a r r  Instrument Co.) was 
used and a t t empt s  were made t o  i n s u r e  t h e  un i fo rmi ty  of  p e l l e t  
dimensions by having only one t e c h n i c i a n  p repa re  t h e  p e l l e t s  from 
nea r ly  equa l  weights of  potassium ozonide samples. The r e a c t i o n  
chamber was f lu shed  wi th  d r y  n i t r o g e n  p r i o r  t o  i n t r o d u c t i o n  of  
t h e  sample as i n  the previous set of  runs.  The r e s u l t s  ob ta ined  
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for these s t u d i e s  a r e  a l s o  l i s t e d  i n  Table IT. I n  approximately 

x v ~ ) ,  similar t o  tha t  repor ted  by Kazarnovskii ,  e t  al. 
50% of the cases ,  an  " induct ion per iod"  was observed 

Certain observa t ions  were made dur ing  these runs which suggested 
that the n i t rogen  f lu sh ing  procedure was not  s u f f i c i e n t l y  e f f e c t i v e  
f o r  removing moisture.  

The s l i g h t e s t  amount of water is appa ren t ly  capable  of ca ta lyz ing  
the  decomposition r eac t ion ,  t h u s  obscuring o r  des t roying  the  induc- 
t i o n  period. Examination o f  the p e l l e t s  a t  t he  end of the k i n e t i c  
runs confirmed t h e  presence of  mois ture  i n  the system. The p e l l e t  
i n  most ca ses  had a t h i n  white coa t ing ,  i n d i c a t i v e  of potassium 
hydroxide formed by t h e  r e a c t i o n  of the  ozonide w i t h  water. Fur the r  
confirmation r e s u l t e d  when the t o t a l  volume of oxygen evolved du r ing  
the decomposition was s l i g h t l y  g r e a t e r  t han  that  c a l c u l a t e d  f o r  the 
p a r t i c u l a r  weight o f  ozonide sample of known p u r i t y .  

I n  those cases  where an induc t ion  pe r iod  was not  a c t u a l l y  ev ident  
when the  raw k i n e t i c  data was p l o t t e d ,  two s lopes  could s t i l l  be 

drawn f o r  the first orde r  r e a c t i o n  r a t e  p l o t ;  the l e n g t h  of the  
f i rs t  rate corresponded t o  the  l eng th  of the  apparent  o r  v i s i b l e  
induct ion  per iod .  These observa t ions  are amply demonstrated i n  
Figures  XVI and XVII .  Figure XVI shows the t y p i c a l  k i n e t i c  curves  
obtained f o r  t he  thermal decompositions of potassium ozonide i n  
p e l l e t  form a t  30°C; curve A i l l u s t r a t e s  the induc t ion  pe r iod  
observed. Figure X V I I  i s  the f i r s t - o r d e r  r e a c t i o n  r a t e  p l o t  o f  t he  
same data,  bo th  curves showing two s lopes ,  the  first of which 
corresponds t o  t h e  induct ion  per iod.  

These data a l s o  showed s i g n i f i c a n t  va r i ance  among t h e  runs a t  a 
g iven  temperature,  poss ib ly  due t o  the non-uniformity of the 
p e l l e t s  with r e spec t  t o  thickness, p o r o s i t y ,  and dens i ty ,  and/or 
due t o  the moisture  phenomenon descr ibed  above. 
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3. Class I11 
A s  a r e s u l t  of t h e  obse rva t ions  made during the second s e t  of 
k i n e t i c  s t u d i e s ,  it was decided t o  d r y  the  r e a c t i o n  chamber with 
phosphorous pentoxide p r i o r  t o  sample loading. The ope ra t ing  
procedures remained t h e  same i n  a l l  o t h e r  r e s p e c t s .  The r e s u l t s  
were dramatic.  In  t h e s e  runs,  induct ion p e r i o d s  were c o n s i s t e n t l y  
observed. Figures  XVIII and X I X  i l l u s t r a t e  t h e  t y p i c a l  k i n e t i c  
curves  and f i r s t - o r d e r  p l o t s  obtained f o r  t h e s e  data. 
a t  30°C, an induc t ion  pe r iod  of  12  hours and average decomposition 
rates of 1.1 and 35.4$/hr for t h e  induc t ion  and a c t i v e  pe r iods ,  
r e s p e c t i v e l y ,  were observed. These data are c o n t r a s t e d  t o  an 
induc t ion  pe r iod  of nine hours and average decomposition r a t e s  of 
5.1 and 17.5$/hr when n i t r o g e n  f lush ing  was used. These r e s u l t s  
conf i n n  t h e  i n d i c a t i o n s  t ha t  n i t rogen  f l u s h i n g  was not e f f e c t i v e  
i n  removing water  vapor  from t h e  r e a c t i o n  system. 

For example, 

More important,  o u r  r e s u l t s  i n d i c a t e  t ha t  under extremely d r y  cond i t ions  
w e  are i n  e s s e n t i a l  agreement w i t h  t h e  Soviet  i n v e s t i g a t o r s .  Moreover, 
t h e  r e s u l t s  se rve  t o  poin t  out t h a t ,  although t h e  ozonides t end  t o  grad- 
u a l l y  decompose upon s t and ing  to t h e  superoxide and oxygen, the  r a t e s  
of t h e i r  decomposition a t  temperatures O°C and below are s u f f i c i e n t l y  
slow s o  as t o  make t h e  long term storage o f  t h e s e  m a t e r i a l s  p r a c t i c a l .  

Es t imat ions  of t h e  a c t i v a t i o n  energy n f  t h e  thermal decomposition of 
potassium ozonide were made from Arrhenius p l o t s  o f  t h e  k i n e t i c  data 
p resen ted  i n  Table IT. Figure XX i l l u s t r a t e s  t h e  curve obtained 
f o r  t h e  case  i n  which the potassium ozonide sample was a powder. A 

va lue  of 15.6 Kcal was obta ined  f o r  the a c t i v a t i o n  energy. 
’ of the a c t i v a t i o n  energy were a l s o  made f o r  the o t h e r  cases .  The data 

ob ta ined  f o r  p e l l e t e d  samples y i e lded  values  o f  17.8 Kcal when t h e  
r e a c t i o n  chamber was f l u s h e d  wi th  n i t rogen  and 13.5 Kcal when phosphorus 
pentoxide  was used as the drying agent. These r e s u l t s  a r e  i n  g e n e r a l  
agreement with t h o s e  of t h e  Soviet i n v e s t i g a t o r s  who have r epor t ed  
va lues  of 21.6-23.4 Kcal f o r  t h e  temperature range of - 1 8 O C  t o  ~ o O C ! ~ ~ )  

Estimates 
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I n  an attempt t o  determine the mechanism of t h e  decomposition r e a c t i o n  
and t o  c h a r a c t e r i z e  t h e  n a t u r e  of the induc t ion  per iod ,  the  Russian 
i n v e s t  i g a t  o r s  (34,37) followed the magnetic s u s c e p t i b i l i t y  of the ozonide 
sample s imul taneous ly  with t h e  k i n e t i c  study. Their data was i n t e r p r e t e d  
as confirming t h e  in t e rmed ia t e  formation of atomic oxygen, t h e  magnetic 
s u s c e p t i b i l i t y  of  which i s  s e v e r a l  times l a r g e r  t han  that of potassium 
ozonide and potassium superoxide. According t o  the i r  i n t e r p r e t a t i o n ,  
a t  the s tar t  of decomposition of  the ozonide sample, t h e  amount of 
atomic oxygen i n  the  s o l i d  phase increased with t ime, passed through a 
maximum when t h e  decomposition reac t ion  was approximately 60% completed, 
t h e n  dropped t o  zero  a t  100% decomposition. The maximum r e l a t i v e  amount 
of  atomic oxygen was observed a t  a point corresponding t o  t h e  end of 
t h e  induc t ion  pe r iod  o r  t h e  s tar t  o f  the a c t i v e  per iod.  
t i o n s  l e d  Kazarnovskii, e t  a l ,  (37)  t o  propose an hypo thes i s  based on 
t h e  t h e o r y  of  d e f e c t i v e  c r y s t a l  s t r u c t u r e s  and the fo l lowing  decomposi- 
t i o n  mechanism: 

These observa- 

KO3 = KO2 + 0 

KO3 + 0 = KO2 + O2 

According t o  t h i s  hypothesis ,  t h e  induct ion p e r i o d  is c h a r a c t e r i z e d  by 
an accumulation of d e f e c t s  i n  t h e  c r y s t a l  l a t t i c e  of potassium ozonide, 
i . e . ,  by t h e  fom.2tion of  superoxide ions and atomic oxygen. When s u f -  
f i c i e n t  d e f e c t s  have accumulated, a c r i t i c a l  p o i n t  is  reached where the 
i n i t i a l  s t r u c t u r e  decomposes t o  form the new l a t t i c e  of potassium 
superoxide.  This c r i t i c a l  p o i n t  corresponds t o  t h e  end o f  the induc t ion  
pe r iod  and the  beginning of the decomposition r e a c t i o n .  

If the Russian hypothes is  i s  c o r r e c t ,  it is  p o s s i b l e  that t h e  s l i g h t  
d i f f e r e n c e s  between our  r e s u l t s  and theirs ,  with regard t o  a c t u a l  va lues  
of r a t e  c o n s t a n t s  and l e n g t h  of  induct ion pe r iods ,  may be due t o  d i f -  

f e rences  i n  our  handl ing  or prepa ra t ion  of  t h e  potassium ozonide sample 
so  tha t  a degree of c r y s t a l  d e f e c t s  e x i s t s  a t  t he  start of the k i n e t i c  
study. However, it must be emphasized tha t  a c r i t i c a l  review of t h e  
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Russian work on t h e  simultaneous s tudy  of t h e  decomposition and pa ra -  
magnetic changes has l e d  us t o  t h e  conclus ion  t h a t  t h e y  a r e  q u i t e  
o p t i m i s t i c  w i t h  respec t  t o  t h e i r  a n a l y s i s  and i n t e r p r e t a t i o n  of the 
data. 

I n  order  t o  o b t a i n  a measure of t h e  hea t  of  r e a c t i o n  a s s o c i a t e d  w i t h  
t h e  thermal decomposition of  potassium ozonide t o  t h e  superoxide and 
molecular oxygen, r e a c t i o n  ( 1 9 ) ,  a d i f f e r e n t i a l  thermal  a n a l y s i s  of a 
sample of potassium ozonide was made using a Perkin-Elmer D i f f e r e n t i a l  
Scanning Calorimeter,  Model DSC-1. The measurements were made a t  the 
Perkin-Elmer f a c i l i t i e s  i n  Norwalk, Connecticut. 

The d i f f e r e n t i a l  c a l o r i m e t r i c  scan recorded for a 10.56 mg sample of 
potassium ozonide (86.6% pure)  i s  show:? i n  Figure XXI. Q u a l i t a t i v e l y ,  
t h i s  curve shows that  a measurable decomposition rate i s  not observed 
u n t i l  a temperature of about 5 2 O C  i s  reached and that t h e  energy change 
for the decomposition r e a c t i o n  i s  exothermic. Q u a n t i t a t i v e l y ,  t h e  hea t  
of t h e  decomposition r e a c t i o n  i s  r e l a t e d  t o  t h e  area under t h e  curve 
obtained. An e x t e r n a l  s t anda rd  was used t o  c a l i b r a t e  t h e  instrument .  
Indium meta l  was chosen because it has a well-known t r a n s i t i o n  energy 
of  6.8 cal/gram and i s  a v a i l a b l e  i n  h igh  p u r i t y .  
during t h e  decomposition o f  t h e  potassium ozonide sample was t h u s  
determined t o  be 3.2 Kcal/mole i n  the tempera ture  range from 325 t o  
373OK. 

The hea t  evolved 

I n  determining t h e  hea t  of t h e  decomposition r e a c t i o n ,  t h e  p u r i t y  of  
t h e  potassium ozonide sample was t aken  i n t o  account.  The assumption 
was made that  the  i m p u r i t i e s  i n  t h e  sample d i d  not undergo any t r a n s i -  
t i o n s  or r e a c t i o n s  which would c o n t r i b u t e  t o  t h e  energy change observed 
i n  the  temperature range a t  which t h e  measurements were made. 

Our value i s  i n  q u a l i t a t i v e  agreement with t h e  va lue  of 5.8 Kcal/mole 
a t  298.16 '~ r epor t ed  by Kazarnovskii ,  e t  a l .  (34) 
d i f f e r e n t i a l  c a l o r i m e t r i c  scan, t h e  decomposed potassium ozonide was 
cooled and reweighed. On t h e  basis of  t h e  weight l o s t  upon decomposi- 
t i o n ,  the p u r i t y  of t h e  ozonide sample was determined t o  be 86.0%. 

Upon completion of t h e  
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T h i s  f i g u r e  i s  i n  e x c e l l e n t  agreement w i t h  the o r i g i n a l  a n a l y s i s  made 
following ou r  s t anda rd  technique.  

2.3.2 Reaction w i t h  Water Vapor 
One of the most important chemical p r o p e r t i e s  of t he  a l k a l i  metal 
ozonides with r e spec t  to t h e i r  u s e f u l n e s s  i n  a i r  r e v i t a l i z a t i o n  systems 
i s  t h e i r  r e a c t i o n  with water vapor. I n v e s t i g a t i o n s  t o  date,  though not  
k i n e t i c  i n  na tu re ,  are i n  e s s e n t i a l  agreement t ha t  the ozonides r e a c t  
w i t h  water, e i t h e r  i n  the  l i q u i d  o r  gaseous s ta te ,  t o  form oxygen and 
t h e  corresponding hydroxide: 

2M03 + H20 (g, 1) = 2 MOH + 5/2 O2 (22) 

We have i n v e s t i g a t e d  t h e  k i n e t i c s  of the  r e a c t i o n  of potassium ozonide 
w i t h  water vapor a t  24 and 3loC a t  c o n d i t i o n s  of 50 and 100% r e l a t i v e  
humidity. These s t u d i e s  have served to e s t a b l i s h  r e l a t i v e  t r e n d s  
a t  t h e  v a r i o u s  experimental  environments . 
The apparatus  used i n  these s t u d i e s  i s  shown i n  Figure X X I I .  Potassium 
ozonide p e l l e t s  were prepared as desc r ibed  above and loaded i n t o  the 
r eac t ion  chamber i n  a d r y  box. The v i a l  con ta in ing  the  sample was 
stoppered and t h e  apparatus  removed from t h e  d r y  box ; .  Approximately 15 
m l  o f  the s o l u t i o n  r equ i r ed  t o  ma in ta in  the  desired humidity was added 
through t h e  s ide arm. Pure water was used t o  ma in ta in  the  atmosphere 
a t  100% r e l a t i v e  humidity; a 43.1% aqueous s o l u t i o n  of s u l f u r i c  a c i d  
was needed t o  produce an atmosphere of  50% r e l a t i v e  humidity. The 
r e a c t i o n  chamber was s e t  i n  a themnostated bath and the gas  b u r e t t e  
a t t ached  t o  t h e  side am. When e q u i l i b r i u m  had been a t t a i n e d ,  the  
sample was exposed to t h e  water vapor  atmosphere by r a i s i n g  the  g l a s s  
rod through t h e  mercury seal .  The rod was clamped i n  p o s i t i o n  w i t h  
t he  rubber s t o p p e r  l o c a t e d  above the  sample v i a l .  The  volume of oxygen 
evolved during the r e a c t i o n  of potassium ozonide w i t h  water vapor was 
monitored wi th  t ime. The r e s u l t s  ob ta ined  are summarized i n  Table V 
and i l l u s t r a t e d  i n  Figures  X X I I I  and X X I V .  



FIGURE XXl l  

APPARATUS USED FOR THE KINETIC STUDY OF THE REACTION OF 
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TABLE V 

Tempe ra t  ure 
( O C )  

2 4+1 - 

3 1+1 - 

SUMMARY OF KINETIC DATA FOR THE Rl3ACTION 

OF PELLETED POTASSIUM OZONIDE WITH 
WATER VAPOR AT VARIOUS TEMPERATURES 

AND HUMIDITIES 

Rela t ive  
H u m i d i t y  

Average R a t e  of  
Oxygen Evolut ion T o t a l  React i o n  
During Active Pe r iod  Time 

(mVg/hr) ( h r )  

50 

100 

50 
100 

10.9 

29.6 

35.0 
60.1 

30 

22 

27.5 

4.5 
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A t  24OC and 5 

i n t e r e s t  because Bogatov, e t  al ,(44)have confirmed the  presence of 
carbon monoxide i n  the atmosphere of confined chambers inhab i t ed  bymixed 
groups of smokers and non-smokers. After approximately t e n  days, the  
a i r  of the  t e s t  chamber inhab i t ed  by three persons contained 0.023- 

0.027 mg/a of carbon monoxide. The Russian i n v e s t i g a t o r s  have r e p o r t e d  

% r e l a t i v e  humis t y ,  the r e a c t i o n  of p e l l e t e d  p o t a s s  
ozonide wi th  water vapor i s  complete i n  30 hours .  I n  t h e  f i rs t  22 
hours,  87.0% of the  a v a i l a b l e  oxygen i s  evolved. The average r a t e  

.m 

o f  
oxygen e v o l u t i o n  during t h i s  a c t i v e  per iod i s  10.9 ml/g/hr. 
same temperature ,  bu t  a t  100% re lat ive humidity, the  average rate of 
oxygen e v o l u t i o n  i s  29.6 ml/g/hr f o r  only e i g h t  hours ,  a t  which t i m e  
74.2% of the  a v a i l a b l e  oxygen has been released. Under t h e s e  condi- 
t i o n s ,  the  t o t a l  r e a c t i o n  t i m e  i s  22 hours. 

A t  t h e  

A t  3 1 ° C  and 50% r e l a t i v e  humidity, the r e a c t i o n  between p e l l e t e d  po ta s -  
sium ozonide and water vapor proceeds a t  an average ra te  of 35.0 ml/g/hr 
for e i g h t  hours  and i s  complete a f t e r  27.5 hours .  A f t e r  e i g h t  hours ,  
t h e  r e a c t i o n  i s  77.4% complete. A t  t h e  same temperature ,  bu t  a t  100% 
r e l a t i v e  humidity, the  r e a c t i o n  i s  complete i n  4.5 hours.  I n  the f i rs t  
3.5 hours ,  92.4% of the a v a i l a b l e  oxygen i s  evolved. The average ra te  
of oxygen e v o l u t i o n  during t h i s  pe r iod  i s  60.1 ml/g/hr. 

The r e a c t i o n  by which t h e  ozonides are expected t o  r e p l e n i s h  oxygen i n  
a space cab in  has  t h u s  been experimental ly  v e r i f i e d .  These s t u d i e s  
have confirmed the  opinion tha t  t h e  r a t e s  of oxygen product ion by the 
r e a c t i o n  of potassium ozonide p e l l e t s  with water vapor,  i n  the tempera- 
t u r e  and r e l a t i v e  humidity ranges o f  i n t e r e s t ,  are of such a magnitude 
tha t  unusual safety problems w i l l  not  a r i s e .  
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t ha t  sodium superoxide r e a c t s  with d ry  carbon monoxide only above 
100°C t o  form the  carbonate:  ( 44) 

2 Na02 + CO = N a  CO + O2 (23) 2 3  

accompanied by the  r e a c t i o n :  

2 Na02 = N a  2 2  0 + O2 (24)  

Potassium superoxide,  on the  o t h e r  hand, forms t h e  carbonate  wi th  d r y  
carbon monoxide a t  only 9 5 O C .  ( 44) 

With regard t o  carbon dioxide abso rp t ion ,  i t  has been shown t h a t  i n  a l l  
cases ,  water vapor p l a y s  a v i t a l  r o l e  i n  the r e a c t i o n  rate.  
r e a c t i o n s  between pure,  d r y ,  s o l i d  oxides  and an anhydrous carbon 
dioxide atmosphere a r e  thermodynamically f avorab le ;  however, reasonable  
r a t e s  of r e a c t i o n  a r e  not  ob ta ined  u n l e s s  water i s  introduced i n t o  t h e  
system. The r o l e  of water  i n  these r e a c t i o n s  has not been c l e a r l y  
e s t ab l i shed .  

(39,") The 

For hydroxides, it i s  p o s s i b l e  t o  e x p l a i n  t h e  f u n c t i o n  of water by 

consider ing i t s  r o l e  i n  providing t h e  i o n i c  s p e c i e s  necessary f o r  
r e a c t i o n  according t o  t h e  fol lowing scheme: 

MOH H20 - - M+ + OH- 

C02 + H 2 0  = COY + 2H+ (26) 

2M+ + 20H- + CO; + 2H' = %CO + 2 H 2 0  (27) 3 

For superoxides,  an analogous r e a c t i o n  scheme may be w r i t t e n :  

2M02 + H 2 0  = 2M' + 2 0 H -  + 3/2 O2 

C 0 2  + H 2 0  = CO= + 2H+ 3 

2M+ + 2OH- + CO; + 2 H +  = M2C03 + 2 H 2 0  
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On the  basis of the  t r e n d s  o u t l i n e d  above, it i s  reasonable  t o  assume 
t h a t  some water w i l l  a l s o  be necessary t o  i n i t i a t e  t h e  r e a c t i o n  between 
an a l k a l i  metal  ozonide and gaseous carbon dioxide.  Analogous t o  
superoxide chemistry,  t h e r e f o r e ,  t h e  o v e r - a l l  r e a c t i o n s  might be 

w r i t t e n  as: 

t i o n s  o f  r e l a t i v e  humidity.  This  design i s  advantageous because it i s  
a c losed  system and t h e r e f o r e  r e p r e s e n t a t i v e  of a n  a c t u a l  t es t  chamber 
o r  manned space cabin.  The concen t r a t ions  of carbon dioxide and oxygen 
were monitored wi th  t ime. The r e s u l t s  are summarized i n  Table V I  and 
i l l u s t r a t e d  i n  Figure XXVI and X X V I I .  

2 KO + H20 = 2KOH + 5 / 2  O2 3 
followed by: 

2 KOH + C02 = $C03 + H20 

However, no experimental  j u s t i f i c a t i o n  for t h e  above assumptions re la-  
t i v e  t o  t h e  ozonides was a v a i l a b l e ,  and as a r e s u l t ,  a s tudy was i n i t i -  
a t e d  i n  our l a b o r a t o r i e s  t o  i n v e s t i g a t e  the  k i n e t i c s  of t h e  r e a c t i o n  of 
potassium ozonide with gaseous carbon dioxide.  

The experimental  s e t -up  used t o  s tudy  the rates of  carbon d iox ide  
a b s o r p t i o n  and oxygen e v o l u t i o n  at va r ious  c o n d i t i o n s  o f  r e l a t i v e  
humidity i s  shown i n  Figure xxv. 
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These s t u d i e s  have e s t a b l i s h e d  t h a t  i n  t h e  presence of water  vapor,  
potassium ozonide does r e a c t  w i t h  gaseous carbon dioxide.  A s  noted i n  
t h e  in t roduc t ion ,  however, for a i r  r e v i t a l i z a t i o n  purposes,  t h e  a l k a l i  
metal  ozonides are not capable ,  by themselves,  of completely removing 
carbon dioxide from a b r e a t h i n g  atmosphere, b u t  r e q u i r e  an a u x i l i a r y  
scrubber t o  maintain t h e  p rope r  R e s p i r a t o r y  Quotient. 

The Respiratory Quotient c a l c u l a t e d  from t h e  d a t a  obtained a t  70% rela-  
t i v e  humidity i s  0.63. On t h e  bases  of t h e  p u r i t y  of t h e  o r i g i n a l  
potassium ozonide sample and t h e  s to i ch iomet ry  of  r e a c t i o n s  (31) and 
( 3 2 ) ,  t h e  p r e d i c t e d  value f o r  t h e  Respiratory Quotient  i s  0.48. A 
probable exp lana t ion  f o r  the h i g h e r  va lue  obtained i s  t h e  formation 
of b ica rbona te s  as we l l  as carbonates  during t h e  r e a c t i o n  of  potassium 
ozonide w i t h  carbon d iox ide  and water vapor. If only potassium b i c a r -  
bonate were formed, t h e  expected Resp i r a to ry  Q u o t i e n t  would be 0.80. 
Samples of t h e  r e a c t i o n  products  were t i t r a t e d  p o t e n t i o m e t r i c a l l y  wi th  
hydrochlor ic  ac id .  The r e s u l t s  of t h e s e  t i t r a t i o n s  c l e a r l y  e s t a b l i s h  
t h e  presence o f  potassium b ica rbona te  i n  t h e  r e a c t i o n  products  i n  
q u a n t i t i e s  2.5-3 t imes  g r e a t e r  t han  t h a t  of potassium carbonate .  A 

Respiratory Quo t i en t  of  0.66 was c a l c u l a t e d  on t h e  b a s i s  of  t h e  amount 
of potassium carbonate and b i ca rbona te  found i n  t h e  r e a c t i o n  product 
f o r  t he  example c i t e d  above a t  70% r e l a t i v e  humidity. This  va lue  i s  
i n  e x c e l l e n t  agreement wi th  t h e  va lue  c a l c u l a t e d  from t h e  volumes of 
oxygen evolved and carbon d iox ide  absorbed during t h e  r e a c t i o n .  

The impl i ca t ions  of  t h e s e  r e s u l t s  a r e  extremely important .  The apparent  
ea se  o f  b i ca rbona te  formation i n c r e a s e s  t h e  p o t e n t i a l  of a l k a l i  metal 
ozonides as a i r  r e v i t a l i z a t i o n  materials. The p o s s i b i l i t y  t h a t  t h e  
following r e a c t i o n  t a k e s  p l a c e :  

opens t h e  door t o  a more f avorab le  Resp i r a to ry  Quotient t h a n  o r i g i n a l l y  
a n t i c i p a t e d  s t r i c t l y  on the b a s i s  of carbonate  formation alone.  



SUMMARY 

A summary of t he  work accomplished under NASA c o n t r a c t  NASw-559 i s  
given below: 

1. Potassium ozonide (88-97$ pure)  has been c o n s i s t e n t l y  p re -  
pared i n  l a b o r a t o r y  (1 t o  2 grams) v i a  t h e  gaseous ozone- 
s o l i d  hydroxide r e a c t i o n  pa th .  The appa ra tus ,  experimental  
technique,  and ope ra t ing  condi t ions necessary for optimum 
y i e l d s  have been e s t a b l i s h e d  along with the  p recau t ions  t h a t  
must be taken i n  t h e  handl ing and t h e  s t o r a g e  of t h e s e  sam- 
p l e s .  It has been found t h a t  good y i e l d s  (ca.7$) f o r  a 
s i n g l e  ozon iza t ion  a r e  obtained when t h e  fo l lowing  procedures 
a r e  observed: 

a .  An excess  of anhydrous potassium hydroxide i s  used t o  t i e  
up t h e  water formed by the  s y n t h e s i s  r e a c t i o n ,  t hus  p re -  
ven t ing  t h e  r e a c t i o n  between water  and potassium ozonide.  

b.  The r e a c t i o n  chamber i s  a g i t a t e d  frequent , ly  t o  i n s u r e  
c o n t i n u a l  exposure of a f r e s h  s u r f a c e  a r e a  of potassium 
ozonide. 

c .  Low c c n c e n t r a t i c n s  c f  ozone a t  h igh  flow r a t e s  a re  used. 

d .  The l e n g t h  of time t h a t  the ozon iza t ion  r e a c t i o n  i s  
allowed t o  run i s  kep t  within 2.5 t o  4.5 hours.  

2. A r e l i a b l e  thermogravimetric method has been developed f o r  
t h e  de t e rmina t ion  of a l k a l i  metal ozonides i n  t h e  presence 
of lower oxides .  The ozonide sample i s  the rma l ly  decomposed 
t o  t h e  superoxide i n  a n  i n e r t  atmosphere and t h e  p u r i t y  c a l -  
c u l a t e d  on t h e  basis o f  t h e  weight l o s t .  This procedure has 
proven very r ep roduc ib le  and p r e c i s e  wi th in  0.5%. 
example, t h r e e  ana lyses  of a given batch of potassium ozonide 
y i e l d e d  va lues  of  92.0, 92.1 and 9 2 . s .  

For 
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3. Discordant results have appeared in the literature relative 
to the thermal decomposition characteristics of potassium 
ozonide. Some investigators have reported an induction 
period during which the ozonide sample decomposes at a much 
slower rate than the ensuing active decomposition period. 
Other investigators have failed to observe this phenomon. 
The results obtained in our laboratories have resolved this 
discrepancy. When the thermal decomposition studies were 
carried out under extremely anhydrous conditions, induction 
periods of the nature described above were observed f o r  
pelleted potassium ozonide samples. This induction phenomenon 
was not observed when less stringent drying procedures were 
followed. 

4. The kinetics of the thermal decomposition of potassium ozonide, 
in pellet and powdered forms, have been determined at various 
temperatures. 
12 hours is observed for the thermal decomposition of pelleted 
potassium ozonide. The average rate of decomposition is 
l.l%/hr. for the induction period which is followed by an 
active period of decomposition which proceeds at an average 
rate of 35.%/hr. 
3OoC to the superoxide is complete in 24 hours. At O°C and 
below, the rate of decomposition of potassium ozonide is 
sufficiently slow (less than O.@/hr) so as to make the long 
term storage of these materials practical at these temperatures. 

For example, at 3OoC,  an induction period of 

The decomposition of potassium ozonide at 

5. A differential thermal analysis study of potassium ozonide, 
using a Perkin-Elmer Model D S C - 1  Differential Scanning Calori- 
meter, has been carried out to determine the order of magni- 
tude of its heat of decomposition. The heat evolved was 
determined to be 3 .2  Kcal/mole in the temperature range from 
325 to 373OK. 

6. Kinetic studies have been carried out for the reaction of 
pelleted potassium ozonide with water vapor at 24 to 3loC 
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7 .  

d a t  cond i t ions  of 50 and 10% r e l a t i v e  humidit; These 
s t u d i e s  have v e r i f i e d  t h e  r e a c t i o n  by which t h e  ozonides a r e  
expected t o  r e p l e n i s h  oxygen i n  a space cabin.  
5% r e l a t i v e  humidity,  t h e  r e a c t i o n  of  p e l l e t e d  potassium 
ozonide with water vapor i s  complete i n  30 hours .  I n  t h e  
f i r s t  22 hours ,  87.% of t h e  a v a i l a b l e  oxygen i s  evolved. 
The average r a t e  of oxygen evo lu t ion  during t h i s  a c t i v e  
p e r i o d  i s  10.9 ml/g/hr. A t  t he  same temperature ,  but  a t  
10% r e l a t i v e  humidity,  t h e  average r a t e  o f  oxygen e v o l u t i o n  
i s  29.6 ml/g/hr f o r  on ly  e i g h t  hours,  a t  which t ime 74.% of 
t h e  a v a i l a b l e  oxygen has been released.  Under t h e s e  condi- 
t i o n s ,  t h e  t o t a l  r e a c t i o n  t ime i s  22 hours.  A t  3 l o C  and 5% 
r e l a t i v e  humidity,  t h e  r e a c t i o n  between p e l l e t e d  potassium 
ozonide and water vapor proceeds a t  an average r a t e  of 35.0 
ml/g/hr for e i g h t  hours and i s  complete a f t e r  27.5 hours .  
A f t e r  e i g h t  hours ,  t h e  r e a c t i o n  i s  7 7 . w  complete. A t  t h e  
same temperature ,  bu t  a t  10% r e l a t i v e  humidity,  t h e  r e a c t i o n  
i s  complete i n  4.5 hours.  I n  t h e  f i r s t  3.5 hours ,  92.4% of 
t h e  a v a i l a b l e  oxygen i s  evolved. The average r a t e  of oxygen 
e v o l u t i o n  during t h i s  pe r iod  i s  60.1 ml/g/hr. 

A t  24OC and 

K i n e t i c  s t u d i e s  have been c a r r i e d  out f o r  t h e  r e a c t i o n  of 
p e l l e t e d  potassium ozonide with carbon dioxide a t  0, 50,  and 
10% r e l a t i v e  humidity a t  25OC. 
between t h e  ozonide and carbon dioxide under dry cond i t ions .  
The Resp i r a to ry  Quo t i en t  c a l c u l a t e d  from t h e  d a t a  obtained a t  
7% r e l a t i v e  humidity was 0.63. The s to i ch iomet ry  of t h e  
r e a c t i o n s  of potassium ozonide w L t h  water vapor and gaseous 
carbon dioxide t o  form t h e  expected potassium carbonate  l eads  
t o  a Resp i r a to ry  Quo t i en t  o f  only 0.40. 
r e a c t i o n s  i n  which t h e  product i s  the b i ca rbona te  l e a d  t o  a 
R e s p i r a t o r y  Quo t i en t  of 0.80. The presence of potassium 
b ica rbona te  i n  s i g n i f i c a n t  amounts i n  t h e  r e a c t i o n  products  
was confirmed q u a n t i t a t i v e l y  by potent iometr ic  t i t r a t i o n  with 
a c i d ,  thus account ing for t h e  observed Resp i r a to ry  Quo t i en t  

No r e a c t i o n  was observed 

S to ich iomet r i c  

c 
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of 0.63.  The implications of these results are extremely 
important. The apparent ease of bicarbonate formation in- 
creases the potential of alkali metal ozonides as air revi- 
talization materials, since a higher Respiratory Quotient 
is obtainable than originally anticipated on the basis o f  
carbonate formation alone. 

8. Investigations of the syntheses of sodium and lithium ozon- 
ides have been carried out. Our observations tend to confirm 
literature reports concerning the synthesis and stability of 
sodium ozonide. Sodium ozonide prepared at room temperature 
by the passage of gaseous ozone through powdered sodium 
hydroxide is relatively stable but insoluble in liquid ammonia. 
On the other hand, sodium ozonide prepared at temperatures 
between - 50 and -6OOC is soluble in liquid ammonia but 
unstable at room temperature. Literature reports emphasize 
the difficulty encountered in the attempts to prepare lithium 
ozonide by the action of gaseous ozone on solid lithium 
hydroxide. Some investigators have postulated that the forma- 
tion o f  lithium ozonide is thermodynamically unfavorable; 
however, the validity of their thermodynamic values have been 
questioned. A transitory yellow color was observed in these 
laboratories when solid lithium hydroxide was exposed to 
gaseous ozone. This yellow product was not isolated. 

9. In the course of this work, the following have been presented: 

a. Theoretical discussions of alkali metal ozonide chemistry. 

b. Discussions of the free-radical mechanisms involved in the 
synthesis and chemical reactions of alkali metal ozonides. 

e. Thermodynamic and kinetic data relative to the charac- 
terization of alkali metal ozonides. 
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d. General discussions of air revitalization systems employ- 
ing solid chemical oxygen storage media. 

e. Reviews of Soviet activity in the area of unfamiliar 
oxidation state chemistry with regard to air revitali- 
zation systems. 
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IV 

CONCLUSIONS 

Thus fa r ,  the work completed on the s tudy o f  a l k a l i  metal ozonides 
c l e a r l y  e s t a b l i s h e s  the  p o t e n t i a l  o f  these m a t e r i a l s  f o r  use i n  non- 
r egene ra t ive  a i r  r e v i t a l i z a t i o n  systems. The fundamental work has 
served t o  remove t h e  fear  t h a t  t h e  m a t e r i a l s  are unusual ly  dangerous 
t o  handle o r  s o  uns t ab le  as t o  make t h e i r  engineer ing use imprac t i ca l .  
It has been shown tha t  a l though potassium ozonide does decompose t o  
t h e  superoxide and oxygen, t h e  r a t e  of  such decomposition i s  no t  exces- 
s i v e  at normal cab in  temperatures ,  and tha t  t h i s  material can be s a f e l y  
s t o r e d  f o r  ex tens ive  pe r iods  of  t i m e  a t  temperatures  below O°C. 

f a c t  t h a t  t h i s  material  does g r a d u a l l y  decompose a t  cab in  temperatures  
t o  y i e l d  b r e a t h i n g  oxygen o f f e r s  the p o s s i b i l i t y  of engineer ing inno- 
va t ions  i n  employing t h e s e  materials which are  no t  p o s s i b l e  wi th  
similar oxygen source compounds. The d i scove ry  tha t  b i ca rbona te s  a r e  
formed by t h e  r e a c t i o n  of potassium ozonide wi th  water vapor and carbon 
dioxide i n c r e a s e s  the  a t t r a c t i o n  o f  t h i s  compound i n  an a i r  r e v i t a l i z a -  
t i o n  system because of  t h e  f avorab le  Respiratory Quotient obtained.  To 
c a p i t a l i z e  on the  p o t e n t i a l  of a l k a l i  metal ozonides,  c o n t i n u a t i o n  of 
fundamental s t u d i e s  i s  recommended. The d i r e c t i o n s  t h a t  these s t u d i e s  
should t a k e  a r e  o u t l i n e d  i n  Sect ion V, "Recommendations. 
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v 
RECOMMENDATIONS 

It i s  recommended tha t  : 

1. Systematic  s t u d i e s  of the  novel r e a c t i o n  pa ths  developed i n  
the  course of t h i s  work be pursued i n  an e f f o r t  to f i n d  a 
method f o r  producing potassium ozonide i n  l a r g e  y i e l d .  U n t i l  
such a p rocess  i s  developed, engineer ing s t u d i e s  on systems 
employing t h i s  m a t e r i a l  f o r  a i r  r e v i t a l i z a t i o n  purposes w i l l  
be l i m i t e d  t o  bench s c a l e  tes ts .  

2. Physico-chemical c h a r a c t e r i z a t i o n  s t u d i e s  of  a l k a l i  metal 
ozonides be continued t o  d e f i n i t i v e l y  e s t a b l i s h  t h e  heats 
a s s o c i a t e d  wi th  t h e i r  p e r t i n e n t  chemical r e a c t i o n s .  Deter- 
minat ions must be made of t h e  handl ing c h a r a c t e r i s t i c s  of 
ozonides i n  bu lk  q u a n t i t i e s ;  i .e . ,  i n  q u a n t i t i e s  g r e a t e r  t han  
t h e  experimental  y i e l d s  p r e s e n t l y  obtained.  

3. The s e a r c h  for methods o f  syn thes i z ing  s tab le  sodium and 
l i t h ium ozonides be continued. The r e s u l t s  obtained t h u s  f a r  
i n d i c a t e  t ha t  the  r e a c t i o n  o f  gaseous ozone with s o l i d  l i thium 
and sodium hydroxide l e a v e s  much t o  be des i r ed .  A t  t h i s  t i m e ,  
iioweveil, the  evidence i s  far from c,onclusive t h a t  stable forms 
of t h e s e  lower molecular  weight ozonides can not be synthesized.  

4. The s t u d i e s  of  the  r e a c t i o n  of potassium ozonide with water 
vapor and gaseous carbon dioxide t o  form potassium b ica rbona te  
be  f u r t h e r  i n v e s t i g a t e d  s i n c e  the  op t imiza t ion  of t h i s  r e a c t i o n  
could lead t o  a chemical a i r  r e v i t a l i z a t i o n  system w i t h  a 
Resp i r a to ry  Quo t i en t  of 0.8. 

5. The k i n e t i c  and thermodynamic c h a r a c t e r i s t i c s  of the r e a c t i o n  
of potassium ozonide wi th  gaseous carbon monoxide be determined. 

77 



VI 

RE FER ENCES 

1. P e t r o c e l l i ,  A . W . ,  and R.V.  C h i a r e n z e l l i ,  J. Chem. Ed. - 39, 557 
(1962). 

2. Keating, D . A . ,  and K .  Weiswurm, WADD Technical  Report ,  ASTIA 
AD No. 252127. 

3. Ordway, F . I . ,  e t  a l . , B a s i c  As t ronau t i c s ,  P r e n t i c e  H a l l ,  I n c . ,  
New J e r s e y  (1962) .  

4 .  Sisakyan, N . M . ,  Problems of Space Biology, V o l .  I ,  Moscow (1962) ,  
NASA Technical T r a n s l a t i o n  F-174 (1963).  

5. Sisakyan, N . M . ,  and V . I .  Yazdovskii, Problems o f  Space Biology, 
V o l .  11, Moscow (1962) ,  U . S .  Dept. of Commerce, Of f i ces  of Techni- 
c a l  Se rv ices  T r a n s l a t i o n  JPRS: 18375 (1963). 

6. Volynkin, Yu.M., e t  a l ,  "The F i r s t  Manned Space F l i g h t s , "  Moscow 
(1962) ,  Engl ish t r a n s l a t i o n  prepared by T r a n s l a t i o n  Se rv ices  
Branch, Foreign Technology Div i s ion ,  WP-Am, Ohio, ASTIA AD No. 
294537 - 

7.  Seryapin,  A . D . ,  Problems i n  Space Biology, Vol. I ,  NASA TT 

F-174 (1963) 9 P.  339. 

8.  Semenov, A.D. ,  "Toward New Acheivements i n  Soviet  Chemistry," 
ASTIA AD No. 400418. 

9. P e t r o c e l l i ,  A.W. ,  and A.  Capotosto, Jr., "Some Notes on t h e  Use of 
Superoxides i n  Non-Regenerative A i r  R e v i t a l i z a t i o n  Systems," 
Paper t o  be d e l i v e r e d  a t  t h e  Maimi meeting of  t h e  Aerospace Medi- 
c a l  Associat ion i n  May, 1964, i s  p r e s s ,  Aerospace Medicine. 

78 



10. 

11. 

12. 

13 - 
14. 

15. 

16. 

17. 

18. 

19 

20. 

21 * 

22. 

23 

24. 

25 - 
26. 

REFERENCES (Cont.) 

Item of I n t e r e s t ,  "Derivatives of Ozone", ASTIA AD No. 257921. 

Makarov, S.Z., and E . I .  Sokovnin, Doklady Akad. Nauk SSSR 137, - 
612 (1961). 

Kazarnovskii, I.A.,et a l ,  Doklady Akad. Nauk SSSR - 64, 69 (1949 

Nikolsk i i ,  G.P., e t  a l ,  Doklady Akad. Nauk SSR 72, - 713 (1950). 

F ie ld ,  F. H., and J. L. Frankling, Electron Impact Phenomenon, 
Academic Press,  New Pork, 1957, p.  129. 

NBS Circular  500 (1952). 

JANAF Thermochemical Tables,  ASTIA AD No. 286470. 

Kacmarek, A. J., AFOSR 2983, Final Report, June, 1962. 

Vol'nov, I. I., e t  a l ,  Izv. Akad. Nauk SSSR Otd. Khim. Nauk, 
1127 (1962). 

Nikolsk i i ,  B.P., e t  a l ,  Doklady Akad. Nauk SSSR 77, - 69 (1951). 

Solomon, I. J., and A. J. Kacmarek, J. Phys. Chem. 64, - 168 (1960). 

Whaley, T.P.,  and J. Kleinberg, J. Am. Chem. SOC. 73, 79 (1951). 

Davis, I., ASTIA AD No. 267249. 

Vol'nov, I. I., and V.V. Mateev, Izv. Akad. Nauk SSSR Otd. Khim. 
Nauk, 1136 (1963). 

Nikolsk i i ,  G.P.,  e t  a l ,  Doklady Akad. Nauk SSSR 77, - 69 (1951). 

Kuznetsov, V.G., e t  a l ,  Russ. J. Inorg. Chem. 7, - 499 (1962). 

McLachlan, A. O., e t  a l ,  J. Chem. Soc., 952 (1959). 



REFERENCES (Cont.) 

27. Smith, P. ,  J. Phys. Chem. 60, - 1471 (1956). 

28. Kacmarek, A. J. , e t  a l ,  Inorg.  Chem. 2, 659 (1962).  

29. Solomon, I.J., e t  a l ,  J. Am. Chem. SOC. - 84, 34 (1962) .  

30. Chret ian,  A. ,  e t  a l ,  Bul. SOC. chim. France, 49 (1960).  

31. Milas,  N . A . ,  and S.M. Djokic, J. Am. Chem. SOC. - 84, 3098 (1962).  

32.  Kraus, D.L., and A.W. P e t r o c e l l i ,  J. Phys. Chem. 66, - 1225 (1962).  

33. P e t r o c e l l i ,  A. W. , General Dynamics/Electric Boat , Report ~413-61-023 
( 1 9 6 0 ) ~  P. 58. 

34. Kazarnovskii ,  I . A . ,  e t  a l ,  Doklady Akad. Nauk SSSR 108, - 641 (1956). 

35'. P e t r o c e l l i ,  A. W. , General Dynamics/Electric Boat, Report U413-62- 
219 (1962) .  

36. Seyb, E., and J. Kleinberg,  Anal. Chem. 23, - 115 (1951). 

37. K.azarnovskii, I . A . ,  e t  al, Doklady Akad. Nauk SSSR - 123, 475 (1958). 

38. Makarov, S.Z., and 1.1. Vollnov, Izv.  Akad. Nauk SSSR, 370 (1951). 

39. Markowitz, M.M. , AF 33 (657) -9124, F i n a l  Report ,  September, 1963. 

40. Mel 'nikov, A.m., e t  a l ,  Russ. J. Inorg.  Chem. 7, - 633 (1962) .  

41. Mellnikov, A.m., and T.P. F i r sova ,  Zhur. Neorg. K h i m .  - 6, 2470 
(1961) ,  ASTIA AD No. 269788. 

42. Miller,  R.R. , and W. C. Lanning, ASTIA AD No. 236410. 

43. T s e n t s i t e r ,  A.B., and S.A. Tokareva, F'hur. Neorg. K h i m .  6, - 2474 
(1961) ,  ASTIA AD No. 269788. 

44. Bogatov, P . I . ,  e t  a l ,  Voyenno-med. Zhur. 2, - 37 (1961), ASTIA AD 
No. 257922. 

-80 


