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Introduction 

Ozone has been a n i m p o r t a n t reagent of the organic chemist a lmost f r o m the t i m e 
of i t s d i scovery b y Schônbein i n 1840. W i t h the d i s covery of the ozone l a y e r i n the 
u p p e r atmosphere , a n d i t s a l l - i m p o r t a n t role as a n u l t r a v i o l e t sh ie ld , the propert ies 
a n d react ions of ozone became of intense interest i n a n e n t i r e l y different field of 
science. 

T e n years ago there w o u l d have been l i t t l e to g a i n i n b r i n g i n g together the d iverse 
interests represented b y these two aspects of ozone c h e m i s t r y . T h e recent es tab l i sh 
m e n t of t rans ient ozone f o r m a t i o n i n u r b a n a tmospheres—resu l t ing f r o m research o n 
the L o s Ange les a i r p o l l u t i o n p r o b l e m — c a m e f r o m c o n t r i b u t i o n s b y meteorologists , 
photochemists , organic a n d a n a l y t i c a l chemists , a n d perhaps foremost , b y a p l a n t 
phys io log is t u t i l i z i n g a l l these disc ip l ines , A . J . H a a g e n - S m i t . 

T h e I n t e r n a t i o n a l Ozone Conference , he ld i n C h i c a g o , N o v e m b e r 28 to 30, 1956, 
succeeded i n p r o v i d i n g a m e d i u m for c u r r e n t c ont r ibut i ons concerning ozone as i t affects 
science a n d technology . T h e p a r t i c i p a n t s i n the conference dif fered w i d e l y i n the 
reasons for the i r interest i n ozone. B u t the h i g h l eve l a n d enthusiast ic response f r o m 
300 reg is trants , w h i c h v a s t l y exceeded our expectat ions , at tested to a n effective i n t e r 
change of ozone knowledge . 

W e h a d h o p e d to receive a sufficient n u m b e r of papers to o c cupy three days of 
single sessions. B u t so m a n y w o r t h - w h i l e papers were s u b m i t t e d — o v e r 6 0 — t h a t the 
conference was scheduled i n t r i p l e concurrent sessions. 

T h e event m a r k e d the first occasion for a n i n t e r n a t i o n a l exchange of i n f o r m a t i o n 
concerning ozone in b o t h science a n d technology . W e t h i n k i t m a r k e d a n i m p o r t a n t 
step f o r w a r d for ozone research. 

M a n y i n d i v i d u a l s a n d groups who did m u c h for the success of the conference 
deserve great a p p r e c i a t i o n for g i v i n g of the i r t i m e a n d ta l ent . A m o n g t h e m especial ly 
were the sponsors of the con ference—namely : 

Armour Research Foundation of Illinois 
Institute of Technology 

Aerojet-General Corp. 
Air Pollution Foundation 
Air Reduction Co. 
American Electroaire Co. 
Division of Industrial and Engineering 

Chemistry, American Chemical Society 
Ε. I. duPont de Nemours & Co., Inc. 

Grace Chemical Research & Development 
Co. 

Groak Engineering Corp. 
Linde Co., Div. of Union Carbide Corp. 
Melco Products, Inc. 
National Science Foundation 
The Welsbach Corp. 
Westinghouse Electric Corp. 

HALDON A. LEEDY 

Director, Armour Research Foundation 
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Photochemical Production of Ozone 

E. BRINER 

University of Geneva, Geneva, Switzerland 

The problem of photochemical production of ozone 
still has many indeterminate points. The upper limit 
of the wave length of active radiations has been 
found to be in the spectral region of 2000 to 2100 A. 
This limit has been taken into account in the inter
pretation of ozone formation by solar radiation 
(atmospheric ozone) or by mercury lamps. The 
energy yield measured during ozone formation by 
mercury lamps is much inferior to that obtained by 
silent discharge or by electrolysis. 

The pho to chemica l p r o d u c t i o n of ozone is of l i m i t e d i n d u s t r i a l interest because the 
p r a c t i c a l y i e l d is m u c h l ower t h a n t h a t p r o d u c e d b y s i lent electric discharge. H o w e v e r , 
there are a n u m b e r of scientif ic prob lems connected w i t h pho to chemica l ozone p r o d u c 
t i o n w h i c h have no t ye t been so lved , a n d the n u m b e r c o n t i n u a l l y increases, because 
of the i m p o r t a n t role w h i c h ozone p l a y s i n the atmosphere . A s a const i tuent of the 
atmosphere (about 100 m i l l i o n t h p a r t s thereof a t the earth 's sur face ) , ozone f orms a 
pro tec t ive screen because i t absorbs rad ia t i ons of wave lengths be low 3000 A . w h i c h are 
deleterious to l i f e . F u r t h e r m o r e , the heat l i b e r a t e d b y such a b s o r p t i o n a n d b y the 
exothermic decompos i t i on of ozone creates i n the h igher atmosphere (at a p p r o x i m a t e l y 
40 k m . ) a w a r m l a y e r w h i c h helps to establ ish t h e r m a l e q u i l i b r i u m on our p lanet . 

T h e p r i n c i p a l object of th i s research was to answer the quest ions : W h a t is the 
effective spec t ra l range for the p r o d u c t i o n of ozone? W h a t are the energy y ie lds i n 
the p r o d u c t i o n of ozone ? 

Spectral Range for O z o n e Production 

T h e spec t ra l range w h i c h is ac t ive i n ozone p r o d u c t i o n is one of the po ints r e 
q u i r i n g f u r t h e r s t u d y . K n o w l e d g e concern ing i t has b o t h p r a c t i c a l a n d theoret i ca l 
i m p o r t a n c e , i n a s m u c h as i t can f u r n i s h evidence about the p h o t o c h e m i c a l process of 
ozone f o r m a t i o n . I n fact , the p r o b l e m posed b y invest igators reduces to t h i s : Is 
there a l i m i t i n g wave l e n g t h above w h i c h rad iat ions do not produce ozone, a n d , i f so, 
where is t h a t l i m i t ? O n these questions op inions are v e r y d ivergent . A c r i t i c a l 
b i b l i o g r a p h y o n th i s subject is ava i lab le {2, 3). 

Experimental Procedure. A s source of u l t r a v i o l e t l i g h t the a u t h o r used s p a r k s 
between z inc electrodes, the h y d r o g e n l a m p ( w h i c h gives a cont inuous s p e c t r u m ) , or 
m e r c u r y l a m p s of d i f fer ing m o d e l a n d power , fed b y a l t e r n a t i n g or b y d irect c u r r e n t ; 
a l l the m e r c u r y l a m p s emi t a n arc s p e c t r u m . T h e spec t ra f r o m these sources were 
de te rmined b y a spec t rograph w i t h q u a r t z opt ics or a d i f f rac t ion s p e c t r o g r a p h w i t h 
a fluorite w i n d o w . 
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2 ADVANCES IN CHEMISTRY SERIES 

T h e a u t h o r has used three filters w i t h spec ia l a d v a n t a g e : W G 7, 8, a n d 10, for 
w h i c h the t ransmi t tances , based on the h y d r o g e n l a m p , are i n d i c a t e d i n F i g u r e 1. 

Figure 1. Transmittances of filters W G 7, W G 8, and W G 10 

A. Hydrogen lamp, no filter 
B. Filter W G 7 
C. Filter W G 8 
D. Filter W G 10 

C u r v e A , w h i c h refers to t h a t of the h y d r o g e n l a m p alone, shows a complete t r a n s -
m i t t a n c e s t a r t i n g f r o m the l ong waves d o w n to those of 2100 Α . ; be low 2000 A . the 
S c h u m a n n - R u n g e a b s o r p t i o n bands due to mo lecu lar oxygen are d i s t i n c t l y observed. 
I n t e r p o s i t i o n of the filter W G 7 resul ted i n curve B; t r a n s m i t t a n c e is d i m i n i s h e d , a t 
first s l owly t h e n m o r e r a p i d l y . I n the region of 2500 Α. , close to the resonance l ine of 
m e r c u r y (2535.6 Α . ) , the t r a n s m i t t a n c e was s t i l l 5 0 % , the a b s o r p t i o n was a lmost 
complete be low 2100 A . T h e t ransmit tances of W G 8 ( C ) a n d W G 10 ( D ) were close 
together . T h e y decreased s l owly so t h a t i n the 2500 A . region the t ransmit tances were 
s t i l l 9 0 % , b u t t o w a r d s 2100 to 2000 Α., these filters were o n l y s l i g h t l y t r a n s p a r e n t , 
W G 10 ra ther m o r e t h a n W G 8. 

O x y g e n was used at o r d i n a r y pressure a n d also a t pressures as h i g h as 60 a t m . , 
w h i c h i m p r o v e s the absorp t i on . I n m a n y exper iments the measurements were made 
o n l i q u i d oxygen, w h i c h h a d n o t p r e v i o u s l y been s y s t e m a t i c a l l y e m p l o y e d . I n the 
l a t t e r case, a b s o r p t i o n increased s t rong ly , m a d e ev ident b y a large cont inuous b a n d 
ex tend ing over the whole of the u l t r a v i o l e t reg ion be low 2600 Α . ; i n fact , the oxygen 
concentra t i on is 800 t imes t h a t of oxygen gas at a tmospher i c pressure. A n a d d i t i o n a l 
advantage results f r o m w o r k i n g at a constant t e m p e r a t u r e of — 1 8 3 ° C . — n a m e l y , t h a t 
the ozone, d isso lved i n l i q u i d oxygen, is thereby pro tec ted f r o m t h e r m a l d e c o m p o s i t i o n ; 
th i s m a k e s possible the use of p o w e r f u l l a m p s , evo lv ing m u c h heat . B u t th i s a d 
v a n t a g e is d i m i n i s h e d b y t h e u l t r a v i o l e t a b s o r p t i o n of the t w o q u a r t z wa l l s of the 
D e w a r conta iner . I n a d d i t i o n , as ozone dissolves i n oxygen, the t r a n s p a r e n c y of the 
s y s t e m for u l t r a v i o l e t rays progress ive ly decreases. 

U s i n g the W G 8 f i l ter w i t h a m e r c u r y v a p o r l a m p , d i rec t cur rent , a n d oxygen 
c i r c u l a t i n g at 40 a t m . i n a q u a r t z tube , less t h a n one h u n d r e d t h of the ozone obta ined 
w i t h o u t the filter was f o r m e d . S i m i l a r results were ob ta ined b y us ing sparks f r o m 
z inc electrodes as the l i g h t source or b y w o r k i n g w i t h l i q u i d oxygen. F r o m th i s i t was 
c o n c l u d e d t h a t ozone was f o r m e d u n d e r the a c t i o n of rad ia t i ons of λ < 2200 A . 

W i t h a weak m e r c u r y l a m p (15 wat ts ) a c t ing u p o n oxygen at o r d i n a r y pressure 
ins ide a q u a r t z tube , the p r o d u c t i o n of ozone was comple te ly p r o h i b i t e d b y i n t e r 
p o s i t i o n of a W G 7 filter. U s e of the W G 8 filter reduced the ozone p r o d u c t i o n to 
one h u n d r e d t h of the va lue ob ta ined w i t h o u t s u c h a filter, a n d the W G 10 filter cut 
i t d o w n to one fifteenth of th i s va lue , 
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BRINER—PHOTOCHEMICAL PRODUCTION 3 

I f the most p o w e r f u l r a d i a t i o n of a m e r c u r y l a m p , 2536.5 Α. , were ac t ive i n ozone 
f o r m a t i o n , the b u l k of ozone f o r m a t i o n w o u l d have to be a t t r i b u t e d to th i s one 
r a d i a t i o n a n d ozone f o r m a t i o n w o u l d also be ob ta ined a f ter i n s e r t i n g the f i l ters . 
K e e p i n g i n m i n d the behav io r of these three f i lters t o w a r d s u l t r a v i o l e t l i g h t , the s m a l l 
a m o u n t of ozone f o r m e d o n in te rpos ing the fi lters W G 8 a n d W G 10 m a y be a t t r i b u t e d 
to rad iat ions be low 2100 Α. , for w h i c h W G 8 a n d especial ly W G 10 are s l i g h t l y t r a n s 
parent . U s i n g l i q u i d oxygen a n d a p o w e r f u l m e r c u r y l a m p (440 wat t s ) the results 
were s i m i l a r to those just descr ibed. 

W i t h the h y d r o g e n l a m p , as rad iat ions pass t h r o u g h o n l y a l i t t l ^ q u a r t z w i n d o w , 
the ozone p r o d u c e d was m u c h smal ler i n q u a n t i t y a n d was comple te ly arrested b y 
i n t e r p o s i t i o n of the f i lters W G 7 a n d W G 8. 

T o s u m m a r i z e , there does exist a n u p p e r l i m i t for the wave lengths effective i n 
ozone f o r m a t i o n . T h e l i m i t is i n the region of 2000 to 2100 Α . ; the f i lters used were 
insuf f ic ient ly selective for m a k i n g a m o r e precise s tatement . 

One m u s t , however , envisage the existence of a spec ia l zone effective i n the p r o d u c 
t i o n of ozone at λ ^ 1750 Α. , of w h i c h there is quest ion i n the b i b l i o g r a p h y c i ted . B u t 
th is cannot enter in to account i n the exper iments w i t h m e r c u r y arc l a m p s , as the o n l y 
wave l e n g t h to be considered w o u l d be t h a t at 1648.9 A . (13), for w h i c h the q u a r t z 
wal ls a n d the a i r to be t raversed w o u l d be comple te ly opaque. H e n c e i t is the 
rad iat ions between 1750 a n d 2000 to 2100 A . w h i c h are comple te ly responsible f or the 
ozone f o r m a t i o n . T h e y are shown ( F i g u r e 2) i n the s p e c t r u m registered w h e n a weak 

1850 

1940 

1970 

Figure 2. Spectra of ozone produced by a mercury Iqmp 

m e r c u r y l a m p is used a n d correspond to the wave lengths 1850, 1940, 1970, a n d 2000 A . 
H e r e the condit ions of a b s o r p t i o n are rea l i zed b y the bands of oxjygen ( S c h u m a n n -
R u n g e a n d others) ; t h e y w i d e n u n d e r the effect of pressure a n d , w h e n operat ing i n 
l i q u i d oxygen, f o r m the s t rong cont inuous b a n d re ferred t o . 

B u t rad ia t i ons be low 1750 A . w i l l ac t u p o n oxygen w i t h great I efficiency i f t h e y 
are able to penetrate . T h e a b s o r p t i o n condi t ions i n t h i s reg ion are r a t h e r f avorab le , 
because of a v e r y s t rong , cont inuous b a n d , w h i c h s tarts a t 1750 A . a n d extends t o 
1150 A . I t is so intense t h a t h i g h a b s o r p t i o n c a n be a t t a i n e d even i f the oxygen is a t 
v e r y l o w pressures. These condi t ions h a d been rea l i zed ear l ier b y us ing fluorite 
w indows (17) or exceedingly t h i n q u a r t z wal l s (8). S u c h condi t ion^ are rea l ized also 
i n the h igher layers of the atmosphere above 40 t o 50 k m . , where tfye solar rad ia t i ons 
of exceedingly short wave l e n g t h penetrate , to w h i c h the p r o d u c t i o n of a tmospher i c 
ozone m u s t i n fac t be a t t r i b u t e d . 

W i t h regard to the m e c h a n i s m of th i s pho to chemica l p r o d u c t i o n , two different 
mechanisms m u s t be pos tu la ted , one f o r rad ia t i ons be low 1750 A . a n d one for those 
f r o m 1750 to 2000 or 2100 A . 

I n the f irst case the i n i t i a l p h o t o c h e m i c a l r e a c t i o n is the disscpciation of oxygen 
in to two oxygen atoms, one i n the n o r m a l state , the o ther i n a n a c t i v a t e d , the D s tate . 
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4 ADVANCES IN CHEMISTRY SERIES 

I t s energy, E, per g r a m mole of oxygen, ca l cu lated for the wave l e n g t h 1750 A . b y 
means of the expression Ε = 284000 /λ (deduced f r o m the E i n s t e i n p r i n c i p l e of p h o t o 
chemica l equivalence) has the va lue 163.8 k c a l . , of w h i c h the a c t i v a t i o n energy of the 
one oxygen a t o m accounts for 45.7 k c a l . A s each a t o m . combines w i t h 1 mole of 
oxygen , 2 moles of ozone are f o r m e d p e r q u a n t u m absorbed , corresponding to λ = 
1750 A . T h i s is , i n effect the q u a n t a y i e l d ob ta ined b y V a u g h a n a n d N o y e s (17). 

B u t i t is di f f icult to e x p l a i n the efficiency of r a d i a t i o n between 2000 a n d 2100 A . 
F r o m the energetic p o i n t of v i e w , W a r b u r g ' s theory , t h a t the i n i t i a l pho tochemica l 
reac t ion is the dissoc iat ion of oxygen i n t o t w o n o r m a l oxygen atoms, is untenable , as 
t h a t requires a n energy of o n l y 117 k c a l . corresponding to the q u a n t u m of λ = 2427 A . 
T h e same holds for the a l t e r n a t i v e theories w h i c h consider the i n i t i a l p h o t o c h e m i c a l 
reac t i on as the a c t i v a t i o n of the oxygen mo lecu le ; for unless one br ings in to p l a y 
h igher energy levels , the energy q u a n t u m Ε necessary corresponds t o s t i l l h igher w a v e 
lengths . 

T h e a u t h o r believes t h a t his e x p e r i m e n t a l f indings can be exp la ined b y the p h o t o 
c h e m i c a l a c t i o n b r o u g h t about b y rad ia t i ons (9, 10, 20) u p o n double oxygen molecules , 
( 0 2 ) 2 , a c cord ing t o : 

(0 2) 2 + Ιΐμ = 0 3 + Ο 

ο + o 2 = o3 

y i e l d i n g two molecules of ozone per q u a n t u m absorbed . 
I t is p a r t i c u l a r l y w o r t h y of a t t e n t i o n i n regard to e x p e r i m e n t a l results o n l i q u i d 

oxygen . T h e l a t t e r contains ca . 5 0 % (12) of ( 0 2 ) 2 , so t h a t the i r p a r t i c i p a t i o n i n the 
i n i t i a l react ion is v e r y probab le . T h e s t rong a b s o r p t i o n bands f o u n d i n l i q u i d oxygen 
have a l ready been i n t e r p r e t e d as be ing due to ( 0 2 ) 2 . T h e bet ter y ie lds p roduced w i t h 
oxygen u n d e r pressure m a y also easi ly be i n t e r p r e t e d as be ing due to the increased 
p r o p o r t i o n of double molecules (16). 

T h e energy to be furn i shed , however , is f o u n d b y ca l cu la t i on to be Ε — 92.7 k c a l . 
(2), c o rresponding to a w a v e l e n g t h of 3075 A . T h e l a t t e r is too h i g h , b u t i f one 
supposes t h a t the a t o m of oxygen l i be ra ted is i n the ac t ive state, as i n the p h o t o 
c h e m i c a l d issoc iat ion of 0 2 , the s u p p l e m e n t a r y energy of 45.7 k c a l . w h i c h is needed 
br ings the va lue of Ε to 138.4 k c a l . ; th i s indeed corresponds to a wave l e n g t h of 
2075 Α. , agreeing w e l l w i t h the values observed as the u p p e r l i m i t of a c t i v a t i o n . I n 
the absence of e x p e r i m e n t a l d a t a concern ing the ac t i on of rad iat ions on double oxygen 
molecules , th i s i n t e r p r e t a t i o n is o n l y t e n t a t i v e . 

Energy Y ie lds in Ozone Production 

T h i s w o r k throws l i ght on some of the numerous po ints needing inves t iga t i on w i t h 
r egard to the energetic y i e l d i n ozone f o r m a t i o n . T h i s y i e l d can be considered i n the 
first p lace f r o m a theoret i ca l po in t of v i ew , a p p l y i n g the E i n s t e i n e q u i l i b r i u m p r i n c i p l e 
to the i n i t i a l step i n ozone p r o d u c t i o n . I f , for example , th i s first step is the p h o t o 
chemica l d issoc iat ion of oxygen, the energy w i l l be Ε — 163.8 k c a l . , as exp la ined above. 
F o r a (hypothet i ca l ) m o n o c h r o m a t i c l i ght source, not e v o l v i n g heat, the energetic 
y i e l d w o u l d be 508 grams of ozone per k i l o w a t t - h o u r . B u t th is va lue is m u c h higher 
t h a n t h a t p r a c t i c a l l y a t t a i n a b l e ; indeed , for the l i ght sources used, o n l y a v e r y s m a l l 
p r o p o r t i o n of rad ia t i ons λ =ξ 1750 Α., is e m i t t e d . C a l c u l a t i n g i n the same w a y the 
y i e l d for r a d i a t i o n at 2000 Α., one obtains a theoret i ca l y i e l d of 559 grams of ozone per 
k i l o w a t t - h o u r . 

I n the f o l l owing , the e x p e r i m e n t a l values for energetic y ie lds of ozone, u n t i l n o w 
v e r y l i t t l e s tud ied , are considered. These results have been obta ined w i t h rec t i l inear 
t y p e m e r c u r y v a p o r l a m p s of dif ferent powers . 

I n one series oxygen gas was c i r cu la ted t h r o u g h a q u a r t z sleeve w h i c h s u r r o u n d e d 
the l a m p for i t s f u l l l e n g t h ; hence the r a d i a t i o n h a d to pass t h r o u g h the l a m p wal l s 
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BRINER—PHOTOCHEMICAL PRODUCTION 5 

a n d t h r o u g h the sleeve. A s the t h e r m a l des t ruc t i on of the ozone was a n i m p o r t a n t 
source of loss, i t was bet ter to use l o w - p o w e r l a m p s . T a b l e I gives the results for a 
7 -watt l a m p . 

Table I. Ozone Produced by 7-Watt Lamp 

Oxygen Fed, 
Liters/Hour 

7.5 
15.0 
22.5 
30.0 
37.5 
45.0 
60.0 

Ozone Obtained, 
Mg. 
2.13 
2.26 
2.50 
2.57 
2.75 
2.88 
3.08 

Ozone Concen
tration 

1.33 Χ ΙΟ"* 
7.03 X 10-5 
5.20 Χ 10-δ 
4.00 X 10-5 
3.42 X 10-5 
2.98 X 10-5 
2.40 Χ ΙΟ" 5 

Energy Yidd , 
Mg. Ozone/Kw.-Hr. 

304 
323 
358 
367 
393 
412 
440 

These results show the favorab le effect p r o d u c e d b y increased rate of flow; the 
ozone f o r m e d is more effectively r e m o v e d f r o m the destruct ive t h e r m a l or p h o t o 
chemica l a c t i on , the more the flow rate is increased. These e x p e r i m e n t a l condi t ions 
are unsu i tab le for p o w e r f u l l a m p s where t h e r m a l decompos i t ion is g r e a t ; b u t , on the 
other h a n d , w h e n l i q u i d oxygen is used the y ie lds are cons iderab ly i m p r o v e d b y us ing 
350- or 450 -wat t l a m p s . T h e arrangement used is s h o w n schemat i ca l ly i n F i g u r e 3. 

MERCURY 
VAPOR 
LAMP 

- DIAPHRAGM 

- DEWAR 
CONTAINER 
(20 CO 

Figure 3. Apparatus used for production of ozone in 
liquid oxygen 

F o r the energy y i e l d ca l cu lat ions , the l a m p is considered as the m a i n axis of a 
c y l i n d e r , the rad ius of w h i c h is equal to the distance between the l a m p a n d the D e w a r 
vessel of t r a n s p a r e n t q u a r t z . I f the r a d i a t i o n losses at the t o p a n d a t the b o t t o m of 
the l a m p are ignored , a p p r o x i m a t e l y a l l of the energy f r o m the l a m p is rece ived b y the 
i n t e r n a l surface of the c y l i n d e r . T h e d i a p h r a g m i n f ront of the D e w a r cuts out a s m a l l 
arc segment. I t can be rep laced b y a rectangle m a d e u p f r o m the w i d t h (10 m m . ) of 
the d i a p h r a g m t imes i t s height (100 m m . ) . T h u s the energy f r a c t i o n rece ived b y the 
surface of the rectangle can be ca l cu lated a n d , as the energy furn i shed b y the l a m p is 
k n o w n , also the y i e l d of ozone per k i l o w a t t - h o u r . 

Table II. Ozone Produced by a 450-Watt Lamp 

Distance, Mm. 
20 

100 
240 
480 
820 

Ozone Produced, 
Mg./Hour 

63.5 
9.25 
3.26 
0.284 
0.043 

Ozone Calculated 
for Total Circum

ference, Mg. 
211 
554 
417 
235 
22.5 

Energy Yields, 
Mg. Ozone/Kw.-Hr. 

1820 
1230 
(926 

522 
L 50 
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6 ADVANCES IN CHEMISTRY SERIES 

T a b l e I I shows the results w i t h a 450 -wat t l a m p . W h e n l i q u i d oxygen is used, 
the g rea t ly increased amounts of ozone f o rmed , due to the h i g h concentra t i on of oxygen 
a n d intense a b s o r p t i o n , suffer r e l a t i v e l y v e r y s m a l l loss b y pho tochemica l or t h e r m a l 
decompos i t i on . T h e best y i e l d ob ta ined was 1.82 grams of ozone per k i l o w a t t - h o u r . 

M o r e o v e r b y recover ing a l l of the ozone f o r m e d a n d t a k i n g a l l the necessary p r e 
caut ions w h e n e v a p o r a t i n g l i q u i d oxygen a n d t h e n l i q u i d ozone, a p p r o x i m a t e l y 3 grams 
of ozone per k i l o w a t t - h o u r were obta ined , w h i c h const i tutes a not iceable i m p r o v e m e n t 
over exper iments w i t h gaseous oxygen. 

T h e pho to chemica l m e t h o d of ozone p r o d u c t i o n gives r a t h e r l o w energy y ie lds i n 
c o m p a r i s o n to the t w o methods used i n d u s t r i a l l y — v i z . , b y si lent electric discharge or 
b y e lectrolysis of su l fur i c a c i d so lut ions . 

T h e s i lent discharge process is b y far the bet ter a n d is the one used b y large f i rms . 
B y s i lent discharge t h r o u g h oxygen at o r d i n a r y temperatures , ozone i n y ie lds of 100 
to 150 grams per k i l o w a t t - h o u r is obta ined . U n d e r the most favorab le c o n d i t i o n s — 
i.e., the si lent discharge u n i t i m m e r s e d i n l i q u i d oxygen at —183° C , at o p t i m u m values 
of f requency , of c u r r e n t i n t e n s i t y , a n d of the oxygen gas pressure—yie lds close to 300 
grams per k i l o w a t t - h o u r have been obta ined (4, 5, 15). T h e r e again the ozone was 
pro tec ted against des truct ive ac t i on b y i ts condensat ion i n the l i q u i d oxygen . 

E l e c t r o l y s i s y ie lds on ly l o w amounts of ozone, 4 to 7 grams per k i l o w a t t - h o u r , 
because the h i g h c u r r e n t densities needed at the anode cause h e a v y losses of ozone b y 
t h e r m a l des t ruc t i on . H e r e , too, the y ie lds can be i m p r o v e d b y l o w e r i n g the t e m p e r a 
t u r e . T h u s , us ing suff ic iently concentrated su l fur i c a c i d so lut ions , i t is possible to 
e lectro lyze at t emperatures s l i g h t l y above the eutectic p o i n t (—75° C. ) of the su l fur i c 
a c i d - w a t e r sys tem, a n d so o b t a i n y ie lds close to 12 grams per k i l o w a t t - h o u r (1, 6). 
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Oxyluminescence of a Few Fluorescent 
Compounds of Ozone 

A. J. BERNANOSE and M. G. RÉNÉ 

University of Nancy, Nancy, France 

Numerous oxyluminescences, which can be obtained 
in organic chemistry by rising ozone, open new possi
bilities for ozone assay, and preliminary results show 
that a suitable method may be found. Numerical 
values show the sensitivity of this technique. Small 
paper disks about the size of confetti and containing 
no more than 1 y of luminol permit measurements 
which take only a few minutes. Relatively simple 
electronic devices permit translation of these lumi
nescence phenomena into doses (percentages). 

Attempts to c lassi fy the chemiluminescence react ions (4, 6) have shown t h a t the 
ox idants capable of p r o d u c i n g oxyluminescence are b u t few i n n u m b e r a n d t h a t ozone 
p lays a n outs tand ing role i n the exc i ta t i on of organic compounds . 

A s p h o t o m e t r i c methods have been i m p r o v e d recent ly b y the i n t r o d u c t i o n of p h o t o -
counters a n d p h o t o m u l t i p l i e r s , i t is n o w possible to s t u d y such phenomena q u a n t i 
t a t i v e l y . B y the use of such equ ipment chemiluminescence becomes a new p h y s i c a l 
m e t h o d for the s t u d y of c e r ta in chemica l react ions. T h u s , cer ta in chemica l factors can 
be expressed as a spontaneous luminescence w h i c h can be recorded. 

I n the exper iments descr ibed the authors have t r i e d to f ind out whether i t is 
possible to determine ozone q u a n t i t a t i v e l y b y a m e t h o d based u p o n organic o x y 
luminescence phenomena . 

Chemiluminescence Brought about by Ozone 

Pure Ozone. L u m i n o s i t y m a y be obta ined s i m p l y b y the t h e r m a l decompos i t ion 
of ozone. Schul ler (24) no ted t h a t ozonized water e m i t t e d a weak l i g h t , a n d M e y e r 
(19) expressed the o p i n i o n t h a t th i s phenomenon r e a l l y was responsible for the l i g h t 
emission b y phosphorus . Beger (3) b y w o r k i n g at 350° C . was able to show t h a t the 
luminescence cou ld be a t t r i b u t e d to the t r a n s f o r m a t i o n of ozone in to oxygen. T h i s 
was the conc lus ion w h i c h D e w a r (13) also drew f r o m his v a c u u m exper iments . 

S t u c h t e y (28) s tud ied the phenomenon b y means of spec t ra l analys is at 400° to 
450° C , a n d noted t h a t the spec t ra l c ompos i t i on of the l i g h t v a r i e d w i t h different 
concentrat ions of n i t r o g e n a n d water v a p o r . 

O n the basis of w o r k done b y W u l f (32), B a r b i e r , Cha longe , a n d M a s r i e r a (2) 
recent ly s tud ied oxygen a n d a i r c onta in ing ozone a n d p l o t t e d the cont inuous s p e c t r u m 
f r o m 3850 to 6500 A . (the sens i t i v i ty l i m i t of t h e i r plates) ; this s p e c t r u m p r o v e d to be 
s i m i l a r to t h a t of act ive oxygen discovered b y L o r d R a y l e i g h [accord ing to S t r u t t (27)~\. 

7 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
00

2

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



8 ADVANCES IN CHEMISTRY SERIES 

I n th is s p e c t r u m S t o d d a r t (25) d iscerned the bands w h i c h K o n d r a t j e w (18) h a d 
obta ined b y t h e r m a l exc i ta t i on of n i t rogen d i o x i d e ; thus there is def inite ly a d iscrepancy 
between these results a n d those obta ined b y S t u c h t e y , w h i c h is obv ious ly due to the 
different e x p e r i m e n t a l techniques . 

Ozone in Presence of Mineral Compounds. W i t h the meta l l o ids , B a k e r a n d 
S t r u t t (jf) have repor ted a n orange oxyluminescence w i t h iodine a n d w i t h su l fur 
( w h i c h shows a cont inuous s p e c t r u m f r o m 2300 to 4800 Α. , w i t h a b a n d s p e c t r u m 
f r o m 2300 to 2600) , the u l t r a v i o l e t s p e c t r u m here h a v i n g been s tud ied b y Z a b i e z y n s k i 
a n d O r l o w s k i (33). 

A c c o r d i n g to C h a p p u i s (12), phosphorus glows i n oxygen u n d e r a tmospher i c 
pressures, as soon as some ozone is i n t r o d u c e d . These results have been corroborated 
b y C e n t n e r s z w e r (11). 

A m o n g the meta ls , B a k e r a n d S t r u t t (1) inves t igated the emission s p e c t r u m f r o m 
s o d i u m a n d t h a l l i u m p r o d u c e d b y the ac t i on of ozone. 

Chemi luminescence is also shown w i t h a few s imple m i n e r a l c ompounds . O t t o 
(21) expressed the o p i n i o n t h a t , i f ozone causes a luminescence i n the presence of 
water , i t acts u p o n i m p u r i t i e s there in . H y d r o g e n sulfide gives rise t o a n u l t r a v i o l e t 
chemiluminescence w i t h ozone ( Z a b i e z y n s k i a n d O r l o w s k i , 33). Severa l oxygen c o m 
pounds of n i t rogen , especial ly n i t r i c oxide, show, under the ac t i on of ozone, a spec t rum 
different f r o m t h a t of ac t ive n i t r o g e n [ M o r r e n (20), S a r r a s i n (23), S t r u t t (26), K n a u s s 
a n d M u r r e y ( 1 7 ) ] . S o l i d phosphorus t r ixode becomes luminescent [ T h o r p e a n d 
T u t t o n (29)']; a n d so do carbon monox ide , c a r b o n y l sulf ide, a n d c a r b o n y l ch lor ide a t 
200° C . T h e first of these furnishes a b a n d s p e c t r u m of 4000 to 5000 A . w h i c h 
corresponds to a b imo lecu lar process [ T r a u t z a n d Seidel (31) a n d T r a u t z a n d H a l l e r 
(30)~\. S i loxane too shows oxyluminescence [ K a u t s k y a n d Zocher (16)] u n d e r the 
influence of ozone. 

F i n a l l y the phosphorescent z inc sulfide under the influence of ozone emits a diffuse 
l i g h t w i t h sc int i l la t ions [ R i c h a r z a n d Schenck (22)]. 

Ozone in Presence of Organic Compounds. N u m e r o u s oxyluminescences p r o 
duced b y the ac t i on of ozone are b r o u g h t about w i t h h y d r o c a r b o n s or t h e i r heterocyc l i c 
analogs, such as benzene a n d th iophene [ O t t o (21)] \ e t h y l a l coho l [ O t t o (21)]; p o l y 
phenols i n aqueous or organic so lut ions , such as resorc ino l , h y d r o q u i n o n e , p y r o g a l l o l , 
pyroca techo l , a n d ph lo rog luc ino l ; even a glucoside, a e s c u l i n ; a n d c e r t a i n dyes a n d 
c h l o r o p h y l l [ B i s w a s a n d D h a r (8)]. A l l show oxyluminescence u n d e r the ac t i on of 
ozone. 

T h e chemi luminescent hydraz ides , especial ly l u m i n o l , produce b e a u t i f u l l u m i n e s 
cence i n a lka l ine so lut i on w i t h ozone [ H a r v e y (15) ; B r i n e r (9, 10) ; D r u c k r e y a n d 
R i c h t e r (14)]. 

F i n a l l y c e r ta in n a t u r a l l y o c c u r r i n g l i q u i d s , such as i m p u r e water , u r i n e , m i l k , a n d 
sea water , under the ac t i on of ozone m a y a l l become l u m i n o u s . 

T h e m a j o r i t y of the exper iments c i ted thus f a r are q u a l i t a t i v e a n d r a t h e r o ld . I t 
is no t possible to s t u d y t h e m c r i t i c a l l y . T h e luminescence was ra ther weak, a n d the 
e x p e r i m e n t a l techniques used were no t sui table for establ ishing a n y theories based u p o n 
the e x p e r i m e n t a l findings. C o m p a r a t i v e s t u d y of chemiluminescence a n d fluorescence 
spec t ra has become possible i n recent years owing to the progress i n opt ics , especial ly 
e lectron opt ics . T h e authors repeated ce r ta in exper iments w i t h such i m p r o v e d devices 
for the purpose of o b t a i n i n g a r a p i d q u a n t i t i v e analys is for ozone b y means of 
chemiluminescence . 

Oxyluminescence Experiments with Paper 

C e r t a i n exper iments b y B i s w a s a n d D h a r (8) were successfully repeated b y 
b u b b l i n g ozonized a i r i n t o water or e t h y l a l coho l solutions of dyes, euchros in , a n d 
r i b o f l a v i n . 

A s th i s e x p e r i m e n t a l technique was no t su i tab le f or f u r n i s h i n g a regular l u m i -
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BERNANOSE AND RENÉ—OXYLUMINESCENCE OF FLUORESCENT COMPOUNDS 9 

nescence, the authors used c h r o m a t o g r a p h i c papers i m p r e g n a t e d w i t h so lut ions a n d i n 
contact w i t h a gas s t r e a m . T o get a n even d i s t r i b u t i o n of the m a t e r i a l u n d e r i n 
ves t igat ion o n the p a p e r i t was d i p p e d i n t o so lu t i on , the excess of m o i s t u r e was a l l owed 
to r u n off, a n d the p a p e r was d r i e d v e r t i c a l l y b y means of rays f r o m a n i n f r a r e d l a m p . 
T h e edges of the paper were t h e n cut off w i t h scissors, a n d a fluorescence check u n d e r 
a W o o d l i g h t conf i rmed the i m p r e g n a t i o n . T h e paper was then cut i n t o r o u n d sheets 
of constant weight , w h i c h were ro l l ed together a n d inserted in to a tube t h r o u g h w h i c h 
ozone was passed. 

T h e luminescence was measured b y a i d of a L a l l e m a n d p h o t o m u l t i p l i e r w h i c h 
registered d i r e c t l y on a ga lvanometer . T h e ozone was p r o d u c e d b y a s m a l l generator 
used for m e d i c a l purposes w h i c h operates at a h igh - f requency c u r r e n t . 

EXPOSURE TIME, MINUTES 

Figure 1. Luminous intensity produced by paper disks treated 
with luminol and exposed to ozone 

A. High ozone concentration 
A'. High wet ozone concentration 
β. Low ozone concentration 
Inset. Action of ozone on dry paper disks 

F o r the measurement o n l y two mater ia l s were selected : r h o d a m i n e B , w h i c h shows 
a b e a u t i f u l orange luminescence , a n d l u m i n o l — i . e . , 3 - a m i n o p h t h a l h y d r a z i d e or 2,3-
p h t h a l a z d i o n e . L u m i n o l was pre ferred because the y i e l d seemed to be h igher a n d i ts 
emiss ion s p e c t r u m corresponded bet ter to the spec t ra l s e n s i t i v i t y curve of the p h o t o -
m u l t i p l i e r . T h e r h o d a m i n e t y p e of compound—i .e . , the c o m p o u n d w i t h o u t a n y 
s u b s t i t u t i o n — p r e p a r e d i n the authors ' l a b o r a t o r y , was no t f o u n d sui table . 

Experiment for Instantaneous Dosage of Ozone. T h e p a p e r d i sk became l u m i 
nescent as soon as ozone was i n t r o d u c e d i n t o the a i r s t ream c i r c u l a t i n g i n the tube . 
T h e luminescence reached i ts m a x i m u m i n a few seconds ; t h e n the br ightness decreased 
i n accordance w i t h a n exponent ia l t i m e f u n c t i o n ( F i g u r e 1 ) . 

W h e n the paper was wet ted at the m o m e n t of use, the reac t ion went m u c h faster 
t h a n w i t h d r y paper . I f the paper was rendered h y d r o p h o b i c b y processes w h i c h have 
been used p r e v i o u s l y for the observat ion of organic c o m p o u n d phosphorescence o n 
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10 ADVANCES IN CHEMISTRY SERIES 

p a p e r (7 ) , the luminescence d i d no t appear . T h i s shows t h a t h u m i d i t y is essential . 
T h e luminescence is v i s ib le to a n eye w h i c h has become accommodated to darkness . 
D u r i n g the first minutes the co lor of the l i g h t m a y even be noted . 

T h u s l u m i n o u s i n t e n s i t y m a y be expressed b y 

B = Boe~Kt (1) 

where Β is the br ightness of the p a p e r at the t i m e i , B0 is the s t a r t i n g br ightness (a 
f u n c t i o n of the ozone concentrat i on a n d of the paper p r e p a r a t i o n ) , a n d Κ is a constant 
w h i c h is also a f u n c t i o n of the ozone concentrat ion a n d p a p e r p r e p a r a t i o n . 

B y p l o t t i n g log Β a long the ord inate , a s t ra ight l ine is ob ta ined 

InB = ln£ 0 -Kt (2) 

I t s slope is p r o p o r t i o n a l to the ozone concentrat ion for a n y react ive paper w h i c h is used 
u n d e r s i m i l a r condi t ions : 

K^aiOs] (3) 

T h u s for a g i v e n setup the slope m u s t p e r m i t a n e v a l u a t i o n of ozone concentrat ion , 
e i ther by s imple p r o p o r t i o n a l i t y or w i t h the a i d of a c a l i b r a t i o n curve , i f necessary. 
T w o measurements i n a g i v e n t i m e i n t e r v a l w i l l f u r n i s h the a tmospher i c ozone assay b y 
the difference of the l o g a r i t h m s of the i n s t r u m e n t deflections. A less precise m e t h o d 
w o u l d be the d e t e r m i n a t i o n of the l u m i n o s i t y a t a g iven ins tant after the i n t r o d u c t i o n 
of the paper . 

Attempt to Measure Total Quantity of Ozone Produced. I n a n ear l ier paper (δ) 
the change of the t o t a l a m o u n t of l i g h t e m i t t e d b y the o x i d a t i o n of a c e r ta in q u a n t i t y 
of l u m i n o l b y s o d i u m h y p o c h l o r i t e was s t u d i e d as a f u n c t i o n of the p H . F o r a p H of 
a p p r o x i m a t e l y 10, the react ion is complete a n d a lmost instantaneous . T h e authors 
a t t e m p t e d to m a k e a dosage w i t h l u m i n o l as i t was ox id i zed b y ozone a f ter a paper 
d isk was t r ea ted w i t h a n excess of s o d i u m h y p o c h l o r i t e so lu t i on a n d to measure the 
l i g h t b y means of a p h o t o m e t r i c se tup , i n c l u d i n g a ba l l i s t i c ga lvanometer . 

B u t , i n contrast to w h a t was expected, the paper w h i c h h a d been subjected f o r 
some t i m e to the a c t i o n of ozone e m i t t e d m o r e l i g h t u n d e r the a c t i o n of s o d i u m 
h y p o c h l o r i t e t h a n p a p e r w h i c h h a d not been exposed to ozone. F i g u r e 2 shows th i s 

EXPOSURE TIME, MINUTES 

Figure 2. Amount of total light, W, produced by dry paper disks 
treated with luminol and sodium hypochlorite and exposed to ozone 
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BERNANOSE AND RENÉ-OXYLUMINESCENCE OF FLUORESCENT COMPOUNDS 

s u p e r a c t i v a t i o n , w h i c h increases u p to a ce r ta in l i m i t as a f u n c t i o n of the t i m e of 
passage of ozone. A f t e r a suff ic iently l o n g exposure the p a p e r ceases to be luminescent 
u n d e r the a c t i o n of s o d i u m h y p o c h l o r i t e . 

T h e effect of th is s u p e r a c t i v a t i o n d i sappeared w i t h t i m e , a n d papers t rea ted w i t h 
s o d i u m h y p o c h l o r i t e 8 hours af ter exposure t o ozone def ini te ly show a m o u n t s of l i g h t 
w h i c h decrease w h e n the exposure to ozone has been too great ( F i g u r e 2, l ower c u r v e ) . 

T h e react ions o c c u r r i n g d u r i n g the chemiluminescence of l u m i n o l are s t i l l no t too 
w e l l k n o w n . Severa l theories have been proposed , b u t the d i f f i cu l ty of i d e n t i f y i n g the 
in te rmed ia te produc ts has t h u s f a r m a d e i t imposs ib le t o d r a w definite conclusions (δ). 
D r e w suggested t h a t peroxides a n d ozonides are the in termed ia te produc ts , b u t i t is 
also possible t h a t cellulose, w h i c h has a l w a y s been l ooked u p o n as a n i n e r t car r i e r , 
takes a n act ive p a r t i n the reac t i on . T h u s the phenomenon i n t h i s f o r m cannot be 
used as a basis for measurements , because one is never interested i n a m e t h o d , w h i c h , 
i n order to f u r n i s h good results , m u s t be extended over several hours . 

Experimental Data 

Photometric Assembly. T h e p h o t o m e t r i c assembly (δ) consists of a L a l l e m a n d 18-
step p h o t o m u l t i p l i e r — i . e . , 18 a m p l i f i c a t i o n steps ( c a l c i u m on ox id ized s i l v e r ) — f e e d i n g 
d i r e c t l y i n t o a ga lvanometer w h i c h moves i n steps u p to 110 vo l t s . I t s s ens i t i v i t y is 
a b o u t t e n t imes h igher t h a n t h a t of the I P 21 R C A w h i c h operates w i t h the same 
vo l tage . T h e w i n d o w of the p h o t o m u l t i p l i e r is 6 c m . f r o m the l i g h t source. 

Preparation of Papers. T h e so lu t i on used conta ined 100 m g . of K o d a k l u m i n o l (or 
r h o d a m i n e B ) , 50 cc. of 21.2 grams of s o d i u m carbonate i n 1 l i t e r of water , a n d enough 
d i s t i l l ed w a t e r to m a k e 100 m l . of s o l u t i o n ; i t h a d a p H of about 9.7. 

T h e p a p e r used was washed, c h r o m a t o g r a p h y , N o . 302, p u r c h a s e d a t the P a p e 
teries d ' A r c h e s ; 10 sq . d m . has a d r y weight of 1.052 grams . W h e n a paper 10 sq . d m . 
was d i p p e d i n t o the so lut i on a n d the excess a l l owed to r u n off, i t re ta ined 2.220 grams 
of water . T h e rectangles used first, 9 X 11 X 1 cm. , were d iscarded . T h e final d isks 
weighed 3.20 ± 0.5 m g . 

Ozone Generator. T h e generator used was a n I X U a p p a r a t u s fed b y a b l ower 
h a v i n g a n a i r o u t p u t of 1.35 l i ters per m i n u t e ( a i r ) . W h e n the generator was f u l l y 
ac t ive , i ts ozone assay was 1.5 m g . per l i t e r . T h e i n t e r n a l d iameter of the e x p e r i m e n t a l 
tube was 5 m m . 
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Laboratory Techniques 
for Handling High-Concentration 
Liquid Ozone 

A. C. JENKINS 

Research and Development Laboratory, Linde Co., a Division of Union Carbide Corp., Tonawanda, Ν. Y. 

Because of the unstable nature of ozone, the usual 
techniques for determination of physical properties 
can rarely be applied. Contact with many mate
rials generally used in experimental work, such as 
rubber tubing, organic stopcock grease, and mercury, 
must be avoided. The quantity of pure liquid ozone 
must be kept small in the interests of safety. Even 
1 ml. of undiluted liquid ozone can cause a disastrous 
explosion unless suitable precautions are taken to 
protect the experimenter. 

T h e p r o d u c t i o n of d i lu te l i q u i d ozone a n d i ts concentra t i on on a l a b o r a t o r y scale are 
r e l a t i v e l y s imple . P u r e oxygen is passed t h r o u g h a series of three or f our glass B e r t h e -
l o t tubes ( F i g u r e 1) i m m e r s e d i n a w a t e r b a t h . T h e c e n t r a l p o r t i o n of each tube is 
f i l led w i t h s l i g h t l y ac idi f ied water a n d contains a m e t a l r o d . T h e center rods of the 
tubes are a l l w i r e d i n p a r a l l e l a n d connected to the h i g h vol tage t e r m i n a l of a 15,000-
v o l t t r a n s f o r m e r . T h e outer b a t h ( F i g u r e 2) is g r o u n d e d . 

O x y g e n is passed t h r o u g h the 2 - m m . a n n u l a r space between the i n n e r a n d outer 
tubes of the ozonizer , a n d the ozone-oxygen m i x t u r e p r o d u c e d i n the B e r t h e l o t tubes 
is condensed i n a glass b u l b i m m e r s e d i n l i q u i d oxygen . T h e ozone content of the 
m i x t u r e var ies f r o m 1 t o 5 mo le % , depending u p o n rate of flow a n d t e m p e r a t u r e . 
Because of the great difference i n v a p o r pressures between l i q u i d oxygen a n d l i q u i d 
ozone, oxygen gas can be p u m p e d off the m i x t u r e wh i l e i t is a t the n o r m a l b o i l i n g 
p o i n t (—183° C. ) of l i q u i d oxygen. A t th is t e m p e r a t u r e l i q u i d ozone has a v a p o r 
pressure of o n l y 0.1 m m . of m e r c u r y , a n d i ts p u r i t y can easi ly be checked b y a v a p o r 
pressure measurement . D i l u t i o n b y even 0.1 mole % of oxygen increases the v a p o r 
pressure f r o m 0.1 to 6.5 m m . of m e r c u r y ( F i g u r e 3 ) . O n a su l fur i c a c i d manometer , 
99.99 mo le % ozone w o u l d give a read ing of 6 m m . , c o m p a r e d w i t h less t h a n 1 m m . for 
p u r e ozone. 

I n the l a b o r a t o r y a t T o n a w a n d a , Ν . Y . , the l i q u i d ozone-oxygen m i x t u r e has 
a lways been concentrated b y the m e t h o d of L a i n e ( F i g u r e 2). L a i n e (8) used t w o 
glass bu lbs , each flushed out w i t h n i t r o g e n gas, evacuated , a n d filled w i t h the v a p o r 
f r o m the m i x t u r e . T h i s series of operat ions is conducted a l t e rnate ly i n the t w o b u l b s . 
Lainé's sys tem avoids pass ing oxygen a n d traces of ozone t h r o u g h the p u m p i n g s y s t e m . 
D i r e c t p u m p i n g on the l i q u i d ozone is used o n l y i n the final stage of c oncentra t ing th* 
ozone. F r o m the concentra t ing sys tem, l i q u i d ozone is v a p o r i z e d as needed a n d γ α 
condensed i n the a p p a r a t u s to be used for m a k i n g the p h y s i c a l measurements . T h e 
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Figure 3. Vapor pressure of 
ozone-oxygen mixtures at 

- 1 8 3 ° C. 

ozone is t h e n subjected to a d d i t i o n a l p u m p i n g to remove a n y traces of oxygen i n t r o 
duced b y decompos i t ion d u r i n g the t rans fer , a n d i ts concentrat i on is checked b y 
v a p o r pressure measurement . B y m a k i n g , concentrat ing , a n d us ing the ozone a l l i n 
the same closed sys tem, c o n t a m i n a t i o n is avo ided . 

One of the questions w h i c h arise w h e n pure l i q u i d ozone is used, is how to d i s 
pose of the sample w h e n the measurements are comple ted . T h e ozone is u s u a l l y 
v a p o r i z e d a n d t h e n disso lved i n a large v o l u m e of l i q u i d oxygen i n a 2 - l i ter D e w a r 
flask. T h e v e r y d i lute ozone-oxygen m i x t u r e is t h e n t a k e n outdoors a n d p o u r e d on 
the g r o u n d over a large area . T h e a p p a r a t u s shou ld be w e l l flushed w i t h pure oxygen 
gas to remove a l l ozone v a p o r . T h e necessity for do ing th is was discovered w h e n a n 
explos ion occurred i n a piece of a p p a r a t u s f r o m w h i c h the ozone h a d been v a p o r i z e d , 
a n d w h i c h h a d been left open to the a i r over a week end . A s th i s vessel was be ing 
removed for a l terat ions on M o n d a y m o r n i n g , i t exp loded v i o l e n t l y . E v i d e n t l y m u c h 
of the ozone h a d remained i n the vessel d u r i n g th is 64-hour per i od . 

Safety Precautions 

E v e r y possible p r e c a u t i o n m u s t be t a k e n to protect the exper imenter i n case an 
explos ion occurs. Shields of % - i n c h P lex ig las offer su i table p ro te c t i on against flying 
glass. Goggles , face shields, leather gloves, a n d leather aprons shou ld be w o r n . D e w a r 
flasks can be raised or l owered b y modi f i ed automobi le jacks ( F i g u r e 4 ) . Stopcocks can 
be t u r n e d b y means of l a z y rods inser ted t h r o u g h holes i n the P lex ig las shields. 

I n h a l a t i o n of ozone shou ld be avo ided . A thresho ld l i m i t va lue of 0.1 p . p . m . of 
ozone i n a i r has been adopted b y the A m e r i c a n Conference of G o v e r n m e n t a l I n d u s t r i a l 
H y g i e n i s t s . T h i s represents the concentra t i on of ozone i n a i r considered safe for a n 
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Figure 4. Ozone system 

8-hour exposure. A few par t s per m i l l i o n m a y be i n h a l e d w i t h o u t h a r m for short 
per iods of t i m e . I n h a n d l i n g pure ozone, m u c h higher concentrat ions m a y acc identa l l y 
be encountered i f su i table precaut ions are not t a k e n . W h e n i t is necessary to purge the 
a p p a r a t u s in to the a i r of the l a b o r a t o r y , a gas s t ream c o n t a i n i n g a l o w concentrat i on of 
ozone m a y be passed over a ca ta lys t to decompose the ozone. L i n d e M o l e c u l a r Sieve 
T y p e 1 3 X , used at r o o m t e m p e r a t u r e , is v e r y effective for th i s purpose . 

Mater ia l s of Construction for Laboratory A p p a r a t u s 

E x p e r i e n c e has s h o w n t h a t the most sat i s fac tory m a t e r i a l f or the cons t ruc t i on of 
s m a l l l a b o r a t o r y a p p a r a t u s is glass. U s e of s tockcock grease shou ld be avo ided i f 
possible , b u t f o r some purposes F l u o r o l u b e L G ( p o l y m e r of t r i f l u o r o v i n y l ch lor ide , 
H o o k e r E l e c t r o c h e m i c a l C o . , N i a g a r a F a l l s , Ν . Y . ) has been used, stiffened b y m i x i n g 
w i t h co l l o ida l s i l i ca such as Santoce l . T o a v o i d the use of stopcocks r e q u i r i n g l u b r i c a 
t i o n , glass b r e a k seals are sometimes used. D i a p h r a g m - or be l l ows - type stainless steel 
va lves m a y be j o ined to glass b y K o v a r seals. C o n c e n t r a t e d su l fur i c a c i d does not 
react w i t h ozone a n d is sat i s fac tory as a m a n o m e t r i c l i q u i d . A l l glassware shou ld be 
c leaned before use ; a su l fur i c a c i d - p o t a s s i u m d i chromate so lut ion has been used for 
th i s purpose , fo l lowed b y t h o r o u g h r i n s i n g w i t h d i s t i l l e d w a t e r . 

T h e r e seems to be considerable evidence t h a t the p u r i t y of the oxygen used to 
m a k e ozone is a fac tor i n ozone s t a b i l i t y . A f t e r a s u p p l y of spec ia l ly p r e p a r e d h i g h 
p u r i t y oxygen, 9 9 . 9 9 5 % p u r e , was obta ined , explosions were m u c h less f requent . A 
p a r t of the i m p r o v e m e n t m a y , however , have been due to m o r e experience i n h a n d l i n g 
ozone, a n d to u n k n o w n factors . 

O n e Explosion a n d Its Probab le Cause 

I n spi te of a l l precaut ions , explosions m a y occur. P u r e l i q u i d ozone at t e m p e r a 
tures near i t s n o r m a l bo i l ing p o i n t is p a r t i c u l a r l y dangerous. A t th is t e m p e r a t u r e 
the s l ightest j a r or v i b r a t i o n m a y cause a n explos ion . T h e most disastrous explos ion, 
however , o ccurred w h e n about 1 m l . of pure l i q u i d ozone was i n a glass tube i m m e r s e d 
i n 2 l i t ers of l i q u i d n i t rogen . A t th is t e m p e r a t u r e l i q u i d ozone h a d been thought 
f a i r l y safe. 
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JENKINS—LABORATORY TECHNIQUES FOR HIGH-CONCENTRATION OZONE 17 

T h e exper iment i n v o l v e d measurement of l i q u i d densities, a n d spectroscopica l ly 
p u r e h e l i u m h a d been used to a p p l y pressure to the ozone c o l u m n . A s prepara t i ons 
were be ing m a d e to dispose of the ozone, a s l ight b u t sudden change i n pressure 
occurred a n d a n explos ion t ook place ( F i g u r e 5 ) . T h e l i q u i d n i t r o g e n was i n s t a n t l y 
v a p o r i z e d a n d the D e w a r flask was p u l v e r i z e d . T h i s was the first explos ion i n m o r e 
t h a n 18 m o n t h s of w o r k . F o r t u n a t e l y , there was no serious i n j u r y . 

A t first a F l u o r o l u b e o i l used as a m a n o m e t r i c fluid was suspected as the cause 

Figure 5. Apparatus after explosion 

of the explos ion . H o w e v e r , t w o m o r e explosions occurred i n the same t y p e of a p 
p a r a t u s w h e n su l fur i c a c i d was used as a m a n o m e t r i c fluid. I t m a y be t h a t a s m a l l 
b u t sudden change i n pressure caused these explosions b y the ad iabat i c compress ion of 
s m a l l gas bubbles i n the l i q u i d T h e energy p r o d u c e d b y th i s sudden compress ion is 
p r o b a b l y sufficient to s t a r t a c h a i n reac t ion , a n d the whole mass of ozone is t h e n 
decomposed. T h i s has been demonst ra ted w i t h other mater ia l s b y B o w d e n a n d 
Yo f f e (0 ) . 

T h e author ' s experiences con f i rm those of R iesenfe ld a n d S c h w a b ( £ ) , w h o i n 
1922 wrote , " B y a v o i d i n g even the sl ightest traces of ozone decompos i t i on cata lysts , 
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18 ADVANCES IN CHEMISTRY SERIES 

(ether, for e x a m p l e ) , r a p i d increases i n pressure, or w a r m i n g , we have so far never 
h a d a n explos ion of l i q u i d ozone." 

Measur ing Physical Properties of L iquid Ozone on Smal l Samples 

F o r v a p o r pressure measurements a copper b l o ck was used, 1 % inches i n 
d iameter a n d 8 inches l ong , w i t h a c e n t r a l d r i l l e d w e l l for the v a p o r pressure b u l b , 
a n d a thermocoup le w e l l ( F i g u r e 6) . T h e copper b l o ck was p r o v i d e d w i t h a n externa l 
copper cool ing co i l a n d a heat ing co i l . T h e b lock was suspended f r o m a T r a n s i t e 
t o p i n a n otherwise e m p t y D e w a r flask. T h e copper b l o ck was cooled b y passing 
l i q u i d n i t rogen or co ld gaseous n i t rogen t h r o u g h the co i l , a n d the t e m p e r a t u r e was 

Figure 6. Copper block cryo
stat for vapor pressure measure

ments 
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JENKINS-LABORATORY TECHNIQUES FOR HIGH-CONCENTRATION OZONE 19 

contro l l ed b y means of the heat ing co i l . V a p o r pressures above 1 a t m . were 
measured w i t h the help of a glass s ickle gage ( F i g u r e 7) a t tached to the v a p o r 
pressure b u l b a n d used as a n u l l pressure device. T h e i n t e r n a l pressure was ba lanced 
b y ex terna l n i t r o g e n pressure w h i c h was measured on a c a l i b r a t e d test gage. 

D e t e r m i n a t i o n of the c u r v e of b o i l i n g p o i n t vs. t i m e ( F i g u r e 8) presented a n o t h e r 
p r o b l e m i n a p p a r a t u s cons t ruc t i on . T h i s exper iment was c a r r i e d out to p r o v e t h a t 
there is no azeotropic m i x t u r e of ozone a n d oxygen b o i l i n g at —105° C , as r e p o r t e d 
b y S c h u m a c h e r i n 1953 (10). I f S c h u m a c h e r were correct , a freely b o i l i n g ozone-
oxygen m i x t u r e w o u l d stop becoming r i cher i n ozone w h e n i t reaches a t e m p e r a t u r e of 

-no, 

-120 

-130 

-180 

-1901 

i 

Λ a . 1 
10 20 30 40 50 60 70 80 90 100 

ELAPSED TIME, MINUTES 

MIXTURES AT ATMOSPHERIC PRESSURE 

Figure 8. Boiling point vs. time curve for ozone-oxygen mixtures 

—105° C . A t th i s p o i n t , l i q u i d a n d v a p o r w o u l d have the same compos i t i on , 87 
mo le % ozone, a n d the m i x t u r e w o u l d b o i l at th is t e m p e r a t u r e a n d m a i n t a i n constant 
c ompos i t i on u n t i l depleted . T h e exper iment showed t h a t no s u c h m a x i m u m i n the 
bo i l ing curve exists a n d t h a t the m i x t u r e keeps ge t t ing r i cher i n ozone u n t i l i t reaches 
the b o i l i n g p o i n t of p u r e ozone, —111.9° C . 

T h e chief e x p e r i m e n t a l p r o b l e m was to measure co r rec t l y the t e m p e r a t u r e of 
the m i x t u r e d o w n to the last 0.5 m l . of l i q u i d . F o r th i s purpose the a p p a r a t u s 
s h o w n i n F i g u r e 9 was devised. 

T h e lower p a r t of the i n n e r vessel h a d a c a p a c i t y of about 0.7 m l . I t h a d a 
s m a l l r e - ent rant tube extending u p w a r d about h a l f - w a y . A 30-gage copper - cons tantan 
thermocoup le was w o u n d ( in several t u r n s ) a r o u n d the outside a n d the j u n c t i o n i n 
serted i n the re - ent rant tube , w h i c h was t h e n r i l led w i t h w a x to p r o v i d e t h e r m a l c o n 
t a c t . T h e i n n e r vessel was filled w i t h about 25 m l . of the ozone-oxygen m i x t u r e a n d the 
outer vessel was evacuated to reduce the b o i l i n g rate . T h e l i q u i d n i t r o g e n b a t h (not 
s h o w n ) , was removed , a n d the m i x t u r e a l l owed to evaporate at a tmospher i c pressure. 
T h e a p p a r a t u s was tested f irst w i t h l i q u i d oxygen a n d gave the correct b o i l i n g p o i n t 
d o w n to the last 0.5 m l . of l i q u i d . 

A somewhat s i m i l a r a r rangement was used to determine the m e l t i n g p o i n t of 
pure ozone ( F i g u r e 10) . H e r e i t was necessary to measure accurate ly the t e m p e r a t u r e 
of a s m a l l sample . 
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20 ADVANCES IN CHEMISTRY SERIES 

Figure 9. Boiling point apparatus 

H e l i u m was a d m i t t e d to the space s u r r o u n d i n g the innermost tube to increase the 
rate of t h e r m a l c onduc t i on . T h e t e m p e r a t u r e of the l i q u i d a i r i n the l i q u i d a i r space 
was l owered b y p u m p i n g on i t . Somewhere be low —200° C , the p u r e ozone i n the 
i n n e r conta iner froze . P u m p i n g o n the l i q u i d a i r was t h e n s topped a n d i t was a l l owed 
to w a r m u p to i t s n o r m a l b o i l i n g p o i n t . A t the same t i m e the h e l i u m was p u m p e d out 
of the space s u r r o u n d i n g the sample tube . T e m p e r a t u r e s of the ozone were recorded 
against t i m e a n d the m e l t i n g curves shown i n F i g u r e 11 ob ta ined . S a t i s f a c t o r y f reez
i n g p o i n t curves were no t ob ta ined w i t h t h i s a p p a r a t u s , because ozone supercools 
r e a d i l y . B y the t i m e the ozone froze, the l i q u i d a i r was 20° to 30° be low the e q u i l i b 
r i u m freezing p o i n t of ozone. 

F o r about 30 years the m e l t i n g p o i n t v a l u e g i v e n i n handbooks has been —251° C , 
a va lue r epor ted b y R iesen fe ld a n d S c h w a b i n 1922. T h e t r u e figure is —192.5° C . 

T h e e x p e r i m e n t a l techniques descr ibed are o n l y a few of the methods used 
{1, 3, 7). 
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Physical Properties of Liquid Ozone-Oxygen 
Mixtures: Density, Viscosity, and Surface 
Tension 

CHARLES K. HERSH, ABRAHAM W. BERGER,1 and J. R. CALLAWAY BROWN 

Armour Research Foundation of Illinois Institute of Technology, Chicago, Ill. 

By the use of measured volumes of liquid ozone at 
low temperature, liquid ozone-oxygen mixtures are 
prepared without ozone decomposition. Techniques 
for the preparation, mixing, disposal, and measure
ment of the physical properties of these mixtures are 
described at the liquid phase boundaries at — 1 8 3 ° 
and —195 .5° C., the specific volume of ozone-oxygen 
mixtures is additive within experimental error (0.005 
gram per cc). The viscosity of solutions at — 1 8 3 ° 
C. (on a log scale) varied linearly with the composi
tion from 0.189 cp. for 1 0 0 % oxygen to 1.57 cp. for 
1 0 0 % ozone. At — 1 9 5 . 5 ° C., the viscosity of super
cooled liquid ozone is 4.20 cp. Single phase liquid 
ozone-oxygen mixtures are Newtonian fluids. The 
surface tension of liquid ozone is 43.8 and 38.4 dynes 
per cm. at — 1 9 5 . 5 ° and — 1 8 3 ° C., respectively. 
The parachor of liquid ozone is 76.5. 

The decompos i t i on of ozone at o r d i n a r y temperatures compl icates the p r e p a r a t i o n of 
m i x t u r e s of k n o w n compos i t i on . A t l i q u i d a i r temperatures , t h e r m a l decompos i t i on is 
negl igible a n d , w i t h precaut ions to a v o i d sensit ized decompos i t ion , stable l i q u i d m i x 
tures m a y be p r e p a r e d . T h e dens i ty of l i q u i d ozone has been r e p o r t e d (3) w i t h a 
m a r g i n of e r ror of ± 0 . 2 5 % , p e r m i t t i n g v o l u m e t r i c p r e p a r a t i o n of m i x t u r e s w i t h c o m 
parab le a c c u r a c y . 

T h e m u t u a l s o l u b i l i t y of ozone a n d oxygen at —183° a n d —195.5° C . has been de 
t e r m i n e d b y measur ing the magnet i c suscept ib i l i t y a n d v a p o r pressure (4) of so lut ions , 
a n d a c r i t i c a l so lu t i on t e m p e r a t u r e of —180° C is i n d i c a t e d . T h e v a p o r pressure - com
pos i t i on d a t a , c ombined w i t h v a p o r pressure d a t a for l i q u i d ozone (1), were used to 
i n t e r p r e t the phase d i a g r a m of the sys tem (2). M e a s u r e m e n t s of the dens i ty a n d 
v i scos i ty of solut ions a n d the surface tens ion of l i q u i d ozone are r e p o r t e d . 

Hand l ing of L iquid O z o n e 

L i q u i d ozone-oxygen m i x t u r e s of k n o w n compos i t ions were p r e p a r e d i n borosi l i cate 
glass a p p a r a t u s ( F i g u r e 1 ) . Be fo re assembly , a l l components of the a p p a r a t u s were 

1 Present address, Heavy Minerals Co . , Chattanooga, Tenn. 
22 
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HERSH, BERGER, AND BROWN-PHYSICAL PROPERTIES OF MIXTURES 23 

TO OXYGEN LINE 

Figure 1. Apparatus for determination of physical prop
erties of liquid ozone-oxygen mixtures 

cleaned w i t h chromic a c i d a n d r insed w i t h d i s t i l l ed water . S topcocks a n d the t a p e r 
j o in t at R were l u b r i c a t e d w i t h a l o w v a p o r pressure ha lo carbon grease a p p l i e d w i t h a 
c lean glass r o d . A f t e r assembly , a n d before each r u n , the a p p a r a t u s was flushed w i t h 
oxygen whi l e the por t i ons w h i c h were to receive l i q u i d ozone were flamed v igorous ly 
w i t h a B u n s e n b u r n e r . 

O x y g e n was d r a w n f r o m a reservo ir of l iquef ied oxygen condensed f r o m a gaseous 
s t r e a m w h i c h h a d flowed over copper oxide at 700° C . C o m m e r c i a l e lec t ro ly t i c oxygen 
was used af ter traces of h y d r o g e n a n d n i t r o g e n h a d been r e m o v e d b y p u m p i n g off a 
p o r t i o n of the condensed l i q u i d . A gas b u r e t i n the oxygen l ine was used to measure 
the pressure a n d v o l u m e of oxygen a d m i t t e d . C o n c e n t r a t e d su l fur i c a c i d was the c o n 
f in ing l i q u i d i n the gas bure t (4) a n d the gas pressure was r e a d o n a n absolute m e r 
c u r y m a n o m e t e r . G a s i n the bure t was separated f r o m the m a n o m e t e r b y a U - t u b e 
f i l led w i t h su l fur i c a c i d to a v o i d c o n t a m i n a t i o n . T h e p u m p l ine was t r a p p e d w i t h a 
co ld t r a p ( l i q u i d oxygen) to condense p u m p v a p o r s a n d a ho t t r a p (400° C. ) to d e c o m 
pose ozone v a p o r . 

Ozone ( a p p r o x i m a t e l y 1 m l . ) was p r e p a r e d b y corona discharge i n a l a b o r a t o r y 
ozonizer a n d condensed i n the receiver tube , R. T u b e R was t h e n a t t a c h e d to the a p 
para tus , Tly w h i c h was cooled i n l i q u i d n i t rogen . T h e s y s t e m was evacuated , a n d ozone 
was d i s t i l l ed successively i n t o T1} T2i a n d the U - t u b e sect ion of the a p p a r a t u s , A, w i t h 
the sys tem open t o the p u m p . T h e m u l t i p l e d i s t i l l a t i o n ensured r e m o v a l of oxygen. 
R e s u l t s ind i ca te t h a t oxygen is easi ly r e m o v e d f r o m l i q u i d ozone a n d t h a t a single 
d i s t i l l a t i o n t h r o u g h a re - ent rant t r a p is sufficient. 

B e f o r e the a p p a r a t u s was assembled, the v o l u m e of the U - t u b e was de termined as 
a f u n c t i o n of the distance f r o m a reference m a r k at the b o t t o m of the tube . T h e 
v o l u m e of l i q u i d ozone col lected was t h e n de termined b y read ing the l i q u i d l eve l w i t h 
a cathetometer . T h e l i q u i d l eve l was v i ewed t h r o u g h a n uns i l ve red s t r i p i n the D e w a r 
flask a n d the b o i l i n g l i q u i d oxygen (or n i trogen) w h i c h was used as a re f r igerant . T h e 
d is tor t ions inherent i n these readings l i m i t e d the accuracy , b u t the composi t ions at the 
l i q u i d phase boundar ies were reproduc ib le w i t h i n 0 . 5 % . 

M e t e r e d quant i t i es of oxygen were a d m i t t e d f r o m the gas b u r e t i n t o the r i g h t a r m 
of the U - t u b e . W i t h a v a c u u m a p p l i e d to the left a r m , oxygen b u b b l e d t h r o u g h the 
l i q u i d v i o l e n t l y , showing t h a t ozone at l o w t e m p e r a t u r e can w i t h s t a n d considerable 
a g i t a t i o n w i t h o u t de tonat i on . H o w e v e r , several samples exploded w h e n a t t e m p t s were 
m a d e to s t i r the l i q u i d m a g n e t i c a l l y w i t h a glass-enclosed i r o n pel let . So lut ions were 
m i x e d b y us ing the su l fur i c a c i d i n the gas bure t as a p i s t o n , a l t e rnate ly increas ing the 
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24 ADVANCES IN CHEMISTRY SERIES 

pressure on the r i g h t a r m of the U - t u b e a n d decreasing the pressure o n the left a r m . 
C o n s t a n t v a p o r pressure was a t t a i n e d i n a few cycles, a n d the disso lved oxygen was 
g iven b y the difference between the t o t a l oxygen a d m i t t e d a n d t h a t i n the v a p o r 
phase. T h e v o l u m e of gas i n the v a p o r phase was de termined w i t h o u t ozone i n the 
sys tem. T h e l i q u i d oxygen (or n i trogen) t e m p e r a t u r e b a t h was s t i r r e d w i t h a s t ream 
of gas of the same compos i t i on a n d close c o n t r o l of b o t h the b a t h l eve l a n d i t s rate of 
e v a p o r a t i o n was needed to m a i n t a i n a constant v o l u m e of v a p o r . B a t h temperatures 
were read w i t h a n oxygen v a p o r pressure thermometer . 

T h e p o r t i o n of the a p p a r a t u s shown i n F i g u r e 1 was enclosed i n a v e n t i l a t e d hood 
b e h i n d a safety glass w i n d o w . Operators wore safety glasses a n d w e l d i n g face masks 
a n d gloves w h e n exposed d i r e c t l y to l i q u i d ozone. A t the end of a r u n , oxygen was 
a d m i t t e d to atmospher i c pressure, a n d tube R was r e m o v e d . A f low of oxygen was 
b u b b l e d t h r o u g h the m i x t u r e i n the U - t u b e , whi l e the D e w a r flask was l owered s l owly 
u n t i l l i q u i d ozone evapora ted . 

Density 

L i q u i d ozone solut ions were p r e p a r e d i n a U - t u b e s i m i l a r to t h a t shown i n F i g u r e 
1 b u t w i t h o u t the c a p i l l a r y sect ion. A second U - t u b e , connected i n p a r a l l e l a n d f i l led 
w i t h a low v a p o r pressure fluorocarbon o i l ( K e l F N o . 10; dens i ty , 1.933 grams per cc. 
at 27.4° C ) , p e r m i t t e d c ompar i son of the h y d r o s t a t i c heads of the t w o l i q u i d s w h e n a 
fixed pressure was a p p l i e d across the manometers . F o r 1 0 0 % ozone (3), the fixed 
pressure was a p p l i e d b y a d m i t t i n g h e l i u m to one a r m of each U - t u b e . W i t h oxygen 
solut ions, oxygen condensed w h e n h e l i u m was a d m i t t e d a n d a fixed pressure di f ferent ia l 
was more easi ly obta ined b y r e m o v i n g a s m a l l v o l u m e of oxygen f r o m one a r m . T h e 
rate of e v a p o r a t i o n of oxygen f r o m ozone-r i ch solutions was suff ic iently s low to p e r m i t 
readings of the l i q u i d levels . I n oxygen - r i ch solut ions, e v a p o r a t i o n was too r a p i d for 
rel iable readings. 

T h e dens i ty of the s a t u r a t e d solutions at —183° a n d —195° C . was determined . 
O x y g e n was a d m i t t e d u n t i l a s m a l l a m o u n t of the o x y g e n - r i c h phase appeared . I n 
the m i x i n g procedure descr ibed, th i s was t rans fe r red ent i r e ly to the left a r m of the 
U - t u b e . A pressure d i f ferent ia l was p r o d u c e d b y r e m o v i n g a s m a l l q u a n t i t y of oxygen 
f r o m the r ight a r m of the U - t u b e , a n d the dens i ty of the ozone-r i ch phase was deter 
m i n e d b y c o m p a r i n g the h y d r o s t a t i c heads of the so lu t i on a n d the fluorocarbon o i l . 
Excess oxygen was a d m i t t e d to f o r m a s u b s t a n t i a l q u a n t i t y of the oxygen - r i ch l ight 
phase w h i c h was t rans fe r red la rge ly to the le ft a r m of the U - t u b e i n m i x i n g . T h e rat io 
of the densities of the two phases was de termined f r o m the h y d r o s t a t i c balance w i t h 
out a pressure di f ferent ia l i n the v a p o r phase. 

I n T a b l e I , the results are c o m p a r e d w i t h the densities ca l cu lated f r o m the s u m 

Table I. Density of Liquid Ozone and Oxygen and of Saturated Liquid Mixtures 
At -195.5° C. At -183° C. 

Ozone Density, G . /Cc . Ozone Density, G . /Cc . 

Wt. % M o l e % Exptl. Eq.3 Wt. % Mole % Exptl. Eq .2 
0 0 1.200 (β) ... 0 0 1.146 (6) 
9.0 6.2 1.230 ±0 .004 1.229 29.8 22.1 1.245 ± 0.003 1.245 

90.8 86.8 1.563 ±0 .005 1.566 72.4 63.6 1.426 ± 0.004 1.422 
100.0 100.0 1.614 (3) . . . 100.0 100.0 1.571 (5) 

of the vo lumes of l i q u i d ozone a n d oxygen i n the m i x t u r e s : 

1 / P . = 1 / P O . U - W) + l/P03W (1) 

where p* = density of the solution 

P02 = density of liquid oxygen 

Poa = density of liquid ozone 

W = weight fraction of ozone 

T h e d e v i a t i o n f r o m a d d i t i v e vo lumes is less t h a n the exper imenta l error for the four 
solutions measured . T h e dens i ty of the solutions m a y be ca l cu lated to ± 0 . 3 % f r o m the 
s u m of the vo lumes of l i q u i d ozone a n d o x y g e n : 
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At - 1 8 3 ° C., 1/PS = 0.833 - 0.213 W (2) 

and at -195 .5° C., 1/p. = 0.888 - 0.238 W (3) 

Viscosity 

The viscosity of ozone-oxygen mixtures was determined in a modified Ostwald 
viscometer, which was used with a variable volume of liquid. The viscometer, shown in 
section A of Figure 1, was made from precision-bore, glass tubing (4-mm. bore) with 
a capillary section 0.28 mm. in diameter and 10 cm. long. 

Liquid was forced to a convenient height above the capillary section by helium 
pressure, or by withdrawal of oxygen in the case of ozone-oxygen solutions. Then the 
stopcock isolating the two arms of the viscometer was opened and readings of the height, 
h, of liquid as it fell through the capillary were taken as a function of time. The 
driving pressure was proportional to the difference between the liquid and the equilib
rium levels (h — he) and, in uniform bore tubing, the rate of flow was proportional to 
dh/dt. Hence, for liquids following Poiseuille's law, \og{h — he) should be proportional 
to the time of flow. In every case, a linear relation between \og(h — he) and time was 
obtained, which shows that ozone-oxygen solutions are Newtonian fluids. Typical 
plots are given in Figure 2. 

29.8% o 3 

/η = 0.299 CP 
t i = 46 SEC 

2 

1.0 I ι I ι ι J 
Ο 50 IOO 150 200 250 

TIME, SECONDS 

Figure 2. Typical flow curves for ozone and ozone-
oxygen mixtures at — 1 8 3 ° C. 
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F o r convenience, the ha l f t i m e , w h i c h is the t i m e r e q u i r e d for the l i q u i d to 
f a l l one ha l f the distance f r o m the i n i t i a l l eve l to the e q u i l i b r i u m l eve l , was de termined 
f r o m the p lots . T h e v iscos i ty was ca l cu lated f r o m the e q u a t i o n : 

η = C ti/2 ρ 

where η = viscosity 

ρ = the density of the fluid 

c = an apparatus constant determined w i t h l iquids of known viscosity. 

G o o d agreement was ob ta ined i n the re la t ive viscosit ies of water (1.00 cp.) a n d 
ethylene g l y c o l (16.1 cp.) a t 20° C . a n d l i q u i d oxygen (0.189 cp.) a t - 1 8 3 ° C . w h i c h 
gave a va lue of 5.25 Χ 1 0 - 5 cp. /cc . -sec . g r a m for the a p p a r a t u s constant , c. 

T h e results ( T a b l e I I ) represent at least t w o independent measurements for each 

Table II. Viscosity of Ozone-Oxygen Mixtures 

Ozone Viscosity, Cp. 

wt . % Mole % -195.5° C. -183° C. 
100.0 100.0 4.20 ± 0.01 1.57 ± 0 . 0 2 
72.4 63.6 0.79 ± 0.01 
29.8 22.1 0.31 ± 0.01 
26.0 19.0 0.27 ± 0.01 
9.0 6.2 0.34 ± 0 . 0 1 
0 0 0.189 ' 

v iscos i ty r epor ted . Viscos i t ies at —183° C , p l o t t e d i n F i g u r e 3 o n a semilog scale 

2.0 

20 40 60 80 
MOLE PER CENT OZONE 

Figure 3. Viscosity of liquid ozone-oxygen 
mixtures as a function of composition at 

- 1 8 3 ° C. 

against mole f r a c t i o n , show a n e a r l y l inear r e l a t i o n c o m m o n to solut ions of nonassociated 
l i q u i d s (5). T h e v iscos i ty d e t e r m i n a t i o n of 1 0 0 % ozone at —195.5° C . was m a d e w i t h 
l i q u i d supercooled more t h a n 2° C , because the m e l t i n g po in t of so l id ozone is —193° 
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Surface Tension 

T h e surface tens ion of p u r e ozone was de te rmined b y the c a p i l l a r y rise m e t h o d i n 
the a p p a r a t u s used for v i s cos i ty measurements . T h e ra t i o of the c a p i l l a r y rise of 
l i q u i d ozone t o t h a t of w a t e r a t 20° C . was measured a n d zero contact angle was as 
sumed . R e s u l t s a t —183° a n d —195.5° C . are g i v e n i n T a b l e I I I . T h e p a r a c h o r for 

Table III. Surface Tension of Ozone and Oxygen 

Composition, 
Wt. % Surface Tension, Dynes/Cm. 

Os 0 2 -195.5° C. - 183 ° C. 
100 0 43.8 ± 0.1 38.4 ± 0.7 

0 100 15.7 13.2 

ozone, ca l cu la ted f r o m the surface tens ion d a t a , is 76.5 cgs u n i t s . 

Summary 

A s t r i k i n g p h y s i c a l p r o p e r t y of l i q u i d ozone-oxygen m i x t u r e s is t h e i r p a r t i a l 
m i s c i b i l i t y a t temperatures be low —180° C . A c o r o l l a r y of th i s is a h i g h v a p o r 
pressure of oxygen over so lut ions even a t l o w oxygen concentrat ions . O t h e r p h y s i c a l 
propert ies are consistent w i t h so lut ions of nonassoc iated l i q u i d s . Ozone is n o t 
paramagnet i c , a n d the magnet i c s u s c e p t i b i l i t y of so lut ions w i t h oxygen is n e a r l y 
p r o p o r t i o n a l to the oxygen content . T h e specific v o l u m e of m i x t u r e s is a d d i t i v e w i t h i n 
the present ac curacy of ± 0 . 3 % . L i q u i d ozone is more t h a n eight t imes m o r e viscous 
t h a n oxygen a t —183° C , b u t even l i q u i d ozone supercooled a t —195.5° C . flows 
r e a d i l y (4.20 c p . ) . T h e v i s cos i ty of so lut ions decreases r a p i d l y as oxygen is added , 
a n d a semilog r e l a t i o n is a p p r o x i m a t e d w h e n v i s cos i ty is p l o t t e d against c ompos i t i on a t 
—183° C . T h e surface tens ion of ozone is a p p r o x i m a t e l y three t imes t h a t of oxygen. 
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Detonation Properties of Ozone 

S. A. HARPER, Radio Corp. of America, Lancaster, Pa. 

W. E. GORDON, Arthur D. Little, Inc., Cambridge, Mass. 

High concentrations of ozone can explode in a most 
violent and, usually, unexpected way. The initial 
ozone pressure affects detonation properties. A 
notable feature of the ozone system is the wide 
range of detonation properties in the detonatable 
region of composition, compared to the hydrogen
-oxygen system. 

The decompos i t ion of ozone has been of great interest to those concerned w i t h 
c ombust i on , because of the a p p a r e n t s i m p l i c i t y of the reac t i on a n d the fact t h a t 
there is o n l y one p r o d u c t gas, oxygen. L e w i s a n d v o n E l b e {13) developed a t h e o r y of 
flame p r o p a g a t i o n i n ozone-oxygen m i x t u r e s o n the basis of the i r b u r n i n g ve l o c i ty 
studies . T h e y (12) de r ived h i g h - t e m p e r a t u r e specific heat values for oxygen f r o m 
t h e i r explos ion d a t a . 

Preparat ion a n d Ana lys i s of O z o n e - O x y g e n Mixtures 

C o n c e n t r a t e d ozone was p r e p a r e d b y a m e t h o d s i m i l a r to t h a t of K a r r e r a n d 
W u l f (9). A schematic d i a g r a m of the a p p a r a t u s is shown i n F i g u r e 1. 

A s t ream of ozonized oxygen f r o m a S iemens- type ozonizer (about 3 mole % 
ozone) was condensed i n the t r a p . T h e lower p a r t of the t r a p was encased i n a 
copper sheath to reduce t e m p e r a t u r e gradients . A heater co i l was w o u n d on the 
surface of the copper . T e m p e r a t u r e at the base of the t r a p was i n d i c a t e d b y a c op -
per - cons tantan couple inserted in a thermocoup le we l l . T h e thermocouple was a t 
tached to a record ing potent iometer . 

W h e n a sufficient q u a n t i t y of the l i q u i d m i x t u r e h a d col lected in A, the ozonizer 
s t ream was shut off. T h e ozone content of the l i q u i d was t h e n enr iched by e v a p o r a t 
i n g the oxygen, by opening ( s l i ght ly ) the v a l v e to the v a c u u m p u m p . ( T h e p u m p was 
protec ted f r o m ozone by a soda- l ime tube.) W h e n the oxygen h a d been removed , the 
p u m p was shut off, a n d the stopcock to the evacuated storage t a n k , D, was opened. 
T h e heater was then t u r n e d on a n d the t e m p e r a t u r e raised s l owly , causing the ozone 
to b o i l a n d collect in D. ( T h e l i q u i d - a i r l eve l in the D e w a r was below the b o t t o m of 
the t r a p d u r i n g th is operat ion . A nice c ont ro l of t e m p e r a t u r e was possible.) T h e 
pressure was fo l lowed on a stainless steel B o u r d o n gage. A c c u r a t e pressure measure 
ments were made on a m e r c u r y manometer protec ted by a su l fur i c a c i d buffer 
manom eter . 

F o r analys is , the ozone m i x t u r e was a d m i t t e d in to the evacuated analys is b u l b , Β 
( F i g u r e 1 ) , to a pressure of 10 to 50 m m . of m e r c u r y . T h e gas was d i l u t e d w i t h 
oxygen to a pressure of 1 a t m . , a n d b u b b l e d t h r o u g h a p o t a s s i u m iodide so lut ion in 
J. T h e l i be ra ted iodine was t i t r a t e d w i t h s o d i u m thiosul fate . 

F r e s h l y p r e p a r e d ozone was f o u n d to be 9 5 % pure . ( O x y g e n made u p the 
r e m a i n d e r of the gas.) A f t e r s t a n d i n g for 1 d a y in the storage flask, the concentrat ion 
of ozone d r o p p e d to about 8 0 % , a n d after about 1 week to 5 0 % . 

28 
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K.I S O L U T I O N ^ 

Figure 1. Apparatus for preparation of gaseous mixtures of ozone and oxygen 

A. Ozone condenser 
B. Ozone analysis bulb 
C. Mixing flask 
D. Ozone gas storage flask 

Ozone-oxygen m i x t u r e s of the desired concentrat i on were m a d e u p i n the m i x i n g 
flask, C , a n d a n a l y z e d just before use. T h e m i x t u r e was finally t rans fe r red f r o m the 
m i x i n g flask to the detonat ion tube . 

Detonation A p p a r a t u s 

Detonation Tube . T h e detonat ion tube assembly is shown i n F i g u r e 2. 
T h e detonat ion tube p r o p e r was of stainless steel, 2.54 c m . i n inside d iameter a n d 

4.9 meters l ong . F o u r piezoelectric gages were spaced along the tube at i n t e r v a l s . 
A t t a c h e d b y a s t a n d a r d p ipe u n i o n to the f ront of the detonat ion tube was a n 

" i n i t i a t o r " sect ion of equa l d iameter a n d 1.9 meters l ong . F o r exper iments w i t h r i c h 
ozone m i x t u r e s , w h i c h w o u l d ignite b y a s p a r k a n d develop a de tonat ion wave , the 
whole tube , i n c l u d i n g the i n i t i a t o r sect ion, was f i l led w i t h the ozone-oxygen m i x t u r e . 
F o r exper iments w i t h m o r e d i lute m i x t u r e s , where de tonat ion w o u l d not b u i l d u p , i t 
was necessary to s tar t the detonat ion w i t h a s t rong shock wave . I n order to produce 
the shock, a cel lophane d i a p h r a g m was c l a m p e d i n the p ipe u n i o n , a n d the i n i t i a t o r 
section was filled w i t h a s to i ch iometr i c m i x t u r e of hydrogen a n d oxygen ( k n a l l g a s ) . 
T h e knal lgas detonated w h e n i t was ign i ted b y a s p a r k , p r o d u c i n g a p o w e r f u l shock 
wave . D e t o n a t i o n s tar ted i m m e d i a t e l y when the shock wave a d v a n c e d in to the ozone 
m i x t u r e . 

SPARK DIAPHRAGM 

GAUGES 

Figure 2. Detonation tube 
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Piezoelectric Gages. T h e gage cons t ruc t i on ( F i g u r e 3) was s i m i l a r to t h a t used 
p r e v i o u s l y b y G o r d o n (7 ) . 

T h e c r y s t a l e lement consisted of a s a n d w i c h of f our t o u r m a l i n e d isks m o u n t e d o n 
a steel shank. ( C r y s t a l elements of th i s t y p e are ava i lab le f r o m C r y s t a l Research , 
Inc . , 40 C o n c o r d L a n e , C a m b r i d g e , M a s s . ) T h i s e lement, s u p p o r t e d b y a n a x i a l 
shaft , was h e l d i n a 6 - inch l e n g t h of ^ - i n c h d iameter brass tube ( s t a n d a r d % - i n c h 
p i p e ) . T h e u p p e r edge of the element was about 1 m m . be low the r i m of the tube . 
T h e tube was filled u n d e r v a c u u m w i t h a w a r m m i x t u r e of m e d i c i n a l m i n e r a l o i l 
a n d p e t r o l e u m j e l l y , w h i c h set i n t o a soft gel o n cool ing . T h e gage u n i t was fastened 
b y a threaded j o in t i n the w a l l of the detonat ion tube , w i t h the r i m of the gage tube 
flush w i t h the inside of the detonat ion tube . 

CONDUCTOR. 

Figure 3. Piezoelectric gage 

Calibration. C a l i b r a t i o n b y three independent methods gave good agreement. 
T h e first c a l i b r a t i o n was m a d e b y the m a n u f a c t u r e r of the c r y s t a l elements, b y 
m e a s u r i n g the electr ic charge p r o d u c e d w h e n the pressure o n the element was suddenly 
reduced . A s i m i l a r " s t a t i c " c a l i b r a t i o n was m a d e o n the complete gage u n i t s . 

T h e t h i r d m e t h o d of c a l i b r a t i o n was m o r e s ignif icant for the detonat ion wave 
measurements . T h e gages were m o u n t e d i n pos i t i on i n the detonat ion tube . T h e 
i n i t i a t o r sect ion of the tube was filled w i t h kna l lgas a n d the gage sect ion w i t h a i r . 
U p o n de tonat ion of the kna l lgas , a shock wave was produced i n the gage sect ion. T h e 
shock w a v e h a d a contour s i m i l a r to t h a t of the ozone de tonat ion wave . There fore , 
the same d y n a m i c character is t i cs of the gages were b r o u g h t in to p l a y b y the shock 
wave as b y the detonat ion w a v e . 

F o r the c a l i b r a t i o n , the pressure i n the shock wave was c o m p u t e d f r o m the ve loc 
i t y t h r o u g h the H u g o n i o t r e l a t i o n . T h e v e l o c i t y ( a n d pressure) of the shock wave 
p r o d u c e d i n th is w a y decays r a p i d l y as the wave progresses d o w n the tube . T h e 
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instantaneous v e l o c i t y of the w a v e a t each gage was c o m p u t e d by a n e m p i r i c a l f o r m u l a 
f r o m the average veloc it ies measured i n the three i n t e r v a l s between the gage (8). 

Recording System. A schematic d i a g r a m of the record ing sys tem is s h o w n i n 
F i g u r e 4. 

T h e a m p l i f i e d signals f r o m the c r y s t a l s — t h e f our gages were connected i n p a r a l l e l 
— w e r e impressed o n the hor izonta l -de f lec t ion plates of the ca thode - ray tube . T h e 
screen of the tube was p h o t o g r a p h e d w i t h a r o t a t i n g - d r u m camera . T h e d r u m r a n 
at a u n i f o r m speed a n d , therefore, the t i m e base was l inear . T i m e c a l i b r a t i o n was 
obta ined b y means of a flashing neon " c r a t e r " tube ( S y l v a n i a , T y p e R 1 1 3 0 B ) w h i c h 
was a c t i v a t e d b y a 1000-cycle t u n i n g - f o r k osc i l lator . T h e crater tube was i n the 

C A M E R A 

/ \ 
/ \ 

Figure 4. Recording system 

field of the camera a n d was p h o t o g r a p h e d s imul taneous ly w i t h the trace o n the 
ca thode - ray screen. 

Oscillograph Records. T h e f our piezoelectr ic gages were used to o b t a i n the 
v e l o c i t y as w e l l as the pressure of the de tonat i on w a v e . B y read ing f r o m the record 
the t i m e of a r r i v a l of the de tonat i on f r o n t a t successive gages, the average speed of 
the f r ont i n the i n t e r v a l between gages was obta ined . 

F i g u r e 5 shows t y p i c a l records f or three different concentrat ions of ozone. T h e 
m i d d l e r e cord ( for 1 7 . 3 % ozone) is t y p i c a l of a n o n s p i n n i n g de tonat i on . T h e v i b r a 
t ions i n the other t w o records are associated w i t h s p i n . 

T o measure pressure, a n enlarged t r a c i n g of the record was m a d e a n d a s m o o t h 
m e d i a n l ine d r a w n t h r o u g h the v i b r a t i o n s . T h e intersec t i on of th i s m e d i a n l ine w i t h 
the rise l ine (not v is ib le i n F i g u r e 5 because of l o w i n t e n s i t y ) was t a k e n as the d e t o n a 
t i o n pressure . 
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Figure 5. Oscillograph records for various ozone-oxygen 
mixtures 

A. 10.5% ozone 
B. 17.3% ozone 
C. 7 7 % ozone 

Calcu lated Detonation Properties 

T h e ca l cu la ted C h a p m a n - J o u g e t de tonat i on propert ies for ozone are g i v e n i n T a b l e 
I . T h e methods of ca l cu la t i on are described i n several p laces—for example , b y L e w i s 
a n d v o n E l b e (11). 

Table I. Theoretical Detonation Properties of Ozone-Oxygen Mixtures 

Detonation 
Initial Pressure, Detonation Product Detonation Velocity, 

Ozone, Mole % Atm. Temp. ° K . Dissociation, % Pressure Ratio M./Sec. 
100 0.100 4018 5.45 29.48 1836 
80.0 0.147 3555 3.29 25.75 1781 
80.0 0.100 3545 3.54 25.46 1771 
75.0 0.132 3426 2.90 24.54 1755 
70.0 0.132 3291 2.35 23.52 1736 
64.0 0.175 3123 1.71 22.24 1710 
45.4 0.172 2533 0.38 17.50 1577 
36.8 0.138 2218 0.11 14.88 1481 
25.0 1733 10.98 1302 
17.3 1373 8.26 1144 
10.5 1019 5.77 964 
9.2 945 5.28 921 

T h e i n i t i a l pressure of the ozone m i x t u r e affects the de tonat ion propert ies t h r o u g h 
the influence of pressure o n the degree of d issoc iat ion of the p r o d u c t gases—in this 
case jus t oxygen . There fore i n i t i a l pressure values were chosen for ca lculat ions i n 
T a b l e I to correspond to condi t ions i n the exper iments . F o r l o w ozone concentrat ions , 
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dissoc iat ion is negl igible (because of the l o w detonat ion t e m p e r a t u r e ) , a n d , therefore , 
the de tonat i on propert ies are independent of pressure. 

A notable feature of the ozone sys tem is the wide range of the de tonat i on p r o p 
erties i n the detonatable region of c ompos i t i on , as c o m p a r e d , f or example , w i t h the 
hydrogen -oxygen sys tem. F o r th is reason, the ozone sys tem prov ides a good test of the 
C h a p m a n - J o u g e t theory . 

Detonation Velocity. T h e de tonat ion wave i n ozone m i x t u r e s , i n c o m m o n w i t h 
a l l systems, reaches a s teady state o n l y af ter t r a v e l i n g some distance i n the tube , i r r e 
spect ive of the means of i n i t i a t i o n , whether b y s p a r k or shock w a v e . I n the beg inn ing , 
the wave is u s u a l l y " o v e r i n i t i a t e d " (14), h a v i n g b o t h a h igher pressure a n d v e l o c i t y 
t h a n i n the s teady state. F o r the shock -wave i n i t i a t e d m i x t u r e s (below 6 0 % ozone) , 
the degree of o v e r i n i t i a t i o n c o u l d be reduced b y p u t t i n g a buffer zone of a i r ahead of 
the knal lgas m i x t u r e i n the i n i t i a t o r sect ion. T h e shock wave was t h e r e b y a t t enuated 
before i t reached the ozone m i x t u r e . W h e n the average velocit ies i n the last t w o gage 
i n t e r v a l s agreed w i t h i n 1 % or better , i t was assumed t h a t a s teady state h a d been 
reached. 

tool I I ι 1 1 » 1 I I I 
Ο ΙΟ 4 0 6 0 ÔO I0O 

O Z O N E CONCENTRATION (MOLE P E R C E N T ) 

Figure 6. Detonation velocity of ozone-oxygen mixtures 
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The v e l o c i t y results are g iven i n T a b l e I I . T h e e x p e r i m e n t a l va lues (general ly 
s l i g h t l y l ower t h a n theoret i ca l ) are also p l o t t e d i n F i g u r e 6 for c o m p a r i s o n w i t h the 
theore t i ca l c u r v e . S u c h a result is also f o u n d for hydrogen-oxygen m i x t u r e s (15), a n d 
is exp la ined b y t w o factors , heat losses a n d s p i n effects. B o t h effects are greatest i n 
d i lu te m i x t u r e s a n d at l o w pressures. 

Detonation Pressures. T h e i n t e r p r e t a t i o n of the piezoelectr ic gage records was 
no t u n a m b i g u o u s . I n the f irst p lace , m a n y of the records showed large v i b r a t i o n s , 
espec ia l ly for the v e r y l o w ozone concentrat ions . These v i b r a t i o n s are k n o w n to be 
associated w i t h a s p i n n i n g de tonat i on wave . Secondly , the records for the 17 a n d 2 5 % 
ozone m i x t u r e s h a d the so-cal led v o n N e u m a n " s p i k e " at the wave f r ont . ( T h e s h a r p 
pressure peaks are b a r e l y d iscernib le i n the record for the discernible 1 7 . 3 % m i x t u r e i n 
F i g u r e 5, b u t t h e y were ev ident i n the o r i g i n a l negative. ) 

A consistent procedure was fo l lowed i n m e a s u r i n g the records : A m e d i a n l ine was 
d r a w n t h r o u g h the osc i l l ograph t race , s t a r t i n g at a p o i n t w e l l b e y o n d the wave f r ont , 
a n d extending b a c k u p t o w a r d the peak t o the po in t where i t crossed the rise l i n e . 
I n th i s procedure , the contour of the expans ion wave is ex t rapo la ted b a c k to the shock 
f r o n t . T h e va lue ob ta ined i n th i s m a n n e r shou ld be closely comparab le to the C h a p -
m a n - J o u g e t pressure . 

Because of o v e r i n i t i a t i o n , the pressure , l i k e the v e l o c i t y , u s u a l l y was h i g h o n the 
first gage a n d d r o p p e d off a n d leve led out on gages 3 a n d 4. T h e pressure values 
f r o m these last t w o gages agreed w i t h i n e x p e r i m e n t a l e r ror , the average difference 
between t h e m be ing about 7 % . I n T a b l e I I I are l i s ted the average pressure values 

Table III. Experimental Detonation Pressures 

Pressure Ratio 
Initial Pressure, — 

Ozone, Mole % Mm. Hg Obsd. Calcd. Deviation, % 
77 110 23.5 25.0 -6 .0 
77 112 22.6 25.0 -9 .6 
73 99 21.3 24.1 -11.5 
64 133 21.0 22.2 -5.4 
64 109 20.2 22.2 -9 .0 
45.4 130 16.2 17.5 -7.4 
36.8 105 13.6 14.9 -8 .7 
25.0 275 10.4 11.0 -5 .4 
25.0 181 10.2 11.0 -7 .3 
17.3 399 7.8 8.3 -6 .0 
17.3 263 8.2 8.3 -0 .1 
10.5 486 4.2 5.8 -27.5 
10.5 321 4.7 5.8 -19.0 
9.2 497 4.5 5.3 -15.0 

f r o m gages 3 a n d 4 for several ozone-oxygen m i x t u r e s . These po ints are also p l o t t e d 
i n F i g u r e 7 for c o m p a r i s o n w i t h the theore t i ca l curve . 

T h e e x p e r i m e n t a l pressures are general ly several per cent l ower t h a n the theore t i ca l 
va lues . H o w e v e r , the v a r i a t i o n of pressure w i t h ozone concent ra t i on is closely i n 
ac cord w i t h t h e o r y . Since energy losses w o u l d be expected to lower the pressure b y a 
percentage t w o to three t imes as great as t h a t for the v e l o c i t y , pressure a n d ve lo c i ty 
results are m u t u a l l y consistent . 

Spin 

I n exper iments preced ing those o n ozone detonat ions , the effect of sending shock 
waves f r o m a shock t u b e i n t o m i x t u r e s of ozone, n i t r o g e n pentox ide , a n d oxygen was 
inves t igated . T h e pressure records f r o m these exper iments h a d osci l lat ions of v e r y 
h i g h a m p l i t u d e , h a r d to e x p l a i n . O n observ ing i n a d a r k e n e d r o o m the p r o p a g a t i o n 
of a shock wave i n t o a glass tube filled w i t h the m i x t u r e , i t was not i ced t h a t the p i n k 
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Figure 8. Spinning detonation in a mixture of ozone, nitrogen 
pentoxide, and oxygen 

flame h a d a " b a n d e d " appearance . F i g u r e 8 was t a k e n w i t h a n open-shutter camera . 
F i g u r e 9 is the pressure re cord of the shock w a v e f r o m a s i m i l a r exper iment . 

A s p i r a l i n g zone of luminescence ( F i g u r e 8) was first observed i n detonat ions b y 
C a m p b e l l a n d W o o d h e a d (4), a n d re ferred to b y t h e m as " s p i n . " M a n y p h o t o g r a p h i c 

Figure 9. Pressure record of spinning detonation in Figure 8 
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invest igat ions of the phenomenon (1-3), have since shown t h a t a h i g h l y l u m i n o u s zone, 
t r a v e l i n g w i t h the wave f r ont , describes a he l i ca l p a t h near the surface of the tube . 
T h e p i t c h of the hel ix was u s u a l l y about three t imes the tube d iameter . 

C l e a r l y , the pressure osci l lat ions i n F i g u r e 9 are associated w i t h the s p i n , for , w h e n 
the f requency of the osci l lat ions is d i v i d e d in to the shock wave ve l o c i ty , the " w a v e 
l e n g t h " so obta ined is just equal to the p i t c h of the hel ix as measured f r o m the p h o t o 
g r a p h ( F i g u r e 8 ) . Subsequent ly , v i b r a t i o n s of th is t y p e have been observed i n pres 
sure records f r o m m a n y detonat ions (14)· 

A theory for s p i n n i n g detonat ion has been p u t f o r t h b y F a y (6). H e shows that 
s p i n is a sel f -excited transverse v i b r a t o r y m o t i o n i n the b u r n e d gas, a k i n to a st - inding 
sound wave , b u t w i t h he l i ca l s y m m e t r y . T h e possible modes of v i b r a t i o n can be c a l 
cu lated f r o m the propert ies of the gas. T h e f u n d a m e n t a l mode a lways has a p i t c h 
equa l to about three tube d iameters ; h igher modes have a n a p p a r e n t p i t c h smal ler 
t h a n t h i s . Severa l different modes have been observed a n d good corre lat ions are f ound 
w i t h F a y ' s theory . 

T h e osc i l l ograph records i n F i g u r e 5 i l lus t ra te the s p i n effects f ound i n ozone 
detonat ions . F o r h i g h ozone concentrat ions , there was a h igh- f requency (h igh m o d a l 
n u m b e r ) , r e la t i ve ly l o w - a m p l i t u d e s p i n ; i n the m i d d l e concentrat i on range, there was 
no s p i n ; a n d at lower concentrat ions , a f u n d a m e n t a l sp in mode developed, w h i c h i n 
creased i n a m p l i t u d e as the concentrat i on was d r o p p e d . T h e behav ior of hydrogen 
m i x t u r e s is v e r y s i m i l a r to th i s (15). 

M a n y interes t ing questions r e m a i n to be answered about s p i n n i n g detonat ion . 
W h y does s p i n a lways appear at l ow concentrat ions near the detonat ion l i m i t ? W h a t 
determines the stable mode a n d a m p l i t u d e of the s p i n ? W h a t effect, i f a n y , does sp in 
have on the s t a b i l i t y of detonat ions? 

Other Features of Ozone Detonations 

A c c o r d i n g to the t h e o r y a d v a n c e d independent ly b y v o n N e u m a n (16), D o r i n g 
(5), a n d Z e l d o v i c h (17), the detonat ion f ront is s i m p l y a shock wave i n the as ye t 
unreac ted gas. T h e react ion is s tar ted b y the sudden increase of t e m p e r a t u r e a n d 
pressure associated w i t h the shock f ront , a n d proceeds i n the zone w h i c h fol lows i m 
m e d i a t e l y b e h i n d i t . A s the gas reacts, the pressure drops . A t the so-cal led " C h a p -
m a n - J o u g e t p l a n e " where the react ion is complete , the pressure has d r o p p e d to about 
one h a l f the va lue a t the shock f r ont . B e y o n d th is po in t , the pressure decreased more 
s l owly i n the n o r m a l R i e m a n n expansion wave (11). 

U n t i l recent ly , there has been l i t t l e exper imenta l evidence to s u p p o r t the v o n 
N e u m a n theory . How r ever , K i s t i a k o w s k y a n d K y d d (10) have now detected a n a r r o w 
dense region a t the wave f ront i n ce r ta in detonat ions b y x - r a y flash p h o t o g r a p h y , 
w h i c h appears to be the v o n N e u m a n sp ike (high-pressure react ion zone i n f ront of 
the C h a p m a n - J o u g e t p l a n e ) . T h e pressure records for s to i ch iometr i c h y d r o g e n -
oxygen m i x t u r e s do not reveal th is h i g h pressure region (7), b u t a fa int h i g h peak was 
observed (8) i n ce r ta in d i lu te h y d r o g e n m i x t u r e s . 

T h e v o n N e u m a n spike was c lear ly present i n the pressure records of 17 a n d 2 5 % 
ozone m i x t u r e s . T h e va lue at the peak, w h i c h accord ing to theory shou ld be about 
twice as h i g h as the C h a p m a n - J o u g e t pressure, was o n l y about 2 5 % higher t h a n the 
la t t e r . H o w e v e r , because of the p h y s i c a l size of the gage a n d the l i m i t e d f requency 
response of the ampl i f iers , i t is not to be expected t h a t a v e r y n a r r o w high-pressure 
region w o u l d be f a i t h f u l l y recorded. N e i t h e r the r i cher n o r the weaker ozone m i x t u r e s 
showed the sp ike phenomenon . T h e react ion zone m a y be too n a r r o w to be observed 
i n the r i cher m i x t u r e s . O n the other h a n d , the sp ike m i g h t be obscured i n the weak 
m i x t u r e s b y the s p i n effects. A l t e r n a t i v e l y , s p i n n i n g detonat ion a c t u a l l y is perhaps 
a different mode of p r o p a g a t i o n f r o m the v o n N e u m a n m e c h a n i s m , a n d b o t h i n r i c h 
a n d weak m i x t u r e s where s p i n is present , there is no v o n N e u m a n sp ike . 

A n o t h e r feature of interest is the l o w v a l u e of the concentrat ion l i m i t f or de tona -
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t i o n , about 9 % ozone. T h e energy of th is m i x t u r e is m u c h lower t h a n t h a t of h y d r o 
gen-oxygen m i x t u r e s at the l i m i t (15). T h e ca l cu la ted t e m p e r a t u r e at the shock f ront 
( v o n N e u m a n theory ) for 9 % ozone is o n l y 670° K . T h e corresponding t e m p e r a t u r e 
i n l i m i t h y d r o g e n m i x t u r e s is about 1100° K . These facts m a y be expressed i n another 
w a y b y say ing t h a t ozone is m u c h m o r e sensit ive t o w a r d detonat ion t h a n h y d r o g e n -
oxygen m i x t u r e s . 
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Pure Ozone Flame and the Combustion of 
Various Fuel Gases in Pure Ozone 

A. G. STRENG and Α. V. GROSSE 

The Research Institute of Temple University, 
Philadelphia 44, Pa. 

The interest in studies of pure ozone, solid or liquid, 
in explosives lies not only in the momentary production 
of high temperatures, but primarily in the possibility 
of determining experimentally the parameters for 
equations of state for simple molecules in a region of 
pressures (about 100,000 atm.) and temperatures 
(5000° to over 10,000° K.) far outside of that which 
can be investigated by any ordinary method. 

In the last few years th is i n s t i t u t e has been p a r t i c u l a r l y interested i n the p r o d u c t i o n 
of h i g h temperatures b y chemica l methods . T h e t w o prerequis i tes f o r p r o d u c i n g 
h i g h t emperatures a r e : a reac t i on w i t h a h i g h heat release, a n d t h e r m a l s t a b i l i t y of 
the reac t i on p r o d u c t s . 

C a r b o n monox ide a n d n i t r o g e n are t h e r m a l l y the m o s t stable molecules k n o w n . 
B y b u r n i n g cyanogen w i t h oxygen to these p r o d u c t s a t 1 a t m . a t e m p e r a t u r e of 
4800° K . was p r o d u c e d (2). B y c a r r y i n g out the same c o m b u s t i o n u n d e r pressure 
5050° K . has been a t t a i n e d (1). B y us ing a m o r e endothermic c o m p o u n d , such as 
c a r b o n s u b n i t r i d e , or C 4 N 2 , a t e m p e r a t u r e of 5260° K . has been reached (5). B y 
c o m b i n i n g the above endothermic fuels w i t h a n endothermic ox id izer , s t i l l h igher 
temperatures s h o u l d be a t t a i n a b l e . Because ozone is a n obvious subst i tute for 
oxygen, combust ions w i t h ozone were s t u d i e d . 

Ozone is one of the most sensit ive compounds k n o w n a n d at h i g h concentrat ions 
is prone to explosions or detonat ions . F o r th i s reason the decompos i t i on or " c o m b u s 
t i o n " f lame of ozone t o oxygen was f irst s t u d i e d . T h e heat of c o m b u s t i o n of ozone 
to mo le cu lar oxygen or Δ H°f a t 291° K . = —33.92 k c a l . per mo le . I n v i e w of th is 
h i g h heat l i b e r a t i o n i t was expected t h a t p u r e ozone c o u l d be b u r n e d t o oxygen i n 
a v i s ib l e flame, i f i t s exp los ion or de tonat i on c o u l d be a v o i d e d . Ozone-oxygen 
m i x t u r e s a n d even p u r e ozone c a n be b u r n e d i n a regular flame t o oxygen w i t h o u t 
m i s h a p , i f the ozone used is p u r e a n d free f r o m sensit izers. T h e ozone was pur i f i ed 
b y the m e t h o d first descr ibed b y T h o r p , A r m o u r R e s e a r c h F o u n d a t i o n (7 ) . T h e 
e x p e r i m e n t a l procedure has been descr ibed i n d e t a i l b y S t r e n g a n d Grosse (6). 

P u r e ozone b u r n s to oxygen w i t h a b lue flame w i t h a t y p i c a l p i n k cast . T h e 
l u m i n o s i t y of the flame is l o w , a l t h o u g h i t s t e m p e r a t u r e is 2677° K . f o r 1 0 0 % ozone 
at 1 -atm. pressure a n d 300° K . i n i t i a l t e m p e r a t u r e . T h e e x p e r i m e n t a l l y de te rmined 
b u r n i n g v e l o c i t y u n d e r the same condi t ions is 475 c m . p e r second. 

T h e p u r e ozone flame is of p a r t i c u l a r theore t i ca l interest , because i t represents 
the s implest flame imag inab le . T h e o n l y possible intermediates between the i n i t i a l 
a n d final p r o d u c t s are oxygen atoms . T . v o n K a r m a n , J . O . H i r s c h f e l d e r , a n d t h e i r 
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associates a n d R . S a n d r i have developed the t h e o r y of l a m i n a r flame p r o p a g a t i o n . 
R e c e n t l y th i s t h e o r y was a p p l i e d b y v o n K a r m a n w h e n ca l cu la t ing the theore t i ca l 
flame v e l o c i t y for 1 0 0 % ozone. H i s results (8) are essential ly i n agreement w i t h the 
authors ' e x p e r i m e n t a l results . T h e theories give a deta i led ins ight i n t o the m e c h a n i s m 
a n d k inet i cs of the flame p r o p a g a t i o n . 

Temperature Effect on Burning Veloc i ty of O z o n e 

Subsequent to the Y a l e presentat i on {6)} the b u r n i n g v e l o c i t y of pure ozone was 
also de te rmined at —78° C . a n d f o u n d to equa l 270 c m . per second. I n first a p 
p r o x i m a t i o n the b u r n i n g v e l o c i t y of ozone is a s t r a i g h t - l i n e f u n c t i o n of t e m p e r a t u r e . 

Extrapolated Velocities 

°C. °K. Cm./Sec. 
0 273 420 

- 5 0 233 325 
-112 a 161 205 

a Boiling point of ozone. 

Diffusion Flames of Pure O z o n e with Fuel Gases 

P u r e ozone was successful ly b u r n e d , i n a di f fusion flame, w i t h h y d r o g e n , c a r b o n 
monox ide , cyanogen, methane , a n d ethylene . T h e ozone was a d m i t t e d a t the rate of 
^ 6 cc. per second t h r o u g h the i n n e r tube of a n a l u m i n u m b u r n e r ( t i p area 0.34 
sq . m m . ) , wh i l e the fue l gases were a d m i t t e d t h r o u g h a n annulus w i t h a n area of 
1.42 sq . m m . , u s u a l l y i n quant i t i es sufficient for complete c ombust i on . D e t a i l s of 
the b u r n i n g t i p are g i v e n i n F i g u r e 1. C o m p a r a t i v e runs were m a d e w i t h the same 
a m o u n t of oxygen . 

Ozone b u r n s i n h y d r o g e n s i m i l a r l y to oxygen, the o n l y difference be ing t h a t the 
ozone flame is s l i g h t l y b r i g h t e r . T h e ozone was a d m i t t e d first a n d h y d r o g e n added 
subsequent ly . 

I n c a r b o n monox ide ozone b u r n s w i t h a m u c h b r i g h t e r flame t h a n oxygen. T h e 
c a r b o n monox ide was i g n i t e d first, t h e n ozone was a d m i t t e d . P h o t o g r a p h s of th is 
flame are s h o w n i n F i g u r e 2, Compared w i t h the c a r b o n m o n o x i d e - o x y g e n a n d p u r e 
ozone flame. 

Ozone b u r n s i n cyanogen w i t h the br ightest flame p r o d u c e d so f a r i n these l a b 
oratories ( F i g u r e 3 ) . T h e flame t e m p e r a t u r e is ca l cu lated to be 5200° K . — i . e . , p r a c 
t i c a l l y i d e n t i c a l to t h a t of the C 4 N 2 - 0 2 flame {3). I n th is case the ozone flame was 
establ ished first a n d t h e n the cyanogen was added . 

M e t h a n e a n d ethylene, respect ive ly , were i g n i t e d f irst a n d t h e n ozone was added . 
B o t h flames were aga in b r i g h t e r t h a n the correspond ing oxygen flames. 

Self-Igniting Properties of Ozone—Fue l Ga s Mixtures 

S p e c i a l tests were m a d e to determine the se l f - i gn i t ing character is t i cs of the fue l g a s -
ozone m i x t u r e s . 

A t a tmospher i c pressure, w h e n the m i x t u r e was a d m i t t e d t h r o u g h the a l u m i n u m 
t i p , no i g n i t i o n took place w i t h h y d r o g e n , cyanogen, a n d methane (ozone rate 6 cc. 
per second) . C a r b o n monox ide a n d ethylene , however , i g n i t e d spontaneous ly a n d 
b u r n e d n o r m a l l y a f t e rwards w i t h o u t i n i t i a t i n g a n explos ion or de tonat i on i n the ozone 
l ine . 

Static Behav ior of 1 0 0 % Ozone—Fue l Ga s Mixtures 

T h e preced ing results i n d i c a t e d t h a t m i x i n g 1 0 0 % ozone w i t h h y d r o g e n , cyanogen, 
a n d methane is possible, even i f for a v e r y short t i m e . T h i s l ed to tests of m i x i n g 
1 0 0 % ozone w i t h h y d r o g e n , cyanogen, a n d methane , respect ive ly . T h e m i x e d gases 
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9.53 mm! W ) 

TOP VIEW ( TIP ONLY) 

Figure 1. Burner tip for ozone diffusion flames 

were a l l owed to s t a n d i n boros i l i cate glass tubes ( P y r e x b r a n d N o . 7740) of about 
10 cc. v o l u m e . T h e condi t ions used a n d observat ions m a d e are g iven i n T a b l e I . 

Table I. Behavior of Various Fuel Gases with Pure Ozone 

Time of 
Standing, 

Hours Results 

*4 η 1 No change in pressure. 
2 q j No visible reaction 

18 Pressure increased 6 mm. 
1.0 No change in pressure. 
1.0 Pressure increased 26 mm. 

Total 
Pressure, Temp., 

°C. Mixture M m . Hg 
Temp., 

°C. 
4 H 2 + Os 504 - 7 8 
4H 2 + 0 3 504 +21 
I.5C2N2 + 0 3 774 0 
I.5C2N2 + O3 551 + 23 
1.5CH4 + 20 3 778 - 7 8 
1.5CH4 + 20 3 804 + 21 

A l l three m i x t u r e s are stable for hours , a t least a t d r y ice t emperatures . 
M e t h a n e reacts no t i ceab ly at r o o m t e m p e r a t u r e , whi le h y d r o g e n a n d cyanogen cause 
no change i n pressure . T h e b lue color of ozone c o u l d be observed a f ter a l l these 
tests. O n i m m e r s i n g the cyanogen-ozone tube i n l i q u i d oxygen, so l id cyanogen a n d 
b lue l i q u i d ozone condensed af ter the t e s t ; o n i m m e r s i n g the same tube i n a d r y ice 
b a t h , the unreac ted cyanogen was sol idi f ied a n d the unreac ted ozone gas p u m p e d off. 
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STRENG AND GROSSE-PURE OZONE FLAME 

Figure 2. Ozone flames burning at 6 cc. per second 

A. Combustion of 100% ozone, 6 cc. per second, to oxygen 
B. Combustion of 100% ozone, 6 cc. per second, in excess of carbon monoxide 
C. Combustion of pure oxygen, 6 cc. per second, in excess of carbon monoxide 

Figure 3. Ozone flames burning at 6 cc. per second 

A. Combustion of 100% ozone, 6 cc. per second, to oxygen 
B. Combustion of 100% ozone, 6 cc. per second, in excess of cyanogen (temperature of flame 5200* 
C. Combustion of pure oxygen, 6 cc. per second, in excess of cyanogen 
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Premixed Cyanogen -Ozone Flames 

In view of the surprizing stability of cyanogen-ozone mixtures, the gases were 
burned in long tubes 1.6 mm. in inside diameter, without detonation, at room 
temperature and atmospheric pressure. In wider tubes, as expected, the mixtures 
exploded, shattering the tubes completely. 

The stoichiometric cyanogen-ozone mixture (1.5 C 2 N 2 + 0 3 ) burns very rapidly 
with a very bright flame but without explosion or detonation. The corresponding 
mixture of cyanogen and oxygen burns rapidly under the same conditions, although 
more slowly, and the flame is definitely less bright than the flame with ozone. Pure 
ozone under the same conditions burns with a fallow flame, again without explosion or 
detonation. In view of the fact that the same mixtures of cyanogen-oxygen and pure 
ozone itself can be burned from burner tips at a steady flame at a constant rate, it 
is likely that ozone-cyanogen mixtures can also be successfully burned in the same 
manner. 

Production of Instantaneous H igh Temperatures 

The demonstrated possibility of premixing various fuels with pure ozone opens 
up new opportunities for using pure ozone in the study of explosives. 

In connection with the above investigation, it has been found that liquid ozone 
is stable in the presence of cyanogen powder at 90° K . B y evaporating liquid ozone in 
a vacuum it can be solidified in the form of ozone crystals on crystals of cyanogen 
without explosion. 

Careful handling should make it possible to study the detonation of various 
mixtures of solid cyanogen powder with either liquid ozone or solid ozone powder at 
various loading densities. Whereas in the gaseous cyanogen-ozone system the highest 
temperatures are produced when the products of combustion are carbon monoxide and 
nitrogen, simple application of the hydrodynamic theory of detonation shows that 
higher temperatures—i.e., up to and even above 10,000° K .—would be reached for 
the stoichiometric equation : 

(CN) 2 + 4/3 0 3 -> 2C0 2 + N 2 

because at the very high pressures of a detonation wave in a condensed explosive 
(of the order of 100,000 atm.) the dissociation of the carbon dioxide molecule is 
negligible as compared to atmospheric pressure. 

Thus detonations of solid cyanogen or carbon monoxide mixtures with solid ozone 
(or solid oxygen) would give data for the carbon dioxide and nitrogen molecules. 
Detonations of solid ozone alone would give data on the oxygen molecule, etc. 
Techniques for handling and studying the solid cyanogen-liquid oxygen system have 
been developed (4). 
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Separation of Ozone from Oxygen 
by a Sorption Process 

G. A. COOK, A. D. KIFFER, C. V. KLUMPP, A. H. MALIK, and L. A. SPENCE 

Research and Development Laboratory, Liηde Co., A Division of Union Carbide Corp., 
Tonawanda, Ν. Y. 

Ozone is separated from oxygen by adsorption on 
refrigerated silica gel, followed by desorption, either 
in pure form at reduced pressure, or diluted by air, 
nitrogen, argon, or other gas not strongly adsorbed 
on silica gel. This is a practical method, free from 
hazard when correctly performed. 

T h e r e are several reasons w h y i t m i g h t be desirable to separate ozone f r o m oxygen. 
Because ozone is u s u a l l y p r o d u c e d i n concentrat ions of o n l y 1 to 4 mole % i n a s t ream 
of a i r or oxygen, anyone w i s h i n g to use m o r e concentrated ozone, or ozone i n the 
absence of oxygen, m u s t separate the two gases. I n a large p l a n t i t is more economical 
to produce ozone f r o m oxygen t h a n f r o m a i r , i f the u n c o n v e r t e d oxygen can be 
separated cheap ly enough f r o m the ozone a n d recyc led to the ozone generator . 

T h e separat ion m a y be accompl i shed i n several ways . One w a y is condensing the 
ozone out as a l i q u i d at a l ow temperature a n d t h e n p u m p i n g off a n y oxygen t h a t c o n 
densed a long w i t h the ozone; th is presents the hazards of h a n d l i n g concentrated l i q u i d 
ozone, a t o u c h y a n d br i sant explos ive . 

A n o t h e r poss ib i l i t y is to pass the gas s t ream t h r o u g h a so lvent w h i c h w i l l dissolve 
the ozone whi le l e t t i n g most of the oxygen pass t h r o u g h . E a r l y i n 1948 the authors 
d iscovered t h a t co ld , l i q u i d d i ch lorod i f luoromethane ( C F 2 C 1 2 ) , ch loro tr i f luoromethane 
( C F 3 C 1 ) , or m i x t u r e s of the t w o , cou ld be used for th is purpose . E v a p o r a t i n g ozone 
gas f r o m one of these solvents entai ls a loss of so lvent a n d is somewhat h a z a r d o u s ; 
i t shou ld be done o n l y w i t h sui table precaut ions , p re f e rab ly at l o w p a r t i a l pressure of 
ozone. A safer w a y of recover ing the ozone is to b l ow i t out w i t h a s t r e a m of some 
gas, such as n i t rogen or a i r , t h a t is not a p p r e c i a b l y soluble i n the halogenated methane 
so lvent . 

A n o t h e r w a y of separat ing oxygen f r o m ozone is to pass the m i x t u r e t h r o u g h a 
vessel c o n t a i n i n g m a t e r i a l t h a t w i l l react w i t h the ozone. T h e oxygen t h a t passes 
t h r o u g h the vessel is pur i f i ed , i f necessary, a n d recyc led to the ozone generator . T h i s 
m e t h o d is sat i s factory i f the presence of oxygen i n the ozone react ion vessel is n o t 
h a r m f u l . 

A m e t h o d w h i c h is free of h a z a r d i f p e r f o r m e d correc t ly , a n d represents a p r a c t i c a l 
w a y of separat ing ozone f r o m oxygen, consists of adsorb ing ozone o n re fr igerated s i l i ca 
gel a n d t h e n desorb ing i t , e i ther i n pure f o r m at reduced pressure, or d i l u t e d b y a i r , 
n i t rogen , argon , o r other gas not s t rong ly adsorbed on s i l i ca gel . 
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Adsorpt ion of Ozone on Silica Ge l 

I n 1950 extensive measurements were made of the a d s o r p t i o n of ozone i n the 
presence of oxygen on c o m m e r c i a l G r a d e 40 a n d P A 100 s i l i ca gel purchased f r o m 
D a v i s o n C h e m i c a l C o r p . T h e technique used i n m e a s u r i n g the a d s o r p t i o n was s imple . 
A s t ream of d r y oxygen at a tmospher i c pressure a n d conta in ing a k n o w n concentrat ion 
of ozone was passed t h r o u g h a vessel i m m e r s e d i n a b a t h k e p t at a constant , k n o w n 
tempera ture . T h e vessel conta ined a k n o w n weight of s i l i ca gel fresh f r o m D a v i s o n , 
a n d not t rea ted i n a n y w a y before be ing used . T h e d i lu te s t r e a m of ozone i n oxygen 
was passed t h r o u g h the b e d of s i l i ca gel u n t i l the concentra t i on of ozone i n the off-gas 
was equal to t h a t i n the enter ing gas. T h e ozone-oxygen flow was then s topped a n d 
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O Z O N E P A R T I A L P R E S S U R E , MM. O F HG. 

Figure 1. Adsorption isotherms at 0° and 25° C. 
for ozone in oxygen on Davison silica gel 

Total pressure 1 atm. 

a s t r e a m of pure , d r y oxygen was passed t h r o u g h the s i l i ca gel a n d i n t o a so lut ion of 
po tass ium iodide i n water . W h e n a l l the ozone h a d been desorbed, the l i bera ted iodine 
was t i t r a t e d w i t h s t a n d a r d s o d i u m thiosul fate so lut ion (1). 

T h e i sotherms obta ined for 0° a n d 25° C . are shown i n F i g u r e 1, a n d for lower 
temperatures i n F i g u r e 2. T h e a d s o r p t i o n at 0° C . was v e r y m u c h less t h a n t h a t at 
—78° C . a n d below. ( T h e un i t s for the ord inate i n F i g u r e 1 are i n pounds of ozone per 
1000 pounds of g e l ; i n F i g u r e 2, i n pounds of ozone per 100 pounds of gel.) 

I n f o r m a t i o n f r o m D a v i s o n i n d i c a t e d t h a t the t w o grades of s i l i ca gel differed on ly 
i n par t i c l e size, G r a d e 40 being 6 to 12 mesh , a n d P A 100 being 14 to 20 mesh . D i f 
ferences i n ozone a d s o r p t i o n between the t w o grades were w i t h i n e x p e r i m e n t a l error . 
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10 20 30 40 50 

OZONE PARTIAL PRESSURE, MM. OF HG. 

Figure 2. Smoothed adsorption isotherms for ozone in 
oxygen on Davison silica gel at temperatures ranging from 

- 7 8 . 5 ° t o - 1 4 0 ° C. 

Total pressure 1 atm. 

A d s o r p t i o n of oxygen, argon , a n d n i t r o g e n o n s i l i ca gel was measured a n d f ound 
to be v e r y s m a l l c o m p a r e d to the a d s o r p t i o n of ozone. 

T h e heat of a d s o r p t i o n of ozone on s i l i ca gel was ca l cu la ted for v a r i o u s condi t ions 
w i t h the help of the C l a u s i u s - C l a p e y r o n equat i on ( F i g u r e 3 ) . I n the region of t e m p e r 
a ture a n d ozone concentrat ion of most interest , the heat of a d s o r p t i o n is about 5400 c a l . 
p e r g r a m - m o l e of ozone. 

O n l y two papers give d a t a for ozone a d s o r p t i o n on s i l i ca gel . T h e results r epor ted 
b y M a g n u s a n d G r a n t i n g (3) appear to be i n good agreement w i t h the present w o r k , 
a l t h o u g h the i r m e t h o d of r e p o r t i n g is somewhat ambiguous . B r i n e r a n d L a c h m a n n (2) 
m a d e o n l y s ix i so lated e x p e r i m e n t a l measurements . T h e results of three of these are 

ο /TQ 
Δ 2.S\ 

3 A7dL£ -%\ 
To <s.k sfot.k - bj VA/ bxyceW 

Figure 3. Estimated heat of adsorption of ozone on 
Davison silica gel 
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i n f a i r agreement w i t h the authors ' d a t a ; the other three differ b y a n order of 
m a g n i t u d e . T h e cause of th i s d i screpancy is no t k n o w n . 

Safety Tests 

B o t h s m a l l a n d larger scale safety tests were m a d e o n s i l i ca ge l l oaded w i t h 
adsorbed ozone. B y us ing i n each case a few grams of ozone-conta in ing gel i n the 
l a b o r a t o r y , the fo l l owing exper iments were c a r r i e d out . 

A n electric s p a r k was passed between two tungsten electrodes w i t h i n the gel bed . 
N o explosions took place at —105° C . w i t h loadings as h i g h as 21 grams of ozone per 
100 grams of gel . 

A piece of fine i r o n w i r e was p laced i n the b e d of gel a n d i g n i t e d b y pass ing a n 
electric cur rent t h r o u g h i t . W i t h a l o a d i n g of 9 g rams of ozone per 100 grams of gel, 
a test was made a t —78° C . A f t e r i g n i t i o n of the wi re , a g low i n the vessel was 
observed, b u t no explos ion took place . W i t h a l oad ing of 20 grams of ozone per 100 
grams of gel at —105° C , a d u l l p o p was h e a r d w h e n the wire was ign i t ed , most of the 
ozone changed to oxygen, a n d the gel was extensive ly p u l v e r i z e d . T h e glass conta iner 
was b r o k e n b u t not shat tered . 

Sa fe ty tests were also m a d e on 0.2 cu . foot (over 5 l i ters ) of s i l i ca gel l oaded w i t h 
ozone. T h e m a i n conclus ion f r o m these tests was t h a t , at loadings u p to 10 pounds of 
ozone per 100 pounds of gel , i f the t e m p e r a t u r e is k e p t be low —78° C . so t h a t the 
v a p o r pressure of the ozone i n the gas phase of the vessel is l ow , a n explos ion w i l l not 
t a k e place w h e n a hot w i re b u r i e d i n the gel is i g n i t e d . A t h igher temperatures 
explosions, a p p a r e n t l y i n i t i a t e d i n the gas phase, took place, b u t t h e i r force was great ly 
d a m p e d b y the presence of the gel . 

E v e n u p to a l o a d i n g of 30 pounds of ozone per 100 pounds of gel , explosions were 
successful ly conta ined i n the 0.2-cu. foot test vessel, w h i c h was m a d e of 8 - inch e x t r a -
h e a v y stainless steel p i p e a n d p ipe caps, we lded together . T h e 700 p.s . i . b u r s t i n g d isk 
o n the vessel was, however , r u p t u r e d b y the explos ion at th is h i g h ozone l o a d i n g . 

T u r p e n t i n e , gasoline, keros ine , a n d l inseed o i l at r o o m t e m p e r a t u r e were i gn i t ed 
w h e n part i c les of s i l i ca gel h o l d i n g 26 grams of ozone per 100 grams of gel were 
d r o p p e d i n . 

Four-Stage O z o n e Transfer Cycle 

I n 1950-51 a p i l o t p l a n t was erected a t th i s l a b o r a t o r y a n d operated successful ly 
to demonstrate the r e m o v a l of ozone f r o m oxygen a n d i ts t rans fer to other gases, such 
as a i r or n i t r o g e n . A four-stage cyc le was used . 

1. A d s o r p t i o n of ozone f r o m a s t r e a m of oxygen b y re fr igerated s i l i ca gel u n t i l 
b r e a k t h r o u g h of the ozone takes p lace . 

2. P a r t i a l e v a c u a t i o n of the s i l i ca gel vessel to recover most of the gaseous oxygen 
left i n the space between s i l i ca gel part i c l es . 

3. D e s o r p t i o n of the ozone i n t o a d r y s t ream of a i r , oxygen, n i t rogen , argon , or 
other carr i e r gas. 

4. P a r t i a l evacuat i on to remove the carr ier gas w h i c h w o u l d otherwise contaminate 
the oxygen flowing t h r o u g h i n the next step. 

F i g u r e 4 shows a s impl i f i ed flow d i a g r a m of the p i l o t p l a n t . T h e c e n t r a l feature 
is a group of three towers , made of 6 - inch a l u m i n u m pipes , each filled to a height of 
about 15 feet w i t h s i l i ca gel , about 125 pounds of gel for each tower . T h e three 
towers were a l l connected i n p a r a l l e l a n d s u p p l i e d w i t h a u t o m a t i c a l l y t i m e d a n d 
operated electr ic m o t o r - d r i v e n va lves . 

T h e p i l o t p l a n t h a d three m a i n fluid s t r eams : the d i lu te ozone-oxygen m i x t u r e 
f r o m the W e l s b a c h ozone generator , the v a c u u m sys tem, a n d the carr i e r gas s u p p l y 
sys tem. ( T h e carr i e r gas a c t u a l l y used was d r y a ir . ) 

American Chemical Society 
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(AIR CONTAINING 
UP TO 2 % 0 3 ) 

KEY 
0 3 - 0 2 CYCLE 
O3-AIR CYCLE 
VACUUM SYSTEM 

Figure 4. Simplified flow diagram for four-stage transfer process 

T h e t i m i n g of the f our stages or steps t h a t took place i n each tower per cycle is 
shown i n F i g u r e 5. S t a r t i n g w i t h T o w e r I, the ozone a d s o r p t i o n step takes one t h i r d 
of a cycle , the oxygen e v a c u a t i o n step one s i x t h , the ozone desorpt ion one t h i r d , a n d 
the a i r evacuat i on one s i x t h . T h i s arrangement m a d e i t possible to operate the three 
towers c o n c u r r e n t l y t o g ive s m o o t h l y in tegrated flows of gas streams. 

Results of Pilot Plant Study 

I n the p i l o t p l a n t , a s t r e a m of oxygen c o n t a i n i n g 2 weight % ozone left the 
ozone generator , was cooled, a n d was fed to the s i l i ca gel beds. E v a c u a t i o n a n d 

Figure 5. Time cycle for four-stage transfer 
process 
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desorpt ion were t h e n c a r r i e d out . T h e o v e r - a l l recovery of ozone w i t h the s i l i ca gel 
beds a t —10° C . was about 9 0 % — i . e . , 9 0 % of the ozone o r i g i n a l l y p r o d u c e d i n the 
ozonizer f o u n d i ts w a y in to the a i r s t r e a m serv ing as carr ier gas. T h e other 1 0 % of 
the ozone was lost b y decompos i t ion i n the v a c u u m p u m p a n d i n o ther w a y s . T h e 
concentrat ion of ozone i n the a i r ( carr ier gas) was 2 weight % about ha l f of the t i m e , 
a n d g r a d u a l l y fe l l to 0 . 5 % d u r i n g the second hal f of the desorpt ion step. 

D u r i n g 200 hours of opera t i on the capac i ty of s i l i ca gel for ozone was reduced to 
about ha l f of t h a t for new gel . H o w e v e r , the gel was read i l y regenerated to i t s 
o r i g i n a l state b y heat ing i n a v a c u u m , a n d i t is therefore conc luded t h a t the loss i n 
ozone c a p a c i t y was caused b y a d s o r p t i o n of a s m a l l a m o u n t of w a t e r v a p o r d u r i n g each 
cycle f r o m the gases pass ing over the gel . Occas ional regenerat ion of the gel, perhaps 
b y b l o w i n g hot a i r t h r o u g h i t , m i g h t therefore be requ i red i n p l a n t operat ions . 

M o s t of the oxygen o r i g i n a l l y fed to the ozonizer was recovered a n d recyc led , as 
s h o w n above, b u t some of i t , about 0.4 p o u n d of oxygen per p o u n d of useful ozone r e 
covered i n the new carr ier gas, was lost . T o t a l oxygen c o n s u m p t i o n to produce each 
p o u n d of usable ozone was therefore about 1.4 pounds of oxygen. 

Possible Modifications of Cycle . A t lower temperatures the q u a n t i t y of ozone 
adsorbed o n s i l i ca gel g rea t ly increases, other condit ions be ing equa l . T h u s , for a gas 
conta in ing 2 weight % ozone, 100 pounds of s i l i ca gel adsorbs the weights of ozone 
shown i n T a b l e I . T h e p a r t i a l pressure of ozone is 10.3 m m . of m e r c u r y w h e n the 

Table I. Ozone on Silica Ge l 

L b . O s / l O O L b . G e l 

Temp., 0 C. 10.3 mm. Hg 15.9 mm. Hg 
25 0.042 0.068 
0 0.092 0.146 

- 1 0 0.13 0.21 
- 4 0 0.45 0.72 
-78.5 3.0 4.5 
- 9 0 6.0 8.0 

ozone-oxygen m i x t u r e is at a tmospher i c pressure a n d 15.9 m m . of m e r c u r y w h e n the 
gas m i x t u r e is at 8 p.s . i .g . ; the la t t e r is the u s u a l pressure at w h i c h c o m m e r c i a l W e l s -
b a c h ozone generators are operated . 

T h e values for —10° a n d —40° C . were ob ta ined b y i n t e r p o l a t i o n , w i t h the he lp 
of the l o g a r i t h m i c curves shown i n F i g u r e 6. 

T h e tests descr ibed above showed t h a t a n y of these concentrat ions of ozone could 
be h a n d l e d safely w i t h suitable precaut ions . 

T h e chief d isadvantage of operat ing at a t e m p e r a t u r e lower t h a n —10° C . is the 
higher cost of the re f r igerat ion a n d heat exchangers. T h e advantages a r e : 

T h e size of the s i l i ca gel towers a n d the inves tment i n s i l i ca gel can be great ly 
reduced. 

T h e t w o evacuat ion steps i n the four -s tep cycle can be e l i m i n a t e d , thus e l i m i n a t i n g 
inves tment i n the v a c u u m p u m p , r educ ing oxygen losses, a n d s i m p l i f y i n g the ent ire 
p l a n t . T h e higher the concentrat i on of ozone adsorbed on the gel, the smal ler the r e l a 
t i ve a m o u n t of unadsorbed oxygen (or a i r ) left i n the spaces between the part i c les of 
s i l i ca gel . 

I t becomes possible, t h e n , to choose between t w o s impl i f i ed methods of opera t i on . 

Method I ( F i g u r e 7 ) . [Step 1 — S t a r t ] . A d s o r b ozone on s i l i ca gel f r o m the 
s t ream of oxygen p lus ozone. 

Step 2. D e s o r b ozone i n a s t r e a m of car r i e r gas, l e t t i n g the re la t i ve ly s m a l l 
a m o u n t of oxygen b l o w n out i n i t i a l l y f r o m the s i l i ca gel bed contaminate the carr i e r gas. 

Step 1. A d s o r b ozone on s i l i ca gel f r o m the s t ream of oxygen p lus ozone, l e t t i n g 
the r e l a t i v e l y s m a l l a m o u n t of carr i e r gas b l o w n out i n i t i a l l y f r o m the s i l i ca gel bed 
contaminate the oxygen recyc led to the ozonizer . 

Step 2. Same as above, etc. 
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Figure 6. Adsorption of ozone on silica gel at a concen
tration of 2 weight % in oxygen 

Total pressure 1 atm. 
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Figure 7. Simplified flow diagram for two-stage transfer process 
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Method II. [Step 1 — S t a r t ] . A d s o r b ozone o n s i l i ca gel f r o m the s t r e a m of 
ozone p lus oxygen. 

Step 2. D e s o r b ozone i n a s t ream of car r i e r gas, first d i r e c t ing the r e l a t i v e l y s m a l l 
a m o u n t of oxygen b l o w n out i n i t i a l l y f r o m the s i l i ca gel bed b a c k to the ozonizer . 

Step 1. A d s o r b ozone on s i l i ca gel f r o m the s t r e a m of oxygen p lus ozone, first 
p u r g i n g the r e l a t i v e l y s m a l l a m o u n t of car r i e r gas b l o w n out i n i t i a l l y f r o m the s i l i ca 
gel bed t h r o u g h a n ozone decompos i t ion ca ta lys t to the atmosphere (or to a gas ho lder 
i f the c a r r i e r gas is v a l u a b l e ) , t h e n r e c y c l i n g the oxygen back to the ozonizer . 

Step 2. Same as above, etc. 

M e t h o d I is s l i g h t l y s impler t h a n M e t h o d I I , a n d for most purposes w o u l d 
p r o b a b l y be sat i s fac tory . I n e i ther m e t h o d the oxygen c o n s u m p t i o n c o u l d p r o b a b l y be 
reduced to 1.1 pounds per p o u n d of ozone. 

These two-stage methods were not t r i e d i n the p i l o t p l a n t . T h e m a i n purpose of 
the p i l o t p l a n t was to demonstrate t h a t ozone cou ld r e a d i l y be t r a n s f e r r e d o n a large 
scale f r o m oxygen to some other carr i er gas, a n d th is purpose was a m p l y fu l f i l l ed . 

T h e o p t i m u m operat ing t e m p e r a t u r e for the s i l i ca gel beds w o u l d have t o be 
selected af ter a cost s t u d y for each i n d i v i d u a l case. 

A d v a n t a g e s of O z o n e Transfer Process 

Cost. T h e t rans fer process is one of the ways b y w h i c h oxygen m a y be used 
economica l ly ins tead of a i r to m a k e ozone. W h e n oxygen is used, about twice as m u c h 
ozone can be p r o d u c e d per h o u r f r o m a g i v e n ozonizer a n d f r o m a g i v e n a m o u n t of 
e lec tr i ca l energy as w h e n a i r is used. T h u s the use of oxygen halves the power c o n 
s u m p t i o n per p o u n d of ozone made , halves the i n v e s t m e n t i n ozone generators , a n d 
doubles the concentrat ion of ozone i n the p r o d u c t gas. U s e of oxygen great ly reduces 
the concentra t i on of, or e l iminates en t i r e ly , oxides of n i t rogen p r o d u c e d i n the ozonizer . 
A g a i n s t these advantages w o u l d have to be p laced the inves tment a n d oper a t i ng cost 
for the s i l i ca gel t rans fer p l a n t a n d the cost of the oxygen used. W i t h o u t some m e t h o d 
of r e cyc l ing the oxygen, the cost for oxygen w o u l d be v e r y large , as a n ozone generator 
u s u a l l y converts o n l y 1 to 4 % of the enter ing oxygen to ozone. T h e t rans fer process 
makes i t possible to recycle most of the oxygen to the ozone generator . 

Safety. I f the ozone is to be a l l owed to react w i t h organic m a t t e r , i t is safer to 
have i t i n a s t r e a m of n i t r o g e n , or even a i r , t h a n i n oxygen . 

Selectivity of Reaction with Organic Compounds. D e g r a d a t i o n b y reac t ion w i t h 
oxygen is a n undes irab le side reac t ion of the ozonat ion of double bonds , w h i c h m a y be 
a v o i d e d i f the ozone is i n a n iner t car r i e r gas. 

U n d i l u t e d ozone at a pressure somewhat be low a tmospher i c (depending o n the 
s i l i ca gel l oad ing) m a y be obta ined b y p u m p i n g ozone off the s i l i ca gel . B y k e e p i n g 
the ozone gas a t a l o w pressure, gas phase explosions m a y be a v o i d e d . I f the ozone is 
to be used i n a chemica l react ion , the reactor m i g h t be p laced between the s i l i ca gel 
beds a n d the v a c u u m p u m p . 

Ozone c a n be r e m o v e d f r o m oxygen at a l ow concentrat ion—e.g . , 2 weight % — a n d 
a d d e d to a c a r r i e r gas at a higher concentra t i on , b y desorbing the ozone at a h igher 
t e m p e r a t u r e t h a n is used to adsorb i t . C h a n g i n g the t e m p e r a t u r e of the s i l i ca gel beds, 
however , is a s low process, a n d compl icates the cycle . A n easier w a y of a c compl i sh ing 
the same purpose w o u l d be to desorb the ozone at subatmospher i c pressure, sweeping 
i t off the gel w i t h a car r i e r gas i n the desired ra t i o of carr i e r gas to ozone, a n d t h e n 
compress the m i x t u r e to a n y desired pressure . F o r example , ozone at a pressure of 
10 m m . of m e r c u r y m i x e d w i t h n i t r o g e n a t 90 m m . of m e r c u r y w o u l d give a 10 mole % 
m i x t u r e of ozone, w h i c h c o u l d safely be compressed t o a tmospher i c pressure. T h e 
N a s h H y t o r - t y p e water -sealed v a c u u m p u m p w o u l d seem to be su i tab le for th is purpose 
i n app l i ca t i ons where w a t e r v a p o r w o u l d do no h a r m , as the heat of compress ion i n s u c h 
a p u m p is l a r g e l y absorbed b y the water . ( E x p e r i m e n t s i n th is l a b o r a t o r y ind icate t h a t 
water does not cata lyze the decompos i t ion of ozone.) 
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Storing a n d Sh ipp ing of O z o n e 

Studies of the a d s o r p t i o n of ozone o n s i l i ca gel a n d the safety tests m a d e on the 
gel w i t h adsorbed ozone ind i ca te t h a t ozone m a y be s h i p p e d safely i f adsorbed on 
s i l i ca gel to a concentra t i on of about 10 pounds of ozone per 100 pounds of gel a n d 
i f the gel is s u i t a b l y re f r igerated . R e f r i g e r a t i o n w i t h d r y ice is f a i r l y sat is factory , 
b u t leaves some ozone i n the gas phase. T h i s gaseous ozone s l o w l y decomposes, 
l ead ing to a g r a d u a l loss of ozone. I n storage tests at —78° C . l a s t i n g for 2 weeks a n d 
w i t h ozone loadings of about 18 grams per 100 grams of gel , loss b y decompos i t ion 
i n a glass conta iner w i t h glass w o o l as r e t a i n i n g m a t e r i a l was about 9 % ozone, a n d 
the loss was about 2 5 % i n the presence of stainless steel a n d a l u m i n u m wools. 

A t l i q u i d oxygen or n i t r o g e n temperatures there w o u l d be s u b s t a n t i a l l y no ozone 
i n the v a p o r phase a n d no ozone decompos i t i on losses w o u l d be expected. A s s i l i ca 
gel w i l l ex t rac t ozone f r o m even a d i lu te so lut ion of ozone i n l i q u i d oxygen, a n d l i q u i d 
oxygen p o u r e d over s i l i ca gel l oaded to 3 2 % of i t s weight w i t h ozone extracts no 
ozone f r o m the gel , there w o u l d a p p e a r to be no danger of l i q u i d ozone's f o r m i n g i n a 
vessel filled w i t h s i l i ca gel l oaded w i t h ozone u p to o n l y about 1 0 % of i t s weight . 

One p r o b l e m w i t h these a d s o r p t i o n methods of t r a n s p o r t i n g ozone is safe 
d isposal of the desorbed ozone gas, i f re f r igerat ion fai ls en route . One w a y m i g h t be to 
equ ip the ozone t r a n s p o r t vessel w i t h a n e lec t r i ca l ly d r i v e n p u m p operated f r o m a 
storage b a t t e r y . I f the re f r igera t i on fa i ls a n d the t e m p e r a t u r e i n the vessel s tarts 
r i s ing , the p u m p c a n b l o w outside a i r in to the vessel a n d sweep the ozone out t h r o u g h 
a chamber filled w i t h a n ozone-decomposing ca ta lys t . 
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Transfer of Ozone from Oxygen 
to a Carrier Gas 

F. R. BALCAR, W. DENNIS, and J. J. RENDOS 

Air Reduction Co., Inc., New York, Ν. Y. 

A method is presented for converting oxygen to 
ozone. The ozone is condensed, separated from the 
oxygen carrier gas which is to be recycled, and then 
revaporized. Operating cost and results are given. 
This method overcomes handling difficulties and 
lowers production costs. 

Since ozone was first produced as a highly concentrated gas or liquid, it has been 
known as instable, perhaps because its character is not fully understood. 

In spite of its instability, handling difficulties, and production cost, ozone has been 
used as an industrial chemical. Ozone would have greater application if its handling 
and production problems could be solved. 

In the present commercial ozone-producing system, the ozonator itself is important 
in the over-all cost of ozone. If oxygen is used as raw material, an ozonator will pro
duce twice as much ozone as when operated with air. The savings in ozonator invest
ment more than offset the cost of the oxygen feed and ozone can be produced more 
economically, if the unconverted oxygen can be recycled. 

Recycling presents a problem if the oxygen is contaminated in the ozone utilization 
step. Transfer of the ozone from the oxygen stream leaving the ozonator to a carrier 
gas would, if economically practicable, permit recycle of the oxygen without contamina
tion regardless of the environment in which the transferred ozone is utilized. 

If oxygen-free ozone is desired, an effective method of transferring ozone from 
oxygen to a carrier gas is required. 

Process Description 

A system for separating ozone from oxygen being recycled through the ozonator is 
shown in Figure 1(1). It consists of selective condensation of the ozone, separation 
of the condensate from the recycle gas, and then revaporization of the condensate. 

Substantially complete condensation can be accomplished by cooling the oxygen 
stream to just above the boiling point of oxygen. At that low temperature, the vapor 
pressure of pure ozone is of the order of only a few hundredths of a mUlimeter of 
mercury. It, therefore, can be condensed from an oxygen stream without condensing 
a large amount of oxygen. This step is not easy because the ozone concentration in 
the oxygen stream may be only 2% by weight. To condense 1 pound of ozone under 
these circumstances, roughly 50 times as much oxygen needs to be cooled to the lowest 
temperature in the system. There must be efficient heat exchange between the oxygen 
gas entering the separator and the oxygen recycled; otherwise the refrigerant required 
to maintain operation would be excessive. 
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CONDENSING 
EXCHANGER 

LIQUID Q 2 

FEED 

OZONE 
CONDENSATE 

SEPARATOR 

PRECQOLER EXCESS 0 2 

COOLER 

BLOWER 

OZONATOR 

CARRIER. 
GAS 

CARRIER GAS 
+ ° 3 

.EVAPORATOR 

Figure 1. Diagram of system for producing oxygen-free ozone 
in a carrier gas 

T h e re f r i gera t i on r e q u i r e d to operate th i s t rans fer s y s t e m is de termined b y the 
v o l u m e of the recycle gas, the heat losses f r o m the exchanger, a n d the t h e r m a l p r o p 
erties of the m a t e r i a l s be ing h a n d l e d . 

M u c h of the r e q u i r e d re f r igera t i on can be s u p p l i e d b y feeding the oxygen needed 
for ozone p r o d u c t i o n i n t o the sys tem as l i q u i d . I f the la tent heat of ozone were sub 
s t a n t i a l l y lower t h a n t h a t of oxygen, the re f r igerat ion f r o m the m a k e - u p oxygen w o u l d 
be sufficient. H o w e v e r , the heat evo lved w h e n 1 p o u n d of ozone is condensed i n the 
system w i l l vapor i ze 1.5 pounds of oxygen. A s a result , oxygen i n excess of t h a t c o n 
ver ted to ozone w i l l be v a p o r i z e d a n d m u s t be w i t h d r a w n f r o m the system as a gas. 
I f th is excess cannot be used elsewhere, i t m u s t be reconverted to l i q u i d or charged to 
the process as r a w m a t e r i a l . 

A f t e r condensat ion a n d separat ion of ozone f r o m the oxygen s t r e a m , the condensate 
is l e d to a n evapora tor . A s e v a p o r a t i o n of ozone b y bo i l ing w i t h i n d i r e c t heat a t a t m o s 
pher i c pressure sometimes leads to explosions, the ozone is evapora ted b y direct contact 
w i t h a h i g h b o i l i n g l i q u i d such as water . T h e gaseous ozone jo ins a s t ream of c a r r i e r gas 
of selected compos i t i on a n d v o l u m e . 

Heat Exchanger 

I n the first sect ion of the heat exchanger the oxygen-ozone m i x t u r e is cooled to 
just above the p o i n t of i n i t i a l ozone condensat ion . Because l i q u i d ozone w i l l no t be 
f o r m e d i n th i s sect ion of the interchanger , i t can be constructed a n d operated w i t h l i t t l e 
r egard t o ozone h a z a r d . 

I n the second sect ion of the exchanger where condensat ion occurs, a c c u m u l a t i o n of 
apprec iab le l i q u i d ozone m u s t be prevented . T h e ozone-conta in ing gas passes t h r o u g h 
n a r r o w pipes , a n d the ve lo c i ty of the gas s t r e a m is increased so t h a t the condensed 
ozone is swept f r o m the condensing surfaces. O n l y a t h i n film of l i q u i d is present i n 
the exchanger a t a n y t i m e . T h i s sect ion of the exchanger is m o u n t e d i n a v e r t i c a l 
pos i t i on to a v o i d t r a p s i n w h i c h l i q u i d m i g h t col lect . 

Refrigerant Introduction 

R e f r i g e r a t i o n is s u p p l i e d b y i n t r o d u c i n g l i q u i d oxygen d i r e c t l y in to the s t r e a m of 
gaseous oxygen a n d condensate l e a v i n g the co ld end of the second sect ion of the ex 
changer. T h e l i q u i d oxygen flows c o n c u r r e n t l y w i t h the m a i n s t ream t h r o u g h a n 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
00

8

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



BALCAR, DENNIS, AND RENDOS-TRANSFER FROM OXYGEN TO CARRIER GAS 55 

elongated p ipe to the separator . I n th is p ipe , heat is exchanged b y d irec t contact 
between the l i q u i d oxygen a n d the gas. O x y g e n is e v a p o r a t e d a n d heat is w i t h d r a w n 
f r o m the gas, p r o d u c i n g the lowest t e m p e r a t u r e i n the sys tem, a n d ozone condensat ion 
is comple ted . 

T h e m i x t u r e of gaseous oxygen a n d l i q u i d ozone is l e d to a re f r igerated vessel i n 
w h i c h the h e a v y l i q u i d is separated f r o m the gas b y c o m b i n e d centr i fuga l a n d g r a v i t a 
t i o n a l a c t i o n . T h e gas conta in ing v e r y l i t t l e ozone is recyc led . 

Evaporator 

T h e condensate is l ed to a vessel c onta in ing a n a p p r o p r i a t e l i q u i d w h i c h is ag i ta ted 
b y i n t r o d u c i n g the c a r r i e r gas t h r o u g h a sparger submerged i n the l i q u i d . T h e h e a v y 
ozone is dispersed t h r o u g h o u t the b o d y of the l i q u i d i n the f o r m of s m a l l drop le ts a n d 
evaporates w i t h o u t apprec iab le decompos i t i on . T h e heat for e v a p o r a t i n g the conden
sate m a y be s u p p l i e d b y preheat ing the carr ier gas. 

Opera t i on 

Results. E q u i p m e n t based on F i g u r e 1 was designed a n d operated to produce 1 
p o u n d of ozone per h o u r us ing a W e l s b a c h C -34 ozonator . 

M a n y e a r l y runs t e r m i n a t e d i n explosions. W h e n l i q u i d ozone col lected o n w a r m 
so l id surfaces, e v a p o r a t i o n a n d spontaneous decompos i t i on occurred . A f t e r the e q u i p 
m e n t was modi f i ed to prevent p r e m a t u r e e v a p o r a t i o n , seven runs were m a d e w i t h o u t 
inc ident . 

A l t h o u g h a h i g h concentra t i on of ozone i n the condensate was n o t sought, concen
t rat ions u p to 9 0 % s h o u l d be obta ined w i t h ozone recovery i n the range f r o m 95 to 
9 8 % . A s heat losses i n a s m a l l u n i t are d i s p r o p o r t i o n a t e l y large , re l iable d a t a o n the 
l i q u i d oxygen feed r e q u i r e d per p o u n d of ozone t rans fe r red were not obta inab le . C a l 
cu la ted va lues , assuming a 5° F . difference i n the exchanger, range f r o m about 2.3 to 
1.9 pounds of l i q u i d oxygen per p o u n d of ozone. T h i s range corresponds to ozonator 
effluent concentrat ions f r o m 2.0 to 5 .0% b y weight of ozone, respect ive ly . T h i s ozone 
t rans fer m e t h o d requires o n the order of 1 p o u n d of oxygen p e r p o u n d of ozone i n excess 
of t h a t consumed i n the f o r m a t i o n of the ozone. 

T h e scale of th is operat i on , a l t h o u g h a d m i t t e d l y s m a l l , represents the farthest 
k n o w n advance b e y o n d the test tube stage. These so lut ions of opera t i ona l prob lems 
encourage f u r t h e r sca l ing u p . 

Costs. T h e basic cost of ozone to be separated f r o m the oxygen s t r e a m depends 
on the cost of the r a w m a t e r i a l , the e q u i p m e n t ( the ozonator represent ing the p r i n c i 
p a l i t e m ) , power , l a b o r , a n d overhead . I n th i s s t u d y , a t t e n t i o n was n o t p a i d t o the 
basic cost of ozone p r o d u c t i o n . 

T h e i n c r e m e n t a l cost of the ozone t rans fer depends o n the v o l u m e of oxygen r e 
cyc led p e r p o u n d of ozone p r o d u c e d , w h i c h is i n v e r s e l y p r o p o r t i o n a l to the ozone 
concentrat i on i n the ozonator effluent. T h i s , i n t u r n , affects the heat t rans fer surface 
requ i red for exchanger efficiency. 

T a b l e I gives estimates of the i n c r e m e n t a l e q u i p m e n t costs, the corresponding 

Table I. Incremental Cost of Ozone Transfer Equipment and Power 
(Based on a product ion scale of 700,000 pounds per year) 

O3 concn. in ozonator effluent, % by wt. 1.5 2.0 3.0 4.0 5.0 
Equipment cost, $ 115,000 100,000 80,000 70,000 65,000 
Annual fixed charges at 16%, $ 18,000 15,000 12,000 11,300 10,000 
Annual power charge at l^/kw.-hr., 7,000 5,600 3,850 2,800 2,400 
Operating cost, φ/lb. of ozoneb 3.6 2.9 2.3 2.0 1.8 

a Includes only incremental power to overcome a pressure drop of 4 p.s.i. through exchangers. 
b Does not include charge for oxygen fed to system. 

fixed charges, a n d the i n c r e m e n t a l power requ i rements for t r a n s f e r r i n g ozone to a 
carr ier gas i n a s y s t e m designed for oxygen recyc le . T h e o p e r a t i n g cost does no t 
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inc lude t h a t of the l i q u i d oxygen used as re f r igerant . T h e oxygen feed \vhich l a t e r 
appears as ozone is charged to the basic cost of the ozone produced . O n l y the excess 
oxygen p ur ged f r o m the sys tem represents expense i n the ozone trans fer operat i on . 
T h i s expense can be de termined i f costs a n d credi ts can be t a k e n in to account . 

F r o m the s t a n d p o i n t of cost of ozone t rans fer , i t w o u l d be desirable to increase 
ozone concentra t i on i n the effluent as f a r as possible . H o w e v e r , as the effluent ozone 
concentrat i on increases, the basic cost also increases. A compromise between increas ing 
basic cost a n d decreasing i n c r e m e n t a l cost m u s t be effected to o b t a i n m i n i m u m o v e r - a l l 
cost. 

T o evaluate the process descr ibed f u l l y , i t shou ld be c o m p a r e d w i t h a l t e rnat ive 
methods of t rans fer such as selective a d s o r p t i o n or ex t rac t i on , t a k i n g into account c o m 
plex process requirements a n d economic factors . 

Literature C i ted 

(1) Air Reduction Co., Inc., New York, Ν. Y., patent pending. 
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Application of Ozone from Sterilamp 
in Control of Mold, Bacteria, 
and Odors 

RUDOLPH NAGY 

Westinghouse Electric Corp., Bloomfield, N. J. 

In using a Sterilamp for the tenderization and preser
vation of meat and the preservation of other types of 
foods, a controlled amount of ozone is generated by 
the lamp to destroy or suppress growth of mold and 
bacteria in the unirradiated areas. Minute amounts 
of ozone are also used to destroy odors in both com
mercial and domestic refrigerators and in air-condi
tioning systems. 

A l ow-pressure m e r c u r y l a m p sold b y West inghouse u n d e r the t r a d e - m a r k , S t e r i l a m p , 
was p laced o n the m a r k e t i n 1936. T h e l a m p was p r i m a r i l y designed to emit a copious 
a m o u n t of b a c t e r i c i d a l u l t r a v i o l e t r a d i a t i o n w i t h a m i n i m u m a m o u n t of r a d i a t i o n be low 
2000 A . T h e l a t t e r r a d i a t i o n is responsible for the pho to chemica l p r o d u c t i o n of ozone 
f r o m oxygen of the a i r . T h e effectiveness of the l a m p i n des t roy ing bac ter ia (25) a n d 
m o l d (21) o n P e t r i p lates , i n operat ing rooms (17,18), bac ter io log i ca l laborator ies (32), 
a n d a i r - c o n d i t i o n i n g systems (22, 24) has been a m p l y demonstrated . 

I n some app l i ca t i ons of the l a m p , i t was soon discovered t h a t a contro l l ed a m o u n t 
of ozone, together w i t h the b a c t e r i c i d a l r a d i a t i o n , resu l ted i n a m o r e effective m e t h o d 
of des t roy ing microorgan isms . Ozone also ox id ized m a n y of the odors. T h e present 
s u r v e y describes on ly those app l i ca t i ons of the S t e r i l a m p tube w h i c h u t i l i z e l a m p s 
generat ing a contro l l ed a m o u n t of ozone to destroy m o l d , bac te r ia , a n d odors. 

Tenderay Process 

One of the first app l i ca t i ons of the g e r m i c i d a l l a m p was i n the tender i z ing of meat 
(1, 19). F r e s h beef sides w h i c h h a v e been p a r t i a l l y ch i l l ed i n a cooler are h e l d for 
42 to 44 hours at 68° F . at a re la t ive h u m i d i t y of about 8 5 % . Increase i n tenderness 
of meat d u r i n g storage results f r o m the digestive a c t i o n of n a t u r a l l y conta ined enzymes 
u p o n the m u s c u l a r a n d connect ive tissues i n the m e a t . T h e increased t e m p e r a t u r e 
great ly accelerates th i s enzyme a c t i o n , so t h a t the degree of tenderness is equ iva lent t o 
beef h u n g for 20 days at 40° F . H o w e v e r , the increase of t e m p e r a t u r e also prov ides a 
more favorab le e n v i r o n m e n t for the g r o w t h of m o l d a n d b a c t e r i a . T h e purpose of the 
S t e r i l a m p u l t r a v i o l e t tubes is t o des troy these surface organisms. F i g u r e 1 is a t y p i c a l 
i n s t a l l a t i o n of th is process. A p p r o x i m a t e l y 170,000,000 pounds of beef per year are 
tender ized b y this m e t h o d . 

R e s u l t s of tests d u r i n g the deve lopment of th i s process showed t h a t a contro l l ed 
a m o u n t of ozone was necessary t o destroy m o l d or b a c t e r i a on por t i ons of meat not 
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Figure 1. Typical Tenderay process room, showing method of in
stalling Sterilamp tube 

Figure 2. Slime-forming organisms exposed in 
meat box 

Top shelf Ozone, 24 hours Ozone, 48 hours Control 

Ultraviolet, top, Control Ultraviolet, bot-
24 hours torn, 24 hours 

Bottom shelf Ozone, 24 hours Ozone, 48 hours Ozone, 72 hours 
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d i r e c t l y i r r a d i a t e d b y the l a m p s . Q u a n t i t a t i v e determinat ions of the effectiveness of 
ozone were m a d e b y bac ter ia counts t a k e n f r o m the surface of the m e a t a n d b y exposing 
P e t r i p lates seeded w i t h bac te r ia a n d m o l d t a k e n f r o m infected meat . F i g u r e 2 is a n 
example of organisms on P e t r i plates exposed to d i rec t r a d i a t i o n p lus ozone a n d some 
to ozone alone. T h e l a t t e r P e t r i p lates were i n v e r t e d a n d p laced i n var i ous pos i t ions 
i n the re f r igerator . F i g u r e 2 shows t h a t about 72 hours are necessary before a l l of the 
organisms are destroyed . 

T h e concentrat ion of ozone i n such t ender i z ing rooms, accord ing to E w e l l (11, 
12), is of the order of 0.1 p . p . m . b y v o l u m e . E l f o r d a n d V a n den E n d e (6) have 
s h o w n t h a t ozone as l o w as 0.04 p . p . m . can destroy bac te r ia i f the re la t ive h u m i d i t y is 
60 to 9 0 % . M a l l m a n n a n d C h u r c h i l l (20), e x p e r i m e n t i n g w i t h n a t u r a l l y c o n t a m i n a t e d 
beef, also showed t h a t 0.1 p . p . m . b y v o l u m e of ozone w o u l d r e t a r d the g r o w t h of the 
organisms. 

B o t h bac te r i c ida l r a d i a t i o n a n d ozone can destroy o n l y the surface organisms. 
H e a v y g r o w t h of m o l d a n d bac te r ia w i l l no t be destroyed b y these s m a l l a m o u n t s of 
ozone. T h e l e n g t h of t i m e necessary to destroy a l l of the organisms seeded o n a P e t r i 
p la te w o u l d be a f u n c t i o n of the concentra t i on of ozone. E w e l l (7) has shown t h a t the 
r e c i p r o c i t y l a w , w h i c h requires t h a t the per cent k i l l i n g be p r o p o r t i o n a l to the concen
t r a t i o n t imes d u r a t i o n of ozone, holds for a l i m i t e d concentra t i on . A t l o w concen
t r a t i o n s of ozone a n d v e r y l o n g t imes corresponding to the n u m b e r of l i f e cycles of the 
organ i sm, the t o t a l a m o u n t of ozone (23) or u l t r a v i o l e t energy (25) is m u c h less for the 
same per cent of des t ruc t i on of the organisms. These results w o u l d ind i ca te t h a t , a t 
one stage of the i r l i fe cyc le , m o l d a n d bac ter ia are v e r y sensit ive to m i n u t e amounts 
of these l e t h a l agents. 

T h e concentra t i on of ozone i n the tender i z ing r o o m is contro l l ed b y the n u m b e r 
a n d t y p e of u l t r a v i o l e t l a m p s . M o s t of the l a m p s i n s u c h a r o o m emi t p r e d o m i n a n t l y 
bac te r i c ida l r a d i a t i o n . A ce r ta in percentage of the l a m p s are of a spec ia l t y p e t h a t 
emit a c ont ro l l ed a m o u n t of r a d i a t i o n be low 2000 A . T h i s r a d i a t i o n is ac t ive i n the 
p h o t o c h e m i c a l p r o d u c t i o n of ozone f r o m oxygen of the a i r . Some of the ozone is de 
composed b y 2537 -A . r a d i a t i o n (9, 10) before i t c a n be u t i l i z e d i n the des t ruc t i on of 
m o l d a n d bac te r ia or the o x i d a t i o n of odors. T h e ha l f l i fe of the ozone molecule u n d e r 
the present condi t ions of h u m i d i t y a n d temperatures is p r o b a b l y of the order of 3 
m i n u t e s (9). T h u s , a n a c c u m u l a t i o n of ozone i n such a r o o m is imposs ib le . M e a s u r e 
m e n t of the concentra t i on of ozone soon after the i n t r o d u c t i o n of m e a t in to a t e n d e r i z 
i n g r o o m shows a m a r k e d reduc t i on i n the a m o u n t of th i s gas. T h i s c a n be a t t r i b u t e d 
to the o x i d a t i o n of odors associated w i t h f resh meat . 

Mea t Storage Rooms a n d Walk-In Coolers 

M e a t t a k e n f r o m the r o o m where the T e n d e r a y process is c a r r i e d out is i m m e d i 
a te ly cooled be low 40° F . to i n h i b i t the enzyme a c t i o n responsible f or the t e n d e r i z a t i o n . 

T h e rate of g r o w t h of bac ter ia a n d m o l d is g r e a t l y reduced at these l o w t e m p e r a 
tures . T h e ha l f l i fe of the ozone molecule (9) has been extended t o over 6 m i n u t e s 
because of the lower t e m p e r a t u r e a n d m a r k e d r e d u c t i o n i n the absolute h u m i d i t y as 
w e l l as a reduc t i on i n the odor l eve l . U n d e r these condi t ions the n u m b e r of u l t r a v i o l e t 
l a m p s necessary is decreased t o about one h a l f of t h a t used i n the r o o m where t h e 
T e n d e r a y process is car r i ed out . H o w e v e r , the ra t i o of the b a c t e r i c i d a l l a m p s to the 
u l t r a v i o l e t l a m p s also p r o d u c i n g a cont ro l l ed a m o u n t of ozone is k e p t constant . T h e 
concentra t i on of ozone i n such a re f r igerator has been s tated b y E w e l l (8, 10) t o be 
a p p r o x i m a t e l y 0.1 p . p . m . b y v o l u m e . Tests u s i n g P e t r i p lates seeded w i t h bac te r ia 
t a k e n f r o m infected meat show results s i m i l a r to those seen i n F i g u r e 2. 

A t y p i c a l w a l k - i n cooler is shown i n F i g u r e 3. I f the t e m p e r a t u r e i n w a l k - i n 
coolers is a p p r o x i m a t e l y 40° F . , the n u m b e r a n d t y p e of u l t r a v i o l e t l a m p s used for a 
g i v e n area w i l l be the same as for the meat storage re fr igerators . A t temperatures 
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Figure 3. Typical walk-in cooler with Sterilamp tubes on ceiling 

between 32° a n d 35° F . ambient , the u l t r a v i o l e t o u t p u t of mos t m e r c u r y l a m p s is too 
s m a l l to be p r a c t i c a l unless steps are t a k e n to increase the t e m p e r a t u r e of the l a m p . 
T h e design of the S t e r i l a m p tube p e r m i t s opera t i on at these temperatures . 

Domestic Refrigerators 

Cons iderab le research was done o n the a p p l i c a t i o n of an ozone -produc ing l a m p for 
domestic re fr igerators . I t was necessary to find a balance between the a m o u n t of 
u l t r a v i o l e t r a d i a t i o n a n d ozone so t h a t m o l d a n d bac te r ia on the food a n d re fr igerator 
w a l l w o u l d be destroyed , whi l e the l eve l of food odors a n d the t rans fer of food odors 
to other foods w o u l d be grea t ly reduced w i t h o u t caus ing react ions i n c e r t a i n sensit ive 
foods. 

T w o refr igerators were l oaded w i t h food as shown i n F i g u r e 4. One of the boxes 
conta ined a n u l t r a v i o l e t l a m p w h i c h operated o n l y on the on cycle , whi l e the other 
box was the cont ro l . D a i l y observat ions of the foods showed t h a t the odor leve l i n 
the box w i t h the l a m p as we l l as the t rans fer of odors f r o m one food to another can 
be reduced to a large degree. B a c t e r i a a n d m o l d on food a n d on the wal l s of a h i g h 
h u m i d i t y box are destroyed b y the m i n u t e amounts of ozone generated b y the l a m p . 
T h e average concentrat i on of ozone is a p p r o x i m a t e l y 0.1 p . p . m . b y v o l u m e (10, 
11). 

F i g u r e 5 shows t h a t more t h a n 48 hours of exposure to the ozone is necessary before 
a l l of the organisms are destroyed o n seeded P e t r i p lates . H i g h e r concentrat ions of 
ozone w i l l destroy the organisms i n a shorter t i m e ; however , r a n c i d i t y w o u l d be p r o 
duced i n some foods. C o n c e n t r a t i o n s of ozone w h i c h w o u l d necessitate longer exposures 
of the P e t r i plates before a l l of the organisms were destroyed w o u l d not be so effective 
i n o x i d i z i n g the odors. T h u s , the rate of des t ruc t i on of organisms is a measure of the 
a m o u n t of ozone i n the box. T h i s m e t h o d can also be used to determine the c i r c u l a 
t i o n of a i r c o n t a i n i n g ozone i n a re fr igerator . 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
00

9

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



Ν AGY—CONTROL OF MOLD, BACTERIA, ODORS 61 

Figure 4. Domestic refrigerator used to study effect of 
ultraviolet radiation on various foods and bacteria 

Cheese Ripening a n d Storage 

T h e S t e r i l a m p u l t r a v i o l e t tube p r o d u c i n g a m i n u t e a m o u n t of ozone has been 
used to destroy m o l d o n C h e d d a r cheese d u r i n g r i p e n i n g (13, llf). E w e l l (11) has 
repor ted t h a t less t h a n 0.2 p . p . m . b y v o l u m e w i l l ex tend the h o l d i n g t i m e b y 11 weeks 
at 59° F . a n d 80 to 8 5 % re lat ive h u m i d i t y before the appearance of v i s ib le m o l d on the 
cheese. T h e ozone also ox id ized the odor i n the r o o m . 

A p p l e Storage 

T h e use of ozone i n c o n t r o l of surface m o l d o n packages a n d wal ls i n app le storage 
a n d maintenance of a pleasant odor has been repor ted b y a n u m b e r of invest igators (12, 
16, 28, 81). Ozone has also been used to r e t a r d r i p e n i n g of f r u i t s . E t h y l e n e gas 
l i b e r a t e d b y f r u i t s t imulates the r i p e n i n g . T h e gas is r ead i l y ox id i zed b y ozone (2, H). 
T h e S t e r i l a m p tube has been used to p r o v i d e a contro l l ed a m o u n t of ozone to oxidize 
th is gas a n d other odors as we l l as to destroy microorgan isms i n app le storage rooms. 
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Figure 5. Slime-forming organisms exposed to ozone in domestic 
refrigerator 

1. Control 
2. Top left, indirect, 24 hours 
3. Top left, indirect, 48 hours 
4. Top right, indirect, 24 hours 
5. Top right, indirect, 48 hours 

A i r Condi t ion ing 

T h e p r i m a r y purpose of the S t e r i l a m p tube i n a i r - c o n d i t i o n i n g systems has been 
to destroy mic roorgan i sms (22). Tests on the effect of 1 to 2 p . p . m . b y v o l u m e of 
ozone o n E. coli s p r a y e d in to a n a i r duc t revealed t h a t the organisms were no t de 
s t royed . T h i s w o u l d con f i rm the d a t a of E l f o r d a n d V a n den E n d e (6) t h a t ozone is 
a poor d is in fec tant of a i r at l o w re la t ive h u m i d i t y . A t h i g h re la t ive h u m i d i t y these 
authors f o u n d t h a t as l o w as 0.04 p . p . m . b y v o l u m e destroyed bac te r ia dispersed i n a n 
aerosol . T h i s w o u l d also agree w i t h the results r epor ted here, t h a t organisms o n s u r 
faces a n d seeded on P e t r i p lates can be destroyed b y m i n u t e amounts of ozone. 

W i t h the i n t r o d u c t i o n of a S t e r i l a m p t u b e p r o d u c i n g a c o m t r o l l e d a m o u n t of ozone, 
there has been a n increas ing n u m b e r of ins ta l la t i ons for the purpose of o x i d i z i n g b o d y , 
smoke, or c ook ing odors. T h e l a m p s have been ins ta l l ed i n the a i r ducts of large office 
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Figure 6. Installation of Sterilamp tubes in large air duct 

bu i ld ings , hospi ta ls , a n d cook ing establ ishments ( F i g u r e 6 ) . S m a l l e r un i t s have been 
used i n the hot a i r heat ing systems of homes a n d s t i l l smal ler un i t s f o r offices or i n d i 
v i d u a l rooms. 

Tests o n a n u m b e r of these s m a l l un i t s revealed t h a t the ozone concentra t i on i n the 
r o o m was less t h a n 0.01 p . p . m . b y weight . T h e r e is a m p l e evidence t h a t v a r i o u s food 
odors, such as f r o m f ish, onions, a c r o l i n f r o m b u r n t fa t , a n d tobacco as w e l l as b o d y 
odors c a n be ox id ized b y ozone. T h i s is subs tant ia ted b y m a n y reports i n the l i t e r a 
ture [4,13-15, 30,31). Tes t s m a d e i n the l a b o r a t o r y w i t h v a r i o u s u n s a t u r a t e d organic 
c ompounds such as indo le a n d skato le ( fecal o d o r ) , a l l y l sulfide (gar l ic o d o r ) , a n d 
m e t h y l th i o cyanate (unpleasant odor of a lmonds ) showed t h e m to be r e a d i l y ox id ized , 
as ev idenced b y l a c k of odor. S a t u r a t e d compounds such as b u t y r i c a n d va le r i c acids 
were not ox id i zed u n d e r the same condi t ions . S p e c i a l f ixures w i t h u l t r a v i o l e t l a m p s 
p r o d u c i n g a contro l l ed a m o u n t of ozone are used i n a n i m a l hosp i ta ls a n d kennels f or 
p r e v e n t i o n of cross in fec t i on a n d for the o x i d a t i o n of a n i m a l a n d fecal odors. 

Determinat ion of Ozone 

I n f o r m a t i o n on the a m o u n t of ozone generated b y the l a m p u n d e r var i ous c o n d i 
t ions is of interest to the research sc ientist , a p p l i c a t i o n engineer, a n d h e a l t h officer. 
M a n y of the d ivergent v iews on the b a c t e r i c i d a l effect a n d t o x i c i t y of ozone can be 
a t t r i b u t e d to the methods of d e t e r m i n a t i o n used b y the authors as we l l as the p u r i t y 
of t h e i r gas. A s a n example , oxides of n i t r o g e n were p r o d u c e d as a b y - p r o d u c t b y 
some of the e a r l y ozone generators . These oxides react w i t h some of the reagents 
used for the measurement of ozone; t h e y have also been shown to be tox ic (5, 26). 
U l t r a v i o l e t l a m p s do no t produce oxides of n i t rogen . 

T h e concentra t i on of ozone i n T e n d e r a y process rooms a n d refr igerators has been 
de termined b y E w e l l (9) us ing c a l i b r a t e d po tass ium i od ide - s tar ch p a p e r . T h i s m e t h o d 
is no t app l i cab le for concentrat ions lower t h a n 0.4 p . p . m . b y v o l u m e . M e a s u r e m e n t of 
concentrat ions be low 0.1 p . p . m . b y v o l u m e i n v o l v e d i n s t a l l i n g a large n u m b e r of k n o w n 
l a m p s i n a re f r igerator a n d t h e n d i v i d i n g the read ing to o b t a i n a va lue for a box w i t h 
a n o r m a l n u m b e r of l a m p s . T h e p o t a s s i u m i o d i d e - s t a r c h p a p e r was l a t e r c o m p a r e d 
w i t h the C r a b t r e e a n d K e m p (3) a t o m i z e d n e u t r a l p o t a s s i u m iodide m e t h o d a n d 
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also w i t h the modi f i ed u l t r a v i o l e t a b s o r p t i o n m e t h o d of S t a i r (29). T h e results of a l l 
three methods were i n good agreement at a concentrat ion of about 1 p . p . m . b y weight . 
T h e a l k a l i n e p o t a s s i u m iodide m e t h o d of S m i t h a n d D i a m o n d (27) cons is tent ly gave 
l o w results . 

T h e m e t h o d used to determine the re lat ive amounts of ozone f r o m var i ous types 
of S t e r i l a m p tubes shown i n T a b l e I was t h a t of C r a b t r e e a n d K e m p (3). T h e l a m p s 

Table I. Concentration of Ozone from Average Sterilamp 
Operated at Optimum Conditions 

Sterilamp 
794-H (Odorout) 
794 
782-H-30 
782-H-10 
G36 T6-H» 

Application Examples 
Room, office 
Domestic refrigerator 
Large refrigerators 
Hot air furnaces 
Air-conditioning ducts 

Ozone per 1000 Cu. Ft . , 
Wattage P .P .M . by Wt. 

3.5 0.05 
3.5 0.02 

17.0 0.42 
12.0 0.15 
39.0 2.10 

» L type of Sterilamp transmits about one tenth to one fiftieth of the 1849-A. radia
tion as the H type. 

were h u n g i n about the geometr i ca l center of a s m a l l v a c a n t r o o m of 1780 cubic feet. 
T h e re la t ive h u m i d i t y was between 20 a n d 3 0 % at 70° to 75° F . F i g u r e 7 shows t h a t , 

"5 Π) Έθ 25 30 

Distance in Inches from S te r i l amp 

Figure 7. Transmittance of radiation below 2000 A. 
through air at various relative humidities 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
00

9

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



NAGY—CONTROL OF MOLD, BACTERIA, ODORS 65 

w i t h the ava i lab le r a y l e n g t h a n d h u m i d i t y , n e a r l y a l l of the 1849-A. r a d i a t i o n gener
a ted b y the l a m p was absorbed b y the oxygen of the a i r , a n d the m a x i m u m a m o u n t 
of ozone w o u l d be expected. O p e r a t i n g these l a m p s i n enclosed f ixtures , a i r ducts , a t 
lower temperatures , or at h igher h u m i d i t y w i l l decrease the a m o u n t of ozone generated. 
I n a c t u a l ins ta l la t ions o n l y about one t e n t h of the concentra t i on g i v e n i n T a b l e I w i l l 
be f o u n d . T a b l e I is a measure of the re la t ive p r o p o r t i o n of ozone generated b y the 
var ious l a m p s . 

T h e re la t ive a m o u n t of ozone generated b y v a r i o u s u l t r a v i o l e t l a m p s c a n be ascer
t a i n e d b y the measurement of the r a d i a t i o n e m i t t e d be low 2000 A . A 789 photo tube , 
w h i c h w i l l respond o n l y to these short rad ia t i ons , has been used for such compar isons 
a n d for c o n t r o l of the q u a l i t y of glass i n the p r o d u c t i o n of the l a m p s . 
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Ozone Oxidation of Aqueous Cyanide 
Waste Solutions in Stirred Batch Reactors 
and Packed Towers 

ROBERT P. SELM 

Wilson & Co., Salina, Kan. 

The use of ozone as an oxidant for industrial wastes 
containing cyanides and other reducible toxic sub
stances appears worthy of careful investigation. The 
oxidation of simple cyanides by ozone is rapid and 
complete. Mass transfer controls the absorption. 
The use of packed towers or sieve plate towers is 
indicated, and the maintenance of a pH of at least 
9.0 is recommended. The destruction of cyanates 
and cyanide complexes is slower than the cyanide 
oxidation. These substances are destroyed if suffi
cient contact time and proper pH control are main
tained so that these slower reactions can take place. 
The use of redox potential to control the degree of 
oxidation appears promising. Proper interpretation 
of the redox potential of the treated waste will give 
an excellent indication of the effectiveness of the 
treatment and the degree of removal of cyanide and 
cyanate. 

T h e des t ruc t i on of tox ic cyanides i n i n d u s t r i a l waste waters is a p r o b l e m of m o u n t i n g 
i m p o r t a n c e because of acce lerat ing i n d u s t r i a l deve lopment a n d decreasing a v a i l a b i l i t y 
of w a t e r suppl ies . T h e s car c i ty of d i l u t i o n w a t e r for reduc ing the concentrat ions of 
tox ic wastes has r e q u i r e d m a n y m a n u f a c t u r e r s to t a k e a longer l ook at the waste -d is 
posa l operat ions w h i c h m u s t a c c o m p a n y t h e i r m a n u f a c t u r i n g processes. Indust r i es 
p a r t i c u l a r l y affected b y cyanide d isposa l prob lems are the m e t a l f in ish ing , e l e c t rop la t ing , 
m e t a l l u r g i c a l , a n d re f in ing industr ies . T h e need for f u r t h e r deve lopment i n the t r e a t 
m e n t of cyan ide wastes is best demonst ra ted b y a rev iew of methods t h a t have been 
c o m m o n l y e m p l o y e d , a l l of w h i c h show some disadvantages i n t e rms of cost, efficiency, 
degree of effectiveness, a n d hazards (18). 

C y a n i d e s are c o m m o n l y t reated b y chemica l or b io log i ca l o x i d a t i o n . O f lesser 
i m p o r t a n c e is the p r e c i p i t a t i o n of cyan ide i o n as complex i r o n cyan ide , o r b y the 
d irect a tmospher i c release of h y d r o g e n cyan ide b y ac id i f i ca t ion a n d aera t i on . T h e 
o x i d a t i o n methods , however , have f o u n d widest acceptance ; chemica l o x i d a t i o n is p r e 
ferred for a l l b u t the m o r e d i lu te cyanides free f r o m other toxics , w h i c h m a y b e 
d i l u t e d or t rea ted b io l og i ca l ly . B i o l o g i c a l t r e a t m e n t of cyanides offers the p o s s i b i l i t y 
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of good r e m o v a l where r e l a t i v e l y stable condi t ions exist for p o n d i n g or d i t c h i n g , a n d 
specia l s tra ins of organisms c a n be deve loped . 

G u r n h a m (9) has descr ibed the use of t r i c k l i n g n i ters for b io log i ca l o x i d a t i o n of 
cyanides , a n d shows t h a t the greater b u l k of s i m p l e cyanides m a y be q u i c k l y a n d 
economica l ly r e m o v e d b y th i s m e t h o d . F u r t h e r w o r k i n progress i n th i s f ie ld shou ld 
be of great va lue i n def ining the l i m i t s of such b io log i ca l t r e a t m e n t . 

C h e m i c a l ox idat ions us ing ch lor ine , h y p o c h l o r i t e , h y d r o g e n peroxide , l e a d oxide, 
a n d ozone have been used i n some cases, a n d ch lor ine i n one o r another of i t s f o rms has 
been the c o m m o n l y accepted c h e m i c a l o x i d a t i o n procedure . T y l e r (22) presented d a t a 
o n the o x i d a t i o n of cyanides u t i l i z i n g ozone; the advantages of ozone are such t h a t 
f u r t h e r inves t i ga t i on was made . F o u l k e a n d L e d f o r d (5) a n d , ear l ier , D o d g e a n d C a m s 
(4) r ev iewed the l i t e r a t u r e of cyan ide waste d isposal t h o r o u g h l y , i n c l u d i n g the use of 
ozone. 

T h e use of ch lor ine has several d isadvantages . 

C h l o r i n e m u s t be used i n considerable excess—about 8 pounds per p o u n d of 
cyan ide . D e s t r u c t i o n of 100 p . p . m . of cyan ide is accompl i shed w i t h a n increase of 800 
p . p . m . of ch lor ide i o n . T h i s va lue of ch lor ide i o n m a y n o t be acceptable to p u b l i c 
h e a l t h author i t i es , because the re-use of such effluents f a r t h e r d o w n s t r e a m is h i g h l y ques
t i onable . Ozone leaves no tox ic or deleterious substance i n the finished waste . 

Excess ch lor ine m a y have a res idua l free ch lor ine w h i c h m a y be tox ic to bio logic 
l i fe i n the rece iv ing s t r e a m a n d m u s t be r e m o v e d or contro l l ed . Ozone leaves no 
h a r m f u l r e s id ua l . 

C h l o r i n e m a y be expensive, depending u p o n the l o ca t i on of the p l a n t a n d i ts size, 
the cost v a r y i n g f r o m 15 to 3 cents per p o u n d . F r e i g h t a n d h a n d l i n g charges a n d the 
quant i t ies to be p u r c h a s e d a l l determine the final cost. Ozone costs v a r y d i r e c t l y w i t h 
the cost of purchased electr ic power , a n d are about 13 cents per p o u n d (based on 1 
cent power ) ; no f re ight , de l i very , or h a n d l i n g costs are necessary (11). 

A g a i n s t the h i g h costs of ozone equ ipment m u s t be ba lanced the comparab le costs 
of ch lor ine e q u i p m e n t , l o a d i n g e q u i p m e n t , feeders, de c h l o r ina t i on e q u i p m e n t , r e t e n 
t i o n t a n k s , r a i l r o a d spurs , storage rooms, in jec tors , a n d s i m i l a r i t ems . Ozone is p r o 
duced b y outdoor i n s t a l l e d generators h a v i n g negl igible maintenance . 

C h l o r i n e o x i d a t i o n requires large detent ion t a n k s or basins . Ozone o x i d a t i o n m a y 
be done i n a cont inuous flow p a c k e d tower , the o x i d a t i o n of cyan ide to cyanate be ing 
p r a c t i c a l l y instantaneous . C y a n o g e n chlor ide cannot f o r m w h e n ozone is used, a n d the 
t rea tment fac i l i t ies do not require ins ide space. 

Ozone is a more efficient ox idant t h a n ch lor ine . I t lends i tsel f to ox idat ions where 
phenols , sulfites, a n d other reducib le substances are present (17). 

Some proposed t r e a t m e n t systems for ozone are presented i n F i g u r e 1. 

Chemistry of Ozona t ion of Cyan ides a n d Cyanates 

T h e ozonat i on of cyanides invo lves t w o separate chemica l steps, o x i d a t i o n of 
cyanide to cyanate a n d o x i d a t i o n or h y d r o l y s i s of cyanate t o n i t r o g e n a n d a m m o n i a . 
I d e a l l y , cyan ide n i t r o g e n shou ld be released as n i t r o g e n gas. 

T h i s reac t ion w o u l d be idea l i n the sense t h a t t w o nontox i c gases are the sole 
produc ts of the des t ruc t i on of a tox i c i o n , a n d no disso lved solids b u i l d - u p i n the waste 
has occurred . C o m p a r i s o n of cyanides to cyanates shows t h a t the f o r m e r compounds 
are r e l a t i v e l y s tab l e ; the cyanates e i ther h y d r o l y z e to a m m o n i u m carbonate (1, 19) 
or rearrange to u r e a (1, 16, 24) : 

T h e ozonat ion of cyanides is m a r k e d b y ex t reme ly r a p i d a b s o r p t i o n of ozone i n 
cyan ide solut ions : 

2 C N - + 4(0)-> 2C0 2 î + N 2 Î (1) 

O C N - + 2H+ + H 2 0 ̂ ± C 0 2 Î + N H 4
+ 

O C N - + N H 4
+ ^ N H 2 C O N H 2 (8, 21) 

(2) 

(3) 

C N - + 0 3 -> C N O - + 0 2 Î (4) 
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OZONE VENT 

OZONE VENT 

OZONE 
OZONE 
NLET 

WASTE FEED 

PACKED TOWER 
SYSTEM 

Figure 1. Schematic diagram of continuous flow oxidation systems 
utilizing ozone for cyanide wastes 
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(INCOMPLETE OXIOATION) 
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CYANATE PHASE 
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Figure 2. Redox potential history of cyanide and cyanate oxidation 
by ozone 
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Figure 3. Effect of pH on ozonation of 
cyanides 

T h e so lu t i on of cyan ide i o n contains no ozone i n so lut ion d u r i n g th i s cyan ide phase, 
as m a y be de termined b y the o x i d a t i o n p o t e n t i a l of the so lut i on . T h e redox p o t e n t i a l 
w i l l r e m a i n at a l o w va lue , r i s ing s l owly a n d g r a d u a l l y as the cyanide is consumed 
( F i g u r e 2 ) . W h e n the cyanide i o n p r a c t i c a l l y has a l l been ox id ized , a n i m m e d i a t e a n d 
sudden rise i n p o t e n t i a l is experienced, at w h i c h p o i n t the so lu t i on is a n o x i d i z i n g one 
a n d releases iodine f r o m po tass ium iodide solut ions . 

T h e o x i d a t i o n of cyanides lowers p H i n a m a n n e r i l l u s t r a t e d b y F i g u r e s 3 a n d 4. 
C h a m b e r l i n a n d S n y d e r (3) have presented the re la t i onsh ip ex is t ing between h y d r o 
cyanic a c i d a n d cyanide at var i ous p H values , a n d show t h a t as the p H fal ls , because 

Figure 4. Effect of ozone on pH of 
cyanide solutions 
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cyanic a c i d is a stronger a c i d t h a n is h y d r o c y a n i c a c i d , the a m o u n t of free cyan ide i o n 
m u s t decrease v e r y r a p i d l y , a n d a t or near the t e r m i n a t i o n of the ozonat ion the cyanide 
is a lmost ent i re ly present as h y d r o c y a n i c a c i d where the p H has fa l l en to the n e u t r a l 
p o i n t . 

Ozone is more soluble i n a c i d so lut ions t h a n i n a lka l ine so lut ions (10), a n d dissolves 
i n d i lu te a c i d w i t h a r a p i d p H rise. T h i s so lu t i on holds the d isso lved ozone i n so lu t i on 
longer t h a n is possible i n h igher p H solut ions , where h y d r o x y l i o n catalyzes the decom
pos i t i on . A s the ozone decomposes, p H fal ls b a c k to the o r i g i n a l v a l u e . F i g u r e 5 

Figure 5. Effect of ozonation on water 

Proposed Reaction of Ozone with Water: 
Os + H 2 0 -» HOs + + O H " (slow) 

H 0 3

+ + OH" ^± 2 H O 2 (maintained) 
0 3 + H O 2 - » HO + 2 0 2 (slow) 

HO + H O 2 - » O2 + H 2 O 

shows these effects, w h i c h are presented to compare t h e m w i t h the absorp t i on of ozone 
i n cyan ide so lut ions . I n a l l cases where ozone dissolves i n water c o n t a i n i n g no 
ox id izab le mater ia l s , the p H rises, p r o v i d e d i t is i n i t i a l l y be low p H 10.5. T h e a d d i t i o n 
of ozone to cyanide a n d cyanate so lut ions results i n definite p H effects opposite the 
o r d i n a r y so lut ion of the gas i n w a t e r ; th is indicates t h a t a chemica l reac t ion m u s t be 
t a k i n g place . 

T h e p H f a l l f r o m t h a t of a cyanide so lu t i on to t h a t of a cyanate so lu t i on w h e n 
ozone is added is to be expec ted ; th i s m a y be seen f r o m F i g u r e 6, where b o t h cyanide 
a n d cyanate solut ions of equa l m o l a r i t y are ozonated at the same rate . 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
01

0

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



SELM-OXIDATION OF CYANIDE WASTE SOLUTIONS 71 

Figure 6. Effect of ozonation on pH of cyanide and cyanate solutions 

T h e absorp t i on of ozone b y cyanide solutions i n s t i r r e d reactors is c o m p l i c a t e d b y 
mass t rans fer considerat ions. T h e presence of ozone gas i n the exhaust f r o m such a 
reactor does not ind i cate t h a t e q u i l i b r i u m has been obta ined between ozone gas bubbles 
a n d ozone i n so lut ion , b u t ra ther t h a t the mass t rans fer t h r o u g h the i n d i v i d u a l bubbles 
is not complete , because of the resistance on the gas side. I n other words , mass t r a n s 
fer controls the react ion , as the ozone w i l l react a lmost ins tantaneous ly w i t h the 
cyanide i o n i n so lut ion . T h e presence of some meta ls , p a r t i c u l a r l y copper , appears to 
speed u p the a b s o r p t i o n b y ac t ing as oxygen carr iers . A so lu t i on of ozone i n d i l u t e ac id 
decomposes somewhat more q u i c k l y w h e n a trace of c u p r i c i o n is added . T h e presence 
of these m e t a l cata lysts , i f th is be t h e i r f u n c t i o n , does not a p p e a r to be a necessary 
c ond i t i on to ozone ox ida t i on . W h a t is i m p o r t a n t is t h a t adequate mass t rans fer t i m e 
a n d surface be ava i lab le , as w o u l d be f o u n d i n a counter cur rent p a c k e d tower . 

T h e s t o i c h i om etry of th is reac t i on has been s t u d i e d b y W a l k e r a n d Z a b b a n {23), 
who ind icate t h a t the a c t u a l cyan ide requirements are between 1 a n d 0.33 mo le of 
ozone per mole of cyan ide . 

A n y d i lu te so lu t i on of soluble cyanates is undergo ing R e a c t i o n s 2 a n d 3. A t r o o m 
temperatures the e q u i l i b r i u m 

NH 4 + + C N O - =̂± N H 2 C O N H 2 (5) 

is a lmost comple te ly to the r i g h t side of the equat i on (6, 8, 20, 21). Presence of the 
enzyme urease reverses the reac t ion to f o r m a m m o n i u m carbonate (13, 15, 16, 24) : 

2H 2 0 + N H 2 C O N H 2 - ^ ^ > ( N H 4 ) 2 C 0 3 (6) 
T h i o u r e a w i l l h y d r o l y z e i n a s i m i l a r m a n n e r to the a m m o n i u m a n d th i o cyanate ions 

i n a n e q u i l i b r i u m essential ly independent of p H , b u t the e q u i l i b r i u m w i l l l ie f a r to the 
th i o cyanate side (21). 

K o l t h o f f a n d Stenger (14) l i s t the s t rong ly a l k a l i n e h y d r o l y s i s of cyanates as a 
possible m e t h o d of e s t imat i on of cyanates : 

C N O " + O H - + H O H -> C O , — + N H 3 (7) 
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T h e s t a n d a r d m e t h o d of analys is of cyanates invo lves the a c i d h y d r o l y s i s (6, 19), 
the k ine t i c s of w h i c h have been s t u d i e d b y A m e l l (1) : 

C N O - + 2H 2 0 + H+ -> N H 4
+ + H C 0 3 - (8) 

F u r t h e r , T y l e r (22) a n d some subsequent w o r k e r s (5) postu late a cyanate o x i d a 
t i o n to the release of c a r b o n d iox ide a n d n i t r o g e n : 

2 C N O - + H 2 0 + 30 2 -> 2 H C 0 3 - + 30 2 î + N 2 Î (9) 

T h u s the m e c h a n i s m of des t ruc t i on of the cyanate i o n is not w e l l unders tood , as i n 
a l l l i k e l i h o o d E q u a t i o n s 5, 7, a n d 9 m a y a l l be o c c u r r i n g to some extent , dependent 
u p o n the condi t ions . E x p e r i m e n t a l diff iculties experienced i n a t t e m p t i n g to fo l low ac 
c u r a t e l y the course of the cyanate d isappearance a n d measur ing the produc ts f o r m e d 
m a k e select ion of the p r e d o m i n a n t m e c h a n i s m u n c e r t a i n . T h e cyanate so lu t i on be
comes s a t u r a t e d w i t h ozone, a n d th i s m a y be m o n i t o r e d b y i ts redox p o t e n t i a l , us ing 
p l a t i n u m or g o l d - S . C E . electrodes. W h e n the cyanide has d isappeared , the redox 
p o t e n t i a l q u i c k l y rises to a h i g h va lue , w h i c h s l owly increases as the reac t ion of o x i d a 
t i o n or c a t a l y z e d h y d r o l y s i s proceeds, as s h o w n b y F i g u r e 2. I f the ozone f low is 
s topped , the p o t e n t i a l fa l ls a lmost i m m e d i a t e l y , a n d the degree a n d rate of f a l l w i t h 
t i m e depend u p o n the a m o u n t of cyanate r e m a i n i n g . 

A t r a c i n g f r o m a n e.m.f. recorder is s h o w n as F i g u r e 7. A 0.033M cyanate s o l u 
t i o n was ozonated , the flow of o x i d a n t s topped , a n d curves A, B, a n d C were recorded 

MILLIVOLTS 
PT-SCE 

Τ 

CURVES MARKED. FIRST, SECOND AND THIRD OZONATION SHOW 

OZONATION. 

0 ^ 3 J ^ A ^ C N O -

FIRST OZONATION 

.6 .8 1.0 

TIME AFTER OZONATION , HOURS 

Figure 7. Effects of ozone on redox potential of solutions 
of cyanate ion 
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after successive ozonat ions . A s the cyanate was consumed, the redox p o t e n t i a l values 
become higher at a n y g iven t i m e . 

T h e n 0.01 mole of po tass ium cyanate was dissolved i n a s m a l l a m o u n t of w a t e r 
a n d a d d e d to a s a t u r a t e d so lut ion of ozone i n 3100 m l . of n e u t r a l d i s t i l l ed w a t e r , w h i c h 
was ag i ta ted t h o r o u g h l y . T h e redox p o t e n t i a l f e l l to a m i n i m u m p o i n t , rose s l i g h t l y , 
a n d t h e n fe l l off i n a n o r m a l decay curve . T h e ra is ing of the p H w h i c h w o u l d fo l low 
u p o n a d d i t i o n of cyanate cou ld cata lyze the decompos i t i on of ozone, b u t w o u l d n o t 
account for the m i n i m u m i n the curve . C y a n a t e solut ions w i l l , therefore , exercise a n 
ozone d e m a n d , whether t h r o u g h h y d r o l y s i s or ox ida t i on , a n d ozone w i l l be consumed 
u n t i l the d e m a n d is satisf ied. 

9 0 0 MV 

Figure 8. History of ozonation of ferrocyanide solutions 

I t has been repor ted t h a t ozone w i l l not decompose ferrocyanides or ferr i cyanides 
(23). I n this w o r k i t was f o u n d t h a t ozone oxidizes ferrocyanides first to f err i cyanides 
a n d t h e n to ferr ic h y d r o x i d e sols. T h e first effect no ted i n the ozonat ion of ferrocyanides 
was r a p i d change of color (see F i g u r e 8 ) . A s ozonat ion proceeded, the so lu t i on became 
t u r b i d w i t h the ferr ic h y d r o x i d e sol , some of w h i c h l a te r sett led o n the b o t t o m of the 
a b s o r p t i o n bot t le a n d was ident i f ied as F e ( O H ) 3 . T h e f e r r i cyan ide was not comple te ly 
consumed i n a n y of the r u n s ; traces r emained even af ter pro longed ozonat ion . A s 
soon as the ozone was a d m i t t e d to the bot t le , the p H of the so lu t i on rose v e r y q u i c k l y 
a n d r a n off the recorder c h a r t . A c i d was added to d r o p the p H to 4.2 o n three oc
casions to keep the p H u n d e r 11.0. T h e t h i r d a d d i t i o n of a c i d h e l d the p H at 10.4, 
w h i c h t h e n s l owly d r o p p e d off to n e u t r a l i t y . Tes ts of s u c h ozonated solut ions w i t h 
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th i o cyanate show the presence of f err i c i o n af ter the ozonat ion has been conc luded . 
T h e a d d i t i o n of ferrous ions, w i t h subsequent f o r m a t i o n of the d a r k b lue complex , 
showed t h a t under the condit ions s tud ied some ferrocyanide ions s t i l l r e m a i n e d . M a t e 
r i a l balances on the ozone show t h a t 3 9 % of the t o t a l f low was absorbed, the r emainder 
pass ing to the ozone t r a p . A ra t i o of 7.25 t o 1 moles of ozone absorbed per mole of 
K 4 F e ( C N ) 6 · 3 H 2 0 was f ound , b u t th i s ra t i o w o u l d inc lude the ozone decomposed b y 
cata lys is due to h y d r o x y l i o n a n d other causes. 

F i g u r e 8 shows the effect of ozone on the redox p o t e n t i a l of f e rrocyanide so lut ions . 
Successive add i t i ons of ozone show a decreased ozone d e m a n d i n the so lut ion . 

Use of Redox Potential for Control of O z o n e Add i t i on 

T h e use of o x i d a t i o n - r e d u c t i o n measurements m a d e on the waste so lut ions for 
c o n t r o l of t h e o x i d a t i o n process appears to be a l og i ca l p a r t of the design of such sys 
tems. T h e G o l d - S . C . E . electrodes ind i cate the pos i t ive ozone content of a n aqueous 
so lu t i on w i t h good r e l i a b i l i t y . G o l d electrodes appear to be m o r e resistant to s t rong 
ox idants t h a n do p l a t i n u m electrodes. G o l d is m o r e susceptible to a t t a c k f r o m free 
cyanides . T h e effects of ag i ta t i on on the response of p l a t i n u m - S . C . E . electrodes are 
s h o w n i n F i g u r e 9. B e t t e r response appears to result w h e n the solutions are t h o r o u g h l y 

ag i ta ted . T h e redox p o t e n t i a l of ozonized d i s t i l l e d water decays a t a rate t h a t is a p 
p r o x i m a t e l y l inear o n a p l o t of m i l l i v o l t s vs. l og t i m e as s h o w n b y F i g u r e 10. I n 
so lut ions c onta in ing ozone d e m a n d , such as cyanates , the decay is m u c h faster , a n d is 
r o u g h l y p r o p o r t i o n a l to the amounts of such ozone d e m a n d . R e d o x p o t e n t i a l systems 

ORP I 
MV J (PT-SCE) 

OZONE CUTOFF POINT 

1,000 k 

Figure 9. Effect of agitation on decay of 
redox potential of ozonated cyanate 

solutions 

r - 9 0 0 ORP 
MILLIVOLTS 

8 0 0 

U 7 0 0 

l i t f 1 ι î 1 
Figure 10. Decay of redox potential of saturated calomel 
electrode-platinum electrodes in agitation of ozonized dis

tilled water at 25° C. 
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shou ld be of the flow t y p e , a n d the use of spec ia l ozone-resistant m a t e r i a l s is i n d i c a t e d 
for w i r i n g a n d the l i k e . A l l r u b b e r mater ia l s used shou ld be fabr i ca ted f r o m H y p a l o n 
or a p o l y ( v i n y l chlor ide) m a t e r i a l , a n d stainless steel , a l u m i n u m , a n d ceramics s h o u l d 
be used as mater ia l s of c ons t ruc t i on where ozone is present . 

Treatment of Cyan ide Solutions by Absorpt ion in Packed Towers 

T h e a b s o r p t i o n of ozone b y u n a g i t a t e d b a t c h cyanide solut ions a t a tmospher i c 
pressure invo lves the sequence of i n i t i a l l y complete a b s o r p t i o n , fo l lowed b y a p e r i o d 
w h e n ozone appears i n the exhaust gas a n d cyanides are s t i l l present i n the b a t c h reac 
t o r . A countercurrent a b s o r p t i o n tower was i n d i c a t e d to p r o v i d e m o r e i n t i m a t e c o n 
tact a n d bet ter mass t rans fer where the last traces of ozone i n the car r i e r gas w o u l d 
come i n contact w i t h the fresh so lu t i on a t the t o p of the tower , a n d the weakest s o l u 
t i o n l e a v i n g at the b o t t o m of the tower w o u l d come i n contact w i t h gas of the highest 
ozone content enter ing at t h a t p o i n t . T o invest igate the character is t i cs of such a sys 
t e m , a n all -glass a b s o r p t i o n tower was constructed to s t u d y the effects of gas a n d l i q u i d 
rates, t ower height , a n d p H . Some of the d a t a f r o m these tests are presented i n T a b l e s 
I , I I , a n d I I I . 

Table I. Oxidation of Cyanides by Ozone 

Tower pressure = 1 atm. 
Feed solution. 80.5 p.p.m. of cyanide ion at pH 8.50 and 28° to 30° C. 
Ozonator. 8 p.s.i.g., 112 volts alternating current; feeding 0.12 cu. foot per minute of ozonized oxygen at 70° F. 

and 8 p.s.i.g. 
Absorption towei. Heat-resistant glass; inside diameter, 4.094 inches; 4 feet long. Column cross section, 0.09152 

sq. foot. Packed with 1/4-inch Intalox saddles 
Tower Feed Rates Bottoms Product 

Gal . / 
min. 
0.20 
0.30 
0.40 
0.45 
0.50 
0,60 
0.70 
0.80 
0.90 
1.00 
1.10 
1.40 
1.60 
2.00 

Lb. /sq. ft.-hr. 

Liquid rate 
1,092 
1,638 
2,184 
2,457 
2,731 
3,277 
3,823 
4,369 
4,915 
5,461 
6,007 
7,646 
8,738 

10,922 

C N -
0.0879 
0.1319 
0.1758 
0.1978 
0.2198 
0.2638 
0.3078 
0.3517 
0.3957 
0.4396 
0.4835 
0.6155 
0.7034 
0.7922 

C N " residuals 

p H 
7.80 
7.85 
7.82 
7.90 
7.90 
7.42 
8.17 

8.28 
8.30 
8.34 
8.38 
8.40 
8.48 

P.p.m. 
14.7 
21.8 
43.6 
48.0 
52.5 
55.1 
60.0 
63.0 
65.5 
66.5 
67.0 
68.9 
67.5 
65.2 

Lb. /sq. ft.-hr. 
0.01605 
0.03571 
0.09522 
0.1179 
0.1434 
0.1806 
0.2294 
0.2752 
0.3219 
0.3632 
0.4025 
0.5268 
0.5898 
0.7121 

C N destroyed 
lb./sq. ft.-hr., 

0.0718 
0.0962 
0.0806 
0.0799 
0.0764 
0.0832 
0.0784 
0.0765 
0.0738 
0.0764 
0.0810 
0.0887 
0.1136 
0.0801 

Table II. Oxidation of Cyanide by Ozone 

Feed solution. 82.5 p.p.m. of cyanide ion at pH 7.40 and 29.5° C. 
Ozonator. 8 p.s.i.g., 112 volts alternating current; feeding 0.10 cu. foot per minute at 8 p.s.i.g. and 70° F . 
Absorption tower. As described in Table I. 

Bottoms Product Tower Feed Rates 

Lb. /sq. ft.-hr. 
Gal . / 
min. Liquid rate C N - pH 
No ozone 7.50 
0.20 1,092 0.09009 7.70 
0.30 1,638 0.1351 7.60 
0.40 2,184 0.1802 7.46 
0.50 2,731 0.2253 7.45 
0.60 3,277 0.2704 7.47 
0.80 4,369 0.3604 7.45 
1.00 5,461 0.4505 7.43 
1.20 6,553 0.5406 7.47 
1.40 7,646 0.6308 7.46 
1.60 8,738 0.7209 7.45 
1.80 9,830 0.8110 7.50 
2.00 10,922 0.9011 7.46 

C N ~ residuals 
C N destroyed, 

P.p.m. Lb. /sq. ft.-hr. lb./sq. ft.-hr. 
82.5 0.0 
6.5 0.007098 0.0830 

11.2 0.01835 0.1167 
26.0 0.05678 0.1234 
36.3 0.09914 0.1262 
46.4 0.1521 0.1183 
59.0 0.2578 0.1026 
66.0 0.3604 0.0901 
72.4 0.4744 0.0662 
74.0 0.5532 0.0776 
77.4 0.6763 0.0446 
78.3 0.7697 0.0413 
78.3 0.8552 0.0459 
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Table III. Oxidation of Cyanides by Ozone at Atmospheric Pressure 

Feed solution. 44.5 p.p.m. of cyanide ion at pH 8.80 and 28° to 30° C. 
Ozonator. 8 p.s.i.g., 112 volts alternating current; feeding 0.10 cu. foot per minute of ozone (1.78% by weight) 

at 8 p.s.i.g. and 70° F. 
Absorption tower. As described in Table I. 

Bottoms Product Tower Feed Rates 

Lb. /sq. ft.-hr. C N residuals 
Gal . / C N destroyed, 
min. liquid rate C N - pH P.p.m. Lb. /sq. ft.-hr. lb./sq. ft.-hr. 
0.20 1,092 0.04859 7.82 0.90 0.00983 0.0476 
0.30 1,638 0.07289 7.70 2.80 0.00458 0.0683 
0.40 2,184 0.09719 7.68 8.70 0.01900 0.0782 
0.60 3,277 0.1458 7.82 18.2 0.05964 0.0862 
0.80 4,369 0.1944 8.15 27.3 0.1193 0.0751 
1.00 5,461 0.2430 8.17 30.4 0.1660 0.0770 
1.20 6,553 0.2916 8.20 32.3 0.2117 0.0799 
1.40 7,646 0.3402 8.20 35.3 0.2699 0.0703 
1.60 8,738 0.3888 8.27 36.4 0.3181 0.0707 
1.80 9,830 0.4374 8.28 37.0 0.3637 0.0737 
2.00 10,922 0.4860 8.31 39.0 0.4260 0.0600 

T h e tower was operated t h r o u g h a range of l i q u i d rates w i t h cons tant - compos i t i on 
feed so lut ions a n d feed gas, a n d the effects on cyanide content a n d p H were no ted . T h e 
tower was operated , i n most cases, a t cyan ide feed rates cons iderab ly i n excess of the 
ozone-generat ing c a p a c i t y of the l a b o r a t o r y ozonator , to fac i l i ta te the a n a l y t i c a l deter 
m i n a t i o n of cyanides . F l o w d a t a t a k e n on the ozone content of the feed were d i s 
carded i n the first runs because of exper imenta l errors , b u t the bo t toms p r o d u c t shows 
a r e l a t i v e l y constant cyanide r e m o v a l throughout the var i ous flow ranges s tud ied . T h e 
flow rates were increased to as h i g h as 30,000 pounds per sq . foot per h o u r w i t h o u t 
flooding. I n T a b l e I I I the ozone was de termined b y analys is to be 1.78% b y weight , 
a n d the gas flow was metered t h r o u g h a ro tameter . T h e ozone p r o d u c e d d u r i n g th i s 
r u n was less t h a n two t h i r d s of t h a t r equ i red to accompl i sh the cyanide o x i d a t i o n w h i c h 
was f o u n d b y a n a l y s i s ; th is indicates t h a t ozone m a y react o n the basis of 0.33 mole of 
ozone per mole of cyanide as suggested b y W a l k e r a n d Z a b b a n (23). 

T h e reasons for v a r i a t i o n i n the a m o u n t of cyanide destroyed at v a r i o u s flows 
are n o t c lear . E a c h flow was h e l d at least 15 m i n u t e s to establ ish e q u i l i b r i u m i n the 
tower . T h e d a t a be ing incomplete , i t is be l ieved t h a t f u r t h e r w o r k i n progress w i l l 
establ ish these effects m o r e c l ear ly . 

F u r t h e r runs were made w i t h m o r e d i lute cyan ide solut ions i n a 6 - inch d iameter 
ceramic tower w i t h a 9-foot p a c k e d sect ion, us ing the same p a c k i n g ; s i m i l a r results 
were ob ta ined . 

T h e presence of h e a v y meta ls no t complexed w i t h cyan ide offers no interference, 
a n d m a y be of some va lue i n c a t a l y z i n g the o x i d a t i o n (11). I f t r i v a l e n t c h r o m i u m is 
present i n a lka l ine or n e u t r a l so lu t i on as the p r e c i p i t a t e d h y d r o x i d e , ozone w i l l effect 
o x i d a t i o n to the sexivalent stage. F o r th is reason wastes c o n t a i n i n g b o t h c h r o m i u m a n d 
cyanides shou ld be f irst ox id ized , t h e n ac id i f ied a n d reduced w i t h su l fur d iox ide or 
other reduc ing agent. T h e h e a v y m e t a l shou ld be p r e c i p i t a t e d a n d the reduc ing agent 
r emoved w i t h excess ozone f r o m the cyanide ox ida t i on , l e a v i n g a n ox id ized effluent 
free f r o m h e a v y meta l s . 

Exper imenta l Procedure 

Ozone was generated for th i s s t u d y b y a W e l s b a c h T 2 3 l a b o r a t o r y ozonator fed w i t h 
oxygen. T h e samples were ozonated at a tmospher i c pressure i n a 3.5- l i ter ceramic 
vessel c onta in ing a v a r i a b l e speed, al l -glass t u r b i n e ag i ta tor , glass electrode, sa tura ted 
ca lomel reference electrode, p l a t i n u m or go ld electrode, thermometer , a n d f r i t t e d glass 
di f fusing b u l b l ocated at the b o t t o m of the vessel. R e d o x p o t e n t i a l a n d p H were 
measured b y a B e c k m a n H 2 p H i n s t r u m e n t , w h i c h was connected to a F i s h e r recorder 
to record these values d i r e c t l y . T h e recorder was p r o v i d e d w i t h a zero shi f ter m e c h 
a n i s m a n d was s t a n d a r d i z e d against s t a n d a r d buffer solut ions. C y a n i d e s were de
t e r m i n e d b y the A . P . H . A . s t a n d a r d m e t h o d us ing d i m e t h y l a m i n o b e n z a l r h o d a n i n e i n d i c a -
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t o r (2), a n d cyanates b y h y d r o l y s i s i n a c i d so lu t i on to a m m o n i a , w i t h co lor imetr i c 
analys is us ing Ness ler ' s reagent (19). 

P a c k e d tower studies were m a d e w i t h a boros i l i cate glass c o l u m n 4 inches i n ins ide 
d iameter p a c k e d w i t h % - i n c h ceramic I n t a l o x saddles. T h e feed was metered t h r o u g h 
a r o tameter f r o m a constant -head t a n k , a n d d i s t r i b u t e d t h r o u g h the tower w i t h a 
per f o ra ted a l u m i n u m p la te . A l u m i n u m t u b i n g a n d po lye thy lene p i p e were used to 
connect the ozone generator to the tower . A cont inuous sample was w i t h d r a w n f r o m 
the t ower b o t t o m f o r analys is , a n d exit gas f r o m the t o p of the tower was conducted to 
a wet- test meter for v o l u m e measurements . Ozone was absorbed i n 5 % potass ium 
iodide so lut ions a n d t i t r a t e d w i t h th iosul fate to a s t a r c h end p o i n t . 
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Kinetics of Ozonation of Cyanides 

K. K. KHANDELWAL1, A. J. BARDUHN, and C. S. GROVE, Jr. 

Syracuse University, Syracuse 10, Ν. Y. 

Rates of oxidation of aqueous cyanide solutions by 
ozonized oxygen have been determined under a 
variety of controlled conditions. The reaction rate 
constant is more than doubled when copper(II) ions 
are added as a catalyst, but increasing copper(II) 
concentration does not markedly affect the reaction 
rate. The rate is not affected by copper sulfate, 
nitrate, acetate, or sulfide, or by temperatures from 
13° to 30° C. 

The first waste cyan ide solut ions of a n y significance were p r o d u c e d i n the go ld a n d 
s i lver m i n i n g industr ies , where cyanides were used to dissolve the metals f r o m t h e i r 
ores. Since t h a t t i m e the use of cyanides has expanded s ign i f i cant ly i n t o the field of 
e l e c t rop la t ing a n d case h a r d e n i n g of steel p a r t s . 

T h e p r o b l e m of the disposal of cyanide waste has become increas ing ly i m p o r t a n t 
because sewage d isposal regulat ions i n m a n y communi t i es require the r e m o v a l of 
wastes t h a t are tox ic to p l a n t a n d a n i m a l l i f e . 

V a r i o u s methods for t r e a t i n g cyan ide c o n t a i n i n g i n d u s t r i a l wastes have been used. 
D o d g e a n d R e a m s (3) have w r i t t e n a n extensive l i t e r a t u r e rev iew on th i s subject for 
the A m e r i c a n E l e c t r o p l a t e r s ' Soc ie ty . These methods have been classified i n t o two 
general g r o u p s : p h y s i c a l methods a n d chemica l methods . 

One i m p o r t a n t chemica l t r e a t m e n t of such waste is t r e a t m e n t w i t h gaseous ozone. 
T h i s m e t h o d has no t received adequate a t t e n t i o n . Ozone has become i m p o r t a n t i n 
recent years as a n i n d u s t r i a l r a w m a t e r i a l for the chemica l i n d u s t r y . I t is n o w ava i lab le 
i n tonnage quant i t ies at a c o m p e t i t i v e cost for use as a n o x i d i z i n g agent a n d as a 
c h e m i c a l r a w m a t e r i a l . A n excellent c o m p i l a t i o n of h i s t o r y , generat ion , a n d propert ies 
of ozone has been p r e p a r e d b y H a n n a n d M a n l e y (5). 

Studies of ozone a n d cyanide react ions have been p u b l i s h e d b y N e u w i r t h (7 ) , T y l e r 
a n d coworkers (8), a n d W a l k e r a n d Z a b b a n (9). T h e chief results of these i n v e s t i g a 
t ions were m a t e r i a l balances w h i c h s i m p l y re la ted the s imultaneous d isappearance of 
ozone a n d cyanide under var i ous condit ions (6). 

Theoretical Considerat ions 

A gaseous m i x t u r e of oxygen a n d ozone is b u b b l e d t h r o u g h a vessel c onta in ing 
a n aqueous so lut ion of cyanide i o n . T h e ozone dissolves i n the l i q u i d a n d t h e n reacts 
w i t h the cyanide ions. I f the react ion i n the l i q u i d so lut ion can be represented b y the 
fo l l owing e q u a t i o n : 

1 Present address, Research and Development Division, Rice Barton Corp., Worcester, 
Mass. 
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n C N - + m 0 3 + (zs)H 2 0 -> n C N O " + (zs)H 20 + products 

the rate of cyanide d isappearance can be expressed as : 

d [ C N -
άθ = fc'[0.]«[CN-]» 

I t was assumed i n corre la t ing the d a t a t h a t the ozone concentra t i on i n the l i q u i d 
remains s u b s t a n t i a l l y constant a f ter the first m i n u t e or t w o of the s tar t of the reac 
t i o n , because : 

T h e concentra t i on of ozone i n the gas phase was m a i n t a i n e d f a i r l y constant a n d 
ranged f r o m 70 to 90 m g . of ozone per l i t e r of oxygen. 

I n most of the d a t a r epor ted here, the rate of ozone a p p l i c a t i o n was 20 to 25 m g . 
per m i n u t e . 

T h e s o l u b i l i t y of ozone, i n water at 20° C , is l o w (25 m g . per l i t e r of w a t e r ) . 
T h e rate constants presented are f a i r l y consistent w h e n based o n th i s a s s u m p t i o n , 

w h i c h seems p laus ib le . H o w e v e r , the observed reac t i on rate m a y deviate somewhat 
f r o m a ca l cu lated rate d u r i n g the first m i n u t e or t w o of the reac t i on t i m e . C o n s e 
quent ly , on the a s s u m p t i o n t h a t the ozone concentra t i on i n the so lu t i on is constant , 
the rate equat i on can be s impl i f i ed b y c o m b i n i n g the constants , 

Κ = Jfe'[08]-

T h u s , the new rate equat ion becomes: 

d [ C N -
άθ X[CN-]» 

Appa ra tu s 

A W e l s b a c h T - 2 3 M o d e l l a b o r a t o r y ozonator was u t i l i z e d to produce ozonized 
oxygen f r o m c y l i n d e r oxygen w h i c h h a d been scrubbed to remove c a r b o n dioxide . 
F i g u r e 1 shows the general features of the e x p e r i m e n t a l equ ipment , w i t h the 1500-ml . 
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Figure 1. Flow diagram of apparatus for ozonation of cyanides 

borosi l icate glass reactor used for b a t c h react ions. T h e 1500-ml . a b s o r p t i o n tower 
p a c k e d w i t h boros i l i cate glass r ings a n d e q u i p p e d w i t h a p u m p to recycle the so lut ion 
f r o m the b o t t o m to the t op of the tower is not s h o w n . 
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Ana ly t i ca l Procedures 

T h e i odometr i c m e t h o d for the d e t e r m i n a t i o n of ozone concentra t i on i n oxygen 
consists of absorb ing the sample c o n t a i n i n g ozone i n a 2 % so lut i on of p o t a s s i u m iodide . 
T h e iodine p r o d u c e d is t i t r a t e d w i t h s t a n d a r d po tass ium th iosul fate so lut i on , us ing 
s t a r c h as a n i n d i c a t o r . 

T h e p y r i d i n e - b e n z i d i n e co lor imetr i c m e t h o d (1, 2) was used for d e t e r m i n a t i o n of 
the cyan ide i n so lu t i on . 

T h e 1500-ml . sample of 100 p . p . m . of p o t a s s i u m cyanide as C N ~ ( cyanide ions) 
aqueous so lu t i on , w i t h po tass ium h y d r o x i d e added to raise the p H , was i n t r o d u c e d in to 
the reactor (bott le t y p e or a b s o r p t i o n c o l u m n ) . T h e desired c a t a l y t i c s o lu t i on was 
a d d e d b y means of a p ipe t . T h e ozonized oxygen was passed i n t o the reactor a n d the 
exhaust gas was measured b y a wet- test meter , a f ter the excess ozone h a d been scrubbed 
out b y a p o t a s s i u m iodide so lu t i on . A t the same t i m e a separate sample of exit gas 
was a n a l y z e d b y us ing p o t a s s i u m iod ide so lu t i on a n d m e a s u r i n g the gas w i t h a gas 
meter . T h e gas s t r e a m to the reactor was l e d i n t o another gas a b s o r p t i o n bo t t l e w i t h 
po tass ium iodide so lu t i on at definite i n t e r v a l s , so t h a t samples of the res idua l cyanide 
so lut ion cou ld be w i t h d r a w n . 

T h e concentrat i on of ozone i n the oxygen was ca l cu la ted as m i l l i g r a m s of ozone 
per l i t e r of oxygen. T h e a m o u n t of ozone to be a p p l i e d to the cyanide so lu t i on was 
de te rmined f r o m th i s . T h e cyan ide concentra t i on as a f u n c t i o n of t ime was ca l cu lated 
f r o m the per iodic cyan ide analyses . 

V a r i a b l e s S t u d i e d . E f fec t of c o p p e r ( I I ) c oncentra t i on f r o m copper sul fate o n 
the react ion rate . 

Ef fec t on the reac t i on of copper ( I I ) f r o m s a l t s — c u p r i c ch lor ide , n i t r a t e , acetate, 
a n d sul fate . 

Ef fec t o n the reac t ion rate due to the p h y s i c a l m a n n e r i n w h i c h ozone a n d cyanide 
in terac t , i n a reactor bot t le or a p a c k e d c o l u m n . 

Ef fec t on the react ion rate due to cations of c o p p e r ( I I ) , n i c k e l ( I I ) , m a n g a n e s e ( I I ) , 
a n d c a d m i u m ( I I ) sul fate . 

Ef fec t of so lu t i on t e m p e r a t u r e on react ion rate over the range 13° to 30° C . 

Discussion of Results 

A series of runs was m a d e to s t u d y the ozonat i on of cyan ide u n d e r a v a r i e t y of 
condi t ions . F i g u r e s 2 t o 5 are g r a p h i c a l representat ions of results f r o m r u n s 55 t o 83 . 

κ. 
Curve ] 
No. 
1 

ppm Cu4"* Rate Constant Symbol Data From 
Κ Run No's. 

V 

Curve ] 
No. 
1 0 0.90 Ο 61 to 70 

\ Ν 
Ν 

2 1.33 2.00 β 55 to 60 

3 2.67 2.20 θ 71 and 72 

ν 

2 1.33 2.00 β 55 to 60 

3 2.67 2.20 θ 71 and 72 

Ν o N 

V c ; s 
c 1 Ό 

V 1 

J Ή 
« 

Reaction Time θ Minutes 
:igure 2. Effect of copper(il) sulfate on ozonation rate of potassium 

cyanide in water solution 
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80 

60 

ve Type of 
• Reactor 

Bottle 

Packed Tower 

ppm Cu 4 4 - Rate Constant 
J*Q -

2.67 2.20 

2.67 1.90 

Symbol 

β 
Ο 

Data From 
Run No's. 
75 to 77* 

73 and Ik 
•Note: Curve No. 1 is the calculated curve for K=2.20. The 
experimental points shown are for the runs in which S0£ ions 
were substituted by the following ions and the Rate Constant 
remained unchanged: ( C l " ) 2 , (NO"^^ > and (Ac") 2 · 

16 20 2k 
Reaction Time θ Minutes 

28 

Figure 3. Effect of type of reactor used and different anions of copper 
salts on ozonation rate of potassium cyanide in water solution 

Curve 
No. 

2.67 ppm 
cations 

Rate Constant 
Κ 

Symbol Data From 
Run No's. 

1 Cu 4 4 2.20 β 71 and 72 

2 N i 4 * 1.50 e 78 

3 Μη 4 4" 1.33 ® 80 
1+ Cd 4 4 0.95 0 79 

16 20 2k 
Reaction Time 0 Minutes 

Figure 4. Metal sulfates used as catalysts on ozonation rate of potas
sium cyanide in water solution 

A l l runs were conducted a t 20° C , w i t h the except ion of runs 81, 82, a n d 83. T h e p H 
was m a i n t a i n e d at 11.3 ± 0.5 i n order to h o l d th i s v a r i a b l e constant . These runs were 
a l l c onducted i n the b o t t l e - t y p e reactor , w i t h the except ion of 73 a n d 74, w h i c h were 
conducted i n the p a c k e d absorp t i on tower . 

I n F i g u r e 6 t y p i c a l d a t a are p l o t t e d as res idua l cyan ide i n so lut ion vs. react ion 
t i m e . 

Rate of K C N disappearance = r = — = — 
du du 

where r = slope of c u r v e i n F i g u r e 6. 
N o w , r = Z [ C N - ] M 

where η is the order of react ion w i t h respect to the cyan ide concentra t i on . 
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! : , 1 ! 1 1 I 1 ! 1 i 

C urve 
No. 

1 

Reaction Temp. Rate Constant 
deg. Centigrade Κ 

Symbol Data From 
Run No's. 

0 81 

urve 
No. 

1 13 2.15 

Symbol Data From 
Run No's. 

0 81 

2 20 2.20 Not shown 

J Ο an α d on ar d 03 

^1 

2 

Ο ^ 3 

16 20 2k 
Reaction Time θ Minutes 

Figure 5. Effect of temperature on ozonation rate of potassium cy
anide in water solution 

2.67 p.p.m. Cu(SOi) used as catalyst 

T o find n, the f o l l owing s i m p l i f i c a t i o n is c o n d u c t e d : 

Log r = η log [CN"] + log Κ 

F i g u r e 7 shows the p l o t of r e s idua l p o t a s s i u m cyanide as par t s per m i l l i o n of 
cyanide vs. r eac t i on rate r. T h e slope of these l ines is constant a n d is expressed as : 

Slope = η = 
A (log r) 

A(log C N - ) 

C u r v e 4 i n F i g u r e 7 is the ca l cu la ted result of d a t a s h o w n i n F i g u r e 6. C u r v e s 
s i m i l a r t o F i g u r e 6 were ob ta ined for a l l the d a t a a n d ca lculat ions of slope r a t var i ous 

90 

8o 

g 
I 7 0 

10 

ο 

1» 
a 

i " 
1 3 0 

<o 
& 20 

Symbo 1 Da 
R 
ta Froi 
un No. 

η 

0 
θ 

73 
7^ 

CO" C 3 © — 
2 1+ 6 8 10 12 lU 16 18 20 

Reaction Time θ Minutes 

Figure 6. Rate of ozonation of potassium cyanide 
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Reaction Rate: d(CN-) 
άθ 

5 6 7 8 9 10 

r, KCN as ppm CN/Minute 

Figure 7. Calculation of order of reaction of po
tassium cyanide and ozone with respect to cyanide 

concentration 

potass ium cyanide concentrat ions . These d a t a were p l o t t e d , as shown i n F i g u r e 7, for 
several runs . 

Calculated Values of η and Κ 

Run No.» η Κ 
55 to 60 0.339 2.00 
61 to 70 0.338 0.90 
71 to 72 0.358 2.20 
73 to 74 0.343 1.90 
75 to 77 0.351 2.20 
78 0.345 1.50 
79 0.342 0.95 
80 0.358 1.33 
81 0.362 2.15 
82 0.352 2.25 
83 0.362 2.25 

* Runs 1 to 54 are not reported here. 
These are available in (6). 

T h e f r a c t i o n a l va lue for η—i.e., the a p p a r e n t order of r e a c t i o n — i s p r o b a b l y due 
to the complex n a t u r e of the c o m p e t i n g react ions a n d the i n s t a b i l i t y of the i n t e r 
mediates . I n other words , the m e c h a n i s m a n d the k inet i cs of ozone decompos i t i on i n 
aqueous so lu t i on a n d the possible in te rmed ia te unstable ozon ide - r ing l ead ing f r o m 
cyan ide to cyanate w i l l affect the a p p a r e n t order of react ion . 
T h u s : 

Ciu 
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/ • C N - d C N " v (e A a 

7 C N - = IOO [ C N Ρ Je=o 
I n t e g r a t i n g , 

- ( [ C N 1 2 / 3
9 2 - [ C N - ] 2 / 3

0 i ) = (2/3)Κ(θ2 - 0i) 

A t the s tart of the react ion i n th i s inves t i ga t i on o n a l l r u n s , 

0i = 0 and [ C N - ] f t = 100 p .p .m. C N ~ 

S u b s t i t u t i n g these values a n d s i m p l i f y i n g , one gets 

[ C N - ] = [21.6 - 2/3Κθ]*'2 

where [ C N - ] ^ is C N - c oncentrat i on i n p a r t s per m i l l i o n after β m i n u t e s of reac t i on . 
T o calculate the va lue of K, the rate constant w i t h respect to cyanide c oncent ra 

t i o n , several values of [ C N - ] a n d θ were t a k e n f r o m the t y p e of g r a p h shown i n 
F i g u r e 6, a n d Κ was ca l cu la ted f r o m the above equat ion . 

F o r the d a t a shown i n F i g u r e 6, the f o l l owing values of Κ were ca l cu la ted : 

Minutes C N " , P .P .M. Κ 
1 91.0 1.95 
2 82.5 1.95 
5 59.0 1.92 
7 45.5 1.87 

10 27.5 1.87 

T h e modi f ied rate constant , K, was ca l cu lated for a l l the v a r i a b l e condi t ions 
s tud ied (F igures 2 to 5 ) . A l l the curves on these figures are based o n ca l cu lated values 
f r o m the rate equat i on a n d the ca l cu la ted values of K. 

F i g u r e 2 shows the ozonat ion of cyanide i n the absence of a n y cata lys t a n d w i t h 
different concentrat ions of c o p p e r ( I I ) ions f r o m copper sul fate . T h e a d d i t i o n of 
copper ( I I ) ions m o r e t h a n doubles the rate of ozonat ion of cyanide . H o w e v e r , 
d o u b l i n g the copper ( I I ) c oncentrat i on d i d not m a r k e d l y increase the rate of ozona 
t i o n . T h e ca l cu la ted values of Κ are t a b u l a t e d on F i g u r e 2 as a f u n c t i o n of c o p p e r ( I I ) 
c oncentra t i on . 

F i g u r e 3 shows the ozonat ion for t w o different types of reactors : the 1500-ml . 
bot t le reactor a n d the 1500-ml . p a c k e d tower reactor . T h e r e is no m a r k e d difference 
i n the react ion rate constants , a l t h o u g h the p a c k e d tower has a s l i ght ly l ower rate 
constant t h a n the bot t l e . I f mass t rans fer were c o n t r o l l i n g i n the react ion , the great 
dea l of a g i t a t i o n i n the p a c k e d tower w o u l d be expected t o increase the v a l u e of K. 
T h e results , however , do not ind i cate th i s . I t can be conc luded t h a t the ozonat i on does 
not need to be conducted i n a p a c k e d tower t y p e of reactor , a n d t h a t the rate of 
so lut ion of ozone is v e r y fast c o m p a r e d to the rate of i t s reac t i on w i t h cyan ide , a n d 
t h a t the rate of reac t ion is cont ro l l ing . 

T h e e x p e r i m e n t a l po ints shown for curve 1 are those for runs i n w h i c h the sul fate 
anions of c o p p e r ( I I ) cat ions were rep laced b y ( C l ~ ) 2 , ( N 0 3 ~ ) 2 , a n d ( A c ~ ) 2 anions , 
i n order to observe the an ion effect on the va lue of K. I t is a p p a r e n t t h a t no such 
effect exists, as the exper imenta l po ints fo l lowed the ca l cu la ted curve for the sul fate 
anions . I t is conc luded t h a t the c r i t i c a l i o n of the cata lys t is the ca t i on , a n d t h a t the 
anions do no t affect the reac t ion rate . 

I n F i g u r e 4, the results are s h o w n for studies on the use of cations of the sul fate 
salts of copper ( I I ) , n i c k e l ( I I ) , a n d c a d m i u m ( I I ) o n the va lue of K. C o p p e r ( I I ) 
gave the highest rate constant a n d t h e n n i c k e l ( I I ) , m a n g a n e s e ( I I ) , a n d c a d m i u m ( I I ) 
i n decreasing order . Κ — 0.95 for c a d m i u m ( I I ) ions, whi l e the u n c a t a l y z e d react ion 
(see F i g u r e 2) gave a va lue of Κ = 0.90. These values are s u b s t a n t i a l l y i d e n t i c a l f o r 
the purposes of th i s inves t iga t i on . I t can be conc luded t h a t copper ( I I ) ions gave the 
highest va lue of Κ a m o n g the cations s tud ied a n d t h a t the presence of a n y cat i on 
s tud ied d i d no t p r e v e n t the ozonat ion of cyanide . 
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Values for Single Electrode Potentials (4) 

Electrode 
Ion Potential 

1.10 
0.401 
0.231 

-0.344 
-0.7978 
-0.7986 
-0.80 

1.33 
0.95 
1.50 
2.20 

» Calculated from this investigation. 

T h e order of increas ing Κ values for c a d m i u m ( I I ) , n i c k e l ( I I ) , a n d c o p p e r ( I I ) 
is the order i n w h i c h these metals a p p e a r i n the e lec tromot ive force series, except for 
manganese ( I I ) ions. I t is general ly unders tood t h a t as the electrode p o t e n t i a l of meta ls 
decreases, t h e i r oxides become m o r e a n d m o r e unstab le . T h u s , the oxide of copper 
is the most unstable a m o n g the cat ions s tud ied . T h i s leads to the belief t h a t the 
m e c h a n i s m of catalys is of the cations is b y f o r m i n g a n oxide w i t h the ozone a n d the 
ca t i on is regenerated b y react ion of the oxide w i t h cyanide . I n order to invest igate th i s 
concept f u r t h e r a n d to reach a definite conc lus ion , w o r k shou ld be conducted us ing 
s i l v e r ( I ) , m e r c u r y ( I I ) , a n d l e a d ( I V ) as cat ions. I f th is concept is v a l i d , these 
cations w i l l g ive a n increas ing va lue of Κ i n the order as l i s t ed . 

T h i s leads to some specu lat ion as to the role of manganese ( I I ) ions i n the reac 
t i o n . W h e n manganese ( I I ) was used as a ca ta lys t , a s l ight t u r b i d i t y was observed i n 
the so lu t i on . T h e manganese ( I I ) c o u l d have f o r m e d a h y d r o x i d e i n the a l k a l i n e s o l u 
t i o n . T h u s , the poss ib i l i ty exists of i ts g i v i n g poor catalys is i n the react ion . 

R e s u l t s are c o m p a r e d i n F i g u r e 5 for the ozonat ion of cyan ide at 13°, 20° , 25° , 
a n d 30° C . A l t h o u g h the va lue of Κ increases s l i g h t l y w i t h increase i n t e m p e r a t u r e , 
i t c an o n l y be conc luded t h a t the t e m p e r a t u r e coefficient of the reac t i on rate constant 
is s m a l l . T h u s , the rate of ozonat ion of cyan ide does not depend , f or p r a c t i c a l p u r 
poses, o n the t e m p e r a t u r e i n the range of 13° to 30° C . I t w o u l d be h i g h l y in teres t ing 
to s t u d y the t e m p e r a t u r e effect of th is reac t ion i n the l i g h t of the rate of ozone de 
compos i t i on a n d ozone s o l u b i l i t y i n so lut i on . 

I t is obv ious t h a t ozonat ion of cyan ide can be used for t r e a t m e n t of effluent c o n 
t a i n i n g cyanides . T h e react ion is no t affected, f or p r a c t i c a l purposes , b y the t e m p e r a 
t u r e of effluents to be ozonated . 

F o r a l l p r a c t i c a l purposes the o x i d a t i o n of cyan ide b y ozone stops a t cyanate . 
C y a n a t e s are repor ted to be a t h o u s a n d t imes less tox i c t h a n cyanides . I n prac t i ce , 
cyanate has been repor ted to be r e a d i l y h y d r o l y z e d to the r e l a t i v e l y nontox i c p r o d u c t s 
of a m m o n i u m carbonate a n d u r e a . 

Conclusions 

T h e f o l l owing rate equat ion correlates the d a t a f r o m the ozonat i on of cyan ide based 
o n cyanide d isappearance : 

d[CN-] 
άθ = K I C N - ] 1 / 3 

where [CN"] concentration 

θ reaction time 

Κ reaction rate constant 

Apparent order of the reaction = 1/3 

T h e reac t ion rate constant is m o r e t h a n doub led w h e n c o p p e r ( I I ) ions are added 
as a ca ta lys t . Increas ing the c o p p e r ( I I ) c oncentra t i on does no t m a r k e d l y increase 
the reac t ion rate . 
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T h e rate constant for ozonat i on of cyan ide increases i n the f o l l owing order w i t h 
the sul fate salts of the ca t i ons ; c a d m i u m ( I I ) , manganese ( I I ) n i c k e l ( I I ) , a n d cop 
p e r ( I I ) . T h e rate constant for c a d m i u m ( I I ) is p r a c t i c a l l y the same as for the u n -
c a t a l y z e d react ion . 

T h e rate constant is not affected b y the f o l l owing anions of copper sa l t s : sul fate , 
n i t r a t e , acetate, a n d ch lor ide . 

T e m p e r a t u r e s i n the range of 13° to 30° C . do not s u b s t a n t i a l l y affect the va lue of 
the rate constant . 
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Catalytic Atmospheric Ozone Analyzer 

F. J. OLMER 

Armour Research Foundation, Illinois Institute of Technology, Chicago, Ill. 

With the catalytic ozone analyzer described, 
ozone concentration can be measured by the temper
ature differential between two thermistors placed in 
the gas stream. One of the thermistors is coated with 
a catalyst promoting the decomposition of ozone; the 
other is uncoated and is used as reference to the 
temperature of the gas. The two thermistors are part 
of a bridge circuit, the output of which is fed directly 
to a recorder. The instrument is not affected by the 
presence of water vapor, carbon monoxide, chlorine, 
nitrogen dioxide, sulfur dioxide, organic peroxides, 
hydrocarbon vapors, and combustion smokes at their 
usual concentrations in polluted atmospheres. 

The p r o b l e m of c o n t r o l l i n g a tmospher i c p o l l u t i o n i n i n d u s t r i a l areas has become acute. 
T h i s p o l l u t i o n is character i zed b y decreased v i s i b i l i t y , eye a n d nose i r r i t a t i o n , de ter io 
r a t i o n of r u b b e r art i c les , a n d damage to vegetat ion . I n extreme cases i t m a y even 
affect h u m a n l i f e . 

A t m o s p h e r i c p o l l u t i o n cannot be contro l l ed so l ong as the n a t u r e a n d the m e c h a 
n i s m of f o r m a t i o n of i ts deleterious const i tuents r e m a i n u n k n o w n . W h i l e m a n y 
chemica l const i tuents of p o l l u t e d atmospheres have been ident i f ied , the i r presence 
or concentra t i on does not seem to fo l low a regular p a t t e r n . O n the other h a n d , ozone 
is a lways present i n p o l l u t e d outdoor atmospheres . I t s concentra t i on cons istent ly 
rises f r o m a n o r m a l va lue of a few par t s per h u n d r e d m i l l i o n to m a n y t imes th i s 
va lue d u r i n g periods of severe c o n t a m i n a t i o n . W h e t h e r ozone is the p r i m a r y cause 
of p o l l u t i o n or is a secondary effect of the reac t ion of other substances is no t e n t i r e l y 
clear, b u t i t appears to be a n i m p o r t a n t l i n k i n the c h a i n of chemica l react ions w h i c h 
produce a tmospher i c p o l l u t i o n . V e r y l i k e l y , a knowledge of the v a r i a t i o n s of ozone 
concentrat i on i n atmospheres w o u l d p e r m i t a s t u d y of the influence of the v a r i o u s 
parameters , a n d this knowledge m a y e v e n t u a l l y f u r n i s h a l ead to a n e x p l a n a t i o n of 
the m e c h a n i s m of f o r m a t i o n a n d the effects of p o l l u t a n t s . 

R e c e n t l y , a n u m b e r of m u n i c i p a l i t i e s have become so concerned w i t h the p r o b l e m 
t h a t t h e y have ins ta l l ed a u t o m a t i c ozone recorders at strategic locat ions . Some of 
these i n s t r u m e n t s are based o n the chemica l d e t e r m i n a t i o n of ozone b y o x i d a t i o n of 
p o t a s s i u m iod ide , a n d co l o r imetr i c or e lectrometr ic measurement of the extent of the 
react ion . Others are spec t rophotometr i c i n s t r u m e n t s ; a few are based o n r u b b e r 
c r a c k i n g . T h e va lue of the chemica l determinat ions of ozone i n the presence of the 
ox id i z ing or reduc ing substances present i n p o l l u t e d atmospheres is quest ionable . 
S p e c t r o p h o t o m e t r i c methods require a l i g h t p a t h of a few h u n d r e d feet a n d cannot 
be m o v e d easi ly f r o m one l o ca t i on to another . D e t e r m i n a t i o n b y r u b b e r c r a c k i n g is 
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88 ADVANCES IN CHEMISTRY SERIES 

not specific a n d does not p r o v i d e cont inuous ind i cat i ons , a n d its i n t e r p r e t a t i o n is 
subject ive . 

T h e A r m o u r R e s e a r c h F o u n d a t i o n has developed a n atmospher i c ozone ana lyzer 
w h i c h is no t subject to the d r a w b a c k s of the different k i n d s of a p p a r a t u s m e n t i o n e d . 

Principle of Opera t ion 

T h e p r i n c i p l e of the i n s t r u m e n t is i l l u s t r a t e d i n F i g u r e 1. T h e gas to be a n a 
l y z e d is c i r cu la ted t h r o u g h a chamber c o n t a i n i n g two thermis tors . One of these is 
coated w i t h a ca ta lys t to promote decompos i t ion of ozone. T h e two thermis tors are 

Figure 1. Principle of the ozone analyzer 

p a r t of a br idge c i r c u i t , w h i c h is s chemat i ca l ly shown i n F i g u r e 2. A n y increase i n 
the t e m p e r a t u r e of the coated t h e r m i s t o r is reflected b y a decrease i n i t s resistance. 
T h e unbalance of the br idge causes a p o t e n t i a l to appear between po ints A a n d B. 
T h i s is fed to the chopper a n d ampl i f i e r of a B r o w n E l e k t r o n i k recorder , a n d causes 
the b a l a n c i n g m o t o r to rotate . T h e r o t a t i o n of th is m o t o r is t r a n s m i t t e d to the 
cursor of the potent iometer , P , w h i c h re-establishes the balance i n the c i r c u i t . 

T h e c u r r e n t f r o m the b a t t e r y flows cont inuous ly t h r o u g h the thermis tors i n such 
a w a y t h a t th e i r t e m p e r a t u r e is s l i g h t l y h igher t h a n t h a t of the s u r r o u n d i n g gas. I f 

Figure 2. The bridge circuit 
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the gas flowing past the thermis tors contains ozone, a cer ta in n u m b e r of molecules of 
ozone w i l l s t r ike the ca ta lys t a n d decompose, generat ing a s m a l l a m o u n t of heat . T h e 
rate at w h i c h the heat is l i berated m a y be assumed to be p r o p o r t i o n a l to the m o l a l 
ozone concentrat ion i n the gas. Because the rise i n t e m p e r a t u r e of the coated t h e r 
m i s t o r is a p p r o x i m a t e l y p r o p o r t i o n a l to the ozone concentrat i on , the t e m p e r a t u r e 
di f ferent ia l between the t w o thermis tors , a n d , therefore , the o u t p u t s ignal , is also 
a p p r o x i m a t e l y p r o p o r t i o n a l to the ozone concentrat i on . 

I n th is m e t h o d no a t t e m p t is m a d e to decompose a l l the ozone present i n the 
sample . T h e cross sect ion of the thermis tors is p u r p o s e l y k e p t s m a l l i n re la t i on to 
the chamber i n order to m i n i m i z e ad iabat i c heat effects due to changes i n v e l o c i t y 
of the gas. 

T h e thermis to r s ( M o d e l 101A1 , V i c t o r y E n g i n e e r i n g C o r p . ) are about V32 i n c h 
i n d iameter . T h e y have a n o m i n a l resistance of 1 0 5 ohms at r o o m t e m p e r a t u r e . T h e 
cata lys t is a p p l i e d b y coat ing the t h e r m i s t o r w i t h a n adhesive a n d d i p p i n g in to the 
p u l v e r i z e d ca ta lys t . I n th is setup, the o u t p u t of the br idge w h e n the a i r s t ream 
contains 1 p . p . m . of ozone is about 0.001 v o l t , w h i c h corresponds to a decrease of 5 
ohms i n the resistance of the coated t h e r m i s t o r . T h i s , i n t u r n , corresponds to a 
t e m p e r a t u r e d i f ferent ia l of about 0.001° C . per 1 p . p . m . of ozone between the t h e r m 
istors . 

T h e m e c h a n i c a l i n e r t i a of the recorder fi lters out a l l the noise f r o m the c i r c u i t . 
T h e speed of response is such t h a t the recorder p e n traverses the f u l l w i d t h of the 
scale i n about 10 to 20 minutes w h e n the ozone concentrat i on is v a r i e d f r o m 0 to 1 
p .p .m . or f r o m 1 to 0 p . p . m . T h i s s low response m a y not be object ionable i n f o l 
l o w i n g the v a r i a t i o n s of concentrat ion i n atmospher i c ozone. 

H o p c a l i t e , m a n u f a c t u r e d b y the M i n e Sa fe ty A p p l i a n c e s C o . , has been f o u n d to 
be a n excellent ca ta lys t for th is p u r p o s e ; i t is a m i x t u r e of s in tered meta l l i c oxides. 
I n a p r e l i m i n a r y series of exper iments , the cata lys t q u a l i t a t i v e l y decomposed 90 p . p . m . 
of ozone i n a n a i r s t r e a m , a n d i ts a c t i v i t y remained unchanged after 100 hours of 
operat ion , w h e n the exper iment was d i s cont inued . 

Operat ion of A n a l y z e r 

I f the two thermis tors w rere per fec t ly m a t c h e d i n respect to the i r resistances, 
t empera ture coefficients of resistance, a n d heat d i s s ipat i on character is t i cs , the ana lyzer 
cou ld be operated w i t h o u t regard to var ia t i ons i n the t e m p e r a t u r e of the chamber or 
of the gas or i n the rate of flow of the gas. I n pract i ce , the character is t i cs of a 
p a i r of thermis tors differ a p p r e c i a b l y . T h u s , i f the t e m p e r a t u r e of the chamber or 
of the gas is increased, the operat ing t emperature of b o t h thermis tors also increases, 
b u t a n undes irab le d i f ferent ia l occurs between the t e m p e r a t u r e of the two thermis tors . 
T r a n s i e n t effects also appear w h e n the t e m p e r a t u r e or rate of flow is a b r u p t l y 
changed. These are due to m o m e n t a r y differences between the rate of heat ing or 
cool ing of the t w o thermis tors . S u c h effects can be e l i m i n a t e d b y enclosing the 
chamber conta in ing the thermis tors i n a constant t e m p e r a t u r e b a t h a n d b y regu la t ing 
the a i r flow. 

I n the p r o t o t y p e the thermis tors were enclosed i n a mass ive a l u m i n u m b lo ck 
i m m e r s e d i n a w a t e r b a t h . T h e t e m p e r a t u r e of the l a t t e r was contro l l ed to w i t h i n 
0.2° C . b y the u s u a l s y s t e m of thermosta t a n d heaters. Poss ib le effects of cyc l i c v a r i a 
t ions of t e m p e r a t u r e w i t h i n th is range were not observable on the records or were 
less t h a n those corresponding to 1 p .p .h .m. of ozone. I t is possible t h a t a t e m p e r a 
t u r e c o n t r o l as coarse as 1° or 2° C . m i g h t be adequate . T h e t e m p e r a t u r e of the gas 
was contro l l ed b y passing i t t h r o u g h 4 or 5 feet of glass or a l u m i n u m t u b i n g p laced 
i n the b a t h . F r o m a theoret i ca l s t a n d p o i n t the sens i t i v i t y of the ana lyzer is increased 
b y m a i n t a i n i n g the b a t h at a low temperature . P r a c t i c a l l y , the requirements for 
re f r igerat ion , for more efficient heat exchange between the gas a n d the b a t h , a n d for 
p r e v e n t i o n of mo is ture condensat ion i n the chamber or on the thermis tors m a k e th i s 
so lut ion u n a t t r a c t i v e . I n the p r o t o t y p e the t e m p e r a t u r e of the b a t h was m a i n t a i n e d 
at 32° C . — t h a t is , s l i g h t l y above r o o m t e m p e r a t u r e . 

W h e n the rate at w h i c h the gas is passed over the cata lys t is increased, the t e r n -
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perature of the thermis tors is l owered , a n d i f the two thermis tors are not m a t c h e d , a 
s ignal appears across the br idge . T h i s d i f f i cul ty was e l i m i n a t e d b y c i r c u l a t i n g the 
gas b y means of a s m a l l m e c h a n i c a l v a c u u m p u m p p laced o n the out let of the chamber 
a n d b y c o n t r o l l i n g the f low b y means of a c r i t i c a l orifice between p u m p a n d 
chamber . T h e s e n s i t i v i t y of the ana lyzer is a complex f u n c t i o n of the flow rate of 
the gas. I n a l o w flow rate a s m a l l n u m b e r of ozone molecules s t r ike the cata lys t 
per u n i t t i m e . A t a h i g h flow rate the rate of heat d i s s ipat i on f r o m the thermis tors 
is h i g h . T h u s , a t b o t h l o w a n d h i g h flow rates the sens i t i v i t y is l ow. I t is m a x i m u m 
for a flow rate corresponding to about 100 cc. per m i n u t e ; th is o p t i m u m flow rate is 
ob ta ined b y a d j u s t i n g the c r i t i c a l orif ice. 

T h e sens i t i v i t y of the ana lyzer was de te rmined b y c i r c u l a t i n g synthet i c m i x t u r e s 
of a i r a n d ozone p r e p a r e d f r o m 100% ozone w i t h successive d i lu t i ons w i t h a i r ; these 
m i x t u r e s were p r e p a r e d b y members of the Ozone T e c h n o l o g y G r o u p . 

A n ana lyzer w i t h a range of 0.1 t o 10 p . p . m . of ozone is be ing used i n the B i o c h e m 
i s t r y R e s e a r c h Sec t i on of the f o u n d a t i o n . A n o t h e r p r o t o t y p e w i t h a range of 0.01 to 1 
p . p . m . was f o u n d t o be subject t o d r i f t . T h e d r i f t was t r a c e d to t e m p e r a t u r e d i f 
ferentials between the v a r i o u s elements of the br idge c i r c u i t a n d leakages due to 
super f i c ia l condensat ion of a tmospher i c m o i s t u r e . A n i m p r o v e d i n s t r u m e n t is be ing 
assembled i n w h i c h a l l the elements of the c i r c u i t , except the b a l a n c i n g potent iometer , 
are enclosed i n the t h e r m o s t a t i c a l l y contro l l ed b a t h . 

T h e va lue of a n a tmospher i c ozone a n a l y z e r is d e t e r m i n e d a lmost ent i re ly b y i t s 
spec i f i c i ty t o w a r d ozone. C h e m i c a l a n a l y t i c a l methods are inf luenced b y the presence 
of s u c h reduc ing or o x i d i z i n g agents as ch lor ine , su l fur d iox ide , n i t r o g e n d iox ide , a n d 
peroxides , w h i c h are a l l present i n p o l l u t e d atmospheres . 

T h e influence of these agents o n the c a t a l y t i c a n a l y z e r was inves t igated b y i n t r o 
d u c i n g measured concentrat ions of t h e m i n t o the a i r s t r e a m pass ing over the t h e r 
m i s t o r s . T h e d i l u t i o n a p p a r a t u s is represented i n F i g u r e 3. 

T h e influence of the p o l l u t a n t was observed w h e n a i r alone or ozone-air m i x t u r e s 
were passed over the t h e r m i s t o r s . T h i s procedure was repeated several t imes over a 
p e r i o d of severa l hours i n order no t o n l y to observe the influence of the p o l l u t a n t 
o n the zero p o s i t i o n of the recorder p o i n t e r b u t also to ensure t h a t the presence of 
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Figure 3. Diagram of the dilution apparatus 
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the i m p u r i t y h a d no effect on the sens i t i v i ty of the cata lys t t o w a r d ozone. T h i s 
effect w o u l d have been s h o w n b y a progress ive change i n m a g n i t u d e of the def lect ion 
of the p o i n t e r w h e n i d e n t i c a l amounts of ozone were i n t r o d u c e d i n the gas s t r e a m . 

Carbon Monoxide. It was found that 20 p.p.m. of carbon monoxide do not interfere 
with the operation or sensitivity of the analyzer. This result is surprising, because the 
catalyst used in this study (Hopcalite) is also used to detect carbon monoxide in a device 
manufactured by the Mine Safety Appliances Co. However, the catalyst must be carefully 
dried prior to use in order to decompose any carbon monoxide present. The inertness 
of the ozone detector to carbon monoxide in these experiments may be attributed to the 
poisoning of the catalyst by the water vapor normally present in the atmosphere. 

Chlorine and Nitrogen Dioxide. Chlorine in concentrations to 20 p.p.m. does not 
affect the ozone analyzer. 

Concentrations of nitrogen dioxide up to 10 p.p.m. have no perceptible effect. With 
10 to 20 p.p.m. of nitrogen dioxide some slight irregularities were observed on the recorded 
trace. These irregularities are not reproducible and cannot be unambiguously attributed 
to nitrogen dioxide. As the atmospheric concentration of nitrogen dioxide in air seldom 
exceeds 3 p.p.m., the effect of this gas is probably negligible, even in measuring very 
low concentrations of ozone. 

Water. A switch from substantially dry air to air of about 90% relative humidity 
does not perceptibly affect the analyzer. However, if liquid water collects over a thermistor, 
the bridge is thrown out of balance. The thermistor must then be dried by circulation 
of dry air for considerable periods of time before the operation of the bridge returns to 
normal. 

Hydrocarbons and Smokes. Illuminating gas, benzene vapors, and cigar smoke did 
not appreciably affect the operation of the analyzer. No effort was made to measure the 
concentrations of these pollutants ; however, the concentrations must have been much larger 
than those occurring in normal atmospheres. In particular, some of the transient effects 
observed with illuminating gas are believed to be due to excessive concentrations of this 
gas and to drastic changes in the heat transfer coefficient of the atmosphere surrounding 
the thermistors. 

Peroxides. Even rather small concentrations of some peroxides affect the operation 
of the analyzer noticeably ; the magnitude of the possible error in apparent ozone con
centration due to peroxide contamination depends upon the particular peroxide or peroxides 
present. The analyzer differs widely in its response toward the various peroxides; the var
iations may be due either to the differences between the heats of decomposition of the 
compounds or to differences between rates of decomposition upon the catalyst. Uncer
tainty as to the chemical decomposition mechanism of the peroxides makes it difficult to 
calculate the heats of decomposition, so at the present time it has not been possible to 
determine exactly what causes the variations. 

For instance, ieri-butyl hydroperoxide at a concentration of 14 p.p.m. produces a 
deflection of 20 divisions on the recorder, or 1.4 divisions per 1 p.p.m. of peroxide. At 
volume concentrations equal to that of the ozone present, ieri-butyl peroxide thus intro
duces an error of slightly over 2%. 

At a concentration of 3.6 p.p.m. of cumene peroxide, the deflection is 3 divisions; the 
error is 1.2%. At a concentration of 120 p.p.m. of di-ieri-butyl peroxide, the deflection 
is only 14 divisions, corresponding to an error of 0.18%. 

Equal volumetric concentrations of ozone and some common peroxides produce the 
following relative deflections on the galvanometer: 

T h e d a t a presented i n the T e c h n i c a l R e p o r t s of S t a n f o r d R e s e a r c h I n s t i t u t e 
ind i cate t h a t the concentrat i on of peroxides or precursors i n the a tmosphere does not 
exceed one t h i r d or one ha l f t h a t of ozone. I f o n l y ha l f of these peroxides are i n 
the f o r m of hydroperox ides of l o w mo le cu lar weight , s i m i l a r t o t e r i - b u t y l h y d r o p e r o x 
ide , the e r ror due to the presence of these i n t e r f e r i n g agents shou ld no t exceed 1% 
of the readings due to the presence of ozone alone. 

I n order to determine whether the a c t i v i t y of the cata lys t m i g h t be affected b y 
pro longed exposure to a n y one or a c o m b i n a t i o n of some of the m a n y compounds 
present i n p o l l u t e d atmosphere , some of the ca ta lys t was s h i p p e d to the S t a n f o r d 
L a b o r a t o r i e s a n d exposed to L o s Angeles a tmosphere for 100 hours d u r i n g a p e r i o d 
of smog. N o s igni f icant difference was observed i n the per formance of the exposed 

Ozone 
Hydrogen peroxide 
tert-Butyl hydroperoxide 
Cumene hydroperoxide 
Di-ieri-butyl peroxide 
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catalyst as compared to that of fresh material. Thus, it appears that the normal 
atmospheric constituents of polluted atmospheres do not affect the sensitivity of 
Hopcalite toward decomposing ozone. 

Admittedly, this experiment might not be conclusive; longer field trials in various 
polluted atmospheres will be required to measure the resistance of the catalyst to 
poisoning. Even in an unfavorable case, however, the catalyst-coated thermistor 
could be replaced in a few minutes. 

RECEIVED for review April 19, 1957. Accepted June 19, 1957. P r o g r a m sponsored b y the 
A m e r i c a n Pe t ro l eum Inst i tute . 
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Determination of Ozone in Air by Neutral 
and Alkaline Iodide Procedures 

D. H. BYERS and Β. E. SALTZMAN 

Occupational Health Program, Public Health Service, U. S. Department of 
Health, Education, and Welfare, 1014 Broadway, Cincinnati 2, Ohio 

One per cent potassium iodide in neutral buffered or 
alkali solutions is more stable and useful than 20% 
potassium iodide in bubblers for collection and de
termination of ozone in air. Either 1% solution may 
be used to determine low concentrations of ozone; 
however, there is a difference in their stoichiometry. 
Over the range of 0.01 to 30 p.p.m. (v./v.) results by 
the alkaline procedure should be multiplied by 1.54 
to correct for stoichiometry. The neutral reagent 
does not require acidification and has more nearly 
uniform stoichiometry. The alkaline procedure is 
preferable when final analysis may be delayed. Ex
periments with boric acid for acidification of samples 
in the alkaline reagent show that some mechanism 
other than oxidation of iodide to iodate or periodate 
is involved, possibly formation of hypoiodite. Prelim
inary experiments with gas phase titrations of nitrogen 
dioxide and nitric oxide against ozone confirm the 
stoichiometry of the neutral reagent as 1 mole of 
iodine released for each mole of ozone. 

The d e t e r m i n a t i o n of concentrat ions of ozone i n a i r i n the range of a few par t s per 
m i l l i o n has become increas ing ly i m p o r t a n t as a result of cur rent tox ico log ica l a n d a i r 
p o l l u t i o n studies. T o x i c concentrat ions of ozone m a y be encountered i n h i g h a l t i tude 
f l ights, as w e l l as i n rocket w o r k a n d i n iner t gas-shielded arc w e l d i n g . Ozone also 
appears to p l a y a k e y role i n cer ta in s m o g - f o r m i n g processes, as we l l as i n the genera
t i o n of eye i r r i t a n t s a n d p l a n t - d a m a g i n g substances. A l t h o u g h a great m a n y methods 
for ozone determinat ions have been e m p l o y e d (6, 10), the u n c e r t a i n s t o i ch iometry a n d 
the l a c k of speci f ic i ty cont inue to be serious prob lems . T h e iodide chemica l methods 
appeared to be a m o n g the most p r o m i s i n g , a n d were selected for inves t iga t i on . 

M a n y workers have used i odometr i c methods for the d e t e r m i n a t i o n of c oncent ra 
t ions of ozone i n the range of several per cent b y v o l u m e a n d higher . T h e y have 
inves t igated the s to i ch iometry b y c o m p a r i s o n of the amounts of iod ine l i b e r a t e d w i t h 
the amounts of ozone de termined b y p h y s i c a l measurements of gas dens i ty or pressure 
change. T h u s L e c h n e r (5) f o u n d t h a t b o t h n e u t r a l a n d a lka l ine (02N po tass ium 
h y d r o x i d e ) po tass ium iodide (0.2M) absorbed ozone efficiently a n d y i e lded the same 
a m o u n t of iodine , equ iva lent to one oxygen a t o m i n the ozone molecule . T h i s 
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s to i ch i ometry was conf i rmed b y B o e l t e r , P u t n a m , a n d L a s h {2) for 4 to 2 0 % ozone 
b y weight absorbed i n 0 . 2 M p o t a s s i u m iodide buffered t o v a r i o u s p H values f r o m 2.3 
to 12.3. I n another recent s t u d y b y B i r d s a l l , J e n k i n s , a n d Spad inger ( 1 ) , s i m i l a r 
results were ob ta ined for 1 t o 25 mo le % ozone (1.7 t o 41 we ight %) absorbed i n 2 % 
unbuf fered p o t a s s i u m iod ide , b u t results w i t h bor i c ac id-buf fered so lut ions were h i g h . 
T h e d i s c repancy between B i r d s a l l ' s findings a n d those of B o e l t e r was exp la ined b y the 
difference i n s a m p l i n g e q u i p m e n t : B o e l t e r ob ta ined good results w i t h a c i d so lut ions be 
cause he used a n absorp t i on b u l b i n w h i c h the surface react ions c o u l d cause l o ca l 
a l k a l i n i t y at the po in t a t w h i c h ozone was absorbed . B i r d s a l l used a b u b b l e r i n w h i c h 
a b s o r p t i o n proceeded a t the a c i d p H of the b u l k of the so lu t i on . A l t h o u g h there are 
also c o n t r a r y reports i n the l i t e r a t u r e , the use of b o t h n e u t r a l a n d a l k a l i n e iod ide 
so lut ions for d e t e r m i n a t i o n of h i g h concentrat ions of ozone seems to be establ ished. 

S i m i l a r procedures have been a p p l i e d to the d e t e r m i n a t i o n of l o w concentrat ions 
of ozone i n the p a r t s per m i l l i o n range. R e n z e t t i a n d R o m a n o v s k y (6) r e p o r t e d t h a t 
i n L o s Angeles a i r the n e u t r a l m e t h o d gives a p p a r e n t l y l o w results (perhaps due to r e 
d u c i n g p o l l u t a n t s ) i n the e a r l y a n d late hours of the d a y , a n d h i g h results (perhaps 
due to other o x i d i z i n g p o l l u t a n t s ) d u r i n g the peak smog t i m e of d a y , b o t h as c o m 
p a r e d to u l t r a v i o l e t spec t rophotometr i c de terminat ions of ozone. S m i t h a n d D i a m o n d 
(9) r e commended a reagent cons is t ing of 1 % p o t a s s i u m iod ide i n IN s o d i u m h y d r o x i d e , 
ac id i f ied af ter s a m p l i n g w i t h % v o l u m e of 3 6 % phosphor i c a c i d to release the iod ine 
for spec t rophotometr i c e s t i m a t i o n . T h i s was modi f i ed b y B y e r s , S a l t z m a n , a n d 
H y s l o p (3), w h o f o u n d t h a t the interference f r o m n i t r o g e n d iox ide c o u l d be great ly 
reduced , a n d the colors s tab i l i zed , i f the a c i d were s a t u r a t e d w i t h su l famic a c i d , w h i c h 
destroys n i t r i t e . T h e spec i f i c i ty was inves t igated b y Ef fenberger (4), who used O.OliV 
p o t a s s i u m iodide buffered to v a r i o u s p H values . T h e a m o u n t s of iod ine l i b e r a t e d b y 
ozone v a r i e d f r o m 9 0 % at p H 9 to 1 1 3 % at p H 1, as c o m p a r e d to t h a t at p H 7. F o r 
n i t rogen d iox ide the v a r i a t i o n was m u c h greater, the corresponding figures be ing 70 a n d 
3 4 0 % . T h u s the t w o c o u l d be d i s t inguished b y s imultaneous analyses a t t w o different 
p H values . S a l t z m a n (8) be l ieved the 1 % p o t a s s i u m iod ide i n IN s o d i u m h y d r o x i d e 
reagent m o r e specific t h a n the n e u t r a l reagents i n the presence of ox id i zed hexene, a n d 
he also repor ted 62 to 7 0 % s to i ch i ometry for 3 t o 27 p . p . m . ( v . / v . ) ozone (as c o m p a r e d 
to the iod ine released i n a n e u t r a l reagent ) . T h e v a l i d i t y of the a p p l i c a t i o n of n e u t r a l 
a n d a l k a l i n e iod ide reagents to the d e t e r m i n a t i o n of l o w concentrat ions of ozone was 
therefore inves t igated . 

T h e p r e p a r a t i o n of k n o w n l o w concentrat ions of ozone has a lways been a m a j o r 
d i f f i cu l ty i n th is t y p e of inves t iga t i on . A flow sys tem was set u p i n w h i c h a s t ream 
of ozone f r o m a d ie l e c t r i c - type ozonizer cou ld be d i l u t e d w i t h a i r pur i f i ed b y s c r u b b i n g 
w i t h d i chromate i n concentrated su l fur i c a c i d , fo l lowed b y c a l c i u m chlor ide a n d s i l i ca 
gel. F l o w s were measured w i t h rotameters a n d cou ld be ad justed to give k n o w n 
d i l u t i o n rat ios . T h e reagents were used for wide ranges of u n d i l u t e d a n d d i l u t e d ozone 
concentrat ions , a n d samples of w i d e l y v a r y i n g sizes were col lected. T h e a s s u m p t i o n was 
m a d e t h a t the h i g h concentrat ion analyses were l i k e l y to be correct , a n d the deviat ions 
resu l t ing f r o m v a r y i n g the sample sizes a n d f r o m the d i l u t i o n were s tud ied . 

O z o n e Procedures 

Reagents. T h r e e reagents were tested ex tens ive ly : reagent I , 2 0 % po tass ium 
iodide i n 0 . 1 M p o t a s s i u m d i h y d r o g e n p h o s p h a t e - 0 . 1 M d i s o d i u m h y d r o g e n p h o s p h a t e ; 
reagent I I , 1 % p o t a s s i u m iodide i n the same n e u t r a l phosphate buffer m e d i u m ; a n d 
reagent I I I , 1 % po tass ium iodide i n IN s o d i u m h y d r o x i d e , ac id i f ied af ter s a m p l i n g w i t h 
1 /5 v o l u m e of 3 6 % phosphor i c a c i d s a t u r a t e d w i t h su l famic a c i d . Reagent I was p r e 
p a r e d fresh a n d used w i t h i n several hours . Reagents I I a n d I I I were a l l owed to s t a n d 
for several days before be ing used . T h i s s tab i l i zed the b l a n k . W i t h each reagent i t 
was necessary to determine the reagent b l a n k a n d to deduct i t f r o m a l l s tandard iza t i ons 
a n d de terminat i ons . O n l y the highest grade a n a l y t i c a l reagents were used. 

Reagent I is c o m m o n l y used i n ox idant recorders (6), b u t was too unstable a n d 
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photosensi t ive for the u s u a l m a n u a l procedures . Reagent I I y i e l d e d a lmost as m u c h 
iodine as reagent I w i t h m u c h super ior s t a b i l i t y . R e a g e n t I I I p r o v e d the most su i tab le 
for field studies where hours or days m i g h t elapse between co l lect ing a n d a n a l y z i n g the 
samples . 

S a m p l i n g . Samples were col lected i n 10 m l . of reagent i n midge t imp ingers us ing 
a i r - f l ow rates of 1 to 3 l i t ers per m i n u t e . O t h e r s imp le bubb lers m a y be u s e d ; how
ever, the midget i m p i n g e r is most convenient a n d effective. S a m p l i n g of h i g h concen
t ra t i ons b y evacuated flasks was t r i e d a n d f o u n d unsu i tab le . 

Measurements. I od ine l i b e r a t e d b y the ozone was measured p h o t o m e t r i c a l l y or 
t i t r i m e t r i c a l l y . T h e iod ine absorbance a t 352-ηΐμ, w a v e l ength was measured b y a Beck-
m a n D U spectrophotometer . T e s t tubes of 2 - cm. l i g h t p a t h a n d m a t c h e d t o 0 . 5 % 
t r a n s m i t t a n c e were used i n a spec ia l ho lder . D i s t i l l e d w a t e r was used i n the reference 
tube . 

T i t r a t i o n s were m a d e w i t h O.OOôAf s o d i u m thiosul fate i n a semimic robure t a n d 
us ing a v i s u a l end p o i n t w i t h s t a r c h i n d i c a t o r . 

Procedures and standardization. Reagents I a n d I I . A f t e r co l lect ion , the s a m 
ples were t rans f e r red i m m e d i a t e l y to photometer tubes a n d the absorbances d e t e r m i n e d . 

S t a n d a r d graphs of absorbance vs. iodine (or ozone) were p l o t t e d f r o m readings 
f r o m a series of p r e p a r e d s tandards . S t a n d a r d 0 . 0 1 0 0 N iodine so lut i on was f resh ly 
d i l u t e d w i t h reagent so lu t i on to v a r i o u s strengths f r o m zero t o 0.00004Af (5.08 γ of 
iodine per m l . ) a n d the absorbances were de termined . T h e ozone equ iva lent was c a l 
cu la ted o n the basis of 0 3 Ο I 2 (1 m l . of 0.0 L/V I 2 Ο 240 γ of 0 3 ) . 

Reagent I I I . T h e phosphor i c a c i d reagent for use w i t h the a l k a l i n e reagent was 
p r e p a r e d as fo l l ows : 

Severa l grams of reagent q u a l i t y su l famic a c i d were d isso lved i n 150 m l . of w a r m 
d i s t i l l ed water , t h e n 126 m l . of 9 0 % phosphor i c a c i d were added a n d the m i x t u r e was 
m a d e to 3 0 0 - m l . v o l u m e w i t h d i s t i l l ed w a t e r . A f t e r coo l ing , the p r e c i p i t a t e d su l f am ic 
a c i d was removed b y décantation (or centr i fugat ion) a n d saved for p r e p a r a t i o n of 
fu ture batches of reagent. 

Samples i n 10 m l . of the a lka l ine iod ide reagent were r a p i d l y ac idi f ied a n d m i x e d 
w i t h 2.0 m l . of phosphor i c a c i d reagent. T h e m i x t u r e ( i n a s toppered conta iner ) was 
cooled to r o o m t e m p e r a t u r e i n a w a t e r b a t h , a n d the absorbance de termined 5 t o 10 
m i n u t e s a f ter ac id i f i ca t ion . 

A s t rong stock so lut i on of p o t a s s i u m iodate (0.2973 g r a m per l i t e r ) was d i l u t e d 
1 to 10 w i t h d i s t i l l ed water to give a d i lu te s t a n d a r d , 1 m l . of w h i c h was equ iva lent to 
105.8 γ of iod ine . A l i q u o t s of 0.1 to 0.5 m l . of th i s d i lute s t a n d a r d were d i l u t e d t o 
10 m l . w i t h reagent I I I a n d ac idi f ied a n d the absorbances read . C a l c u l a t i o n s were 
o r i g i n a l l y m a d e o n the basis of 3 0 3 Ο K I 0 3 (1 m l . of d i lu te stock Κ Ι 0 3 Ο 20 γ of 0 3 ) . 
T h e w o r k showed the need for a correc t i on fac tor of 1.54 w h i c h w o u l d m a k e 1 m l . of 
d i lu te s tock Κ Ι 0 3 Ο 30.8 y of 0 3 . 

Calculation. T h e fo l l owing re la t i onsh ip m a y be used r a t h e r t h a n graphs for c a l 
c u l a t i o n of ozone concentrat i ons : 

P.p.m. 0 3 = Κ A/V 

where A is the absorbance corrected for the b l a n k , V is the v o l u m e i n l i ters of a i r 
s a m p l e d (corrected to 25° C . a n d 760 m m . of m e r c u r y ) , a n d Κ is the s t a n d a r d i z a t i o n 
fac tor . F o r 2 - cm. tubes Κ was 4.61 for reagent I , 4.88 for reagent I I , a n d 9.13 for 
reagent I I I . T h e last figure is h igher because i t incorporates the correc t i on fac tor a n d 
because the corresponding absorbances are lowered b y the d i l u t i o n of the sample to 12 
m l . b y the ac id i f i ca t ion . 

Effects of Sample Size 

T h e u n d i l u t e d ozone concentrat ions ranged f r o m 300 to 5000 p .p .m. , depend ing 
u p o n the flow rate a n d oxygen content of the gas pass ing t h r o u g h the ozonator , a n d 
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SAMPLE VOLUME, ML. SAMPLE VOLUME, ML. 

Figure 1. Effect of sample size on photometric determinations of high concentrations 
of ozone 

Left. Neutral 2 0 % Kl reagent 
Right. Alkaline Kl reagent 

the vo l tage a p p l i e d . T h e p h o t o m e t r i c d e t e r m i n a t i o n of these levels us ing reagents 
I a n d I I I h a d (8) been f o u n d unsat i s fac tory because of the extreme d i lu t i ons 
r e q u i r e d to p e r m i t readings i n the photometer a n d of a non l inear re la t i onsh ip between 
the a m o u n t s of iodine a n d sample sizes as shown i n F i g u r e 1. T h i s figure gives the d a t a 
ob ta ined b y s imul taneous ly s a m p l i n g w i t h ca l i b ra ted evacuated bott les of var i ous 
sizes, c onta in ing these reagents. T h e a m o u n t s of iod ine were es t imated p h o t o m e t r i 
ca l l y , a n d some of the higher a m o u n t s were checked b y t i t r a t i o n . T h e p lots show the 
t o t a l absorbance (the measured absorbance, corrected for the b l a n k , m u l t i p l i e d b y the 
d i l u t i o n factor ) for 2 - cm. cells vs. sample size. 

T h e n e u t r a l m e t h o d w i t h 2 0 % po tass ium iodide (reagent I ) gave c u r v e d l ines i n 
the useful p h o t o m e t r i c region, w h i c h a p p r o a c h e d s t ra ight l ines o n l y a t absorbances 
r e q u i r i n g extreme d i lu t i ons . T h e values i n d i c a t e d for ozone were assigned o n the 
basis of the l i m i t i n g slopes of the curves at h i g h values . T h e a lka l ine m e t h o d (reagent 
I I I ) gave a lmost s t ra ight l ines, w h i c h seemed to converge to a negat ive absorbance at 
zero sample v o l u m e . T h i s negat ive absorbance in tercept m a y be regarded as the 
"ozone d e m a n d " of the reagent, a n d was f o u n d for b o t h evacuated bot t le a n d i m p i n g e r 
samples a t h i g h concentrat ions . T h e ozone d e m a n d appeared to increase w i t h the age 
of the reagent, a n d was reduced somewhat b y the a d d i t i o n of iodate to the s a m p l i n g 
reagent to produce a r t i f i c i a l l y a n apprec iab le pos i t ive iodine b l a n k . T h i s ozone d e m a n d 
was f a i r l y constant t h r o u g h a s m a l l range of ozone concentrat ions , b u t increased some
w h a t at m u c h h igher absorbances a n d ozone concentrat ions . T h e reasons f o r these 
discrepancies are not k n o w n . 

Subsequent ly h i g h concentrat ions of ozone were de te rmined b y t i t r i m e t r i c p r o -
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cedures. Ef fects of errors due to sample size were thus m i n i m i z e d b y l i b e r a t i o n of 
larger a m o u n t s of i od ine . 

Reagents I I a n d I I I were used successful ly for pho tometr i c d e t e r m i n a t i o n of l o w 
concentrat ions of ozone, as o n l y s l ight discrepancies resulted f r o m v a r i a t i o n s of sample 
size. T h i s is shown i n F i g u r e 2, w h i c h also shows a difference i n s to i ch iometry . T h e 
midget i m p i n g e r w i t h 10 m l . of reagent was used at s a m p l i n g f low rates of 1, 2 , a n d 3 
l i ters of a i r per m i n u t e . T h e differences i n flow rates h a d l i t t l e or no effect except as 
t h e y de te rmined the v o l u m e sampled . B o t h reagents show good l inear re lat ionships 
of absorbance a n d sample size for ozone concentrat ions i n the 0.1 to 20 p . p . m . ( v . / v . ) 

SAMPLE VOLUME (L ITERS) 

Figure 2. Effect of sample size on photometric determi
nations of low concentration (4.25 p.p.m.) of ozone with 

neutral and alkaline 1% potassium iodide reagents 

range. T h e results b y the a lka l ine procedure are consistent ly lower , w i t h a tendency 
to a n increas ing p r o p o r t i o n of iodine for v e r y large samples. 

Effects of Ozone Concentrat ion 

Analyses w i t h reagents I I a n d I I I were c o m p a r e d at b o t h h i g h a n d l o w c o n c e n t r a 
t ions . L o w concentrat ions were ob ta ined b y ac cura te ly d i l u t i n g h i g h concentra t i on 
ozone 1 to 99 w i t h pur i f i ed a i r . S imul taneous samples were col lected a n d ana ly zed , 
w i t h the results g iven i n T a b l e I . T h e two methods give fa i r agreement at concen
t ra t i ons of several t h o u s a n d par ts per m i l l i o n , b u t diverge at l ower concentrat ions , the 
results b y the a lka l ine procedure being consistent ly lower . M e a s u r e m e n t s of the 
d i l u t e d ozone b y the n e u t r a l reagent gave about 8 5 % of the ca l cu lated va lue w i t h 
l i t t l e v a r i a t i o n , whi le the a lka l ine reagent gave m u c h lower a n d more errat i c results . 
I n a s m u c h as p a i r e d samples were col lected s imul taneous ly , the differences cou ld n o t be 
due to fluctuations i n ozone concentrat ions . Subsequent tests revealed a 6 % loss of 
ozone i n the system between the po int of s a m p l i n g the h i g h concentra t i on a n d the 
po in t of d i l u t i o n . I t appears t h a t the s to i ch iometry of reagent I I is m o r e n e a r l y 
constant w i t h such changes of concentrat i on . 
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Table I. Simultaneous Determinations of Undiluted and Diluted Ozone 
Concentrations by Reagents II and III (Neutral and Alkaline) 

Reagent II, P .P .M. Reagent III, P .P .M . 

Undiluted Diluted 1/100 Undiluted Diluted 1/100 
5350 4760 
5050 5400 
4310 4250 
3510 4360 
3030 25.1 3045 14.4 
1895 15.9 1650 11.4 
1413 14.4 1262 9.72 
1280 11.5 1125 8.19 
980 8.13 808 4.06 
791 6.70 636 3.67 
547 4.92 600 3.69 
473 3.56 379 2.73 
453 3.78 394 2.56 
439 374 
437 375 
433 384 
425 3.81 353 2.53 

Relative Va lue s by Neutra l a n d A l ka l i ne Reagents 

I n F i g u r e 3 the re la t i onsh ip between analyses b y the n e u t r a l a n d a lka l ine reagents 
I , I I , a n d I I I is s h o w n for correspond ing samples col lected s imul taneous ly or a t v e r y 
close i n t e r v a l s over a wide range of ozone concentrat ions . Because of the extreme 
range of concentrat ions a log - log p l o t is used . C o n c e n t r a t i o n s above 100 p . p . m . 
( v . / v . ) were d e t e r m i n e d t i t r i m e t r i c a l l y ; be low t h i s , p h o t o m e t r i c a l l y . 

T h e differences between a l k a l i n e a n d n e u t r a l analyses cannot be exp la ined b y 
differences i n a b s o r p t i o n efficiencies, as t h e y were h i g h w i t h a l l three reagents. W h e n 
t w o imp ingers were used i n series, the second never showed m o r e t h a n a few per cent 
of the a m o u n t of iod ine released i n the first i m p i n g e r . V e r y l i t t l e ozone was destroyed 
b y the water , a l k a l i , or s a m p l i n g a p p a r a t u s . W h e n IN s o d i u m h y d r o x i d e (reagent I I I 
w i t h o u t p o t a s s i u m iodide) was used i n the first of t w o imp ingers i n series, 85 to 9 0 % 
of the ozone passed i n t o the second i m p i n g e r . T h e a p p a r e n t l y lost ozone was dissolved 
i n the a l k a l i , a n d b y the a d d i t i o n of po tass ium iodide a n d a c i d i t released iodine 

Figure 3. Determination of ozone in duplicate 
samples with neutral and alkaline reagents 
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for i t s d e t e r m i n a t i o n . T h u s i t seemed l i k e l y t h a t the absence of iodine i n a second 
sampler was s igni f icant , a n d t h a t the a b s o r p t i o n efficiencies were h i g h . 

Dif ferences l ikewise cannot be exp la ined on the basis of s t a n d a r d i z a t i o n . T h e 
n e u t r a l reagents were s t a n d a r d i z e d b y a d d i n g d i l u t e iod ine so lut ions , a n d the a l k a l i n e 
reagent b y a d d i n g s t a n d a r d p o t a s s i u m iodate . T h e iodine e x t i n c t i o n coefficients i n 
un i t s of a b s o r p t i o n (to l o g a r i t h m i c base 10) per cent imeter per g r a m per l i t e r w e r e : 
( I ) 104, ( I I ) 99, ( I I I ) 97. T h e s l i g h t l y h igher coefficient for reagent I m a y be 
exp la ined b y the higher iod ide concentrat i on , w h i c h intensifies the iod ine co lor . T h e 
s l i g h t l y l o w coefficient for reagent I I I m a y be due to losses of iod ine i n the ac id i f i cat ion 
procedure . 

A s s u m i n g t h a t the re la t ionsh ip i n F i g u r e 3 w o u l d be a s t ra ight l ine , or n e a r l y so, 
the best fit was de termined b y the m e t h o d of least squares. T h e p h o t o m e t r i c a l l y 
de te rmined po ints gave a l ine w i t h a slope of 1.016, a n d a l l po ints s h o w n gave a l ine 
w i t h a slope of 1.045. C a l c u l a t e d re lat ionships of results a t severa l concentrat ions 
accord ing to the best fit of pho tometr i c de terminat ions are : 

0 3 concentration, p.p.m. 0.01 0.1 1.0 10 100 
Alkaline/neutral, % 60 62 64 66 69 

W h e n the d a t a for b o t h p h o t o m e t r i c a n d t i t r i m e t r i c results are fitted, the 
corresponding values b y a l k a l i n e determinat ions range f r o m 50 to 8 0 % of the n e u t r a l 
reagent result . 

T h e scatter of results shown b y F i g u r e 3 is such t h a t the re la t ionsh ip of a l k a l i n e 
to n e u t r a l analyses of 6 5 % , as i n d i c a t e d b y the l ine A/N = 0.65 can be a p p l i e d over 
the range of 0.01 to 30 p . p . m . a n d perhaps b e y o n d at e i ther end whi le s t a y i n g w i t h i n 
the probab le e x p e r i m e n t a l error . Because the n e u t r a l analyses are p resu m ed to be 
more n e a r l y correct , results of a lka l ine analyses s h o u l d be m u l t i p l i e d b y a correc t i on 
factor of 1.54. 

Stoichiometry 

I t thus seems t h a t the a c t u a l reac t ion between the ozone a n d the iodide m u s t 
have a different s t o i ch i ometry i n a l k a l i n e so lut i on . T h e react ion between ozone a n d 
iodide is c o m m o n l y g i v e n as : 

0 3 + 2 H + + 21- - » 0 2 + H 2 O + L (1) 

I n weak a l k a l i , the equ iva lent react ions for the same s to i ch i ometry are c o m m o n l y g i v e n 
as : 

30 3 + Ι--> 30 2 + Ι 0 3 - (2) 

fo l lowed u p o n ac id i f i ca t ion b y : 

lus" + 6 H + + 51" -> 3I2 + 3H 2 0 (3) 

E x p e r i m e n t a l evidence indicates t h a t i n s t rong a l k a l i th is p a t t e r n is no t fo l lowed. 
W h e n por t i ons of samples i n reagent I I I were ac id i f ied to p H 6.2 w i t h so l id bor i c a c i d , 
the iodine released was a p p r o x i m a t e l y 5 0 % of t h a t r e su l t ing f r o m the u s u a l ac id i f i ca t i on 
to p H 2. N o iodine was ob ta ined f r o m reagent I I I w i t h added iodate , u p o n a c i d i f i c a 
t i o n w i t h bor i c a c i d . W i t h added per iodate , such ac id i f i ca t ion y i e l d e d 14 t o 2 0 % of 
the iodine obta ined at p H 2. T h i s compares w i t h 2 5 % r e p o r t e d for per iodate b y 
W i l l a r d a n d M e r r i t t (11). A reasonable e x p l a n a t i o n of these d a t a w o u l d a p p e a r t o 
be the f o r m a t i o n of h y p o i o d i t e b y the f o l l owing r e a c t i o n : 

I - + O s - > I O - + 0 2 (4) 

T h e d i s m u t a t i o n of h y p o i o d i t e to give iodate appears t o occur over a p e r i o d of m a n y 
hours . A n o t h e r possible e x p l a n a t i o n c o u l d be the f o r m a t i o n of i od i te . 

T h e s t o i ch i ometry is be ing con f i rmed i n a n independent w a y b y gas t i t r a t i o n s . 
A s t ream of ozone is m i x e d w i t h e i ther n i t r i c oxide or n i t r o g e n d iox ide , a n d enough 
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flow t i m e is a l l owed for complete react ion , after w h i c h ozone a n d n i t r o g e n d iox ide 
are de termined . I n the f o rmer case, the ozone is conver ted to a n equiva lent a m o u n t 
of n i t r o g e n d i o x i d e : 

a + N O - > O A + N O A (5) 

I n the l a t t e r case, the fo l l owing react ion occurs : 

0 3 + 2 N 0 2 - > 0 2 + N 2 0 5 (6) 

A s R e a c t i o n 5 is 260 t imes as fast as 6, i n the presence of excess n i t r i c oxide, no 
apprec iab le quant i t ies of n i t rogen pent oxide need be expected. L i n e a r re lat ionships 
are f o u n d between the amounts of ozone a n d the amounts of n i t r o g e n dioxide generated 
or consumed, the l a t t e r de te rmined w i t h S a l t z m a n reagent (7). These systems 
appear to change v e r y s luggishly w h e n the reactant concentrat ions are changed, p e r 
haps because of surface effects, a n d the systems are not yet comple te ly sat i s fac tory . 

T h e d a t a for one r u n i n w h i c h n i t rogen d iox ide was t i t r a t e d w i t h ozone are g iven 

OZONE INPUT (RP.MJ 

Figure 4. Dynamic gas phase titration of N O 2 with Ozone 

N O 2 input held constant at 36 p.p.m. as O3 input was increased 

i n F i g u r e 4. A d y n a m i c system was used i n w h i c h the gases were m i x e d a t h i g h 
concentrat ions , a l l owed to react , t h e n d i l u t e d in to a large chamber w i t h pur i f i ed a i r . 
T h e n i t r o g e n d iox ide i n p u t was he ld constant a n d the ozone i n p u t was v a r i e d . T h e 
ozone i n p u t to the chamber was ca l cu lated f r o m c a l i b r a t i n g runs w i t h o u t n i t rogen 
d iox ide . Ozone was de termined w i t h reagent I I I , corrected for s t o i c h i om etr y b y the 
factor 1.54. Ozone analyses to the left of the end po in t ( l ine D) represent the i n t e r 
ference of excess n i t rogen dioxide , or n i t rogen pentoxide , w i t h the a n a l y t i c a l m e t h o d . 
L i n e C shows the m u c h higher interference of N 0 2 w h e n su l famic a c i d is not added 
to the phosphor i c a c i d reagent. A sharp end p o i n t is not obta ined , b u t can be 
ex t rapo la ted w i t h a p p r o x i m a t e l y the correct s t o i ch i ometry . L i n e Β shows the c o n 
s u m p t i o n of n i t rogen dioxide , a n d l ine A shows the a c c u m u l a t i o n of excess ozone. 

Compar i son of Procedures 

E i t h e r n e u t r a l or a lka l ine iodide procedures m a y be a p p l i e d for d e t e r m i n a t i o n 
of ozone i n a i r ; the l a t t e r procedure requires use of a correc t i on fac tor f or s t o i c h i 
o m e t r y . 
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One of the advantages of the a lka l ine procedure is the re la t ive s t a b i l i t y of the 
exposed reagent p r i o r to ac id i f i cat ion . T h i s permi t s co l lec t ion of samples i n the field, 
a n d c omple t i on of the analyses i n the l a b o r a t o r y . I n one test , a l iquots of a poo led 
a lka l ine sample were acidi f ied a n d read at in te rva l s for 3 days a f ter s a m p l i n g . M o s t 
of the loss of 10 to 2 0 % w h i c h was observed o c curred i n the first d a y , so t h a t even 
older samples were prac t i cab le . Some lots of s a m p l i n g reagent behaved bet ter t h a n 
others i n th i s respect. A special reagent i n w h i c h the s o d i u m h y d r o x i d e was 
ozonized, t h e n bo i l ed before a d d i t i o n of po tass ium iodide , d i d not give s igni f i cant ly 
h igher results . 

T h e r e p r o d u c i b i l i t y of b o t h methods for repl i cate samples of ozone was not as 
precise as cou ld be expected f r o m the e x p e r i m e n t a l condi t ions . Reagent I I seemed 
to be the best. I t showed m a x i m u m differences u p to 5 % , whi l e reagent I I I showed 
m a x i m u m differences u p to 1 0 % , a n d average differences of about 5 % . A p p a r e n t l y 
the l a t t e r var ia t i ons occurred d u r i n g the ozone s a m p l i n g step, as m u c h closer agree
m e n t w i t h reagent I I I was obta ined b y a c i d i f y i n g a l iquots of a large poo led sample . 

Reagent I I I r equ i red r a p i d a c i d i f i c a t i o n ; u p o n v e r y s low ac id i f i ca t ion w i t h e i ther 
ozone or iodate added , iod ine losses have been observed. S i m i l a r losses occur u p o n a d 
d i t i o n of s t a n d a r d iodine to the a lka l ine reagent before ac id i f i cat ion , regardless of the 
rate of ac id i f i cat ion , b u t no t w h e n iod ine is added a f ter ac id i f i ca t ion . A p p a r e n t l y i n the 
fo rmer cases iodine is released at the surface of a c i d drops a n d absorbed i n t o the 
s u r r o u n d i n g a l k a l i , where the loss occurs. W i t h r a p i d ac id i f i cat ion of samples the 
iodine e x t i n c t i o n coefficient for reagent I I I agrees w e l l w i t h expected values . 

A l i m i t e d a m o u n t of w o r k has been c a r r i e d out on the effect of p o l l u t a n t s . S u l f u r 
d ioxide decreased the a m o u n t of iod ine l i b e r a t e d f r o m a l l reagents ; the difference 
between reagents I I a n d I I I was s m a l l . N i t r o g e n d iox ide y i e l d e d 8 to 1 1 % i n t e r 
ference w i t h reagent I I I , a n d about the same w i t h I I . F i v e tests w i t h 500 p . p . m . of 
n i t r i c a c i d v a p o r showed a n average interference of 0.5 p . p . m . of ozone w i t h reagent I I I . 
Interferences f r o m other smog const i tuents have not been comple te ly eva luated . 

C o m p a r a t i v e analyses b y the t w o methods of n a t u r a l a n d synthet i c (ozone-hexene) 
smogs gave a different p a t t e r n of results t h a n for ozone-air m i x t u r e s . I n some cases, 
analyses b y the a lka l ine procedure gave results h igher t h a n those b y the n e u t r a l p r o 
cedure. 
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Determining Ozone in Solution 

ROBERT S. INGOLS, ROBERT H. FETNER, and WILLIAM H. EBERHARDT 

Georgia Institute of Technology, Atlanta, Ga. 

Stable ozone solutions have been analyzed by 
various techniques recommended in the literature, and 
results are compared and interpreted. Data are 
presented to correlate the quantity of the by-product 
oxygen from the ozone reaction with the apparent 
amount of original ozone. 

T h e d e t e r m i n a t i o n of ozone i n w a t e r so lu t i on is c om p l i ca t ed b y the i n s t a b i l i t y of the 
ozone i n so lut ion . A l d e r a n d H i l l (1) a n d S t u m m (12) showed t h a t ozone i n so lut ion 
is m u c h m o r e stable a t l o w p H values a n d at temperatures near the freezing p o i n t 
of w a t e r , us ing the absorbance of a n ozone so lu t i on at 258 to 260 ταμ. T h e authors 
repeated the w o r k of A l d e r a n d H i l l (1) a n d K i l p a t r i c k , H e r r i c k , a n d K i l p a t r i c k (8) 
at p H 2.0 a n d 1° C . a n d f o u n d the ozone so lut ion comple te ly stable , w i t h no change 
i n absorbance a f ter 8 hours . U n d e r these condi t ions , a n ex t inc t i on coefficient of 
2600 was obta ined as c o m p a r e d w i t h 3000 (8) a n d 1000 (1). 

I n the c lassical equat ion , 

0 3 + 2 H + + 2 1 - <=± 0 2 + I 2 + H 2 0 (1) 

e q u i m o l a r a m o u n t s of oxygen a n d iodine are l i be ra ted . B y us ing the W i n k l e r technique 
(2) to determine the disso lved oxygen before a n d after the l i b e r a t i o n of iodine b y 
ozone, the ra t i o of the molecules of oxygen to iod ine l i b e r a t e d shou ld be de termined . 
B o t h A l d e r a n d H i l l (1) a n d K i l p a t r i c k , H e r r i c k , a n d K i l p a t r i c k (8) i n d i c a t e d t h a t 
e i ther some c o m p o u n d of oxygen or mo lecu lar oxygen interferes w i t h the ozone iodine 
t i t r a t i o n i n a c i d so lut i on . 

A s i n d i c a t e d b y E q u a t i o n 1, a s t a n d a r d procedure for ozone recommends the 
a d d i t i o n of iodide ions a n d the t i t r a t i o n of the l i bera ted iod ine . T h e r e is a serious 
p r o b l e m i n i n t e r p r e t i n g the results of the iod ide r e a c t i o n : T h e q u a n t i t y of iodine 
l i be ra ted is p H dependent . Ing l i s (6) r e p o r t e d t h a t a c i d solutions gave m o r e t h a n 
one molecule of iodine per molecule of ozone. H e t r i e d b r o m i d e i n n o r m a l n i t r i c a c i d 
b u t ob ta ined decreasing amounts of b r o m i n e f r o m a l iquots of the o r i g i n a l ozone 
so lu t i on w i t h t i m e , whi l e the iod ine l i bera ted f r o m iodide r emained constant . H e 
conc luded t h a t the b r o m i d e - b r o m i n e react ion was unsat i s fac tory . A l d e r a n d H i l l (1) 
f o u n d t h a t ozone decomposes, a c cord ing to i ts u l t r a v i o l e t s p e c t r u m , faster t h a n the 
decreasing a b i l i t y of the same so lut i on to l iberate iodine f r o m iodide . T h e y conc luded 
t h a t a decompos i t i on p r o d u c t of ozone, the h y d r o p e r o x y l i o n , l iberates iodine f r o m iodide 
i n the absence of ozone. 

B o e l t e r , P u t n a m , a n d L a s h (4) conc luded t h a t po tass ium iodide absorbants i n 
the p H range f r o m 2.3 t o 12.3 give results for concentra t i on of ozone u p to 20 weight 
% , i f the so lut ion is ac id i f ied w i t h s t rong a c i d before t i t r a t i o n w i t h s o d i u m th iosul fate ; 
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s t rong ly ac idi f ied p o t a s s i u m iodide absorbants g ive h i g h resu l t s ; a n d the concentrat ion 
of a c i d affects the degree of e r ror . B i r d s a l l , J e n k i n s , a n d Spad inger (8) conc luded 
that i n the concentrat i on range f r o m 1 to 25 mole % the use of a 2 % unbuffered 
aqueous so lut ion of po tass ium iod ide f or the a n a l y t i c a l d e t e r m i n a t i o n of ozone gives 
precise results , accurate to 2 % , c o m p a r e d w i t h a p h y s i c a l m e t h o d . T h o r p e (14), 
who p u b l i s h e d a s u m m a r y of his w o r k a long w i t h a discussion of the l i t e r a t u r e , 
indicates t h a t a so lu t i on of p o t a s s i u m iodide at p H 5.5 to 6.0 gives a p r o p e r v a l u e f o r 
the a m o u n t of ozone absorbed . These three reports are based o n the a b s o r p t i o n of 
the ozone i n a so lu t i on c o n t a i n i n g the r e d u c t a n t d u r i n g a b s o r p t i o n . T h e authors used 
a stable p u r e ozone so lut i on , except f or su l fur i c a c i d to c o n t r o l p H at 1° C . 

L u t h e r a n d Ing l i s (10) used the ferrous - ferr i c sys tem to measure ozone at p H 
2.0. A n excess of ferrous i o n is a d d e d to the ozone so lut i on a n d the excess ferrous 
i o n is t i t r a t e d w i t h permanganate . T h e a u t h o r f o u n d th i s technique , also used b y 
D a v i d (S) a n d K a w a m u r a (7 ) , to be h i g h l y precise a n d to give values f o r the ozone 
w h i c h agree w i t h the e q u a t i o n 

0 3 + 2 F e S 0 4 + H 2 S 0 4 <F± F e 2 ( S 0 4 ) 3 + 0 2 + H 2 0 (2) 

T h o r p e (15), however , states t h a t th i s m e t h o d gives results t h a t are lower t h a n the 
correct va lue for the ozone. 

M a n l e y (11) a n d Zehender a n d S t u m m (17) p u b l i s h e d a technique i n w h i c h the 
ozone oxidizes added manganous i o n . T h e ox id ized manganous i o n is t h e n de termined 
w i t h o - to l id ine . 

Methods 

T h e ozone is generated i n a n ozone generator ( l a b o r a t o r y m o d e l , T h e W e l s b a c h 
C o r p . , P h i l a d e l p h i a , P a . ) f r o m p u r e ( commerc ia l ) oxygen gas. T h e generator a n d the 
oxygen i tsel f are cooled t o 1° C , a n d the cool ing w a t e r is m a i n t a i n e d at th i s t e m p e r a 
t u r e b y c i r c u l a t i o n f r o m a large t a n k stored i n the same r o o m . T h e ozone is col lected 
i n a n a i r scrubber w i t h the so lu t i on of O.OliV su l fur i c a c i d at 1° C . M e a s u r e m e n t of 
the absorbance of th i s so lu t i on at 258 ταμ indicates t h a t the ozone is comple te ly stable 
for a n 8 -hour p e r i o d . 

T h e 300 m l . of ozone so lut ion f r o m the scrubber is d i v i d e d a n d a n a l y z e d i n var i ous 
ways . W h e n crys ta ls of iodide are added to a n a l iquot of the ozone so lut ion a t p H 
2.0, m u c h m o r e i od ine is l i b e r a t e d t h a n w h e n a second a l i quo t of the so lu t i on is first 
ad justed to p H 7.0 a n d iodide is added . A l s o , m o r e iodine is p r o d u c e d a t p H 7.0 t h a n 
at p H 9.0. T h e so lut i on w i t h iod ide at p H 9.0 l i b e r a t e d a n a m o u n t of iodine equiva lent 
to the a m o u n t of ferrous i o n ox id i zed to the ferr ic i o n at p H 2.0. T h i s agrees w i t h the 
observat ions of M a n l e y (11). O b s e r v a t i o n of the ozone a n d iodide equat ion i n d i c a t e d 
t h a t the n e w l y l i b e r a t e d oxygen or some i n t e r m e d i a r y substance m i g h t be responsible 
for the increas ing i od ine as the h y d r o g e n i o n concentra t i on increases. A n exper iment 
was designed t o determine the difference i n the concent ra t i on of d isso lved oxygen a f ter 
the reac t i on of ozone w i t h iod ide a t p H 2.0 a n d 9.0 

T h e out l ine of the exper iment is s h o w n i n F i g u r e 1. T h e 5 0 - m l . samples of l i q u i d 
s a t u r a t e d w i t h gas a t 1° C . were t rans f e r red i n t o 8-ounce g lass-stoppered reagent 
bott les c o n t a i n i n g a p p r o x i m a t e l y 200 m l . of a buffer so lu t i on u n s a t u r a t e d w i t h respect 
to oxygen. These bott les were i m m e d i a t e l y filled t o the neck w i t h buffer s o lu t i on a n d 
s toppered . T h e solut ions were a n a l y z e d as i n d i c a t e d . T h e disso lved oxygen ( D O ) i n 
those labe led A was de termined b y the c o n v e n t i o n a l W i n k l e r technique (2) : o x i d a t i o n 
of manganese sul fate i n a n a lka l ine so lu t i on c o n t a i n i n g p o t a s s i u m iod ide , f o l l owed b y 
ac id i f i cat ion a n d d e t e r m i n a t i o n of the iod ine l i b e r a t e d w i t h s o d i u m th iosu l fa te . P o 
t a s s i u m iodide was added to solut ions labe led B, the solutions were ac id i f ied i f necessary, 
a n d the iod ine was de termined w i t h s o d i u m th iosu l fa te . P o t a s s i u m iod ide was added to 
so lut ions C , fo l lowed b y the c o n v e n t i o n a l W i n k l e r technique for d isso lved oxygen . T h e 
iodine l i b e r a t e d f r o m th i s s o lu t i on represents the s u m of t h a t f r o m the ozone a n d the 
dissolved oxygen. T h e ent ire exper iment except the final t i t r a t i o n for iodine was c o n 
duc ted i n a r o o m t h e r m o s t a t e d to 1° C . w i t h so lut ions e q u i l i b r a t e d to t h a t t e m p e r a t u r e . 

T h e results are shown i n T a b l e I . E a c h exper iment represents the average of 
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500 ml.water at pH 2.0 

100 ml. 
no ozone 

200 ml. 
ozonated 

pH 9.0 pH 2.0 

50 ml. 

A 

50 ml. 

A 

pH 2.0 pH 9-0 

iodide 
and 

DO 

iodide 
only 

iodide 
and 

DO 

50 ml. 
C 

50 ml. 
Β 

50 ml. 
Β 

50 ml. 
C 

Figure 1. Scheme for analyzing ozone solutions with iodide to determine the ratio 
between the products of iodine and oxygen at two pH values 

A, B, and C refer to column headings in Table I 

Table I. Relationship between Iodine Liberated by Ozone and Oxygen 
at Two Different pH Values 

Meq. / Liter By-Product 

A, C, Theoret. Apparent 
DO with B, tot il D 3 Oxygen,e produced, Ozone, 

Example pH no ozone ozone plus ozone meq./l. % b M g . / L . 
1 2.0 2.38 0.75 3.40 0.27 18 18.0 
2 2.0 2.62 0.60 3.30 0.08 7 14.5 
1 9.0 2.14 0.36 3.31 0.81 112 8.7 
2 9.0 2.27 0.25 2.86 0.34 68 6.0 
« 0 2 = C - (A + B). 
b Based on O3 + 21 + 2 H + = O2 + I2 + H2O and ratio between generated oxygen and iodine, with iodine 

from oxygen as base. 

two d e t e r m i n a t i o n s ; the t w o exper iments were r u n on different days . M o r e t h a n 
twice as m u c h iod ine is l i b e r a t e d a t p H 2 as at p H 9. V e r y l i t t l e oxygen is l i be ra ted 
into the so lut ion at p H 2, whi l e a m u c h closer a p p r o a c h to the theoret i ca l y i e l d occurs 
at p H 9. T h e t o t a l ox id i z ing s t reng th of the so lut ion c o m p u t e d as the s u m of the 
ozone (8) a n d the b y - p r o d u c t oxygen is w i t h i n the l i m i t s of e x p e r i m e n t a l u n c e r t a i n t y , 
the same at p H 2 as a t p H 9. H e n c e , e i ther the react ion goes b y two different paths , 
one of w h i c h is a c id - ca ta lyzed (16), or the oxygen l iberated i n the react ion of ozone 
w i t h the hal ide i o n is i n some f o r m w h i c h can f u r t h e r oxidize iodide i o n i n a c i d solut ions. 

T h e o r e t i c a l considerat ions , the reference of Ing l i s (6), a n d the recommendat ions of 
M a n l e y (11) suggested t h a t the reac t i on of ozone w i t h b r o m i d e a t p H 2.0 be s tud ied . 
T h e a n a l y t i c a l scheme us ing b r o m i d e i o n is based on the a d d i t i o n of po tass ium b r o m i d e 
to ozonated solut ions a t p H 2 fo l l owed b y the a d d i t i o n of p o t a s s i u m iodide to reduce 
the b r o m i n e l i be ra ted b y the ozone. 

T a b l e I I summar izes the d a t a ob ta ined b y three a n a l y t i c a l m e t h o d s : ox ida t i on 
of iodide i o n at p H 9, b r o m i d e i o n a t p H 2, a n d ferrous i o n at p H 2. D a t a are 
repor ted for seven exper iments conducted over a p e r i o d of several days . S i x a l iquots 
were t a k e n f r o m each ozone so lut i on , so t h a t each va lue r epor ted i n the f irst three 
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Table II. Comparison of Three Techniques for Determination of 
Ozone in Seven Different Solutions 

Technique, Mg./Liter 
Standard Standard 

Expt. Iodide Bromide Ferrous Χ,Λ Deviation, 
No. pH 9 pH 2 pH 2 M g . / L . M g . / L . Vb 
1 37 39 39 38 1.2 3.2 
2 52 55 53 54 1.7 3.2 
3 26 27 26 26 0.7 2.7 
4 46 54 48 49 4.2 8.6 
5 25 24 24 24 0.7 2.9 
6 28 28 26 27 1.2 4.3 
7 27 30 26 28 2.1 7.5 

Av. c 34 37 34 
β Mean value of ozone concentrations. 
b Coefficient of variability (Pearson). 
• Comparative values of the three techniques. 

co lumns is the average of two i n d i v i d u a l t i t r a t i o n s . T h e a m o u n t of b r o m i n e l i be ra ted 
at p H 2.0 agrees a p p r o x i m a t e l y w i t h the a m o u n t of iodine l i b e r a t e d at p H 9.0 a n d 
the a m o u n t of ferrous i o n ox id ized to ferr ic i o n at p H 2.0. 

Theoretical 

T h e react ion between ozone a n d the hal ides m a y be represented b y the fo l l owing 
equat ion : 

0 3 + 2H+ + 2 X - <=• 0 2 + X 2 + H 2 0 (3) 

T o determine the d r i v i n g force of the ozone at e q u i l i b r i u m w h i c h w i l l l iberate 
the free halogen at a g iven hydrogen i o n concentrat ion , the f o l l owing equat ion m u s t be 
examined . 

Ε - E^ + Ε*. - ^ ^ f ^ , log c , x
C X ; Q ^ 2 H + (4) 

T h e JEJ°O 3 is g iven b y L a t i m e r (9) to be + 2 . 0 7 vo l ts whi l e the E°X2 is g iven for 
iodine as — 0 . 5 4 v o l t , for b r o m i n e as — 1 . 0 9 vo l t s , a n d for ch lor ine as — 1 . 4 0 vo l t s . 
T h e resu l tant s u m of the component react ion voltages is g iven i n the second c o l u m n 

Table III. Relative Potentials with Various Reductants for 
Determining Ozone and Oxygen 

Oxygen Potentials Ozone Potentials 

Driving Driving 

Reductant Standard, At Standard, At 
volts pH Volts volt PH Volt 

Iodide 1.53 9.0 0.93 0.69 9.0 0.18 
1.53 2.0 1.38 0.69 2.0 0.57 

Bromide 0.98 2.0 0.83 0.14 2.0 0.02 
Chloride 0.66 2.0 0.54 -0.16 2.0 -0.28 

0.66 0.0 0.66 -0.16 0.0 -0.16 
Manganous 0.56 
Ferrous 1.30 

of T a b l e I I I . E q u a t i o n 4, changed to give a separate p H factor , becomes 

Ε = E° - 0.03 log Γχ 2 P p 2 

C 2 x - Po, 
- 0.06 p H at 25° C. (5) 

W h e n i t is assumed t h a t the pressure of the oxygen equals 1 a t m . , the pressure of 
the ozone equals 0 .05 a t m . , the concentrat ion of the free halogen is m i l l i m o l a r , a n d the 
hal ide is 0 . 1 M , the fac tor w i t h these components becomes 

C 2 x - Po* 
0.001 X 1 
0.01 X 0.05 (6) 
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S u b s t i t u t i n g th i s , E q u a t i o n 5 becomes 

Ε = E° — 0.01 - 0.06 p H (7) 

T h e d a t a for the three halogens i n th is e q u a t i o n for specific p H values are g iven 
i n T a b l e I I I . T h e p o t e n t i a l needed for ozone t o l iberate b r o m i n e f r o m b r o m i d e at 
p H 2 is about the same as t h a t r e q u i r e d to l iberate iod ine f r o m iodide a t p H 9. T h e 
h i g h d r i v i n g p o t e n t i a l a p p a r e n t l y r e q u i r e d for th i s reac t ion m a y ind i cate t h a t the ozone 
cou ld l iberate iodine q u a n t i t a t i v e l y at a p H higher t h a n 9.0 i f the ozone d i d not d ecom 
pose too r a p i d l y at the h igher p H a n d i f react ions l ead ing to o ther o x i d a t i o n states 
such as iodate d i d not inter fere . T h u s , even p H 9.0 m a y be a compromise between the 
rate of decompos i t i on of the ozone, the side react ions t o other o x i d a t i o n states, a n d the 
l i b e r a t i o n of iodine b y the b y - p r o d u c t oxygen . 

W h e n s i m i l a r c omputa t i ons are m a d e for the react ions between oxygen a n d 
hal ides , the results i n T a b l e I I I are obta ined . T h e r e is a large d r i v i n g p o t e n t i a l for 
oxygen to l iberate iod ine f r o m iod ide a t p H 2.0. Because l i t t l e inter ference b y 
mo lecu lar oxygen is encountered at p H 2.0, the m e c h a n i s m of the reac t i on i n v o l v i n g 
mo lecu lar oxygen is s u c h t h a t there is a v e r y l o w rate for the reac t i on . T h e p r o d u c t s 
f o r m e d i n the decompos i t i on of ozone as discussed b y A l d e r a n d H i l l (1) a n d K i l p a t r i c k , 
H e r r i c k , a n d K i l p a t r i c k (8) m a y a l l o w th i s reac t i on to proceed . 

Discussion 

I f the d r i v i n g p o t e n t i a l for the ozone against b r o m i d e at p H 2.0 is inadequate or 
m o r e t i m e is needed f o r the reac t ion , a s l ight excess of ozone m a y be present w h e n 
the iod ide is added for the t i t r a t i o n . W h e n ch lor ide is added t o the ozone so lu t i on 
at p H 2.0, the ozone odor persists i n a closed reac t i on vessel f o r a n hour , as discussed 
b y Y e a t t s a n d T a u b e (16). A f t e r the chlor ide has been added a t p H 0.0, there is a 
greater excess of iod ine t h a n t h a t ca l cu lated f r o m the ferrous- ferr i c s y s t e m ; ozone 
m a y have been present at the t i m e of the iod ine a d d i t i o n . 

T h e use of the manganous i o n as the r e d u c t a n t for d e t e r m i n i n g ozone has been 
recommended b y Zehender a n d S t u m m (17) a n d M a n l e y (11). T h i s technique was 
considered b y the authors after the w o r k o n the hal ides h a d been comple ted . T h e 
a m o u n t of o x i d a t i o n of b r o m i d e a n d manganous ions was the same. H o w e v e r , the 
color deve loped f r o m the m a n g a n i c i o n w i t h o - to l id ine is stable , whi l e the color f r o m 
o- to l id ine w i t h the b r o m i n e or ch lor ine l i b e r a t e d f r o m ozone is unstab le . T h e 
presence of a n ozone odor a f ter the reac t i on of ozone w i t h ch lor ide at p H 2.0 m a y 
e x p l a i n the deve lopment a n d subsequent loss i n o - to l id ine color . T h e p r o d u c t i o n of 
a h igher state of o x i d a t i o n of the o - to l id ine f r o m a n excess of ch lor ine w o u l d produce 
a r ed p r e c i p i t a t e . T h e loss of o - to l id ine co lor i n the presence of b r o m i n e where 
the reac t i on between ozone a n d b r o m i d e is t h o u g h t to be complete (13) means t h a t 
some decompos i t i on p r o d u c t s (8) of ozone do no t l iberate b r o m i n e , b u t can destroy 
o - to l id ine . T h i s also m a y be t r u e of the ch lor ide a n d ozone. 

Conclusions 

One molecule of ozone l iberates one molecule of i od ine a n d one molecule of 
oxygen w h e n the p H of the m e d i u m is 9.0. T h e va lue ob ta ined w i t h ozone a n d 
iodide a t p H 9.0 is a compromise between the rate of decompos i t i on of the ozone a n d 
the o x i d a t i o n of iod ide b y dif ferent reac t ion p a t h s l ead ing to s t o i ch i ometry different 
f r o m t h a t assumed. A t p H 2, m o r e iod ine is l i b e r a t e d w h i c h m a y be ascr ibed t o 
e i ther o x i d a t i o n b y the b y - p r o d u c t oxygen l i be ra ted i n the reac t i on even t h o u g h n o r m a l 
mo le cu lar oxygen genera l ly does not cause th is reac t i on , or to a second reac t i on p a t h 
w h i c h is a c i d - c a t a l y z e d . 

T h e manganous i o n is r e a d i l y ox id i zed to the m a n g a n i c i o n at p H 2.0 b y ozone 
to the equ iva lent extent of the iod ine l i bera ted b y ozone at p H 9.0. T h e a m o u n t of 
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f err i c i o n p r o d u c e d f r o m the ferrous i o n b y ozone a t p H 2.0 is c o m p a r a b l e t o the 
a m o u n t of iod ine l i b e r a t e d f r o m iodide at p H 9.0. T h e concentra t i on of ozone 
de termined b y o x i d a t i o n of b r o m i d e a t p H 2.0 agrees w i t h t h a t ob ta ined b y the 
ferrous - ferr i c a n d manganous -mangan i c systems. 

F o r s t a b i l i t y of co lor w i t h o - to l id ine , the manganous sys tem is recommended for 
l o w ozone concentrat ions . F o r a n easy t i t r a t i o n procedure , the t i t r a t i o n of excess 
ferrous ions w i t h permanganate is suggested. 
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Ozone Concentration Meters 

CLAYTON D. ALWAY and GEORGE SLOMP, Jr. 

The Upjohn Co., Kalamazoo, Mich. 

Three meters were designed and built to measure the 
concentration of ozone in an ozonized-oxygen stream. 
They were used in both laboratory and large-scale 
ozonolyses. Their construction and operation are 
described. 

In p e r f o r m i n g care fu l ly contro l l ed ozonolysis exper iments for k ine t i c studies , i t was 
convenient to have a means for cont inuous ly assaying the ozonized oxygen s t ream. 
I n th is w a y , g r a d u a l dr i f t s i n the ozone concentra t i on cou ld be compensated for b y a 
change i n the a p p l i e d vo l tage on the ozone generator . T h u s , the ozone concentrat i on 
a n d also the rate of ozone a d d i t i o n c o u l d be h e l d constant . I n s t r u m e n t s w h i c h were 
designed a n d constructed for th i s purpose have also been i n c o r p o r a t e d i n p r o d u c t i o n -
size ins ta l la t i ons . T h e y offer a convenient a n d accurate means for m e a s u r i n g the t o t a l 
a m o u n t of ozone used i n a chemica l react ion a n d are r e a d i l y a d a p t e d to a u t o m a t i c r e 
cord ing operat i on . 

Because ozonolysis reactions are becoming increas ing ly i m p o r t a n t i n the chemica l 
i n d u s t r y , these i n s t r u m e n t s shou ld be of interest to m a n y engineers a n d designers. 
T h i s paper , therefore, describes the cons t ruc t i on a n d operat i on of three such i n s t r u 
ments . T h e first is r a t h e r s imple i n cons t ruc t i on , ye t v e r y sat i s fac tory . T h e second 
a n d t h i r d models incorporate c e r ta in ref inements w h i c h i m p r o v e the s t a b i l i t y a n d 
ease of operat i on b u t also increase the cost of c ons t ruc t i on . T h e t h i r d , or mos t ele
gant , i n s t r u m e n t was constructed at a cost of less t h a n $1000. 

Method of Measurement 

O f the var i ous methods ava i lab le for the d e t e r m i n a t i o n of ozone i n gaseous 
m i x t u r e s (4 ) , the spec t rophotometr i c methods , p a r t i c u l a r l y the u l t r a v i o l e t , appeared to 
be most su i ted for the purpose . These methods are a l l based on the s trong absorp t i on 
m a x i m u m for ozone i n the u l t r a v i o l e t at 254 m ^ . T h u s , one can determine ozone c o n 
cent ra t i on w i t h a B e c k m a n spectrophotometer b y the usua l procedure . S e v e r a l o ther 
i n s t r u m e n t s (1, 3, 6) have been speci f ical ly designed to measure ozone concentrat ions 
b y th is p h o t o m e t r i c m e t h o d . T h e meters construc ted b y the authors also operate o n 
th is p r i n c i p l e . T h e t o t a l ozone s t ream, or a n a l iquot of k n o w n p r o p o r t i o n , is passed 
t h r o u g h the meter a n d the per cent t r a n s m i t t a n c e a t 253.7 m/A is read f r o m the d i a l . 
T h e ozone concentrat ion at th i s t e m p e r a t u r e a n d pressure is t h e n either de termined 
f r o m a c a l i b r a t i o n curve ( F i g u r e 1 ) , construc ted f r o m t i t r a t i o n d a t a (the d i a l cou ld 
be ca l i b ra ted d i r e c t l y i n concentrat ion u n i t s ) , or ca l cu lated (2) u s ing Beer ' s l a w : 

Login y = a — d 

where a is 149 ( 5 ) . 
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ALWAY AND SLOMP—CONCENTRATION METERS 109 

MM OZONE PER MINUTE 

Figure 1. Calibration curve for Model 2 
ozone meter at two pressures 

T h e effect of the u l t r a v i o l e t l i g h t o n the ozone concentrat i on was de termined b y 
t i t r a t i n g samples col lected w i t h a n d w i t h o u t the meter i n operat i on . A t a pressure 
of 112 m m . of m e r c u r y , a flow of 0.3 l i t e r per m i n u t e , a n d a t e m p e r a t u r e of 20° , the 
ozone concentra t i on of the effluent f r o m the meter was about 9 4 % of t h a t de l ivered to 
the meter . 

Construction of Meters 

A l l these meters u t i l i z e the h i g h absorbance of ozone at 254 m ^ . F o r t u n a t e l y , th is 
a b s o r p t i o n peak corresponds a lmost exac t ly w i t h the p o w e r f u l m e r c u r y l ine at 253.7 ταμ. 
W i t h the a i d of sui table f i l ters , a G e n e r a l E l e c t r i c g e r m i c i d a l l a m p is used as a n e a r l y 
m o n o c h r o m a t i c l i g h t source. T h e G E 4 W g e r m i c i d a l l a m p generates o n l y a s m a l l 
a m o u n t of l i g h t b o t h above a n d below the m a i n peak at 2537 A . T h e l a m p is m a s k e d 
to use r a d i a t i o n just above the d a r k space at the cathode end . ( T h e anode end has a 
h igh - f requency f l icker . ) T h i s l i g h t is a l l owed to f a l l o n t w o photocel ls , o n one d i r e c t l y , 
generat ing a reference current , a n d on the other v i a the a b s o r p t i o n ce l l , generat ing a 
sample cur rent . 

T h e currents f r o m these two photocel ls , mod i f i ed so as to conta in large a l t e r n a t i n g 
c u r r e n t components , are c o m p a r e d i n a c a l i b r a t e d , ad justable resistance n e t w o r k . T h e 
difference c u r r e n t is fed to a n ampl i f i e r w h i c h dr ives a s m a l l two-phase servo -motor . 
T h i s m o t o r is coup led b a c k t h r o u g h a gear t r a i n to th is c a l i b r a t e d ad justable resistance 
n e t w o r k . T h u s , w h e n l i g h t reaching the sample photoce l l is reduced b y the presence 
of ozone i n the a b s o r p t i o n ce l l , the difference o u t p u t is f ed to the ampl i f i e r , w h i c h 
causes the servo -motor t o rotate i n the a p p r o p r i a t e d i re c t i on , to cause the resistance 
n e t w o r k to insert i n the reference photoce l l c i r cu i t a n a t t e n u a t i o n equa l to the r e d u c t i o n 
of the l i g h t f a l l i n g u p o n the sample photoce l l . W h e n the balance has been reached, 
the m o t o r stops a n d the per cent t r a n s m i t t a n c e can be read f r o m the d i a l of the 
c a l i b r a t e d resistance n e t w o r k . M e a n s are p r o v i d e d for ad jus t ing the d i a l to zero con 
cent ra t i on , or 1 0 0 % t r a n s m i t t a n c e , w i t h no ozone present . 

T w o methods are e m p l o y e d to o b t a i n f r o m these photocel ls o u t p u t currents w i t h 
large a l t e r n a t i n g c u r r e n t components . I n M o d e l 1 a 60-cps. a l t e r n a t i n g c u r r e n t p o l a r 
i z i n g vo l tage is a p p l i e d to the cells, whi l e M o d e l s 2 a n d 3 use a r o t a t i n g - d i s k chopper 
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c o m p r i s e d of a l t e r n a t i n g segments of two different glass f i l ters w h i c h were chosen so 
t h a t the 2537 A . l i g h t is c h o p p e d at 60 cps. T h e r o t a t i n g - d i s k chopper also m i n i m i z e s 
the effects of l i g h t f r o m the g e r m i c i d a l l a m p of h igher a n d lower wave l e n g t h t h a n 
2537 A . I n M o d e l 1 the effect of th i s l i g h t is m i n i m i z e d b y means of a m o v a b l e f i l ter 
of C o r n i n g 9700 glass. T h e i n s t r u m e n t is ad jus ted to zero t r a n s m i t t a n c e w i t h the f i l ter 
i n f r o n t of the sample ce l l . 

Rotating Disk Chopper. A l t h o u g h most of the energy of the m e r c u r y v a p o r l a m p 
is a t 2537 A . i t is desirable to reduce to a m i n i m u m the effect of r a d i a t i o n a t other 
wave lengths . U n f o r t u n a t e l y , the n u m b e r of band-pass f i lters for the u l t r a v i o l e t 
region is v e r y l i m i t e d . T h e combined effect of a band-pass filter a n d a n o p t i c a l chopper 
was ach ieved t h r o u g h the use of a r o t a t i n g d isk composed of segments of t w o different 
u l t r a v i o l e t - t r a n s m i t t i n g glass filters. T h e r o t a t i n g - d i s k device ( F i g u r e 2) consists of 
f our 90° segments of about l ^ - i n c h radius he ld together b y a n a r b o r a n d r o t a t e d <at 

Figure 2. Rotating disk construction 

1800 r . p . m . b y a synchronous m o t o r . T h e segments of the d i sk are composed of 
pieces of C o r n i n g 9700 a n d 7910 glass 2 m m . t h i c k , a r ranged a l t e r n a t e l y . I n the wave 
l e n g t h reg ion longer t h a n 350 τημ, these glasses t r a n s m i t equa l l y w e l l . I n the region 
between 240 a n d 280 m/χ, the 7910 glass t r a n s m i t s w e l l ; the 9700 glass t r a n s m i t s h a r d l y 
at a l l . T h u s , the r o t a t i n g d isk modulates or " c h o p s " a t 60 cps. l i g h t whose wave 
l e n g t h lies w i t h i n these l i m i t s . A s the cutoff of these glasses is no t ex t remely s h a r p , the 
c h o p p i n g effect is extended i n lesser degree f r o m 220 to 320 ηΐμ. 

Absorption Cells. T h e a b s o r p t i o n cells for M o d e l 1 a n d 2 ozone meters (F igures 
3 a n d 4) are construc ted of stainless steel a n d have C o r n i n g 7910 V y c o r c i r c u l a r 
w indows exact ly 1.0 m m . a p a r t . T h e design was i m p r o v e d i n M o d e l 3 to p e r m i t the 
ce l l th ickness to be more prec ise ly m a i n t a i n e d ( F i g u r e 4 ) . T h i s ce l l is construc ted of 
anod ized a l u m i n u m . 

Optical Systems and Circuits. A d d i t i o n a l detai ls of c ons t ruc t i on are s h o w n i n 
F i g u r e s 5 t h r o u g h 16. 
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Figure 3. Absorption cell, Model 1 and Model 2 ozone meters 
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112 ADVANCES IN CHEMISTRY SERIES 

Figure 4. Absorp

tion cell, Model 3 

ozone meter 

Figure 5. Model 1 ozone meter 
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1.5κ io w Clare slow operating relay or any other reasonably sensitive relay. 

Figure 6. Mercury lamp circuit, Model 1 ozone meter 

Figure 7. Circuit, Model 1 ozone meter 
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Figure 8. Model 2 ozone meter 

Figure 9. Top view, Model 2 ozone meter 
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Figure 10. Back view, Model 2 ozone meter 

Figure 11. Bottom view, Model 2 ozone meter 
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Figure 12. Optical system/ Model 2 ozone meter 

Figure 13. Circuit, Model 3 ozone meter 
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Figure 14. Model 3 ozone meter 

Figure 15. Top view, Model 3 ozone meter 
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Figure 16. Bottom view, Model 3 ozone meter 
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Nonaqueous Colorimetric Method 
for Determination of Ozone 

A. D. DELMAN, A. E. RUFF, Β. B. SIMMS, and A. R. ALLISON 

Material Laboratory, New York Naval Shipyard, New York, Ν. Y. 

A new colorimetric procedure has been developed 
for the quantitative measurement of atmospheric 
ozone. The specific, sensitive, and reproducible non
aqueous method utilizes the rate of color produced 
on ozonization of o-dichlorobenzene solutions of 
N-phenyl-2-naphthylamine. The color reaction con
forms to Beer's law and has a practical sensitivity of 
±1.8 X 10-3 mg. of ozone. Oxygen and oxides of 
nitrogen, in concentrations greater than those nor
mally occurring in the atmosphere, do not interfere 
with the chromogenic reaction. 

Investigation of the degradat ive effects of ozone on elastomeric mater ia l s has necessi
t a t e d deve lop ing techniques to measure ozone concentra t i on prec ise ly . T h e l i t e r a t u r e 
(2-4, 7, 9, 10, IS) has presented the efforts of several workers . H o w e v e r , the t e c h 
niques used cost ly e q u i p m e n t such as i n f r a r e d a n d u l t r a v i o l e t spectrophotometers , 
aqueous co lor imetr i c methods i n v o l v i n g the f o r m a t i o n or des t ruc t i on of fluorescence or 
dyes, a n d i odometr i c procedures . 

A q u e o u s co l o r imetr i c methods give errat i c results , because trace amounts of such 
o x i d i z i n g agents as oxides of n i t r o g e n inter fere . I n the i odometr i c procedures (2-4), 
the reac t i on of ozone w i t h po tass ium iodide is s ign i f i cant ly affected b y the p H of the 
reac t ing m e d i u m a n d is t r u l y q u a n t i t a t i v e o n l y i n n e u t r a l so lut i on . D u r i n g the analys is 
of a i r c o n t a i n i n g h i g h ozone concentrat ions , for example , the po tass ium iodide so lu 
t ions t e n d to increase i n a l k a l i n i t y r e su l t ing f r o m the f o r m a t i o n of p o t a s s i u m h y d r o x i d e , 
a n d the results become m o r e inaccurate w i t h increas ing a b s o r p t i o n t i m e . H o w e v e r , the 
i odometr i c procedure agrees over a n ozone concentrat ion range f r o m 24 to 160 m g . per 
l i t e r (2, 3, 8), w i t h absolute methods based on gas dens i ty measurements . I t is ac 
curate to 0.06 m g . per l i t e r i f precaut ions are t a k e n to c o n t r o l p H a n d a v o i d loss of 
iodine b y v a p o r i z a t i o n . 

T h e authors invest igated b y v i s cometr i c techniques (5, 6) the p o t e n t i a l s u i t a b i l i t y 
of several c o m m e r c i a l l y ava i lab le chemicals as i n h i b i t o r s of ozone- induced p o l y m e r 
cha in scission. C o l o r changes were observed d u r i n g the ozon izat ion of e lastomer s o l u 
t ions c o n t a i n i n g such pro te c tant chemicals as iV^Af ' -d i - sec -buty l -p -phenylened iamine , 
n i c k e l d i b u t y l d i t h i o c a r b a m a t e , a n d 6 - e t h o x y - l , 2 - d i h y d r o - 2 , 2 , 4 - t r i m e t h y l q u i n o l i n e , r e 
spec t ive ly . T h e chromogenic react ions of these a n d other chemicals i n d i c a t e d t h a t the 
color change v a r i e d w i t h ozone concentrat ion , a n d of the chemicals examined , i V - p h e n y l -
2 - n a p h t h y l a m i n e exh ib i ted super ior b e h a v i o r . T h i s paper reports i t s use as a c o l o r i 
m e t r i c reagent for d e t e r m i n i n g ozone concentrat ions . 
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120 ADVANCES IN CHEMISTRY SERIES 

Reagents a n d Appa ra tu s 

C O L O R I M E T R Y . A 0 . 0 1 M s o l u t i o n of i V - p h e n y l - 2 - n a p h t h y l a m i n e is p r e p a r e d b y d i s 
so lv ing 0.439 g r a m of chemica l , E a s t m a n K o d a k N o . 2767 or equ iva lent , i n 200 m l . of 
red is t i l l ed o-dichlorobenzene. 

I O D O M E T R I C C A L I B R A T I O N . P o t a s s i u m iodide ( c rys ta l l ine powder , reagent g rade ) , 
0.002iV s o d i u m th iosul fate , 0 . 0 2 5 N po tass ium d i h y d r o g e n phosphate , 0.025iV d i s o d i u m 
h y d r o g e n phosphate , 0 . 0 0 2 N iodine , 5 0 % su l fur i c a c i d (by v o l u m e ) , a n d 2 % soluble 
s t a r c h (by weight ) are requ i red . 

O X I D E S OF N I T R O G E N . T O determine t h e i r concentrat ion , 0.0IN p o t a s s i u m p e r 
manganate a n d su l fur i c a c id (specific g r a v i t y 1.84 at 15.6° C . ) are r equ i red . A 0.005iV 
s o d i u m carbonate so lut ion conta in ing 0.1 mole of po tass ium permanganate (11) is used 
as a n absorbant for oxides of n i t rogen . 

O Z O N I Z A T I O N . T h e a p p a r a t u s used to ozonize a l l so lut ions has been descr ibed i n 
d e t a i l (6"). 

C O L O R I M E T R Y M E A S U R E M E N T S . A K l e t t - S u m m e r s o n photoe lectr ic co lor imeter , 
M o d e l M 3 8 9 6 , equ ipped w i t h a N o . 42 f i l ter h a v i n g a n a p p r o x i m a t e spec t ra l range 
f r o m 400 to 465 ιημ, was used for co lor imetr i c measurements . 

Exper imental 

A n inves t iga t i on of the effects of reagent concentrat i on on the i n t e n s i t y of color 
p r o d u c e d d u r i n g the chromogenic reac t i on between ozone a n d 7 V - p h e n y l - 2 - n a p h t h y l -
amine i n o-dichlorobenzene i n d i c a t e d t h a t the o p t i m u m so lu t i on concentrat ion was 
0 . 0 1 M . 

Reaction Rate. T h e i n t e n s i t y of color p r o d u c e d d u r i n g ozon izat ion of i V - p h e n y l -
2 - n a p h t h y l a m i n e i n o-dichlorobenzene so lut ion was de termined . A s t ream of ozonized 
a i r or ozonized oxygen, flowing at a rate of 0.05, 0.10, 0.15, a n d 0.20 cubic meter per 
hour , respect ive ly , was b u b b l e d t h r o u g h 200 m l . of a so lut ion c o n t a i n i n g 0.01 mole of 
reagent a t r o o m t e m p e r a t u r e a n d a tmospher i c pressure. A l i q u o t s of the ozonized 
so lut ions were r e m o v e d at preselected t ime i n t e r v a l s for co lor imetr i c measurement . 
T h e results obta ined for each of the flow rates were i d e n t i c a l for the respect ive ozonized 
gases. T h e d a t a are p l o t t e d i n F i g u r e 1. T h e results of the chromogenic reac t i on 
v a r y w i t h the concentrat ion of ozone i n accordance w i t h Beer ' s l a w . 

Calibration. T h e ozone equ iva lency of co lor imeter scale readings, i n t e rms of 
m i l l i g r a m s of ozone, was ca l cu la ted f r o m i odometr i c measurements (12) of ozone 

700 r 

REACTION TIME-MINUTES 

Figure 1. Rate of color formation 
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DELMAN, RUFF, SIMMS, AND ALLISON-COLORIMETRIC DETERMINATION 121 

concentrat i on . T h e ozonized gas was passed t h r o u g h a so lut ion conta in ing 20 grams of 
po tass ium iodide a n d 50 m l . each of 0.002iV s o d i u m th iosu l fate , 0.0257V p o t a s s i u m d i -
hydrogen phosphate , a n d 0.0257V d i s o d i u m h y d r o g e n phosphate for prede termined 
t ime i n t e r v a l s at r o o m t e m p e r a t u r e a n d atmospher i c pressure. T h e unreac ted s o d i u m 
thiosul fate was t i t r a t e d w i t h a s t a n d a r d i z e d 0 . 0 0 2 ^ iod ine so lut i on , us ing f reshly p r e 
p a r e d soluble s ta r ch so lut ion as the i n d i c a t o r . T h e v o l u m e of effluent gas was cor 
rected for t e m p e r a t u r e a n d pressure to 25° C . a n d 760 m m . T h e ozone concentrat i on 
was ca l cu lated as f o l l ows : 

Ozone concentration, mg. per liter — 

ml. of iodine (blank — sample) Χ Ν of iodine X 24 . . 
corrected volume 

A p lo t of co lor imeter scale readings against m i l l i g r a m s of ozone gave a s t ra ight - l ine 
curve . 

F i g u r e 2 presents the ozone concentrat ion measurements of ozonized a i r a n d ozo-

OZONIZED OXYOEN 

F L O W R A T E - C U B I C 

M E T E R P E R H O U R 

Figure 2. Ozone concentration by 
iodometry 

n i z e d oxygen. T h e ozone concentrat i on was inverse ly p r o p o r t i o n a l to the rate of flow 
of effluent gas. I n a d d i t i o n , the q u a n t i t y of ozone p r o d u c e d b y the generator remains 
r e l a t i v e l y constant for each of the gases s tud ied . 

T h e c a l i b r a t i o n re la t i onsh ip , co lor imeter scale read ing vs. m i l l i g r a m s of ozone, m a y 
be used to determine the ozone concentrat i on of u n k n o w n specimens. 

Ozone concentration (mg. per liter) = 

colorimeter scale reading X mg. of ozone equiv. ^ 
corrected volume 

Effects of Oxygen. T h e effects of oxygen alone o n o-dichlorobenzene solut ions 
of i V - p h e n y l - 2 - n a p h t h y l a m i n e were de termined b y repeat ing the procedure w i t h u n -
ozonized oxygen. A s no signi f icant co lor change was observed i n the reagent so lut ion 
a f ter 6 hours , oxygen alone has no effect o n the chromogenic r eac t i on . 

Effects of Oxides of Nitrogen. T o determine the effects of oxides of n i t r o g e n o n 
the chromogenic reac t i on invest igated , the ozon izat ion procedure was repeated a f ter 
pass ing the ozonized a i r t h r o u g h a p p r o x i m a t e l y 20 m l . of p o t a s s i u m permanganate 
absorbant . 
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122 ADVANCES IN CHEMISTRY SERIES 

T h e results were ident i ca l w i t h those for ozonized a i r ( F i g u r e 1 ) . There fore , the 
oxides of n i t rogen are complete ly removed b y this absorbant w i t h o u t affecting the 
ozone concentrat i on . 

T h e concentrat ion of oxides of n i t rogen i n ozonized a i r was de termined b y b u b b l i n g 
a s t r e a m of gas, flowing at 0.05, 0.10, 0.15, a n d 0.20 cubic meter per hour , respect ive ly , 
t h r o u g h 50 m l . of concentrated su l fur i c ac id for 2 hours at r o o m t e m p e r a t u r e a n d a t 
mospher i c pressure. T h e ac id c o n t a i n i n g the absorbed oxides of n i t rogen was added 
s l owly to 50 m l . of d i s t i l l ed water i n a n ice b a t h , so as to f o r m two layers . T h e ch i l l ed 
l i q u i d was t h e n t i t r a t e d w i t h O.OliV* po tass ium permanganate so lut ion , w i t h g r a d u a l 
s t i r r i n g to m i x the two layers s l owly , u n t i l a fa in t p i n k color pers isted for 
1 m i n u t e . T h e v o l u m e of ozonized a i r was corrected for t e m p e r a t u r e a n d pressure to 
25° C . a n d 760 m m . T h e va lue of oxides of n i t r o g e n , de te r m ined as n i t r o g e n dioxide , 
were ca l cu lated . 

Concentration of oxides of nitrogen (mg. per liter) = 

ml. of K M n Q 4 Χ Ν of K M n Q 4 X 46 ( 3 ) 

corrected volume 

R e s u l t s of these measurements are presented i n F i g u r e 3. These concentrat ions of 
oxides of n i t rogen , greater even t h a n the 0.7 X 1 0 - 3 m g . per l i t e r encountered i n a i r 

FLOW RATE-CUBIC METER PER HOUR 

Figure 3. Concentration of oxides of nitrogen in 
ozonized air 

samples d u r i n g smog i n L o s Angeles (1), have no effect on the i n t e n s i t y of color 
p r o d u c e d i n the reagent so lu t i on d u r i n g ozon izat i on . 

A p p l i c a b i l i t y o f M e t h o d . T h e p o t e n t i a l s u i t a b i l i t y of the co lor imetr i c technique , 
f o r use i n m e a s u r i n g a tmospher i c ozone concentrat i on , was de termined b y repeat ing 
the ozon iza t i on procedure w i t h unozon ized a i r flowing a t 0.40 cubic meter per h o u r . 
I o d o m e t r i c measurements of a tmospher i c ozone concentrat i on were m a d e s i m u l 
taneous ly . 

T h e results of co lor imetr i c measurements are g i v e n i n F i g u r e 4. T h e ozone c o n 
c e n t r a t i o n of th is a i r spec imen was, us ing E q u a t i o n 2, a p p r o x i m a t e l y 1.8 Χ 1 0 - 4 m g . 
p e r l i t e r . T h i s va lue is equ iva lent to 9 p . p . h . m . ( b y v o l u m e ) , w h i c h is i d e n t i c a l w i t h 
t h a t d e te r mined i o d o m e t r i c a l l y . 

Recommended Procedure 

A s the chromogenic react ion presented fol lows Beer ' s l a w , the recommended p r o 
cedure is as f o l l ows : 
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B u b b l e a s t ream of a i r t h r o u g h the reagent so lu t i on u n t i l a co lor change is ob 
served. M a k e a single co lor imetr i c measurement of the ozonized reagent. D e t e r m i n e 
the v o l u m e of effluent gas used, correc t ing for t e m p e r a t u r e a n d pressure. C a l c u l a t e the 
ozone concentrat i on , us ing E q u a t i o n 2. 

2 4 r 

ο 

REACTION TIME-HOURS 

Figure 4. Rate of color formation by atmospheric ozone 

Precision of Method 

Because the prec is ion of measurement is a p p r o x i m a t e l y 0.1 d i v i s i o n at the m i d 
po in t of the co lor imeter scale, i n the w o r k i n g range used, the s e n s i t i v i t y of the c o l o r i 
m e t r i c technique is equiva lent to a p p r o x i m a t e l y ± 1 . 8 X 1 0 - 3 m g . of ozone. 
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Automatic Chemical Determination 
of Atmospheric Ozone 

VICTOR H. REGENER 

Department of Physics, University of New Mexico, Albuquerque, Ν. M. 

An automatic recorder of atmospheric ozone has 
been developed which gives direct and absolute 
measure of ozone in the atmosphere in the form of a 
direct-reading curve. The fact that ozone dissociates 
at 300° C. is used to prevent interference from other 
atmospheric components. 

The need for a n a u t o m a t i c recorder of a tmospher i c ozone, w h i c h w o u l d d i s c r iminate 
against other ox idants i n the atmosphere a n d w o u l d trace a d i re c t - r ead ing curve , l ed 
to the deve lopment of the i n s t r u m e n t descr ibed. 

T h e p r i n c i p l e of the m e t h o d is shown i n F i g u r e 1. 
Outs ide a i r enters at the b o t t o m a n d d iv ides i n equal par t s to the r i g h t a n d le f t . 

T h e a i r m a y be heated to a t e m p e r a t u r e of about 300° C . b y each of the electric ovens. 
A t th i s t e m p e r a t u r e ozone is dissociated, a n d this specific p r o p e r t y of ozone is used here 
t o d i s c r i m i n a t e against other a tmospher i c components w h i c h m a y affect the chemica l 
reac t i on . I f one heater is on a n d the other off, the heated a i r s t ream is free of ozone. 
A f t e r b u b b l i n g t h r o u g h the reac t i on chambers , the a i r is r e m o v e d t h r o u g h the out let 
s h o w n at the t o p of F i g u r e 1. A t present, a f low rate of 7 l i ters of a i r per m i n u t e 
t h r o u g h each chamber is used. 

T h e reac t ion chambers are s u p p l i e d w i t h d i s t i l l ed water d i r e c t l y f r o m a glass d i s 
t i l l i n g a p p a r a t u s a n d s imul taneous ly w i t h a so lut i on conta in ing essential ly po tass ium 
iodide a n d s o d i u m th iosu l fa te . T h e so lut ion accumulates i n a s tandp ipe ( u p p e r ha l f 
of F i g u r e 1) a n d is d i v i d e d in to two exact ly equal par t s b y two capi l lar ies before enter 
i n g the reac t i on chambers . I t dra ins eventua l ly t h r o u g h overf low tubes. T h e rate of 
flow of the so lu t i on gives i t a m e a n l i fe of about 30 minutes i n the react ion chamber . 

T h e chemica l reac t i on is of the iod ide- iod ine t y p e ; the ozone produces iod ine 
q u a n t i t a t i v e l y f r o m the po tass ium iodide so lu t i on . A d d i t i o n of s o d i u m th iosu l fa te to 
the p o t a s s i u m iod ide so lut ion prevents v o l a t i l i z a t i o n of the iodine (5) a n d al lows a c c u 
rate a m p e r o m e t r i c detect ion of the end po int b y means of a p a i r of sensing electrodes 
(8-4). 

T h e q u a n t i t y of s o d i u m th iosul fate i n each chamber is t i t r a t e d b y a coulometr i c 
p r o d u c t i o n of iod ine f r o m the iod ide so lut ion w i t h a c u r r e n t w h i c h passes t h r o u g h a 
separate p a i r of p r o d u c t i o n electrodes. T h i s m e t h o d of d e t e r m i n i n g s o d i u m thiosul fate 
has been used f o r some t ime b y E h m e r t (2) i n a m a n u a l m e t h o d for ozone d e t e r m i n a 
t i o n . 

B o t h the sensing a n d the p r o d u c t i o n electrodes are m o u n t e d i n a separate tube 
( F i g u r e 1 ) , t h r o u g h w h i c h the so lut i on flows at a fast rate due to the p u m p i n g ac t i on 
of the a i r s t r e a m w h i c h passes t h r o u g h the react ion chamber . T h e arrows i n F i g u r e 1 
ind i ca te the d i re c t i on of th is c i r c u l a t i o n . 

T o render th i s process a u t o m a t i c the current flowing t h r o u g h the sensing electrodes 
due to the appearance of iodine is used to c o n t r o l the concentrat i on of iod ine b y 
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AIR OUT 

WATER SOLUTION 

PRODUCTION f S 
ELECTRODESI 

Ο ο 

SENSING 
ELECTRODES 

CHAMBER 3 

AIR IN 

Figure 1. Simplified schematic diagram of 
differential method of recording atmospheric 

ozone 

means of a servo sys tem. T h e servo l oop consists of a c o m m e r c i a l d irect cur rent 
ampl i f i er , w h i c h employs a chopper at the i n p u t a n d operates d i r e c t l y i n t o a servo 
m o t o r . T h i s m o t o r adjusts the pos i t i on of a potent iometer to increase the current 
t h r o u g h the p r o d u c t i o n electrodes w h e n the iodine concentrat ion is l o w a n d decrease i t 
w h e n the iod ine concentrat i on is h i g h . T h e servo sys tem is ad jus ted to m a i n t a i n the 
current t h r o u g h the sensing electrodes at 10~ 7 ampere . 

E a c h of the t w o chambers has i t s o w n servo ampl i f i e r . T h e i o d i n e - p r o d u c i n g 
current is thus for each chamber a measure of the a m o u n t of s o d i u m th iosul fate w h i c h 
enters per u n i t t i m e a n d has not reacted w i t h iodine f r o m other sources. I f b o t h ovens 
are i n operat i on , the a i r f lowing t h r o u g h the t w o chambers is a l ike i n every respect 
a n d the t w o i o d i n e - p r o d u c i n g currents are equa l . H o w e v e r , w h e n one of the ovens is 
t u r n e d off, one chamber is s u p p l i e d w i t h ozone, w h i c h produces iodine f r o m the 
iodide . 

T h e difference of the t w o p r o d u c t i o n currents w h i c h n o w develops is a d irect a n d 
absolute measure of the a m o u n t of ozone reac t ing per u n i t t i m e i n the chamber s u p p l i e d 
w i t h ozone. T h i s difference i n the t w o p r o d u c t i o n currents is recorded on a s t r i p c h a r t 
recorder . 

T h e d i f ferent ia l m e t h o d of m e a s u r i n g ozone has the added convenience t h a t the 
i n d i c a t i o n of the i n s t r u m e n t does not depend o n the s t rength of the so lu t i on . A d i lu te 
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AIR OUT 

D 
SOLUTION IN 

Figure 2. Schematic diagram 
of reaction chamber 

so lu t i on of s o d i u m thiosul fate does n o t s tay constant for several days unless spec ia l 
precaut ions are t a k e n (1). 

F i g u r e 2 shows the a c t u a l c ons t ruc t i on of one of the chambers . 

T h e a i r s t r e a m enters at A, rises i n the n a r r o w space between the inside tube a n d 
the outside tube of chamber B, a n d leaves a t C. T h e so lu t i on enters t h r o u g h the 
c a p i l l a r y a t D; i t leaves e v e n t u a l l y t h r o u g h the overf low, F, a n d then t h r o u g h a t r a p 
connected to G. T h e anode for iod ine p r o d u c t i o n is at H; the cathode is recessed in to 
the overf low tube a t Ε t o a v o i d r e d u c t i o n of i od ine . T h e sensing electrodes are at J. 
T h e p u m p i n g a c t i o n of the a i r makes the so lu t i on complete the closed paths f r o m the 
anode Η d o w n t h r o u g h the center tube past the sensing electrodes, J, a n d t h e n u p 
t h r o u g h chamber Β w i t h i n a few seconds. T h u s the sensing electrodes perceive a 
change i n the iodine concentrat ion w i t h no apprec iab le de lay . 

T h e s t rength of the so lut ion is ad justed to g ive a no-ozone p r o d u c t i o n current of 
about 150 /xa. A n o r m a l a tmospher i c ozone concentrat ion of about 2.5 X 1 0 ~ 3 c m . 
per k m . reduces th is cur rent i n the " a c t i v e " chamber to 130 μα. T h e response t i m e 
of the i n s t r u m e n t to a sudden change i n ozone concentrat i on is on the order of 1 
m i n u t e . 

F i g u r e 3 shows a t y p i c a l ozone record for one d a y at A l b u q u e r q u e . 

Figure 3. Record of concentration of atmospheric ozone at the earth's surface for 
one day at Albuquerque, Ν . M. 
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Chemical Ozone Measurement 

ALFRED EHMERT 

Max Planck-Institut für Physik der Stratosphare, Weissenau bei Ravensburg, Germany, 

A simple method for measuring ozone concentration 
semiautomatically is presented. The amount of 
sodium thiosulfate equivalent to the ozone present is 
measured by electrolysis with an iodinemeter. A l 
though smoke interferes, the true ozone content can 
be measured by difference at higher temperatures. 
The consistency of measurements with this method is 
demonstrated. 

A w e l l k n o w n react ion for m e a s u r i n g ozone is the o x i d a t i o n of po tass ium iodide i n 
n e u t r a l so lut ion : 

2KI + 0 3 + H 2 0 0 2 + 2 K O H + 12 (1) 

I n the m e t h o d of C a u e r (2) the free iodine, f o r m e d m o s t l y as I 3 ~ , is b l o w n out w i t h 
the a i r w h i c h br ings i n the ozone. T h e r e m a i n i n g po tass ium iodide is ox id ized w i t h 
n i t r i c a c id . T h i s m e t h o d is di f f icult , a n d the so lut i on needs buf fer ing . F u r t h e r m o r e , 
i t is di f f icult to m a k e the reac t i on go to c omple t i on , as the po tass ium iodide c o n 
cent ra t i on m u s t be v e r y l o w i f s m a l l ozone concentrat ions are to be measured . 

B e s t results are obta ined b y us ing s o d i u m thiosul fate i n a more concentrated 
n e u t r a l so lut ion of po tass ium iod ide . B y the q u i c k secondary react ion 

2Na 2 S 2 0 3 + L -> 2NaI + N a ^ O e (2) 

the act ive free iodine is i m m e d i a t e l y b r o u g h t in to the nonac t ive ionic f o r m . T h e loss 
of s o d i u m thiosul fate is measured b y t i t r a t i o n or cou lometry . 

M e t h o d s for d e t e r m i n i n g ozone were developed b y Regener (10) a n d E h m e r t (7). 
R e c o r d i n g methods were constructed b y G l u c k a u f , H e a l , M a r t i n , a n d P a n e t h (9) a n d 
B o w e n a n d Regener (1). T h e y added f ixed amounts of s o d i u m th iosul fate a u t o m a t i 
c a l l y a n d recorded the v o l u m e of a i r conta in ing the equiva lent a m o u n t of ozone. 

T h e a u t h o r developed a s imple m e t h o d for s e m i a u t o m a t i c a l l y measur ing ozone 
concentra t i on (5,7). 

T h e reac t i on vessel ( F i g u r e 1) , r equ i red spec ia l glasses such as Jenaer Gerâte-Glas 
w h i c h h a d no influence o n the so lu t i on even w h e n i t was i n the iod inemeter for 2 days . 
C a r e was used to prevent l i g h t f r o m enter ing the so lut i on . E x a c t l y 3 m l . of a n e u t r a l 
2 % po tass ium iodide so lut ion (1 m l . of 0.0 L/V s o d i u m thiosul fate i n 750 m l . of so lut ion) 
is p i p e t t e d i n t o bot t le 4. T h e bot t l e is a t tached to the a p p a r a t u s . I f a i r is t a k e n 
t h r o u g h j o in t 3 b y a p u m p or a connected evacuated vessel , the a i r enter ing a t the 
r ight side forces the so lut i on t h r o u g h the sintered-glass filter a t the l ower end of tube 1 
i n t o the bot t le . T h e a i r w h i c h fo l lows bubbles t h r o u g h the so lut i on . A t a rate of 2 
l i ters p e r m i n u t e , f u l l reac t ion occurs a n d no so lut i on leaves b y j o i n t 3 w i t h the a i r . 
F r o m 5 to 10 l i ters of a i r is used. A f t e r the react ion , bo t t l e 4 is detached a n d 
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EHMERT—CHEMICAL MEASUREMENT 129 

l owered b y about 1 cm. , a n d the so lut i on is b l o w n b a c k in to th is bo t t l e . A f t e r 2 m l . of 
water is p o u r e d i n at the u p p e r p o i n t , a l l of the so lu t i on is col lected aga in i n bot t le 4. 
T h e res idua l content of s o d i u m th iosul fate i n th is bot t le is measured a n d c o m p a r e d 
w i t h t h a t of a b l a n k . 

T h i s measurement is s imple a n d r a p i d w i t h a n iod inemeter [ C o l o r a G M B H (14a) 
L o r c h , G e r m a n y ] , whose c i r c u i t scheme is shown i n F i g u r e 2. F o u r p l a t i n u m electrodes 
are b r o u g h t i n t o the so lu t i on i n bot t l e 4, a n d the so lut i on is m o v e d against these 
electrodes. T w o of t h e m are connected to a n electr ic p o t e n t i a l of 0.18 v o l t (the va lue 
is no t c r i t i c a l ) . A t th is vo l tage , p o l a r i z a t i o n prevents e lectrolysis . B y i ts depo lar i z ing 
ac t i on , free iodine causes a n electric current d i r e c t l y p r o p o r t i o n a l to i t s concentrat i on , 
b u t po tass ium iodide produces no current . A s l ong as there is s o d i u m th iosul fate i n 
the so lut ion , no electric current can f low. T h e s e n s i t i v i t y is h i g h enough to a l low 
measurement w i t h s m a l l a m o u n t s of a i r . 

FINE GROSS 

Figure 2. Iodinemeter 
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F r e e iodine is p roduced i n the so lut ion w h e n the po tass ium iodide is e lec tro lyzed 
b y the t w o other electrodes w i t h a sui table cur rent . W h e n a l l of the s o d i u m th iosul fate 
has reacted w i t h iod ine , a c u r r e n t flows t h r o u g h the i n d i c a t i n g electrodes, w h i c h is 
l inear w i t h t i m e ( F i g u r e 3 ) . 

F r o m F a r a d a y ' s constant , 1 γ of iodine (1 γ = 1 0 ~ 6 g r a m ) is ob ta ined for a n elec
t ro lys i s c u r r e n t of 38 /xa. i n 20 seconds. T h i s coulometr i c m e t h o d does n o t need c a l i 
b r a t e d so lut ions . T h e sens i t i v i t y is h i g h enough to detect the equ iva lent w i t h a n 
ac curacy to 1 0 ~ 7 g r a m of iodine i n 10 m l . of so lut ion . H i g h e r accuracy is possible. 

M e a s u r e m e n t s a w a y f r o m i n d u s t r y a n d cities gave comparab le va lues (5 ) , b u t 
large errors arose f r o m smoke a n d i n d u s t r i a l c o n t a m i n a t i o n . These components , 
b r o u g h t i n t o the so lut ion w i t h the a i r , reduce iod ine . A s t h e i r reac t ion is n o t d i s 
t inguishable f r o m the ac t i on of s o d i u m thiosul fate , the ozone content ca l cu la ted is l o w . 
W i t h severe c o n t a m i n a t i o n b y smoke, " n e g a t i v e " ozone values are f o u n d . 

A s these c o n t a m i n a n t s w i t h s t a n d a br ie f heat ing to 150° C . whi le ozone undergoes 
decay, the t rue ozone content can be measured b y difference. S u c h measurements , o r i g -

/ E X P O S E D SOLUTION 

I r — I f — l i — Χ — X — x — 
Δ = 2 , 4 χ Ι 

l h ZERO CURRENT 

CONTROL 

Λ Τ NONEXPOSED 
SOLUTION 

Λ< RISE 

- » — » — * — * — » — * — * — * — * — * 
I 3 4 5 6 

I 
7 8 9 ΙΟ II 12 13 14 15 IODINE 

J I I EQUIVALENT, y 
Ο I 2 3 4 5 TIME, MINUTES 

'SWITCHING IN OF E L E C T R O L Y S E S AT 38 /Id. 

Figure 3. Typical current measurement 

i n a l l y u n d e r t a k e n to detect n i t r o g e n oxides b y the negat ive effect, b r o u g h t out the 
effect of c h i m n e y smoke i n h i g h d i l u t i o n . Changes of w i n d d i re c t i on are ac companied 
b y a p p a r e n t changes i n ozone concentra t i on , the greater p a r t resu l t ing f r o m c o n t a m i n a 
t i o n . 

T h e consistency of measurements w i t h th is m e t h o d is demonstra ted b y examples 
f r o m ear l ier pub l i ca t i ons . F i g u r e 4 shows t ropospher i c ozone d i s t r i b u t i o n {3, 4) · T h e 
r e l a t i o n of ozone to a i r is independent of he ight for a w e l l - m i x e d a i r mass . T h e 
t e m p e r a t u r e gradients ind i ca te the boundar ies of the a i r mass w i t h constant r e l a t i o n . 

F i g u r e 5 shows the v a r i a t i o n of ozone dens i ty at 1880 (Arosa ) a n d 400 meters 
( T u b i n g e n ) above g r o u n d (δ). T h e stat ions are 200 k m . a p a r t . D u r i n g the d a y 
t h e r m a l convect ion is h i g h a n d b o t h reach the same ozone content . A n e w a i r mass 
a r r i v i n g w i t h a w a r m f ront o n A u g u s t 11 b r o u g h t l ower ozone concentrat ions at b o t h 
s tat ions . T h e values at A r o s a are reduced for the a i r pressure at T u b i n g e n . 

F i g u r e 6 shows t w o independent measurements (tf), 1.5 a n d 21.5 meters above 
g r o u n d . A t severa l h u n d r e d meters , d a i l y v a r i a t i o n due to convect ion does n o t 
exist (8). N e a r the g r o u n d , w i n d condi t ions have severe inf luence, a n d ozone des t ruc 
t i o n occurs w h e n a i r convec t i on ceases. 
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r.h.,% WIND VELOCITY, M./SEC. 
Ο 100 20 10 0 

— OZONE DENSITY, T E M P E R A T U R E , e C 
I0" 3 CM./KM. 

(OZONE/AIR) χ I0 8 

Figure 4. Tropospheric ozone distribution measured by an aircraft 

Figure 5. Ozone density 
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AUG. 4 , 1951 " AUG. 5 ~ AUG. 6 " AUG. 7 

Figure 6. Comparison of independent ozone measurements 
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Products of Ozonization of Some Olefins 

RUDOLF CRIEGEE 

Technical University, Institute for Organic Chemistry, 
Karlsruhe, Germany 

The products of the ozonization of 2-butene in acetic 
acid and of 2,3-dimethyl-2-butene in isopropyl alcohol 
are compared with known substances. The mono-
meric ozonides of methyl trimethylacrylate and of 
trimethylacrolein are described. Some unsymmetri-
cally disubstituted ethylenes give epoxides instead of 
ozonides, when ozonized in inert solvents. 

Through the w o r k of m a n y invest igators i t has been s h o w n i n the last few years t h a t 
the reac t ion of olefins w i t h ozone takes place i n the f o l l owing w a y : 

> c > c . > c = 0 

Ν + o 3 — » | > 3 + 
> z > c > C - 0 0 " 

> + c-oo" 

1. Polymerization 
2. Addition of H - X 
3. Addition of aldehydes and, under special 

conditions, also of ketones 
4. Rearrangement to esters, lactones, or anhydrides 

T h e f irst in termed ia te , w h i c h never has been iso lated a n d therefore m u s t be v e r y 
unstable , is ca l led the Pnmârozonid or i n i t i a l ozonide (1). N o t h i n g can be sa id w i t h 
c e r t a i n t y at th is m o m e n t about i ts spec ia l s t ruc ture . 

T h e most i m p o r t a n t in termed ia te seems to be the z w i t t e r i o n w h i c h arises f r o m 
the spontaneous cleavage of the i n i t i a l ozonide. F r o m the z w i t t e r i o n a l l reac t i on 
produc ts w h i c h have been f o u n d f r o m different s t a r t i n g mater ia l s u n d e r different c o n 
d i t ions can be exp la ined . 

I n s t e a d of ozon iz ing t e t r a m e t h y l e t h y l e n e i n the presence of m e t h a n o l , the m e t h a n o l 
as so lvent has been rep laced b y i s o p r o p y l a lcohol : 

CHU ^ C H 3 n C H 3 . / C H 3 ChW ^ C H 3 
> = < 3 ° 3 > 3 > - O - C H - A - 3 > H - O - C H 

C H ^ ^ C H 3 (CH3î2CH.0H Q H ^ \ Q ( ) H ^ C H / ^ 

T h e h y d r o p e r o x y ether, f o rmed as reac t ion p r o d u c t , was i d e n t i c a l w i t h the first a u t o x i -
d a t i o n p r o d u c t of d i i s o p r o p y l ether. 

A f u r t h e r example for the ozon izat ion of a n olefin i n the presence of a so lvent c o n 
t a i n i n g ac t ive h y d r o g e n is the ozonolysis of 2-butene i n acetic a c i d as so lvent . T h e 
h y d r o p e r o x y ester was iso lated as a pure a n d ra ther stable l i q u i d . I t is dif ferent f r o m 
a c rys ta l l ine a u t o x i d a t i o n p r o d u c t of acetaldehyde (the "perox ide of L ô s c h " ) w h i c h 
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134 ADVANCES IN CHEMISTRY SERIES 

has the same e m p i r i c a l f o r m u l a . There fore , th i s peroxide cannot have the cons t i tu t i on 
of a h y d r o p e r o x y ester. 

0 ^ O O H 
C H 3 — C H = C H - C H 3 *> C H 3 — C H = 0 + CH 3 —CH—OAc 

HOAc 

C H 3 — C H = 0 ° 2 > CH 3 —CH—OOAc (peroxide of Losch) 
0° \ 

OH 

One i m p o r t a n t fact w h i c h is consistent w i t h the t h e o r y t h a t olefins are b u i l t b y a n 
a d d i t i o n process is the i m p o s s i b i l i t y of get t ing m o n o m e r i c ozonides f r o m a l i p h a t i c 
olefins w i t h f our subst i tuents a t the double b o n d . I n th i s case the one cleavage p r o d 
uc t of the olefin is a ketone w h i c h , because of i t s r e l a t i v e l y i n e r t C = 0 double b o n d , 
cannot a d d to the z w i t t e r i o n i n a n i n t e r m o l e c u l a r process. 

I f th is inertness of the keto g r o u p is the reason t h a t no a l i p h a t i c ketozonide cou ld 
be ob ta ined , t h e n i n such cases, where espec ia l ly h i g h l y react ive ketones w o u l d be 
p r o d u c e d , ketozonides shou ld be obta ined . 

V o n B o r n h a u p t (δ) therefore inves t igated the ozon izat ion of m e t h y l t r i m e t h y l 
a c ry la te i n pentane as the so lvent a n d f o u n d a m o n g the reac t i on p r o d u c t s i n 4 5 % 
y i e l d the m o n o m e r i c ozonide (bo i l ing p o i n t 0 5 2 9 - 3 0 ° , m e l t i n g po in t —3° ) : 

CH ^ C H , . C H , ^ 0 0 ^ . C H , 

CHf ^COOCH 3 CH 3 ^ c r ^ C O O C H 3 

T h e c o n s t i t u t i o n of the ozonide was p r o v e d b y analys is a n d b y r e d u c t i o n to ace
tone a n d m e t h y l p y r u v a t e . T h e f o r m a t i o n of th i s new ozonide can be exp la ined b y 

C H 3 \ / O C T 
the a d d i t i o n of m e t h y l p y r u v a t e to the z w i t t e r i o n ^ C . . Indeed , i t is k n o w n 

C H ^ 
t h a t the keto g roup of p y r u v i c a c i d is m u c h m o r e react ive t h a n t h a t i n s imple ketones. 

I n another p a r t of his w o r k v o n B o r n h a u p t (5) synthes ized the corresponding 
a ldehyde , the t r i m e t h y l a c r o l e i n . A l s o i n th i s case the f o r m a t i o n of a ketozonide 
seemed possible, because the keto group i n m e t h y l g l y o x a l is v e r y r eac t i ve : 

C H > \ C = C / C H 3 C H 3 ^ c / O O ^ c / C H 3 

CHf ^ C H = 0 CH,"" ^ C H O 

H o w e v e r , the ozonide ob ta ined (bo i l ing p o i n t 3 7 - 9 ° ) was s h o w n b y i ts i n f r a r e d 
s p e c t r u m to be i d e n t i c a l w i t h the ozonide of m e s i t y l oxide . There fore , the m e t h y l 
g l yoxa l ( w h i c h i n b o t h cases shou ld be the one in termediate ) adds to the z w i t t e r i o n no t 
as a ketone b u t as a n a l d e h y d e : 

C H 3 / C = C - C H O ^ C H ^ / C O " ?H> C H >C°°> 
7 C = C H - C O - C H , CHO I 

CH3' 

I f the f o r m a t i o n of a n ozonide h a d i n v o l v e d a n i n t r a m o l e c u l a r rearrangement i n 
stead of the r e c o m b i n a t i o n of t w o cleavage produc ts , t w o different ozonides w o u l d 
have been p r o d u c e d . 

These exper iments g ive some f u r t h e r evidence about the f o r m a t i o n of the ozonides 
f r o m the i n i t i a l ozonides. C o n c e r n i n g the f o r m a t i o n of the i n i t i a l ozonides f r o m the 
olefins a n d ozone, the l a t t e r seems to be a n e lectrophi l i c reagent. M e i n w a l d (4) 
proposed t h a t i t reacts i n the f o l l owing m a n n e r w i t h the po lar i zed o le f in : 
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-
^ 0 . . 0 0 

+ > c = c < — > • I 
> c — c < 

Usually this first addition product instantaneously gives the initial ozonide by a 
nucleophilic attack of the second or third oxygen atom on the carbonium ion. 

There are some cases in which the double bond of the unsaturated compound was 
not cleaved during the ozonation. This is especially true for some unsymmetrical 

p 
olefins of the structure ^ X = C H 2 . In these cases aldehydes or carboxylic acids of the 

R R 
types ^CH—CHO and ^CH—COOH were found. Products which were more closely 

K π 

related to the original olefins in their structure were the epoxides, found by Bartlett (2) 
in the case of highly branched aliphatic olefins of this type, and enols, found many years 
ago by Fuson (3) with corresponding aromatic olefins. One of the examples of Fuson 
—namely, the ozonization of 1-phenyl-1-mesitylethylene—was reinvestigated. The 
epoxide (melting point 101-2°) was actually the initial product, just as in the case of 
Bartlett : 

This compound, under the influence of acids, easily rearranges to the enol of Fuson. 
T o avoid this rearrangement during the ozonization, some drops of triethylamine were 
always added. Exactly the same reaction takes place with the unsymmetrical dimesityl-
ethylene (epoxide, melting point 102°) . 

Ο — Ο — Ο 

In these cases the first intermediate, ^> c ; C H 2 owing to steric hindrance, can
not be transformed to an initial ozonide but instead loses one molecule of oxygen with 
the formation of an epoxide. 

Di-p-anisylethylene reacts with ozone to give dianisyl ketone; under very mild 
conditions dianisylethylene gives an ozonide, which is very unstable at room tem
perature, either exploding or decomposing to give the ketone. Therefore the forma
tion of epoxides during ozonizations seems to be limited to olefins with strong hindrance 
at one of the carbon atoms. Diphenylethylene reacts normally under formation of a 
liquid ozonide. Also mono-p-anisylethylene (p-methoxystyrene) gives only the ozonide 
(melting point 7 0 - 1 ° ) . It therefore seems that an unsymmetrical olefin with two 
strong electron-donating groups prefers the formation of an epoxide instead of an ozo
nide, though this fact at the moment cannot be explained satisfactorily. 

In the case of the irans-di-ieri-butylethylene there was formed a crystalline 
compound which rearranges even at —50° to the ozonide in an exothermic reaction. 
The nature of this compound is now being investigated. 
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Some Abnormal Ozonization Reactions 

NICHOLAS A. MILAS and JOHN T. NOLAN, Jr. 

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Mass. 

Ozonization reactions heretofore known to yield ab
normal products and therefore classed as abnormal 
have been found to proceed normally when carried 
out at low temperatures in hydroxylic solvents such as 
methanol. The method described will be of consider
able value in the elucidation of structures of organic 
compounds. A mechanism has been proposed to ac
count for the formation of normal products in the ozo
nization of organic compounds containing allylic 
groups. 

A recent p u b l i c a t i o n f r o m th is l a b o r a t o r y (ô) presented evidence i n f a v o r of a 
m e c h a n i s m of ozon izat ion of u n s a t u r a t e d substances di f fer ing somewhat f r o m t h a t 
p r e v i o u s l y proposed b y Criegee a n d W e r n e r (1). I n a s m u c h as the results of a b n o r m a l 
ozon izat ion react ions [3, 8,10,11) were used i n p a r t i a l s u p p o r t of Criegee 's m e c h a n i s m , 
i t was t h o u g h t adv isab le to re invest igate some of these ozonizat ions f r o m the recent 
p o i n t of v i e w . 

I n accordance w i t h Criegee 's m e c h a n i s m as a p p l i e d to a b n o r m a l ozonizat ions (4), 
a n u n s a t u r a t e d substance w h i c h contains e lec t ron-donat ing groups a t tached to a c a r b o n 
a t o m adjacent to a double b o n d w i l l produce zwi t ter ions w h i c h w i l l rearrange i n such 
a m a n n e r as to produce a b n o r m a l p roduc t s . T h i s c a n be i l l u s t r a t e d b y the f o l l owing 
sequence of react ions, i n w h i c h R contains a n e lec t ron-donat ing a t o m a t tached to a 
c a r b o n adjacent to the double b o n d : 

\ * * / o 3 I I ι ι 

' R r 0 0 0 0 + 

- i i -

\ I I 
C = 0 + C—OR - < — —c-

0 

-C—OR -< —C C—0—R 
ι i 

0 
o-

III 

T h e process of ozon izat ion is thus seen as a c o m p e t i t i o n between the m i g r a t i o n 
a p t i t u d e of the a- a n d the γ-carbon a t o m to determine i f the ozon izat i on proceeds 
n o r m a l l y or a b n o r m a l l y . 

136 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
02

0

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



MILAS AND NOLAN-ABNORMAL REACTIONS 137 

P r e v i o u s exper iments i n th i s l a b o r a t o r y showed t h a t the course of ozon i za t i on i n 
h y d r o x y l i c solvents m a y no t proceed t h r o u g h z w i t t e r i o n I I I . A d d i t i o n a l s u p p o r t 
to th i s v i e w is n o w s u p p l i e d b y the present inves t iga t i on , w h i c h fa i l ed to give even 
traces of a b n o r m a l p roduc t s f r o m ozonizat ions t h a t are k n o w n to y i e l d a b n o r m a l p r o d 
ucts i n n o n h y d r o x y l i c solvents . There fore , the course of ozon izat ion i n the presence 
of h y d r o x y l i c solvents shou ld be represented as f o l l ows : 

> I 
-C—R — C -

0 ^ 
- C — R 

4 
— C 

ι Μ . 

/ 

X 
OH O C H 3 

CH3OH 
— X \ / 

C — R 
CH3OH 

-0 
X OCH 3 

/ 
OH 

VII IV VI 

I t c a n thus be seen t h a t zwi t ter ions I V a n d V w o u l d be s tab i l i zed b y the 
i n t e r a c t i o n of the a lcoho l w i t h t h e m , a n d the ozonide w o u l d have no o p p o r t u n i t y t o 
f o r m a n d decompose a b n o r m a l l y . W h e t h e r zwi t ter ions I V a n d V are f o r m e d i n 
equa l amounts depends u p o n the groups w h i c h are a t tached to the double b o n d a n d 
the c a r b o n a t o m to w h i c h the ozone molecule i n i t i a l l y adds. T h e final p r o d u c t s , V I 
a n d V I I , m a y be considered as hemiperacetals or hemiperketa l s a n d c o u l d be i so lated 
o n l y u n d e r spec ia l condi t ions . H o w e v e r , they can be easi ly decomposed w i t h e i ther 
sul furous a c i d or s o d i u m bisul f i te a n d the ketones or aldehydes f o r m e d de te r m ined 
q u a n t i t a t i v e l y as the i r 2 ,4 -d in i t ropheny lhydrazones . 

Severa l representat ive compounds f r o m w h i c h a b n o r m a l produc ts h a d been p r e 
v i o u s l y i so lated i n ozonizat ions c a r r i e d out b y other invest igators were selected to test 
the above theory . Ozonizat ions were c a r r i e d out i n pure methano l i c solut ions a t about 
—20° C . a n d i n each case the y i e l d of peroxide , based on the ozone consumed, was de 
t e r m i n e d q u a n t i t a t i v e l y . O v e r o z o n i z a t i o n was avo ided , i n a s m u c h as excess ozone is 
k n o w n to cause side react ions or decompos i t ion of the peroxides (5). T h e peroxides 
thus f o r m e d were reduced w i t h aqueous s o d i u m bisul f i te a n d the c a r b o n y l c ompounds 
iso lated as t h e i r 2 ,4 -d in i t ropheny lhydrazones , w h i c h were separated q u a n t i t a t i v e l y b y 
c h r o m a t o g r a p h y t h r o u g h a m i x t u r e (2 to 1) of s i l i ca gel a n d C e l i t e . I n no case were 
a n y of the a b n o r m a l p r o d u c t s f o u n d . T h e results are s u m m a r i z e d i n T a b l e I . 

Table I. Products from Ozonizations Reported as Abnormal 

Olefin 
Cinnamyl alcohol 

a-Methylallyl 
ethyl ether 

Crotonaldehyde 

Coumarone 
(benzofuran) 

Geraniol 

Abnormal Product 
Reported 

Formic acid (11) 

Acetic acid (11) 

Formic acid (11) 

Catechol (10) 

Formaldehyde (8) 

Yield, % 
60a 

35a 

10a 

10 

23 

Normal Products 
Obtained 

(Present Work) 
Glycolic aldehyde 
Benzaldehyde 
a-Ethoxypropional 
Formaldehyde 
Acetaldehyde 
Glyoxal 
Salicylaldehyde 

Glycolic aldehyde 
Levulinic aldehyde 
Acetone 

Yield, % 
77 
84 
96 
34 
97.6 
93.6 
97 

62.3 
90.5 
40.8 

Peroxide 
Yield, % 

96.2 

96.0 

97.1 

96.5 

95.0 

1 Per cent of total acids after oxidation with silver oxide. 

T h e results ind i ca te conc lus ive ly t h a t ozonizat ions heretofore assumed to be a b 
n o r m a l are rea l l y n o r m a l i f ca r r i ed out i n m e t h a n o l , w h i c h reacts w i t h the i n t e r -
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mediate produc ts , thereby p r e v e n t i n g rearrangements of the ozonides a n d the p r o d u c 
t i o n of a b n o r m a l p roduc t s . M o r e o v e r , even w h e n c i n n a m y l a l coho l was ozonized i n 
m e t h y l ch lor ide at —70° C , no a b n o r m a l produc ts were i so lated , as shown recent ly 
i n th i s l a b o r a t o r y b y P . P . O t t o . 

T h e produc t s shown i n T a b l e I , c o l u m n 4, were ob ta ined a n d ident i f ied b y the 
f o l l owing procedure . I n each case a n a l iquot equa l to t h a t used for ac t ive oxygen 
determinat ions (usua l ly 0.5 to 1.0 cc.) was a d d e d at 0° C . to a five- to t en fo ld excess 
of s o d i u m bisul f i te i n 10 cc. of water . T h e so lu t i on was t h e n a l l owed to w a r m to 
r o o m t e m p e r a t u r e a n d , i f no vo la t i l e c ompounds were expected, i t was w a r m e d s l i g h t l y . 
T h e n a t w o f o l d excess of 2 , 4 - d i n i t r o p h e n y l h y d r a z i n e reagent was added a n d the m i x 
t u r e was heated o n the water b a t h for 0.5 h o u r . A f t e r coo l ing a n d a d d i n g w a t e r i f 
necessary, the prec ip i ta te f o r m e d was separated , washed w i t h water , a n d d r i e d i n the 
desiccator under reduced pressure. 

Products O b t a i n e d 

F r o m Cinnamyl Alcohol . T h e d r i e d p h e n y l h y d r a z o n e m i x t u r e was extrac ted 
several t imes w i t h hot c h l o r o f o r m a n d the ch loro form-so lub le p o r t i o n c h r o m a t o g r a p h e d 
o n a s i l i ca ge l -Ce l i t e (2 t o 1) c o l u m n . T h e b a n d w h i c h was e luted w i t h 5 % e t h y l 
ether i n p e t r o l e u m ether p r o v e d to be the 2 , 4 - d i n i t r o p h e n y l h y d r a z o n e of b e n z a l d e h y d e ; 
y i e l d , 8 3 . 7 % ; m e l t i n g p o i n t , 235-7° C . 

T h e inso luble p o r t i o n f r o m the c h l o r o f o r m ex t rac t i on was rec rys ta l l i zed f r o m 
p y r i d i n e ; y i e l d , 7 7 % ; m e l t i n g po in t , 314-16° C . L i t e r a t u r e m e l t i n g p o i n t of 2 , 4 - d i n i t r o 
p h e n y l h y d r a z o n e of g l y o x a l , 311-12° C . (2). 

A l l a t t e m p t s to isolate f o rmaldehyde or i ts der ivat ives f r o m the o r i g i n a l m i x t u r e 
gave negat ive results . 

W h e n the ozon izat ion of c i n n a m y l a lcohol was c a r r i e d out i n m e t h y l ch lor ide at 
—70° C , fo l lowed b y r e m o v a l of the solvent at —10° a n d i m m e d i a t e r e d u c t i o n of the 
residue w i t h s o d i u m bisulf i te a n d convers ion of the aldehydes to t h e i r corresponding 
2 ,4 -d in i t ropheny l -hydrazones , benzaldehyde a n d glycol ic a ldehyde were ob ta ined i n 
y ie lds of 98 a n d 7 0 % , respect ive ly . N o f o rmaldehyde was detected. 

α -Methylallyl E t h y l Ether. T h e m i x t u r e of the 2 ,4 -d in i t ropheny lhydrazones ob 
t a i n e d i n th i s case was extrac ted w i t h hot c h l o r o f o r m a n d the extracts were c h r o m a 
t o g r a p h e d as before. T h e c o l u m n was t h e n e luted w i t h a so lut i on of 5 % e t h y l ether i n 
p e t r o l e u m ether . T h e first eluate conta ined the 2 , 4 - d i n i t r o p h e n y l h y d r a z o n e of a - e t h o x y -
p r o p i o n a l ; y i e l d 9 6 % ; m e l t i n g p o i n t , 126° C . L i t e r a t u r e va lue , 127° C . (6"). 

T h e t o p of the m o v i n g b a n d i n the c o l u m n was the 2 , 4 - d i n i t r o p h e n y l h y d r a z o n e of 
f o rmaldehyde . T h i s was cut f r o m the c o l u m n a n d e luted w i t h e ther ; y i e l d , 3 4 % ; 
m e l t i n g p o i n t , 164r-5° C . L i t e r a t u r e va lue , 166° C . 

T h e ch loro form- inso lub le p o r t i o n p r o v e d to be the osazone of m e t h y l g l y o x a l 
f o r m e d b y the ac id cleavage of α-ethoxypropional . T h i s h a d a m e l t i n g po in t of 285° C . 
L i t e r a t u r e m e l t i n g p o i n t , 287° C . ( 7 ) . N o a b n o r m a l produc ts were i so lated . 

F r o m Crotonaldehyde. T h e m i x t u r e of the 2 ,4 -d in i t ropheny lhydrazones was ex
t r a c t e d w i t h hot c h l o r o f o r m a n d the soluble p o r t i o n c h r o m a t o g r a p h e d as before. T h e 
first b a n d was e luted w i t h a so lut ion of 5 % e t h y l ether i n p e t r o l e u m ether a n d the 
eluate p r o v e d to be the 2 , 4 - d i n i t r o p h e n y l h y d r a z o n e of aceta ldehyde ; y i e l d , 97.67oî 
m e l t i n g p o i n t , 148° C . 

T h e second b a n d was e luted w i t h 2 5 % e t h y l ether i n p e t r o l e u m ether a n d p r o v e d 
to be the 2 , 4 - d i n i t r o p h e n y l h y d r a z o n e of unreac ted c r o t o n a l d e h y d e ; m e l t i n g po in t , 
185-7° C . 

T h e ch loro form- inso lub le p o r t i o n was the osazone of g l y o x a l ; y i e l d , 96 . 3%; m e l t i n g 
po in t , 311° C . 

F r o m Coumarone. T h e 2 , 4 - d i n i t r o p h e n y l h y d r a z o n e ob ta ined i n th i s case was 
disso lved i n c h l o r o f o r m a n d c h r o m a t o g r a p h e d as before. I t was e luted w i t h 1 0 % 
e t h y l ether i n p e t r o l e u m ether a n d p r o v e d to be the 2 , 4 - d i n i t r o p h e n y l h y d r a z o n e of 
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s a l i c y l a l d e h y d e ; y i e l d , 9 7 % ; m e l t i n g p o i n t , 249-50° C . L i t e r a t u r e m e l t i n g p o i n t , 
252° C . (2). 

F r o m G e r a n i o l . T h e geranio l used was pur i f i ed i n accordance w i t h the m e t h o d of 
K n i g h t s a n d W a i g h t {3) a n d ozonized i n pure m e t h a n o l i n the u s u a l m a n n e r . T h e 
m i x t u r e of 2 ,4 -d in i t ropheny lhydrazones ob ta ined a f ter r e d u c t i o n w i t h s o d i u m bisul f i te 
was ex t rac ted w i t h hot e thano l a n d the solvent r e m o v e d . T h e residue was r e c r y s t a l -
l i z ed f r o m aqueous e t h a n o l ; y i e l d of acetone 2 , 4 - d i n i t r o p h e n y l h y d r a z o n e , 4 0 . 8 % ; 
m e l t i n g p o i n t , 123-4° C . 

T h e ethanol - inso luble m i x t u r e of p h e n y l h y d r a z o n e s was ext rac ted several t imes 
w i t h hot c h l o r o f o r m a n d the so lvent r emoved . T h e redd ish residue was t h e n r e c r y s t a l -
l i z e d f r o m p y r i d i n e ; y i e l d of l e v u l i n i c a ldehyde , 2 , 4 - d i n i t r o p h e n y l h y d r a z o n e , 9 0 . 5 % ; 
m e l t i n g p o i n t , 232° C . L i t e r a t u r e m e l t i n g p o i n t , 235 -6° C . (9). 

T h e ch loro form- inso lub le p o r t i o n was re c rys ta l l i z ed f r o m p y r i d i n e ; y i e l d of g l y o x a l 
osazone, 6 2 . 3 % ; m e l t i n g po in t , 313° C . A l l a t t e m p t s to isolate f o rmaldehyde , the 
a b n o r m a l p r o d u c t of ozon izat ion , p r o v e d unsuccessful . 
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Structural Relationships in Addition of Ozone 
to Double Bonds 

WILLIAM A. MOSHER 

Department of Chemistry, University of Delaware, Newark, Del. 

Ozone is the best reagent for the location of double 
bonds in organic molecules, because of its ease and 
velocity of addition and general freedom from rear
rangements and secondary reactions. Some recently 
prepared compounds, however, show a very reduced 
rate of addition of ozone in solution. In general, 
aromatic double bonds add ozone at about 1 0 % 
the rate of isolated double bonds. Anethole can 
be converted readily to anisaldehyde without ap
preciable attack on the aromatic ring system. β-
Pinene is an unusual case. Its double bond should 
add ozone readily, yet it is almost impossible to get 
any of the expected product by ordinary ozonolysis. 
Hydrogens alpha to the double bond peroxidize 
almost as fast as the double bond ozonizes. The 
large excess of oxygen in the stream soon removes 
the β-pinene from the reaction mixture. Highly 
branched olefins such as 3,4,5,5-tetramethyl-2-hex
ene and 3,5,5-trimethyl-2-heptene ozonize readily 
with 6% ozone in oxygen to give the expected 
products on hydrolysis; 3,3,6-trimethyl-4-tert-butyl-
4-heptene, 3,3,5-trimethyl-4-isobutyl-4-hexene, and 
2,2,5-trimethyl-3-tert-butyl-3-hexene add ozone from 
a 6% stream at about one tenth the rate of ordi
nary olefinic double bonds. The internal location 
of the double bonds in these molecules and the small 
probability of the molecules being so coiled as to 
be capable of attack by ozone account for the 
observations. 

O z o n e has been used to determine the location of double bonds since 1855 (S), 
although the method did not receive widespread acceptance until after the extensive 
work of Harries (4) and Briner (1). Present knowledge of the structure of unsaturated 
hydrocarbon polymers and rearrangements leading to olefin systems is entirely depend
ent on the elegant degradation possible through the use of ozone. This method will 
continue to be of wide application, although some new olefins will be described which 
show greatly reduced reactivity toward ozone. The present work compares the reac
tivity of ozone with a variety of types of double bonds. 
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W h e n a s t ream of ozonized oxygen or a i r , u s u a l l y u n d e r 6 % ozone, is passed 
t h r o u g h a so lut ion of a n olefin, such as 2 ,4 ,4 - t r imethyl -2 -pentene , a b s o r p t i o n occurs as 
fast as the ozone is i n t r o d u c e d a n d no ozone escapes t h r o u g h the so lu t i on u n t i l a l l the 
olefin has been conver ted to ozonide. I f a n a r o m a t i c h y d r o c a r b o n such as benzene is 
ozonized ra ther t h a n a n a l i p h a t i c olefin, absorp t i on of ozone is no t complete a n d 
several t imes the theoret i ca l a m o u n t of ozone m u s t be used to effect complete ozon iza 
t i o n . W h e n a molecule has b o t h a n a r o m a t i c sys tem a n d a n a l i p h a t i c double b o n d , 
the a l i p h a t i c b o n d m a y react se lect ively , w i t h l i t t l e or no reac t i on w i t h the a r o m a t i c 
sys tem. A n e t h o l e w i l l absorb a mole of ozone a n d produce , on h y d r o l y s i s of the ozo
nide , a v e r y good y i e l d of anise a ldehyde . C o m p l e t e s a t u r a t i o n of the molecule r e 
quires a lmost 10 moles of ozone, however . 

T e t r a p h e n y l e t h y l e n e , w h i c h does not a d d b r o m i n e , is r epor ted to give a good 
y i e l d of benzophenone o n ozonalysis (3). 

Ozonolys i s in the Terpene Field 

T h e r e are some interest ing examples of selective ozonolysis i n the terpene field. 
L i m o n e n e is ozonized a t the 8,9- double b o n d i n preference to the 1- double b o n d . 
T h i s is i n d i c a t e d b y the fact t h a t the a m o u n t of f o rmaldehyde f o u n d is a lmost equa l 
to the a m o u n t of ozone i n t r o d u c e d , u p to 1 mole . I n l i k e m a n n e r , terp ino lene y ie lds 
acetone i n a n a m o u n t n e a r l y equa l to the ozone passed, u p to 1 mole . β-P'mene shou ld 
a d d ozone r e a d i l y a n d f o r m f o rmaldehyde a n d nopinone o n ozonolysis . P r a c t i c a l l y none 
of these produc ts can be obta ined b y o r d i n a r y ozonolysis techniques . T h e hydrogens 
a l p h a to the double b o n d , w i t h probab le a d d i t i o n a l a c t i v a t i o n f r o m the general s t r a i n 
of the system, are so act ive to p e r o x i d a t i o n b y oxygen t h a t l i t t l e ozonide is f o rmed , 
because of the large excess of oxygen present . 

T h e r e appears to be l i t t l e se lec t iv i ty w i t h respect to o r d i n a r y olefins. I f c o m m e r 
c ia l d i i sobuty lene , a m i x t u r e of 2 , 4 , 4 - t r i m e t h y l - l - p e n t e n e a n d 2 ,4 ,4 - t r imethyl -2 -pentene , 
is p a r t i a l l y ozonized, the same ra t i o of products is ob ta ined as on complete ozon izat i on . 

Unusual Rearrangements 

T h e a u t h o r has been interested i n alcohols a n d olefins i n the C 1 0 a n d C 1 5 range 
w i t h considerable b r a n c h i n g , i n the search for u n u s u a l types of rearrangements . Some 
complex molecules w h i c h show n o r m a l r e a c t i v i t y t o w a r d ozone a r e : 5-methyl -5-decene 
(2), 3 ,5 ,5 - t r imethyl -2 -heptene (6), 3 ,4 ,5 ,5-tetramethyl -2-hexene (6), a n d 4 - i sopropy l -5 , 
5 -d imethy l -3 -heptene . Olefins t h a t ozonize about one t e n t h as fast as n o r m a l are 
3,3,6-trimethyl-4-£er£-butyl-4-heptene, 3 ,3 ,5 - t r imethy l -4 - i sobuty l -4 -hexene , a n d 2,2,5-
trimethyl-3-£er£-butyl-3-hexene. C o m p l e t e detai ls of the p r e p a r a t i o n of these c o m 
pounds w i l l be p u b l i s h e d elsewhere. F o r example , 3,3,6-trimethyl-4-éeri-butyl-4-heptene 
was p r e p a r e d i n a lmost q u a n t i t a t i v e y i e l d b y d e h y d r a t i n g 3,3,6-trimethyl-4-£er£-butyl-4-
h e p t a n o l w i t h 1-naphthalenesul fonic a c i d . H i g h e r t emperatures gave cleavage. T h e 
olefin gave no test for double b o n d r e a d i l y w i t h b r o m i n e a n d i n f r a r e d spec t ra were 
negat ive f or double b o n d a b s o r p t i o n at 6 to 6.2 mic rons , ye t the theoret i ca l a m o u n t of 
water was obta ined o n d e h y d r a t i o n . T h e final p roduc ts of ozonolysis con f i rmed the 
s t r u c t u r e b y y i e l d i n g i e r i - a m y l i e r i - b u t y l ketone a n d i s o b u t y r a l d e h y d e . T h e same 
produc ts were ob ta ined i n smal ler y i e l d w h e n the olefin was p a r t i a l l y ozonized, i n d i 
c a t i n g no selective ozon izat i on of components of a m i x t u r e . 

Studies i n this field cont inue w i t h olefins ob ta ined f r o m the fo l l owing a lcoho ls : 
3,3-dimethyl-4-£er£-butyl-4-octanol, 2,2-dimethyl-3-£er£-butyl-3-heptanol, 3 , 3 - d i m e t h y l -
4 - i sobuty l -4 -ocano l , 3 ,3 ,6 - t r imethy l -4 -w-propy l -4 -hexano l , a n d 3 ,3 ,6 - t r imethy l -4 - i so -
p r o p y l - 4 - h e x a n o l . 

Present l i m i t e d observat ions ind i cate t h a t , i n the C 1 0 to C 1 5 range, ozon izat i on w i l l 
be a b n o r m a l i n rate i f there are three groups w i t h b r a n c h i n g a t tached to the double 
b o n d . 
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Initial Attack of Ozone on an 
Unsaturated System 

PHILIP S. BAILEY, SHEAFFERS S. BATH, and JOSEPH B. ASHTON 

University of Texas, Austin, Tex. 

A general theory of attack, which is supported by 
work from the University of Texas, is deduced from 
the ideas of many people. A two-step attack is pro
posed. The first step is electrophilic and is made by a 
terminal oxygen atom. The central atom, which is nu-
cleophilic, completes the attack. The position of at
tack on anthracene and the specificity of attack which 
occurs with unsymmetrical olefins support this theory. 

I he Criegee m e c h a n i s m {13-15, 17) for ozonolysis has been of t remendous i m p o r t a n c e 
i n g i v i n g a bet ter u n d e r s t a n d i n g of the course of the ozonolysis r e a c t i o n — i n p a r t i c u l a r , 
the n a t u r e a n d fate of the act ive oxygen-conta in ing ozonolysis produc ts . I t leaves i n 
doubt , however , the n a t u r e of the i n i t i a l a t t a c k of ozone o n a n u n s a t u r a t e d sys tem 
a n d of the intermediates l ead ing to the f o r m a t i o n of the p r i m a r y cleavage produc ts , 
the z w i t t e r i o n ( I V ) a n d the a ldehyde or ketone ( V ) . 

R 2 C = C R 2 V 

I 

Rearrangement products 

reacting solvents 
such as R'OH 

R 2C CR 2 

Π 

R 2 C — Ο — 0 

IV 

inert solvent 
and V is 
a ketone 

.OOH . 0 — 0 . 
R 2C. R 2 < > R 2 

^ O R ' ^ 0 - 0 ^ 

4- polymeric peroxides 

V I VII 

0 — 0 0 
I I 

R 2 C — C R 2 

III 

R 2 C = 0 

inert solvent 
and V is 
an aldehyde 

R 2C 

0 

VIII 

CR 2 

T h e i n i t i a l ozone a t t a c k cou ld occur i n two general ways . T h e first is a one-step 
s imultaneous a t t a c k of b o t h react ive centers of the ozone molecule on b o t h react ive 
centers of the u n s a t u r a t e d molecule . T h i s m e c h a n i s m is c h a m p i o n e d b y the A u s t r a l i a n s , 
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B r o w n (9, 11) a n d B a d g e r (1-4). T h e other poss ib i l i t y is a two-s tep a t t a c k of the 
react ive centers of the ozone molecule o n the u n s a t u r a t e d sys tem. 

A f t e r a decis ion between these t w o b r o a d , general mechanisms is reached, a d d i t i o n a l 
questions m u s t be answered . I f the first m e c h a n i s m is i n effect, does the a t t a c k i n 
vo lve the t e r m i n a l oxygen atoms or adjacent oxygen a toms? I f the second m e c h a n i s m 
is i n effect, does the first step i n v o l v e a n e lec trophi l i c , nuc leoph i l i c , or r a d i c a l a t t a c k ? 
Does the first step i n v o l v e a t e r m i n a l or a c e n t r a l a t o m ? I f i t invo lves a t e r m i n a l 
a t o m , is the a t t a c k comple ted i n the second step b y the m i d d l e or the other t e r m i n a l 
a t o m ? F u r t h e r , one m u s t e x p l a i n w h y the double b o n d is so easi ly c leaved a n d w h y 
no in te rmed ia te f r o m the i n i t i a l ozone a t t a c k has ever been iso lated . 

T h i s p a p e r a t t e m p t s to m o l d the ideas of m a n y people in to a general t h e o r y a n d 
reports w o r k f r o m the U n i v e r s i t y of Texas w h i c h adds s u p p o r t to the t h e o r y . 

IX 

o - + d P - o 0 - 0 0 

c — c ; 

XI 

^ C — 0 — 0 

XII 

+ o = c ; 

XIII 

A g r e e m e n t seems finally to have been reached t h a t the ozone molecule has a n 
obtuse apex angle a n d , therefore, shou ld be considered a h y b r i d of the f o l l owing s t r u c 
tures (20, 26). T h e w o r k of W i b a u t a n d coworkers (6, 19, 21, 24, 25, 27, 28) has 

: 0 = 0 — 0 : < > : 0 — 0 = 0 : : 0 — 0 — 0 : -<—>- : 0 — 0 — 0 : 
+ - - + - '· + + ·· -

XIV X V 

fu rn i shed s t rong evidence for the two-step a t t a c k , the first step be ing e lec trophi l i c . 
I t has been general ly assumed t h a t the centra l , p o s i t i v e l y charged a t o m makes the 
e lec trophi l i c a t t a c k . M e i n w a l d (22), however , has p o i n t e d out t h a t i n s tructures X I V 
a n d X V , w h i c h are the o n l y ones considered to m a k e a n y apprec iab le c o n t r i b u t i o n to 
the ozone h y b r i d , the c e n t r a l oxygen a t o m has its f u l l q u o t a of eight electrons a n d 
cannot be e lec trophi l i c . O n l y i n s tructures X V is there a n e lectrophi l i c center a n d i t 
is the t e r m i n a l oxygen a t o m . 

I n the proposed theory a t e r m i n a l oxygen a t o m makes the i n i t i a l , e lectrophi l i c 
a t t a c k . A f t e r th i s , e i ther the c e n t r a l or other t e r m i n a l a t o m c o u l d complete the a t tack , 
because b o t h are nuc leoph i l i c . C o m p l e t i o n b y the other t e r m i n a l a t o m w o u l d l ead to 
the f o r m a t i o n of in termed ia te X V I , whereas X V I I w o u l d be produced i f the cent ra l 
a t o m comple ted the a t t a c k . 

0 0 0 — 0 — 0 

XVII 

S t r u c t u r e X V I is favored b y some people because of the greater s t a b i l i t y i t shou ld 
have . O n the other h a n d this seems to the present a u t h o r to be the best a rgument 
against i t , as i t has never been i so lated . 

S t r u c t u r e X V I I shou ld be v e r y unstable . T h e p a r t i a l pos i t ive charges should 
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cause the oxygen-oxygen b o n d to break complete ly—e.g . , X — t o produce X I w h i c h 
l ikewise w o u l d be h i g h l y unstable . T h e pos i t ive charge on the oxygen a t o m of X I 
w o u l d weaken the c a r b o n - c a r b o n b o n d of X I , causing b r e a k d o w n to the p r o v e d i n t e r 
mediates of the Criegee {13-15, 17) m e c h a n i s m ( X I I a n d X I I I ) . 

W o r k c a r r i e d out at the U n i v e r s i t y of Texas suppor ts th is p i c t u r e . T w o a p 
proaches to the so lu t i on of the p r o b l e m are being made . T h e first deals w i t h the 
pos i t i on of a t t a c k on v a r i o u s a romat i c systems. A c c o r d i n g to the mo lecu lar o r b i t a l 
theory , the one-step s imultaneous a t t a c k of a " d o u b l e - b o n d " reagent u p o n a n aromat i c 
system w i l l occur first a t the b o n d w i t h the lowest " b o n d l o ca l i za t i on e n e r g y " (the one 
w i t h the greatest double b o n d c h a r a c t e r ) , whereas the two-step a t t a c k w i l l occur 
i n i t i a l l y a t the pos i t i on w i t h the lowest " a t o m l o ca l i za t i on e n e r g y " (most react ive 
carbon a t o m i n the molecule) {7-11, 18). W i t h some aromat i c substances, such as 
anthracene , these posit ions are dif ferent. W i t h anthracene the b o n d w i t h the lowest 
b o n d l o c a l i z a t i o n energy is the 1,2 b o n d {7-11,18). O s m i u m tetrox ide , a k n o w n double 
b o n d reagent, a t tacks here {12). T h e posit ions w i t h the lowest a t o m l o c a l i z a t i o n 
energies are the 9,10 posi t ions . H e r e e lectrophi l i c s u b s t i t u t i o n a n d o x i d a t i o n occur. 

W h a t w i l l ozone do? W a t e r s {23) has ozonized anthracene i n acetic a n h y d r i d e a n d 
obta ined a n t h r a q u i n o n e . H e d i d not state his y i e l d , however , n o r show h o w m u c h 
ozone was absorbed. I t is no t c e r t a i n whether ozone, or oxygen c a t a l y z e d b y ozone, 
p r o d u c e d the a n t h r a q u i n o n e . 

T h e ozonolysis of anthracene is be ing s tud ied i n de ta i l at the U n i v e r s i t y of T e x a s . 
I n acetic a c i d the ozone is absorbed n i ce ly a n d the anthracene s l owly goes i n t o 
so lu t i on as i t reacts . I t requires the react ion of a p p r o x i m a t e l y 3 moles of ozone per 
mole of anthracene to complete the react ion . A t the end some an t h raqu in on e has 
p r e c i p i t a t e d i n the reac t i on vessel. T h i s amounts to a 2 8 % y i e l d . T h e filtrate is 
perox id i c . U p o n r e d u c t i o n w i t h s o d i u m iodide , a 4 1 % y i e l d of a n t h r a q u i n o n e results , 
m a k i n g a t o t a l y i e l d of 6 9 % . I t is c e r ta in t h a t the a n t h r a q u i n o n e f o r m a t i o n is due to 
the ozone react ion , because (1) a n act ive oxygen-conta in ing c o m p o u n d is p r o d u c e d 
w h i c h is reduced to a n t h r a q u i n o n e , (2) oxygen alone under the same condit ions gives 
no react ion , a n d (3) oxygen plus a trace of ozone produces a n t h r a q u i n o n e i n amounts 
r o u g h l y p r o p o r t i o n a l to the a m o u n t of ozone passed t h r o u g h the system, b u t no t at 
a l l p r o p o r t i o n a l to the a m o u n t of oxygen passed t h r o u g h the sys tem. T h i s is 
excellent evidence for the two-s tep a t t a c k . 

I n r egard to the exact m e c h a n i s m of the a n t h r a q u i n o n e f o r m a t i o n , w h i c h is 6 9 % 
of the react ion , i t does not seem l i k e l y t h a t the ent ire 3 moles of ozone is requ i red . 
P e r h a p s the other 3 1 % of the reac t i on occurs b y the one-step m e c h a n i s m at the 1,2 
b o n d of anthracene . I f th is occurred , the react ion shou ld cont inue u n t i l b o t h outer 
r ings are destroyed . T h i s w o u l d require a considerable p r o p o r t i o n of the 3 moles of 
ozone absorbed d u r i n g the react ion . T w o facts m u s t be t a k e n i n t o account i n a n y 
m e c h a n i s m suggestion. Some a n t h r a q u i n o n e is p r o d u c e d b y spontaneous decompos i t ion 
of a n act ive oxygen-conta in ing p r o d u c t a n d the remainder is p r o d u c e d b y r e d u c t i o n of 
a n act ive oxygen - conta in ing p r o d u c t . 

T h e f o l l owing m e c h a n i s m meets these requirements . Ozone a t tacks at the 9,10 
posit ions to give a n in termed ia te such as X I X , w h i c h rearranges to X X I , or the 
corresponding p e r h y d r o q u i n o n e . Spontaneous loss of water , f a c i l i t a t e d b y the g lac ia l 
acetic a c i d solvent , w o u l d produce anthraqu inone ( X X ) d i r e c t l y . O x i d a t i o n of X X I 
(or the corresponding p e r h y d r o q u i n o n e ) w o u l d l ead to z w i t t e r i o n ( X X I I I ) w h i c h 
w o u l d s tabi l ize i tsel f b y react ion w i t h the solvent to give X X I I . R e d u c t i o n of X X I I 
w o u l d produce a n t h r a q u i n o n e ( X X ) . 

T h e other a p p r o a c h be ing m a d e at the U n i v e r s i t y of Texas has to do w i t h the 
spec i f i c i ty of ozone a t t a c k w h i c h occurs w i t h u n s y m m e t r i c a l olefins. T h i s is analogous 
to the spec i f i c i ty observed i n the add i t i ons of u n s y m m e t r i c a l reagents such as h y d r o g e n 
chlor ide to u n s y m m e t r i c a l olefins. 

T h i s m a y first be i l l u s t r a t e d w i t h a n example a l r e a d y repor ted {5, 13), the 
ozonolysis of isobutene ( X X I V ) i n iner t so lvents . T h e m a j o r p r o d u c t is a n ozonide 
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0 

XXII XXIII 

( X X X I ) . T h i s w o u l d have to be p r o d u c e d b y i n t e r a c t i o n of intermediates X X X , a n d 
not X X X I I , as Criegee (13-15, 17) f o u n d t h a t zwi t ter ions do not a d d to the c a r b o n y l 
g roup of o r d i n a r y ketones. T h i s p re f e rent ia l p r o d u c t i o n of intermediates c a n be 
exp la ined o n the basis of the t e r m i n a l oxygen a t o m , e lec trophi l i c a t t a c k , p l u s i n d u c t i v e 
effects i n isobutene, l ead ing to the f o r m a t i o n of X X V I I . O n the other h a n d , a c e n t r a l 
oxygen e lec trophi l i c a t t a c k , besides be ing u n l i k e l y , w o u l d result i n the pre f e rent ia l f o r 
m a t i o n of X X V I I I , w h i c h w o u l d b r e a k d o w n t o g ive the w r o n g intermediates ( X X X I I ) 
for ozonide ( X X X I ) f o r m a t i o n . T h e a t t a c k shown i n X X V I is u n l i k e l y , a l t h o u g h i t 
c o u l d be argued t h a t , i f i t b r o k e d o w n , i t w o u l d g ive intermediates X X X pre fe rent ia l l y , 
on the basis t h a t the z w i t t e r i o n of X X X , be ing a t e r t i a r y c a r b o n i u m i o n , w o u l d be more 
stable t h a n the one i n X X X I I . T o the present a u t h o r the a d d i t i o n of ozone accord ing 
to M a r k o w n i k o f T s ru le to give a n unstab le adduc t ( X X V I I ) , w h i c h can break d o w n i n 
o n l y one w a y , is a sounder e x p l a n a t i o n of the speci f i c i ty of ozone a t tack . T h i s places 
the ozone a t t a c k o n a double b o n d i n the same category as t h a t of other reagents w h i c h 
show a spec i f i c i ty i n t h e i r react ions w i t h u n s y m m e t r i c a l olefins. 

T h e conclusions reached i n the preced ing example are based on ind i re c t evidence, 
w h i c h is t h a t c e r t a i n intermediates ( X X X ) are necessary to produce the ozonide 
( X X X I ) . I t w o u l d be bet ter to get absolute evidence b y a c t u a l l y " t r a p p i n g " a n d 
i d e n t i f y i n g the z w i t t e r i o n pre fe rent ia l l y f o rmed . T h i s has been done a t the U n i v e r s i t y 
of Texas b y the ozonolysis of 1 ,2-dibenzoylpropene ( X X X I I I ) i n m e t h a n o l . 

T h e produc ts were p h e n y l g l y o x a l ( X X X V I I ) i n 6 1 % y i e l d a n d the m e t h o x y h y d r o 
peroxide ( X X X V ) ( m e l t i n g p o i n t 6 0 - 1 ° ) i n 7 4 % y i e l d . I t was felt t h a t the a c t u a l 
y ie lds were m u c h bet ter . T h e m a t e r i a l s were dif f icult to isolate . T h e m e t h o x y h y d r o -
peroxide ( X X X V ) h a d to or ig inate f r o m z w i t t e r i o n X X X V I w h i c h was " t r a p p e d " 
t h r o u g h i t s reac t i on w i t h m e t h a n o l . T h i s spec i f i c i ty of reac t ion c a n be exp la ined , as i n 
the o ther case, b y the t e r m i n a l oxygen a t t a c k of ozone a n d i n d u c t i v e effects i n 1,2-
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: 0 — o — 0 : 

C H , 

C H 3 ^ 

X X I V 

CH 
0 — 6 — 0 

I I 
; c — C H 2 

c i v 

XXVII 

C H 3 ^ I 

X X V 

ο — o — o 

C H 
- C H 2 

C H 3 

XXVIII 

CH; 

CH 

3 ^ =CH2 

X X V I 

C H 3 

C H 3 

I I 
: c — C H 2 

X X I X 

( C H 3 ) 2 C — 0 — 0 

+ 

H 2 C = 0 

0 - 0 

( C H 3 ) 2 C ^ ^ C H 2 

^ 0 " 

( C H 3 ) 2 C = 0 

H 9 C — 0 — 0 

X X X XXXI XXXII 

d ibenzoy lpropene ( X X X I I I ) . E v i d e n c e for the s t r u c t u r e assigned to X X X V was i ts 
r e d u c t i o n to l - p h e n y l - l , 2 - p r o p a n e d i o n e w h i c h was iso lated as the p u r e semicarbazone 
( m e l t i n g p o i n t 211 -12° ) i n 7 6 % y i e l d . I n a d d i t i o n , the e lementa l analyses a n d mo lec 
u l a r we ight determinat ions checked f or the s t r u c t u r e assigned. T h e m a t e r i a l gave a 
pos i t ive l ead tetraacetate test (16) f or a h y d r o p e r o x i d e . T h e i n f r a r e d s p e c t r u m showed 
a s t rong c a r b o n y l b a n d at 5.9 m i c r o n s a n d a h y d r o x y l b a n d at 2.9 m i c r o n s . 

: p - 0 — 0 : 

0 C H 3 0 

XXXIII 

0 C H 3 

I 
Φ - C — C — 0 - O H 

II I 
0 C H 3 

X X X V 

0 - 0 — 0 
I I 

Φ - C - C — C H - C - M 

0 C H 3 

Φ - C — C - 0 - 0 
II I 
0 C H 3 

X X X V I 

0 

X X X I V 

Φ - C — c = o 
II I 
Ο Η 

X X X V I I 
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Improved Synthesis of Aromatic Aldehydes 
from Ozonolysis of Olefins 

LEE A. SUBLUSKEY and G. C. HARRIS 

Research Center, Hercules Powder Co., Wilmington, Del. 

ALLISON MAGGIOLO and ANTHONY L. TUMOLO 

Ozone Processes Division, Welsbach Corp., Philadelphit, Pa. 

Improved yields of aromatic aldehydes have been 
obtained from the ozonolysis of aromatic substituted 
olefins by employing a rapid steam distillation of the 
freshly ozonized olefins. This observation supports a 
mechanism for ozonolysis which involves a primary 
ozonide trioxolane structure. 

The r eac t ion of ozone w i t h olefins u s u a l l y results i n cleavage of the double bond a n d 
the f o r m a t i o n of a ldehydes , ketones, a n d / o r carboxy l i c acids, depending u p o n the reac 
t i o n condit ions a n d the structures i n v o l v e d . F o r aldehydes , the in te rmed ia te ozonides 
are o r d i n a r i l y t reated w i t h a m i l d reduc ing agent—for example , h y d r o g e n or z i n c — o r 
subjected to n e u t r a l h y d r o l y s i s . Y i e l d s i n excess of 7 0 % are except ional for the r e d u c 
t i o n methods , whi le h y d r o l y s i s gives cons iderably l ower y i e lds . 

T h i s w o r k describes a s imple m e t h o d w h i c h not o n l y e l iminates the reduc t i on or 
h y d r o l y s i s step b u t gives a ldehyde y ie lds t h a t are u s u a l l y 86 to 9 0 % or bet ter . T h e 
m e t h o d i n i ts present state of deve lopment seems to be l i m i t e d , however , to the p r o d u c 
t i o n of a r o m a t i c a ldehydes . 

T h e m e t h o d consists m e r e l y of a r a p i d s team d i s t i l l a t i o n of a f resh ly ozonized 
olefin. T a b l e I l ists a n u m b e r of olefins to w h i c h the m e t h o d has been a p p l i e d , w i t h 
the produc ts a n d the y ie lds t h a t have been ob ta ined . 

Table I. Compounds Ozonized and Steam Distilled 

Compounds Aldehyde Products Yield, % 
Stilbene Benzaldehyde 93» 
3,5-Dimethoxystilbene Benzaldehyde 87 
0 „ _ . , , .„ 3,5-Dimethoxybenzaldehyde 89 
3,5-Dihydroxystilbene Benzaldehyde 86 
„ _ .„ 3,5-Dihydroxybenzaldehyde 50b 

«5,5-Diacetoxystilbene Benzaldehyde 88 
3,5-Diacetoxybenzaldehvde 94 

btyrene Benzaldehyde 87 
Anethole Anisaldehyde 92 
Isosafrole Piperonal 87 
Estragole p-Methoxyphenylacetaldehyde 37 
1-Dodecene . . . Trace 

α Based on 2 moles of benzaldehyde from 1 mole of stilbene. 
b Isolated as thiosemicarbazone from steam distillation pot residue. 

I n a l l instances the produc ts were iso lated a n d ident i f ied except for the 1-dodecene 
exper iment , where o n l y trace amounts of water - inso lub le a ldehyde f u n c t i o n a l i t y were 
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detected. C h a r a c t e r i z a t i o n of the s team d is t i l la te a n d pot residues f r o m the ozonolysis 
of 1-dodecene i n d i c a t e d the presence of water - inso lub le carboxy l i c acids (15 mole % ) , 
water - inso lub le ac t ive oxygen compounds (28 mo le % ) , a n d esters. C h a r a c t e r i z a t i o n 
of p roduc ts f r o m estragole i n d i c a t e d the presence of esters a n d water - inso lub le act ive 
oxygen compounds (10 mole % ) . 

T h e h i g h y ie lds of a romat i c a ldehydes t h a t are p r o d u c e d b y th is m e t h o d can be 
exp la ined b y , a n d indeed s u p p o r t , Criegee 's (3) proposed m e c h a n i s m for ozonolysis i f 
the e q u i l i b r i a i n v o l v e d a n d re la t ive rates of side react ions are considered. I n terms of 
a p r i m a r y ozonide t r ioxo lane s t r u c t u r e , I I , w h i c h recent ly has been argued b y M e i n -
w a l d ( 7 ) , Cr iegee (4), a n d M a g g i o l o (6") as the most probab le i n i t i a l in te rmed ia te i n 
the ozonolysis of double bonds, cleavage results i n the f o r m a t i o n of a ldehyde a n d the 
z w i t t e r i o n , I I I , w h i c h , i n the presence of a p o l a r so lvent ( m e t h a n o l ) , f o rms the h y d r o 
perox ide , V . H y d r o l y s i s of V b y s team renders the a ldehyde , V I I . R a p i d r e m o v a l of 
a ldehydes b y s team d i s t i l l a t i o n dr ives the e q u i l i b r i u m f r o m V to V I I a n d prevents the 
loss of cleavage m a t e r i a l to the i r revers ib le hetero ly t i c rearrangement of V to V I I I . 

Ri 
° 3 , 

H (X .0 H 

II 

Ri R2 

y + < 
H (λ 0 H 

III IV 

Ri 

ν 

VII 

H 3 C O ^ ^ C , 

VI 

H3CO 
C 

/ \ 
HOO H 

ν H3CO R, 

C 

0 

IX 

0 

VIII 

T o sat is fy the y ie lds of a r o m a t i c aldehydes obta ined ( T a b l e I ) , rates ^ a n d k2 

m u s t be cons iderab ly greater t h a n the heterolysis rate , k3. T h i s seems reasonable 
because e q u i l i b r a t i o n of V a n d V I I w h e n a ldehyde is r emoved shou ld occur r ead i l y i n 
the a r o m a t i c series where R x can offer subs tant ia l resonance s t a b i l i z a t i o n to the t r a n s i 
t i o n state, V I , b y enhanc ing the cat ionic character of the c a r b o n y l c a r b o n . I n 
B r i n e r ' s ear ly w o r k {1, 2) o n the h y d r o l y s i s of st i lbene a n d isoeugenol ozonides, a d 
vantage was not t a k e n of these e q u i l i b r i a a n d rate differences. A s a consequence a l 
most ha l f of the f ina l cleavage products a f ter extensive h y d r o l y t i c t r e a t m e n t w i t h o u t 
a ldehyde r e m o v a l were carboxy l i c acids , I X . 

F a i l u r e of a l i p h a t i c a ldehydes to be p r o d u c e d i n h i g h y ie lds b y a p p l i c a t i o n of 
th is s team d i s t i l l a t i o n m e t h o d to estragole a n d 1-dodecene m a y be a t t r i b u t e d to the 
increased s t a b i l i t y of the in termed ia te hydroperox ides t o w a r d h y d r o l y s i s . I n other 
words , the convers ion rates of the corresponding intermediates , V to V I to V I I , are so 
slow t h a t the hydroperox ides are e i ther s team d i s t i l l ed a n d / o r undergo the r e l a t i v e l y 
more r a p i d ox idat ive rearrangement to V I I I a n d subsequent convers ion to I X . 

S u p p o r t i n g these arguments b y analogy is the recent w o r k of K r e e v o y a n d T a f t 
( 5 ) , i n w h i c h a r o m a t i c acetals were f o u n d to h y d r o l y z e some 40 to 800 t imes faster 
t h a n a l i p h a t i c acetals. 

T h e l o w a ldehyde y i e l d f r o m the h y d r o x y - s u b s t i t u t e d p o r t i o n of 3 , 5 - d i h y d r o x y -
st i lbene ( T a b l e I ) can be a t t r i b u t e d to the i n a b i l i t y of the h y d r o x y a l d e h y d e to steam 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
02

3

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



SUBLUSKEY, HARRIS, MAGGIOLO, AND TUMOLO-SYNTHESIS OF ALDEHYDES 151 

d i s t i l l a n d consequent loss to hetero ly t i c rearrangements , p a r t to carboxy l i c ac ids a n d 
p a r t to res in i f i cat ion . T h e l a t t e r m a y have been caused to a considerable degree b y a 
D a k i n - t y p e rearrangement . 

C l e a r l y i n the case of the sti lbenes, i f the above proposa l mechanisms are correct , 
h a l f of the aldehydes p r o d u c e d m u s t have resu l ted f r o m the h y d r o l y s i s of h y d r o 
perox ide intermediates . W i t h the u n s y m m e t r i c a l olefins, s tyrene , anethole , isosafrole, 
estragole, a n d 1-dodecene, th is m a y no t be the case. I f cleavage of the p r i m a r y 
ozonide is un imo le cu lar , t h e n the i n d u c t i v e a n d resonance cont r ibut i ons of subst i tuents 
R x a n d R 2

 m X shou ld determine the d i rec t i on of cleavage. T h u s , i f R i is m o r e c a p a 

ble t h a n R 2 of s t a b i l i z i n g the deve lopment of a pos i t ive charge o n the adjacent c a r b o n 
a t o m , the pre ferred cleavage w i l l be as w r i t t e n . I n v i e w of these considerat ions , i t is 
not possible to decide whether a l l o r p a r t of the aldehydes ob ta ined f r o m the u n 
s y m m e t r i c a l olefins resul ted f r o m h y d r o l y s i s of a n in termed ia te h y d r o p e r o x i d e or 
d i r e c t l y f r o m cleavage. T h e fact t h a t large por t i ons of the produc t s f r o m estragole 
a n d 1-dodecene were not a ldehydes , however , s t i l l indicates t h a t t h e i r respect ive i n t e r 
mediate hydroperox ides d i d no t pre fer h y d r o l y s i s , a n d r e m a i n e d as such , u n d e r 
went rearrangement , or were lost to o ther b y - p r o d u c t f o rmat ions . 

T h e rea l i za t i on t h a t h i g h y ie lds can be ob ta ined under the d r i v i n g condi t ions of 
the s team d is t i l la t i ons descr ibed i n th i s p a p e r suggests t h a t other a n d equa l l y s imple 
methods for a ldehyde r e m o v a l m a y achieve the same h i g h y ie lds . R e s e a r c h i n th is 
d i r e c t i o n c o u l d p r o v e r e w a r d i n g , p a r t i c u l a r l y where the a ldehyde produc t s are not 
s team d is t i l lab le or where the ozonolysis intermediates m a y require spec ia l condi t ions 
for t h e i r convers ion to a ldehydes . E v e n more i n t r i g u i n g for fu ture research, however , 
is the ver i f i ca t i on or d isproo f of the mechanisms proposed here. 

Exper imenta l 

T h e f o l l owing ozon izat ion a n d steam d i s t i l l a t i o n cleavage is t y p i c a l of the p r o 
cedures e m p l o y e d . 

S e v e n t y - t w o grams (0.30 mole ) of 3 ,5 -d imethoxyst i lbene were d isso lved i n a s o l u 
t i o n consist ing of 600 cc. of methy lene chlor ide a n d 400 cc. of m e t h a n o l , t h e n cooled to 
d r y ice -acetone temperatures . W h i l e the reac t ion so lut i on was be ing s t i r r e d , a 5 .6% 
ozone i n oxygen s t r e a m was b u b b l e d t h r o u g h u n t i l a p p r o x i m a t e l y 14 grams (0.30 mole) 
of ozone h a d been absorbed. I m m e d i a t e l y f o l l owing the a d d i t i o n of the ozone, the co ld 
react ion so lut i on was subjected to a r a p i d s team d i s t i l l a t i o n . F o u r cuts of s team d i s t i l 
late were made , each a m o u n t i n g to a p p r o x i m a t e l y 1.8 l i t ers . D u r i n g d i s t i l l a t i o n of the 
f o u r t h c u t a c rys ta l l ine so l id , w h i c h l a te r p r o v e d t o be 3 ,5 -d imethoxybenzaldehyde , 
f o r m e d i n the condenser a n d the aqueous d i s t i l la te . E a c h of these cuts was ext rac ted 
w i t h ether , a n d the ether extracts were t h e n d r i e d w i t h a n h y d r o u s s o d i u m sul fate . 
E v a p o r a t i o n of the respect ive ether extracts y i e lded the f o l l ow ing p r o d u c t s : 

-> 

Analysis by Ultraviolet Absorption, % 

Cut No. 
1 
2 
3 
4 

Weight, Grams 
30.3 
31.8 
7.6 
8.1 

Benzaldehyde 3,5-Dimethoxybenzaldehyde 
74 24 
14 84 
10 85 
12 87 

These cuts were c ombined a n d t h e n d i s t i l l ed t h r o u g h a short c o l u m n to give 27.3 
grams of benza ldehyde , b o i l i n g p o i n t , 49 -53° C . (2 m m . ) a n d 44.5 grams of 3,5-
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dimethoxybenzaldehyde, boiling point 121-5° C . (2 mm.). Based on the original 72 
grams of 3,5-dimethoxystilbene this represents an 87% yield of benzaldehyde and an 
89% yield of 3,5-dimethoxybenzaldehyde. On standing, the 3,5-dimethoxybenzaldehyde 
cut solidified, melting point, 44-6° C . Recrystallization from hexane raised the melting 
point to 46-7° C . (literature melting point, 45 -6° C ) . A mixture melting point with 
a highly purified, authentic sample of 3,5-dimethoxybenzaldehyde exhibited no depres
sion. 

In some instances 100 to 200 cc. of water were added to the freshly ozonized 
reaction mixture before steam distillation. This in no way affected the yields, provided 
that steam distillation immediately followed the addition of the water. When experi
ments with ozonized 3,5-dimethoxystilbene were allowed to stand with or without water 
overnight before steam distilling, however, the yields of aldehyde were reduced to 
51 to 59%. 
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Ozonolysis of Pyrroles, Furans, and γ-Pyrones 
in Connection with Reactivity of Bonds in 
Ring System 

J. P. WIBAUT 

Laboratory of Organic Chemistry, Municipal University, 
Amsterdam, The Netherlands 

Scission products were studied from the ozonolysis of 
some pyrrole homologs, dimethylfurans, and methyl 
homologs of γ-pyrone. The results show that the 
pyrroles react not only according to the imino struc
ture, but also according to a limiting structure by 
which the α- and β-carbon atoms are linked by a 
single bond. The dimethylfurans react according to 
this same limiting structure, as well as according to 
the classical structure. The study of methyl homologs 
of γ-pyrone shows that the pyrone ring reacts accord
ing to classical as well as polar structures. 

Pyrrole a n d its homologs show a n aromat i c charac ter i n some respects, b u t are i n 
general less sa turated i n t h e i r b e h a v i o r t h a n benzene a n d i ts der ivat ives . T o p y r r o l e 
i tsel f the i m i n e s t ruc ture ( I ) is assigned. T h e r e are ind i ca t i ons t h a t c e r t a i n p y r r o l e 
der ivat ives can react accord ing to a p y r r o l e n i n e s t ruc ture ( I I or I I I ) . 

HC CH H C = C H HC C H 2 

II II I I II I 
H C \ N / C H H 2 C ^ C H H C ^ C H 

H 

I II III 
A n g e l i , Ange l i c o , a n d C a l v e l l o (1), w h e n m a k i n g a m y l n i t r i t e a n d s o d i u m ethy late 

react w i t h 2 , 5 - d i m e t h y l - or 2 , 4 - d i m e t h y l p y r r o l e , ob ta ined the s o d i u m salts of the i s o n i -
troso compounds . T o these they a t t r i b u t e d the f o l l owing s t r u c t u r e s : 

Η ί ί fi" H | j f 2 HN02 HC Ç = N O N a 

H 3 C — C \ N / C ~ C H 3 * ~ H 3 C - C ^ ^ C - C H 3 NaOCgH^ H 3 C - C ^ ^ C - C H 3 

H 

H\\ Γ ™ 3 H Ç = = Ç - C H 3 HN02 H Ç = Ç - C H 3 

H j C - C ^ ^ C H H 3 C — C ^ N ^ C H 2 NaO^H, H 3 C - C ^ N / C = N O N C L 

H 
153 
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There fore , the I t a l i a n invest igators assumed t h a t these d i m e t h y l p y r r o l e s react 
accord ing to a p y r r o l e n i n e s t r u c t u r e . H o w e v e r , th i s a s s u m p t i o n does not correspond to 
the results of recent p h y s i c a l measurements . B o n i n o {2) s tud ied R a m a n spec t ra of 
p y r r o l e a n d some of i t s homologs, b u t d i d not find a n y i n d i c a t i o n of the presence of 
t a u t o m e r i c f o rms . Ana logous results were obta ined b y L o r d a n d M i l l e r (9) who 
m a d e a t h o r o u g h inves t i ga t i on based o n R a m a n a n d i n f r a r e d spec t ra of p y r r o l e a n d 
of some p y r r o l e s c o n t a i n i n g d e u t e r i u m atoms. There fore , i t was of interest t o a p p l y 
the ozonolysis m e t h o d to p y r r o l e a n d i ts homologs. 

Studies i n c o l l abora t i on w i t h Guljé (4, 13) showed t h a t ozon izat ion of p y r r o l e a n d 
its homologs proceeds sa t i s fac tor i ly i f the react ion takes place a t —60° C , w i t h c h l o r o 
f o r m as the so lvent . D e s p i t e the l o w react ion t e m p e r a t u r e , more or less res in is some
t imes f o r m e d , b u t w i t h a l l the c ompounds u n d e r inves t i ga t i on the character i s t i c scission 
produc ts c o u l d be separated . 

T h e measurements i n d i c a t e d t h a t each molecule of a p y r r o l e homolog takes u p 
about 1.6 t o 1.7 moles of ozone. A f t e r h y d r o l y t i c scission of the reac t i on p r o d u c t , 80 
to 8 7 % of the n i t r o g e n b o u n d i n the p y r r o l e molecule is recovered i n the f o r m of 
a m m o n i a ( m e t h y l a m i n e ) . I f the q u a n t i t y of a m m o n i a is assumed to be a measure 
of the q u a n t i t y of p y r r o l e w h i c h has reacted w i t h ozone, the conc lus ion can be d r a w n 
t h a t 1 molecule of p y r r o l e homolog has reacted w i t h 2 molecules of ozone. 

T h e other scission p r o d u c t s f o r m e d b y h y d r o l y t i c decompos i t i on of the ozonides are 
d i c a r b o n y l compounds , acetic a c i d , a n d / o r f o rmic a c id . I n some cases v e r y s l ight 
quant i t i es of n i t r i c a c i d are f o u n d . T h e d i c a r b o n y l c ompounds have been ident i f i ed i n 
the f o r m of the d iox imes . T h e q u a n t i t a t i v e analys is of the m i x t u r e of d ioximes is 
c a r r i e d out accord ing to a m e t h o d descr ibed b y H a a y m a n a n d W i b a u t ( 5 ) . 

I n another series of exper iments the m i x t u r e of ozonides was t rea ted w i t h h y d r i o d i c 
a c i d , w h e r e b y d i c a r b o n y l c ompounds are f o r m e d . B y reac t ing the d i c a r b o n y l c o m 
pounds w i t h p - n i t r o p h e n y l h y d r a z i n e , the corresponding p -n i t rophenylosazones are ob 
t a i n e d . These are i so lated f r o m p y r i d i n e b y r e c r y s t a l l i z a t i o n a n d ident i f ied b y m i x e d 
m e l t i n g p o i n t . T h e q u a n t i t a t i v e analys is of the m i x t u r e of n i trophenylosazones is 
c a r r i e d out b y a c h r o m a t o g r a p h i c m e t h o d . 

Ozonolys is of p y r r o l e i tsel f gave g lyoxa l i n a y i e l d of 1 5 % ( isolated i n the f o r m of 
p - n i t r o p h e n y l o s a z o n e ) . F o r m i c a c i d a n d a m m o n i a were also f o u n d . These products 
m a y have been f o r m e d accord ing to the c lassical f o r m u l a of p y r r o l e : 

HC CH 
II II 

H C V ^CH 

H 

+ 2 0 3 

^ l\T 

H C — C H 

II II 
0 0 

HC CH 
o 3 < Il II >o3 

H C . . C H 
Ν 
Η 

^hydrolysis 

' Ο Ο 

Il II 
H C ^ C H 

H 
not isolated 

hydrolysis 2 H C 0 0 H 

+ 

NH 3 

Ozonolys is of i V - p h e n y l p y r r o l e gave, besides g l y o x a l i n a 3 8 % y i e l d ( iso lated i n the 
f o r m of the p - n i t r o p h e n y l o s a z o n e ) , an i l ine i n a 5 8 % y i e l d ( iso lated i n the f o r m of t r i -
b r o m o a n i l i n e ) . T h i s result agrees w e l l w i t h the c lassical s t r u c t u r e : 

HC CH 
0 3 < H ||>0 3 

H C ^ N / C H 

I 
C 6 H 5 

hydrolysis H C — C H 
II II 
Ο Ο 

Ο 

II 
H C V 

0 

II 
.CH 

C 6 H 5 '6«·5 
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hydrolysis 
C 6 H 5 NH 2 
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2HCOOH 
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A s the ozon izat i on is c a r r i e d out at —60° C , the p h e n y l g r o u p is h a r d l y a t t a c k e d . 
l - P h e n y l - 2 , 5 - d i m e t h y l p y r r o l e also reacts accord ing t o the c lass ical s t r u c t u r e ; i n t h i s 
case the acetani l ide has been iso lated as a t r i b r o m i n a t e d d e r i v a t i v e : 

HC- -CH 
> 0 3 

H 3 C ~ ^ N ^ ""CH, 

C 6H 5 

hydrolysis HC 
II 
Ο Ο 

CH 
H,C 

I 
C e H 5 

CH, 

C6H5NHCOCH3 

hydrolysis ^ + 
CH3COOH 

I n the ozonolysis of 2 , 4 - d i m e t h y l p y r r o l e , m e t h y l g l y o x a l is f o r m e d i n 4 1 % y i e l d 
( isolated i n the f o r m of the p - n i t r o p h e n y l o s a z o n e ) , as w e l l as f o r m i c a c i d , acetic a c i d , 
a m m o n i a ( 7 9 % ) , a n d a s m a l l q u a n t i t y of n i t r i c a c i d ( 0 . 8 % ) , i so lated i n the f o r m of 
the n i t r o n n i t r a t e . T h i s result is i n good agreement w i t h the i m i n e s t r u c t u r e : 

H 3C N 

0 3 < 
— C H 

II > 0 3 

ΊΝΓ ^CH, 

hydrolysis 
>-

H 3 C — C — C H 
II II + 
Ο Ο 

Ο 
II 

HC V 

Ο 
II 

CH3 

not isolated 

NH3 

hydrolysis + 
>- HCOOH 

+ 
CH3COOH 

T h e f o l l owing exper iments show t h a t o ther s t ruc tures also have t o be considered. 
I n the ozonolysis of 2 , 5 - d i m e t h y l p y r r o l e ( I V ) , m e t h y l g l y o x a l a n d g l y o x a l are 

f o r m e d i n a d d i t i o n to a m m o n i a ( 8 3 % ) , f o r m i c a c i d , a n d acetic a c i d . T h e y i e l d of 
the d iox imes is about 2 4 % a n d of p -n i t ropheny losazones , 29 t o 3 3 % . F o r the 
mo le cu lar r a t i o , m e t h y l g l y o x a l to g l y o x a l , values of about 5 to 7 are f o u n d b y 
analys is of the m i x t u r e of ox imes ; a va lue of 7 has been f o u n d b y analys is of the 
m i x t u r e of p -n i t rophenylosazones . T h e dioximes a n d the p -n i t rophenylosazones of b o t h 
d i c a r b o n y l c ompounds have been i so lated i n a p u r e f o r m a n d were ident i f i ed b y 
m i x e d m e l t i n g po ints w i t h authent i c samples . 

T h e e x p e r i m e n t a l d a t a do no t w a r r a n t c a l c u l a t i o n of a n accurate v a l u e for the 
molecu lar r a t i o , m e t h y l g l y o x a l - g l y o x a l . H o w e v e r , i t is c e r ta in t h a t the m i x t u r e of 
d i c a r b o n y l c ompounds consists m a i n l y of m e t h y l g l y o x a l . T h i s c o m p o u n d m u s t be 
f o r m e d f r o m a s t r u c t u r e i n w h i c h the second a n d t h i r d c a r b o n a toms are l i n k e d b y 
a single b o n d . I n th i s connect ion one m i g h t consider the α-pyrrolenine s t ruc ture 
( I V a ) f o r m e d f r o m the i m i n e s t r u c t u r e b y the s h i f t i n g of a p r o t o n . 

HC-

IV 

- 3 CH 
- - I K 
^.C—CH 3 

\ 
HCO—HCO 

HC=t=CH 
I \ I 

H 3 C — C ^ ^ C — C H 3 

IVa 
\ 

H 3 C—CO—CHO 

I t is imposs ib le to imagine , however , h o w f r o m th i s s t r u c t u r e the n i t r o g e n c o u l d 
be s p l i t off as a m m o n i a . Invest igat ions in to the ozonolysis of p y r i d i n e homologs 
showed t h a t the C = N b o n d does not react w i t h ozone, b u t r a t h e r undergoes h y d r o -
l y t i c s p l i t t i n g i n the l a t t e r stage of the react ion—i .e . , d u r i n g decompos i t i on of the 
ozonide. O x i d a t i v e s p l i t t i n g of the C = C b o n d i n the p y r r o l e n i n e s t r u c t u r e , together 
w i t h h y d r o l y t i c s p l i t t i n g of the C = N b o n d , w o u l d result i n the f o r m a t i o n of 
α-aminopropanal (or α-aminopropionic a c i d ) , b u t not of a m m o n i a . 

R e a c t i o n of ozone w i t h 2 - m e t h y l p y r r o l e gives rise t o a s t rong res in i f i cat ion , even 
at a t e m p e r a t u r e as l o w as —60° C . H o w e v e r , the scission p r o d u c t s , g l y o x a l a n d 
m e t h y l g l y o x a l , have been iso lated (7 a n d 2 % , r e s p e c t i v e l y ) . 

T h e ozonolysis of 2 , 3 - d i m e t h y l p y r r o l e y i e l d e d m e t h y l g l y o x a l ( 4 . 6 % ) , d i m e t h y l -
g l y o x a l ( 1 1 . 5 % ) , a n d a s m a l l q u a n t i t y of g l y o x a l . T h e m i x t u r e of scission produc t s 
conta ined a m m o n i a ( 8 6 % ) a n d a v e r y s l ight q u a n t i t y of n i t r i c a c i d . 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
02

4

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



156 ADVANCES IN CHEMISTRY SERIES 

H T ô T C H 3 

H — k y ^ - C H 3 

cleavage α-β linking 

\ 
CH 3 —C—C—Η + NH3 

II II 
0 0 

R = Η or R = C 2 H 5 

cleavage β-β linking 

0 0 0 0 

cleavage œ-β linking 

\ 
H—C—C—Η 

II II 
Ο Ο 

NT 
R 

-CH 3 R=H or R = CH3 

cleavage β-β linking 

\ 
CH3COCHO + HC—C—Η 

II II 
Ο Ο 

A s i n the ozonolysis of 2 , 3 - d i m e t h y l p y r r o l e , 8 6 % of the n i t rogen was recovered 
i n the f o r m of a m m o n i a ; a reac t ion accord ing to a p y r r o l e n i n e s t ruc ture cannot be 
considered. 

T h e l - e t h y l - 2 , 3 - d i m e t h y l p y r r o l e whose n i t r o g e n a t o m carries a n e t h y l g r o u p c a n 
not be conver ted i n t o a p y r r o l e n i n e f o r m . Ozonolys is of th i s p y r r o l e d e r i v a t i v e , h o w 
ever, no t o n l y y i e l d e d m e t h y l g l y o x a l (2 .9%) b u t also d i m e t h y l g l y o x a l ( 8 . 6 % ) . 
T h e ozonolysis of 1 ,2 -d imethy lpyrro le y i e lded g l y o x a l (5 .1%) a n d m e t h y l g l y o x a l 
( 8 . 3 % ) . H e r e aga in , convers ion of the p y r r o l e d e r i v a t i v e i n a pyr ro l en ine f o r m is 
imposs ib le . 

H 1/9^ β\ H 

H—Je 5*—CH 3 

N' 
I 

CH 3 

H—C—C—H 
II II 
Ο Ο 

II 
Ο 

I n a l l these cases the m e t h y l g l y o x a l or the d i m e t h y l g l y o x a l has been f o r m e d f r o m 
a s t r u c t u r e i n w h i c h the « - a n d β - carbon atoms are l i n k e d b y a single c a r b o n b o n d . 
I t is assumed t h a t the pyrro l es can react w i t h ozone accord ing to p o l a r valence 
s t ruc tures . A c c o r d i n g to the react ion scheme out l ined below, w h i c h contains var ious 
u n p r o v e d assumpt ions , the po lar f o r m of the p y r r o l e homolog w i l l react w i t h molecules 
of ozone, whi l e o n decompos i t i on of the reac t ion p r o d u c t , the n i t r o g e n w i l l be sp l i t off 
as a m m o n i a (or as a p r i m a r y a m i n e ) . 
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=CH 
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H C = C H 
I I 

H 3 C — C C — C H 3 

II II 
Ν 0 
Η 

0 3 
H 3 C-

H C 1 — ^ C H 
I I 

-CH 3 

hydrolysis * 
2 C H 3 — C — C — Η + NH 3 

II II 
0 0 

F r o m 1 molecule of the po lar f o r m of 2 , 5 - d i m e t h y l p y r r o l e , 2 molecules of 
m e t h y l g l y o x a l can be f o rmed . T h i s is i n agreement w i t h the e x p e r i m e n t a l fact t h a t 
the ozonolysis of 2 , 5 - d i m e t h y l p y r r o l e y ie lds a considerable q u a n t i t y of m e t h y l g l y o x a l . 

Ozonolys i s of Furans 

T h i s w o r k was c a r r i e d out i n co l laborat i on w i t h J i b b e n (8, 11, 12). 

F u r a n a n d its m e t h y l homologs react r a p i d l y w i t h ozone, even at a l ow t emperature 
(—60° C ) . O n a n average, 1 mole of the furans invest igated consumed 1.6 moles of 
ozone. 

T h e ozonides ( w h i c h are explosive) were decomposed b y reduc t i on w i t h h y d r i o d i c 
a c i d ; the d i c a r b o n y l compounds f o r m e d were de termined as p -n i t rophenylosazones . 

T h e ozonolysis of f u r a n itself y ie lds g lyoxa l (about 4 6 % b y weight) a n d f o rmic 
a c id . Interes t ing results , however , have been obta ined i n the ozonolysis of m e t h y l 
furans . 

2 - M e t h y l f u r a n is r a p i d l y a t t a c k e d b y ozone at —60° C . G l y o x a l a n d m e t h y l 
g lyoxa l i n a mo lecu lar ra t io of 5 to 2 a n d a t o t a l y i e l d of 3 5 % were obta ined as 
scission produc ts of the h i g h l y explosive ozonide. 

A m o n g the scission products f o r m e d i n the ozonolysis of 2 , 5 - d i m e t h y l f u r a n were 
f o u n d g lyoxa l a n d m e t h y l g l y o x a l i n a mo lecu lar ra t io of 1 to 1.4 a n d a t o t a l y i e l d of 
4 8 % . F o r m i c ac id a n d acetic a c i d were also f o r m e d . T h i s means t h a t i n the c leav ing 
of the f u r a n r i n g a l i n k i n g between a n « - a n d a β - carbon a t o m m a y r e m a i n i n t a c t . 

HC CH 

o 3 <l l II > o , 
H C \ / C H 

^ 0 ^ 

H — C — C — Η 
II II 
Ο Ο 

2HCOOH 

HCr -zCH 

HC>. ^-C CH * 

cleavage 
if α-β linking 

H — C — C — Η 
II II 
Ο Ο 

HCOOH + CH 3 COOH 

HCà nCH 

H C ^ Î C — C H 3 

I cleavage 
\β-β linking 

CH 3 COCHO 

+ 

H - C — C — Η 
II II 
Ο Ο 

H C * * C H 

H 3 C — C * 5 C — C H 3 

Ο 
cleavage α-β l i n k i n g \ ^ c l e a v a g e β-β linking 

H — C — C — Η 4- 2CH 3 COOH 2 C H 3 — C — C — Η 
II II II II 
0 0 0 0 

Analogous results have been obta ined i n the ozonolysis of 2 , 3 , 5 - t r i m e t h y l f u r a n , 
w h i c h y ie lds m e t h y l g l y o x a l a n d d i m e t h y l g l y o x a l . T h e ozonolysis of 2 , 3 - d i m e t h y l f u r a n 
y ie lds three d i c a r b o n y l c o m p o u n d s — g l y o x a l , m e t h y l g l y o x a l , a n d d i m e t h y l g l y o x a l . 

These e x p e r i m e n t a l results m a y be exp la ined b y the suppos i t i on t h a t the f u r a n 
nucleus can react accord ing to po lar s t ructures . T h i s hypothes is w o u l d also be i n 
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H C 5 U Î C - C H 3 

0 
cleavage α-β linking^/ \^cleavage β-β linking 

C H 3 — C — C — Η + C H X O O H + HCOOH C H 3 — C - — C — C H 3 + H — C — C — Η 
II II 3 II II II II 
0 0 0 0 0 0 

accordance w i t h the e x p e r i m e n t a l finding t h a t 1 mole of f u r a n consumes less t h a n 2 
molecules of ozone, as a p o l a r f o r m contains o n l y one C = C b o n d . 

HC ÇH HC=4=CH H C = = = C H 

- - • H — ~ 4 k I \ I I / I 
H 3 C — C C — C H 3 H 3 C — ^ C — C H 3 H 3 C — X — C H 3 

\ ^ s " 

H — C — C — H + 2CH 3 COOH 2 C H 3 — C — C — Η 
H II II II 
0 0 0 0 

t!S S~CH3
 H C = = = C — C H 3 H C = ± = C — C H 3 

If \\ I ' I I ' I 
H C \ 0 / C — C H 3 H _ C ^ o ^ C — C H 3 H C ^ ^ C - C H , ^0 

\ 
C H 3 — C — C — Η 

II II 
0 0 
+ 

CH 3 C00H + HCOOH 

C H 3 — C — C — C H 3 + H — C — C — Η 
II II II II 
0 0 0 0 

T h e exper iments show t h a t the w a y these f u r a n homologs react w i t h ozone m a y 
be different f r o m w h a t m i g h t be expected f r o m the c lass ical s t r u c t u r e , a n d t h a t 
mesomeric f orms p l a y a p a r t . 

Ozonolys i s of γ -Pyrones 

T h e p r o b l e m of the s t r u c t u r e of the γ -pyrone nuc leus arose w h e n i t was d i s 
covered t h a t the c o n v e n t i o n a l f o rmulas establ ished o n the basis of degradat i on a n d 
synthesis were unab le to account for a l l the proper t i es of γ -pyrones . 2 , 6 - D i m e t h y l -
γ -pyrone , f o r instance , does n o t f o r m a p h e n y l h y d r a z o n e ; i t s double bonds are not 
reduced b y z inc a n d g lac ia l acetic a c i d . 

A b o u t 50 years ago C o l l i e a n d T i c k l e (3) d iscovered t h a t 2 , 6 - d i m e t h y l - y - p y r o n e 
( V ) f o rms w e l l - c r y s t a l l i z e d salts w i t h acids . T h e s t r u c t u r e of these salts i s n o w 
expressed b y s t r u c t u r a l f o r m u l a V I . 

HC" CH 

H 3 C - C ^ C - -CH 3 

HC" 

OH 
I 

*CH 

H 3 C — ^ C — C H 3 

0 

V I 

2 ,6 - D i m e t h y l p y r o n e i tse l f has a d ipo le m o m e n t of 4.6 D , w h i c h va lue is i n d e 
pendent of the t e m p e r a t u r e (7, 10). I f s t ruc ture V shou ld be assigned to 2 ,6 -d imethyl -
γ -pyrone , the d ipole m o m e n t ca l cu la ted accord ing to vec tor a d d i t i o n w o u l d be 2.2 D ; 
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f r o m the e x p e r i m e n t a l va lue of 4.6 D un i t s i t fo l lows t h a t d i m e t h y l - y - p y r o n e is a meso -
mer i c f o r m a n d t h a t p o l a r s t ructures have to be t a k e n i n t o a c c o u n t — f o r instance , the 
l i m i t i n g s t ructures , V I I . 

V I I 

H e r z b e r g a n d W i b a u t (6, 14) have s tud ied the ozon iza t i on a n d the ozonolysis of 
γ -pyrone a n d i ts m e t h y l homologs . A l t h o u g h exact measurements of the reac t i on 
velocit ies were no t possible , i t was f o u n d t h a t the γ-pyrones react w i t h ozone a t a faster 
rate t h a n benzene or to luene. O n the other h a n d , the v e l o c i t y of the ozon iza t i on of 
γ-pyrones is m u c h smal l e r t h a n w o u l d be expected for a c o m p o u n d c o n t a i n i n g t w o 
iso lated double bonds . 

A t a t e m p e r a t u r e of —20° C . a n d i n c h l o r o f o r m so lut i on , the γ-pyrones t a k e u p 2 
molecules of ozone. T h i s means t h a t o n l y the C = C bonds react w i t h ozone, w h i c h was 
also f o u n d w h e n ozone reacted w i t h other heterocyc l i c r ings , s u c h as p y r i d i n e , p y r r o l e , 
a n d f u r a n . T h e ozonides were decomposed b y r e d u c t i o n w i t h h y d r i o d i c a c i d , w h e r e b y 
c a r b o n y l c ompounds are f o rmed , as w e l l as acetic a c i d a n d i n some cases f o r m i c a c i d . 
B y reac t ing the c a r b o n y l c ompounds w i t h p - n i t r o p h e n y l h y d r a z i n e , the corresponding 
n i t r o p h e n y l h y d r a z o n e s or p -n i t rophenylosazones are f o r m e d . T h e separat i on of the 
m i x t u r e of hydrazones a n d osazones is c a r r i e d out b y a c h r o m a t o g r a p h i c m e t h o d . T h e 
q u a n t i t a t i v e d e t e r m i n a t i o n of the separated n i t rophenylosazones (or hydrazones ) is 
car r i ed out b y means of s p e c t r o g r a p h ^ measurements . 

T h e ozonolysis of γ -pyrone y ie lds mesoxa l d ia ldehyde (0.03 m o l e ) , g l y o x y l i c a c i d 
(0.12 m o l e ) , g l y o x a l (0.12 m o l e ) , a n d f o rmic a c i d (3.1 m o l e s ) . 

0=C—C—-C=0 + 2HC00H 0=C—COOH + 0 = C — C = 0 + HCOOH 
I II I I I I 
Η Ο H H H H 

T h e f o r m a t i o n of mesoxa l d ia ldehyde is character i s t i c of the c lass ical s t r u c t u r e ; the 
f o r m a t i o n of g l y o x y l i c a c i d c a n be m o s t r e a d i l y exp la ined f r o m a p o l a r s t r u c t u r e . 
F o r m i c a c i d can be f o r m e d f r o m the t w o s t ruc tures . T h e t o t a l y i e l d of fission 
produc ts corresponds to about 7 3 % of the o r i g i n a l γ -pyrone . 

I n the ozonolysis of 2 , 6 - d i m e t h y l - y - p y r o n e the f o l l owing scission produc t s are to 
be expected : 

HI reduction 

0 = C — C — C = 0 + 2 C H 3 C O O H 
I II I 
Η Ο H 

HI ^ reduction 

0 = C — COOH + CH 3 COÇ=0 + CH3C00H 

H H 
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T h e f o l l owing have been iso lated a n d de termined q u a n t i t a t i v e l y i n the f o r m of 
the p -n i t rophenylosazones : mesoxa l d ia ldehyde (0.03 m o l e ) , g l y o x y l i c a c i d (0.2 m o l e ) , 
a n d m e t h y l g l y o x a l (0.16 m o l e ) . These figures represent m i n i m u m values . A c e t i c 
a c i d (1.5 moles) a n d formic a c i d (1.1 moles) have also been f o u n d . T h e t o t a l y i e l d 
of scission products corresponds to about 7 3 % of the o r i g i n a l 2 , 6 - d i m e t h y l - y - p y r o n e . 
M e s o x a l d ia ldehyde can be f o r m e d f r o m s t ruc ture V ; m e t h y l g l y o x a l is character is t i c 
of s t r u c t u r e V I I , a n d acetic a c i d can be f o r m e d f r o m the two s tructures . T h e 
f o r m a t i o n of g l y o x y l i c a c i d can be most r e a d i l y exp la ined f r o m s t r u c t u r e V I I . H o w 
ever, the f o r m a t i o n f r o m s t ruc ture V v i a a n a b n o r m a l ozonide rearrangement m u s t 
not be prec luded . A l s o , the f o rmic a c i d m a y be f o r m e d v i a a n a b n o r m a l ozonide 
rearrangement f r o m s t ruc ture V . I t fol lows f r o m these exper iments t h a t 2 , 6 - d i m e t h y l -
γ -pyrone reacts w i t h ozone accord ing to different l i m i t i n g s t ructures . 

I n the ozonolysis of the h y d r o c h l o r i d e of 2 , 6 - d i m e t h y l - y - p y r o n e , a greater a m o u n t 
of m e t h y l g l y o x a l — i . e . , 0.22 m o l e — i s f o u n d t h a n i n the ozonolysis of d i m e t h y l p y r o n e 
itsel f . 

I n the ozonolysis of 3 - m e t h y l - y - p y r o n e a n d of t e t r a m e t h y l - y - p y r o n e , scission 
products are f o r m e d w h i c h are character is t i c for po lar s t ructures . I n the ozonolysis 
of 2 , 3 , 6 -d im ethy l - y -p yrone p a r t i c u l a r l y interest ing results were obta ined . T h e f o l 
l o w i n g character i s t i c scission produc ts have been i so la ted : p y r u v i c a c i d (0.11 m o l e ) , 
d i m e t h y l g l y o x a l (0.07 m o l e ) , m e t h y l g l y o x a l (0.08 m o l e ) , g l yoxy l i c a c i d (0.11 m o l e ) , 
a n d acetic a c i d (1.85 mo les ) . T h i s means t h a t the t r i m e t h y l - y - p y r o n e reacts a c c o r d 
i n g to mesomeric p o l a r s t ruc tures . 

C H 3 C O C O O H + C H 3 C O C = 0 + C H 3 C O O H 0 = C — C O O H + CH 3 COCOCH 3 + CH 3 COOH 

H H 

Besides these scission produc ts f o rmic a c i d (0.6 mole) is f o u n d . T h i s m a y be 
f o r m e d v i a a n a b n o r m a l ozonide rearrangement f r o m the n o n p o l a r s t r u c t u r e . T h e 
t o t a l y i e l d of fission produc t s is about 6 5 % of the or ig ina l t r i m e t h y l p y r o n e . 

O z o n i z a t i o n o f T h i o - y - p y r o n e s (6). T h i o - y - p y r o n e a n d 2 , 6 - d i m e t h y l t h i o - y - p y -
rone react w i t h ozone at a slower rate t h a n the corresponding γ-pyrones. T h e thio -γ -
pyrones take u p 3 molecules of ozone. N o t o n l y do the C = C bonds react w i t h ozone, 
b u t o x i d a t i o n of the su l fur a t o m also occurs. W h e n the react ion p r o d u c t of the 
ozon izat ion is t rea ted w i t h d i lu te a l k a l i a n d h y d r o g e n peroxide , the so lut i on contains 
a l k a l i sul fate i n a n a m o u n t corresponding to the su l fur content of the t h i o p y r o n e . 

T h e ozonolysis of 2 , 6 - d i m e t h y l t h i o - y - p y r o n e y ie lds mesoxal d ia ldehyde (0.12 m o l e ) , 
g l yoxy l i c a c i d (0.04 m o l e ) , m e t h y l g l y o x a l (0.02 m o l e ) , acetic a c i d (0.53 m o l e ) , a n d 
fo rmic a c i d (0.82 m o l e ) . These scission products have been f o r m e d f r o m mesomeric 
s t ructures : 

Ο Ο " 

o=c—c—c=o H — C — C O O H 4- C H 3 — C — C = 0 
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Ozonolysis of 4,22-Stigmastadien-3-one 

GEORGE SLOMP, Jr., and JAMES L. JOHNSON 

Research Laboratories, Upjohn Co., Kalamazoo, Mich. 

The ozonolysis reaction was used to prepare the 
steroidal aldehyde, 3-ketobisnor-4-cholen-22-al from 
4,22-stigmastadien-3-one. Methylene chloride was 
used as the solvent. When aldehydes are prepared 
by ozonolysis, exactly the right amount of ozone must 
be added. An infrared method makes it possible to 
follow quantitatively the rate of disappearance of 
double bonds and locate the end point exactly. 

The ozonolysis reac t ion has been used w i d e l y as a n a n a l y t i c a l t oo l for d e t e r m i n a t i o n of 
the s t r u c t u r e of olefins. A n excess of ozone is u s u a l l y a d d e d a n d the s t r u c t u r e is 
deduced f r o m whatever p roduc t s can be i so lated . I n th is s t r u c t u r e w o r k there is a 
r a t h e r b r o a d choice of so lvents . 

Ozonolys is has become m o r e use fu l of late as a synthet i c m e t h o d . T h e authors 
w ished to use the ozonolysis reac t i on for the p r e p a r a t i o n of the s tero ida l a ldehyde , 
3 -ketob isnor -4 -cho len-22-a l ( I I ) , f r o m 4,22-st igmastadien-3-one ( I ) . 

I II ΙΠ 

H e r e the object ive was to cleave the s ide - cha in double b o n d select ively a n d , at the 
same t i m e , t o keep the nuc lear double b o n d i n t a c t . T h i s is a reasonable ob ject ive , as 
t h e s ide - cha in double b o n d has a m u c h h igher e lec tron dens i ty t h a n the nuc lear double 
b o n d w h i c h is con jugated w i t h the e l e c t r o n - w i t h d r a w i n g c a r b o n y l g r o u p a n d , hence, 
the i so lated b o n d s h o u l d react m u c h m o r e r a p i d l y w i t h the e lec trophi l i c ozone. 

I n u s i n g the ozonolysis reac t i on as a p r e p a r a t i v e m e t h o d for a ldehydes , c e r ta in 
l i m i t i n g considerat ions are i m m e d i a t e l y encountered . T h e r e is a more l i m i t e d choice 
of so lvents , a n d a n excess of ozone shou ld be a v o i d e d . E t h y l acetate has f requent ly 
been used as a so lvent f or ozonolysis react ions . I t r e a d i l y dissolves a v a r i e t y of c o m -
p o u n d s , b u t i n the p r e p a r a t i o n of a ldehydes i t is n o t a genera l ly sa t i s fac tory so lvent , 
as large amounts of acids are f o r m e d [poss ib ly because of the presence of some ethano l 
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(1) ] . F o r m i c a n d acetic acids have p r o v e d p a r t i c u l a r l y good for the p r e p a r a t i o n of 
some aldehydes , b u t the s o l u b i l i t y of s t igmastadienone i n these solvents is l o w . C e r 
t a i n halogenated h y d r o c a r b o n solvents , w h i c h d isso lved m o r e s t igmastadienone , have 
been inves t igated . W h e n ozone was passed i n t o c h l o r o f o r m (s tab i l i zed w i t h e thanol ) 
a t — 60° C , some of the ozone reacted , p r e s u m a b l y w i t h the e thano l , to f o r m ac id ic 
mater ia l s . W h e n the exper iment was repeated on methy lene ch lor ide a t —78° , a 
s a t u r a t e d so lut i on of ozone i n methy lene ch lor ide was f o rmed , deep b lue i n color , f r o m 
w h i c h n e a r l y a l l of the ozone c o u l d be recovered b y sparg ing w i t h n i t r o g e n . T h i s 
so lvent was therefore chosen for the ozonolysis of s t igmastadienone . 

W h e n aldehydes are p r e p a r e d b y ozonolysis , exac t ly the correct a m o u n t of ozone 
m u s t be added , because excess ozone converts a ldehydes to acids a n d perac ids . I n 
a d d i t i o n , alcohols , ethers, double bonds , or other f u n c t i o n a l groups present i n the 
molecule m a y be a t t a c k e d . T h i s br ings u p the p r o b l e m of d e t e r m i n i n g w h e n to stop 
the ozonolysis reac t i on . T h e theore t i ca l a m o u n t of ozone m a y be added , b u t several 
cases are recorded i n w h i c h m o r e t h a n one m o l a r equ iva lent of ozone is r e q u i r e d to 
cleave one double b o n d . One m a y stop w h e n ozone appears i n the effluent gas f r o m 
the reactor . H o w e v e r , p r e l i m i n a r y exper iments have shown t h a t a t t h i s l o w t e m 
perature ozone begins to overf low v e r y soon after the reac t i on has s t a r t e d . A m o r e 
useful m e t h o d has been to stop the ozonolysis w h e n the reac t i on m i x t u r e no longer 
shows u n s a t u r a t i o n . T h i s m a y be detected q u a l i t a t i v e l y b y the use of b r o m i n e i n 
c a r b o n te t rach lor ide , t e t r a n i t r o m e t h a n e , etc. A n i n f r a r e d m e t h o d makes i t possible to 
fo l low q u a n t i t a t i v e l y the rate of d isappearance of t r a n s double bonds a n d to locate the 
end p o i n t m o r e exac t ly . T h e m e t h o d was a p p l i e d to the ozonolysis of st igmastadienone 
w i t h good results . 

T h e ozonolysis was p e r f o r m e d i n methy lene ch lor ide , a n d a l iquots of the react ion 
m i x t u r e were r e m o v e d at t i m e d i n t e r v a l s a n d assayed b y the i n f r a r e d m e t h o d for the 
amounts of each double b o n d r e m a i n i n g . P o r t i o n s of some of the spec tra w h i c h were 
ob ta ined are s h o w n i n F i g u r e 1. T h e a b s o r p t i o n of the s ide - cha in double b o n d a p 
pears at 10.26 mic rons , of the nuc lear double b o n d a t 6.2 m i c r o n s , a n d of the aldehydes 
(2) f o r m e d b y the ozonolysis of the s ide - cha in double b o n d a t 5.86 m i c r o n s . B y us ing 
the base- l ine technique of H e i g l , B e l l , a n d W h i t e (4), i t was possible to ca lculate the 
a m o u n t of s ide - cha in double b o n d present i n each sample . T h e a m o u n t s of nuc lear 
double b o n d a n d of a ldehyde present were also ca l cu la ted . These results are recorded 
g r a p h i c a l l y i n F i g u r e 2. 

These d a t a n o w ind icate exac t ly w h e n to stop the ozonolysis reac t i on so as to have 
m a x i m u m s e l e c t i v i t y : a t the p o i n t i n the χ axis where the t w o doub le -bond d i s 
appearance curves are the farthest a p a r t — i . e . , 1.1 ± 0.5 m o l a r equiva lents of ozone. 
T h e y i e l d of a ldehyde shou ld be 70 to 8 5 % a n d s h o u l d correspond t o the separat i on of 
the t w o curves o n the y ax is . 

T h e a ldehyde f o r m a t i o n curve gave evidence t h a t the cleavage of one mole of s ide-
c h a i n double b o n d y i e l d e d one mo le of a ldehyde , the other end of the double b o n d 
be ing conver ted to someth ing else. T h i s was i n agreement w i t h the results observed 
b y Criegee (1). 

T h e ozonolysis was therefore repeated u n d e r a v a r i e t y of condi t ions a n d new curves 
were constructed for each. T h e results were best a t l o w t e m p e r a t u r e (—78° C . was 
better t h a n —53° C ) , at a h i g h olefin concentra t i on (as h i g h as the s o l u b i l i t y l i m i t a 
t ions w o u l d p e r m i t ) , i n n o n p o l a r so lvents , a n d w i t h a s m a l l a m o u n t of p y r i d i n e present 
i n the so lvent . T h e d r a m a t i c effect of the i n c l u s i o n of a p p r o x i m a t e l y 1 % p y r i d i n e is 
shown i n F i g u r e 3. T h e se lec t iv i ty was great ly i m p r o v e d , the nuc lear double b o n d r e 
m a i n i n g i n t a c t u n t i l the s ide - cha in double b o n d h a d a lmost comple te ly reacted . T h e 
a ldehyde f o r m a t i o n curve indicates t h a t a p p r o x i m a t e l y t w o molecules of a ldehyde were 
f o r m e d f r o m the cleavage of each double b o n d . These curves represent o p t i m a l c o n d i 
t ions a n d were selected f r o m runs a t v a r i o u s p y r i d i n e concentrat ions . 

F i g u r e 3 indicates t h a t m a x i m u m se lec t iv i ty i n the p y r i d i n e - m e t h y l e n e ch lor ide 
sys tem s h o u l d be ob ta ined b y us ing 1.6 t o 1.7 m o l a r equiva lents of ozone. T h e e x p e r i -
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τ ι ι ι ι 1 1 ι 1 1 ι 1 ι ι ' ' » · V ' V 
I .2 .3 .4 .5 .6 .7 .8 .9 1.0 I.I 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 

MOLAR EQUIVALENTS OF OZONE 

Figure 3. Ozonolysis of stigmastadienone in methylene chloride 

merits were repeated us ing th is a m o u n t of ozone, the m i x t u r e was subjected to zinc 
decompos i t ion , a n d the s tero ida l a ldehyde was iso lated b y c r y s t a l l i z a t i o n . T h e y ie lds 
were i n good agreement w i t h the p r e d i c t i o n ( T a b l e I ) . 

Table I. Yields of Bisnoraldehyde from Ozonolysis of Stigmastadienone 

Molar Yield 
Solvent Equiv. Ozone Predicted Found 

MeCl 2 1.07 70-85 82 
MeCls + 0.94% pyridine 1.66 95 94 

I t was of interest to consider the role of the p y r i d i n e i n th i s ozonolysis reac t i on . 
S i x m a , B o e r , a n d W i b a u t (6) have s h o w n t h a t the e lec trophi l i c r e a c t i v i t y of ozone can 
be c a t a l y z e d b y acids of the L e w i s t y p e . T h i s m a y be due to the f o r m a t i o n of a salt 
l ike in termed ia te I V , w h i c h w o u l d be expected to show enhanced e lectrophi l i c r e a c t i v -

0 
+ θ ' X0—A1C1 3 IV 

i t y . N u c l e o p h i l i c agents, such as p y r i d i n e a n d p y r i d i n e oxide, on the other h a n d , w o u l d 
be expected to f o r m compounds , or at least complexes ( in these n o n p o l a r solvents) 
such as V , V I , a n d V I I . 

f \ - / o r f A - - - + / - o r / Λ - ο Λ τ 

V VI VII 

These , i n t u r n , w o u l d be expected to show d i m i n i s h e d e lec trophi l i c r e a c t i v i t y a n d 
poss ib ly , i n some cases, nuc leophi l i c r e a c t i v i t y (a). T h i s m a y e x p l a i n the loss of 
a ldehyde w h i c h was observed w h e n a large a m o u n t of p y r i d i n e was present d u r i n g the 
ozonolysis react ion . 

W h e t h e r i t is a pyr id ine -ozone complex w h i c h is reac t ing w i t h the double bonds i n 
a more selective m a n n e r or whether the se lec t iv i ty arises because of the d i m i n i s h i n g 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
02

5

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



166 ADVANCES IN CHEMISTRY SERIES 

of the instantaneous ozone concentra t i on b y f o r m a t i o n of the p y r i d i n e or p y r i d i n e 
oxide c o m p l e x i s n o t c e r t a i n . 

T h e appearance of the second molecule of a ldehyde is a t t r i b u t e d to a mode of 
s t a b i l i z a t i o n of the z w i t t e r i o n (1) i n t e r m e d i a t e b y react ion w i t h the p y r i d i n e to f o r m 
p y r i d i n e oxide a n d a second molecule of a l d e h y d e : 

ν _ γ 
C 5 H 5 N = ^ = ± : I )0 3 + C 5 HjN / \ / \ 

V % Ν 

+ 
0 \ 

0 

A 
T h i s m a y occur b y a d d i t i o n of the p y r i d i n e to the z w i t t e r i o n ( V I I I ) ( w h i c h i t p r o b a b l y 
so lvates ) , f o l l owed b y r e a r r a n g e m e n t : 

V - 0 

IX Χ II or III 

- Q ->- (ν Ν >-0 + C=0 

P y r i d i n e oxide was shown to b i n d large quant i t i es of ozone, f r o m w h i c h a l l of the 
p y r i d i n e oxide c o u l d be recovered b y a d d i t i o n of m e t h a n o l . T h i s a p p a r e n t l y accounts 
for the a d d i t i o n a l ozone requ i red for the ozonolysis w h e n p y r i d i n e is present . U n 
f o r t u n a t e l y , p y r i d i n e oxide cou ld not be demonst ra ted i n the reac t i on m i x t u r e . I t was 
shown, however , i n a separate exper iment t h a t p y r i d i n e oxide reacted r e a d i l y w i t h 
b i snora ldehyde at r o o m t e m p e r a t u r e . T h e i so la t i on was no t a t t e m p t e d a t —-78°C. 

T h e ozonolysis m i x t u r e s s t i l l r e q u i r e d reduc t ive t r ea tment to o b t a i n h i g h y ie lds of 
a ldehyde . T h e reduc t i on was a p p a r e n t l y necessary to destroy the p y r i d i n e oxide-ozone 
intermediates w h i c h were pos tu la ted above. I t was possible, however , to e l iminate the 
r e d u c t i o n step i f the m o r e react ive f o rmaldehyde was added to destroy the react ive 
intermediates . T h e results ob ta ined b y t r e a t m e n t of several a l iquots of a n ozonolysis 
reac t ion m i x t u r e are shown i n T a b l e I I . 

Table II. Decomposition Methods as Applied to 
Ozonolysis Reaction Mixtures 

Treatment Yield [α]ϋ of Product* 
Formaldehyde 91.8 +81.4 
Zinc reduction 93.0 +84.3 
No reduction 77.2 +80.1 
Dimethylsulfoxide 82.2 +80.5 
Trioxymethylene 75.9 +80.8 

a [ « ] D of pure 3-ketobisnor-4-22-al is +85° (CHCh). 
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F o r m a l d e h y d e was d i s t i n c t l y be t ter t h a n the other methods of t r e a t m e n t , b u t no t 
comparab le to zinc r e d u c t i o n . T h e f o l l owing r e d u c i n g agents were also t r i e d : aqueous 
s o d i u m bisul f i te , aqueous ferrous sul fate , su l fur d iox ide , aqueous s o d i u m th iosu l fa te , 
ca ta ly t i c hydrogénation [ p y r i d i n e oxide is dif f icult to hydrogenate ( 3 ) ] , c a l c i u m h y d r i d e 
a n d acetic a c i d , a n d stannous chlor ide a n d acetic a c i d . O n l y stannous ch lor ide -ace t i c 
a c i d was effective. I t gave m a t e r i a l of v e r y good q u a l i t y , b u t the y i e l d was s l i g h t l y less 
(84 to 8 5 % ) t h a n b y the u s u a l z inc decompos i t i on m e t h o d . 
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Oxidative Degradation of Polymers 
in Presence of Ozone 

HAROLD C. BEACHELL and SPERO P. NEMPHOS 

Chemistry Department, University of Delaware, Newark, Del. 

The action of ozone-oxygen mixtures (2% ozone) 
on polyethylene in the temperature range from 
25° to 109° C. and on polystyrene in the range 
from 55° to 154° C. has been studied. The prod
ucts and the rates of the reaction were followed by 
the changes in the infrared spectra of the poly
mers during ozonization. The main products ap
pear to be aldehydes and ketones in the case of 
polyethylene, while an ozonide or peroxidic complex, 
stable at intermediate temperatures, forms during 
polystyrene ozonization. The activation energy is 
of the order of 9 kcal. for polyethylene; for poly
styrene it is considerably less. Rates of ozonization 
and oxidation of deuterated polystyrenes indicate 
that tertiary carbons are the seat of oxidation reac
tion. 

The a c t i o n of ozone as a v igorous ox id i z ing agent of elastomers a n d other po lymers 
is w e l l k n o w n (1). T h i s repor t presents the results of a s t u d y i n w h i c h the ac t i on of 
ozone on such p o l y m e r s as po lye thy lene a n d po lys tyrene was examined . I n f r a r e d 
spectra were used as a too l for p r o d u c t analys is a n d rate measurements . P o l y 
ethylene showed a m u c h higher tendency to ozone o x i d a t i o n t h a n po lys tyrene . T h e 
t e m p e r a t u r e range s tud ied v a r i e d f r o m 25° to 109° C , a n d the o x i d a t i o n was 
measured i n te rms of m i n u t e s . I n the case of po lys tyrene the t e m p e r a t u r e range 
f r o m 55° to 154° C . p r o d u c e d equiva lent results b u t o n l y w h e n the ozon iza t i on was 
measured i n terms of hours . S tyrene po lymers w i t h d e u t e r i u m atoms s u b s t i t u t i n g 
hydrogens on the chains were synthes ized , a n d the i r ozon izat ion rates were s tud ied i n 
a n a t t e m p t to e lucidate the m e c h a n i s m of ozone a t t a c k on the p o l y m e r . 

Experimental 

A p p a r a t u s . A W e l s b a c h ozonator , M o d e l T-25, p r o d u c e d a n ox id i z ing m i x t u r e of 
ozone (2%) a n d oxygen (98%). T h e rate of flow was k e p t constant at 0.025 cubic 
foot per m i n u t e . T h e p o l y m e r films, effective th ickness 0.002 to 0.006 i n c h , were used 
free or d i r e c t l y on the rock salt plates o n w h i c h t h e y were cast. T h e react ion vessel 
c o n t a i n i n g the f i lms was k e p t i n a constant t e m p e r a t u r e b a t h . T h e ozone m i x t u r e was 
preheated to a p p r o x i m a t e l y the t e m p e r a t u r e of the b a t h b y passing t h r o u g h a s p i r a l 
tube i m m e r s e d i n the same b a t h p r i o r to enter ing the reac t i on vessel. 

P o l y e t h y l e n e . T h e po lye thy lene was A l a t h o n N o . 1, w i t h a mo lecu lar weight 
between 18,000 a n d 19,000 ( D u P o n t ) . I t was disso lved i n hot c a r b o n te t rach lor ide , a n d 
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the f i lms were cast e i ther on rock salt plates w h i c h were used d i r e c t l y or on the s u r 
face of m e r c u r y . T h e fi lms were d r i e d overn ight i n a v a c u u m oven at 50° C . 

Polystyrenes. α-Deuteriostyrene was p r e p a r e d b y reduc t i on of acetophenone w i t h 
l i t h i u m a l u m i n u m deuter ide a n d d e h y d r a t i o n of the ensuing a lcohol . β -Deuteriostyrene 
was p r e p a r e d b y the h y d r o l y s i s w i t h d e u t e r i u m oxide of the G r i g n a r d of β - b r o m o -
styrene (4)· β, β -Dideuteriostyrene a n d α, β, β-trideuteriostyrene were synthes ized 
b y the fo l l owing scheme: 

—C=CK + Na - » — C = C N a 

— C = C N a + D,() -> — C = C D 

D2SO4 

— t e C D + D 2 0 > — C — C D 3 

HgS0 4 H 
Ο 

(S0 3 + DoO -> D 2 S0 4 ) 

L1AID4 

— C — C D 3 ι > — C D = - C D 2 

dehydration Ο 
\ 

L1A IH4 — C H = C D 2 

T h e fo l l owing m e t h o d was used to prepare a, β-dideuteriostyrene 

(PBr 3 + 3D 2 0 -> 3DBr + D3PO3) 

Dibenzoyl 
- C ^ C D + D B r :—> — C D = C D B r 

peroxide + 0 2 

T h e G r i g n a r d of β-bromodeuteriostyrene was then p r e p a r e d a n d y i e lded a, β -d ideu-
ter iostyrene u p o n h y d r o l y s i s . 

T h e monomers as we l l as undeutera ted styrene were p o l y m e r i z e d i n sealed glass 
tubes, i n the absence of cata lysts , i n a constant t e m p e r a t u r e b a t h at 80° C . T h e m e a n 
mo lecu lar weight of the obta ined p o l y m e r s was i n the range of 1,000,000 except for 
the β -deuter io - a n d the a, β-dideuteriopolystyrenes. I n th is case the mo lecu lar weight 
was m u c h lower even af ter a p o l y m e r i z a t i o n t ime of several weeks. T h e reason for 
this i n h i b i t i o n lies perhaps i n the presence of i m p u r i t i e s i n the samples f r o m the G r i g 
n a r d or the b r o m i d e . T h e p o l y m e r s were r eprec ip i ta ted f r o m m e t h a n o l a n d dr i ed 
overn ight i n a v a c u u m oven at 60° C . 

T h e s t ruc ture of the po lymers was ver i f ied b y i n f r a r e d spec tra a n d b y spectro 
g r a p h ^ means (3). T h i s m e t h o d , us ing water samples col lected u p o n combust i on of 
each p o l y m e r i n a p u r e oxygen atmosphere , invo lves essential ly the exc i ta t i on of 
h y d r o g e n a n d d e u t e r i u m atoms b y a m i c r o w a v e exciter . T h e a l p h a l ines i n the B a l m e r 
region are resolved a n d measured b y spec t rograph , a n d the i r intensit ies are compared 
w i t h those of s t a n d a r d samples so that the per cent content of d e u t e r i u m m a y be 
determined . 

Results a n d Discussion 

Polyethylene. T h e ac t ion of ozone on po lye thy lene was s tud ied i n the t e m p e r a 
ture range f r o m 25° to 109° C . T h e react ion was fo l lowed q u a l i t a t i v e l y a n d q u a n t i 
t a t i v e l y b y i n f r a r e d spectra . T h e products appeared to be of the same n a t u r e as 
those of 0 2 ox idat ions of po lye thy lene (2)—i.e., the f o r m a t i o n of a ldehyd ic a n d 
ketonic groups as i n d i c a t e d b y the appearance of a s trong absorp t i on b a n d i n the 
region of 5.9 mic rons , a n d the existence of h y d r o x y l groups as shown b y the 2.9-
m i c r o n b a n d . P o l y e t h y l e n e is r e a d i l y ox id ized i n the presence of ozone, as even 
short p e r i o d ozonizat ions car r i ed out at temperatures as l o w as 25° C . y i e l d e d con 
siderable concentrat ions of c a r b o n y l a n d h y d r o x y l groups . P u r e 0 2 ox idat ions d i d not 
y i e l d comparab le results u n t i l the react ion t e m p e r a t u r e was raised a p p r o x i m a t e l y 
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100° h igher , thus m a n i f e s t i n g the v igorous acce lerat ing effect of ozone as a n o x i d i z i n g 
agent. 

K i n e t i c a l l y the react ion was fo l lowed b y the rate of increase of the c a r b o n y l b a n d 
at 5.9 m i c r o n s . T h i s was accompl i shed b y a p p l y i n g the Beer ' s a n d L a m b e r t ' s l a w 
re la t i onsh ip . 

Log (J / / 0 ) = -edC 

I t was assumed t h a t I/I0, the per cent t r a n s m i t t a n c e , m a y be used i n the k i n e t i c 
equations ins tead of C, the concentra t i on of c a r b o n y l , because the film th ickness , d, 
a n d the ex t inc t i on coefficient, e, r e m a i n constant . P l o t s of l og (I/Io) vs. t i m e of 
ozon iza t i on showed t h a t the reac t i on h a d a v e r y h i g h i n i t i a l rate of o x i d a t i o n w h i c h 

2.00 

T = 2 0 E C 

20 4 0 6 0 

T IME IN M INUTES 

Figure 1. Ozonization of polyethylene 

Rate of increase of > C = 0 band (5.85 microns) 

g r a d u a l l y decreased w i t h t i m e ( F i g u r e 1). I t was i n d i c a t e d t h a t the reac t i on takes 
place m a i n l y on the surface of the p o l y m e r , wh i l e i n the la ter states w h e n m o s t of the 
act ive sites on the surface have been destroyed , dif fusion of o x i d i z i n g gas i n t o the 
p o l y m e r becomes the r a t e - c o n t r o l l i n g process. T h i s c h e m i s o r p t i o n t h e o r y was ver i f ied 
f u r t h e r b y c a l c u l a t i n g the a c t i v a t i o n energy of the process, w h i c h was 9.2 k c a l . 
( F i g u r e 2 ) . 

O z o n i z a t i o n o f P o l y s t y r e n e s . T h e a c t i o n of ozone on the p o l y m e r s 

A. ( C H — C H 2 ) n 

B. (CD—CH 2)„ 
Φ 

C. ( C H — C D 2 ) n 

D . (CD—CD 2 )„ 
Φ 

E . (CH—CHD)„ 
Φ 

F . ( C D — C D H ) n 

Φ 
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I /TX Ι Ο " * 3 

Figure 2. Activation energy of ozonization of 
polyethylene 

was s t u d i e d i n the t e m p e r a t u r e range f r o m 65° to 154° C . T h e changes i n the spec t ra 
of ozonized po lystyrenes were i d e n t i c a l for a l l p o l y m e r s s tud ied , deuterated a n d u n -
deuterated . T h i s seems to ind i ca te t h a t the reac t i on proceeds t h r o u g h the same 
m e c h a n i s m i n a l l c ompounds . 

I t was seen f r o m the i n f r a r e d spec t ra t h a t po lys tyrene is no t as susceptible to 
ozon izat ion as some other p o l y m e r s — i . e . , po lye thy lene is ozonized r e a d i l y even at 
r o o m t e m p e r a t u r e . T h e f o l l owing conclusions can be d r a w n f r o m a s t u d y of the 
t e m p e r a t u r e range f r o m 65° to 155° C . T h e first change i n the spec t ra of p o l y 
styrenes d u r i n g ozon i za t i on is the appearance of a weak b a n d a t a p p r o x i m a t e l y 5.7 
m i c r o n s . I t s m a i n character i s t i c is t h a t i t appears i m m e d i a t e l y a t the s t a r t of the 
reac t ion , i t s rate of increase cont inuous ly decreasing a n d q u i c k l y d i m i n i s h i n g t o a 
p o i n t where no f u r t h e r increase of a b s o r p t i o n is observed a t 5.7 m i c r o n s . A t 
temperatures be low a p p r o x i m a t e l y 140° C . ( the m e l t i n g p o i n t of po lys tyrenes ) the 
i n t e n s i t y of th i s b a n d remains constant , regardless of t e m p e r a t u r e , over l ong per iods 
of o zon iza t i on . A t temperatures above 140° C . ( a p p r o x i m a t e l y ) , i t aga in remains 
constant b u t for short per iods , depend ing o n the r e a c t i v i t y of the p o l y m e r — i . e . , 
l o n g p e r i o d for ( C D — C H 2 ) wh i l e ( C H — C D H ) is v e r y react ive , a n d after th i s 

0 0 
steady-state p e r i o d a r a p i d ox ida t i on takes place as evidenced b y the r a p i d increase of 
the 5 .9 -micron c a r b o n y l b a n d . These observat ions ind i cate t h a t the 5 .7 -micron b a n d 
is due m a i n l y to a n in termed ia te f o r m i n g on the surface layers between the p o l y m e r 
substrate a n d the ozone. I t s s t ruc ture p r o b a b l y invo lves a complex of perox id i c or 
ozonide s t r u c t u r e . T h i s in te rmed ia te is stable to f u r t h e r o x i d a t i o n or other react ions 
at l o w temperatures , wh i l e at h igher temperatures i t decomposes r a t h e r r e a d i l y u n d e r 
the influence of oxygen , ozone, a n d h i g h t e m p e r a t u r e to y i e l d c a r b o n y l c ompounds 
a n d other secondary produc t s . 

T h e results of the s t u d y o n the rates of ozon izat i on of deuterated po lys tyrenes , 
as measured b y the rate of increase of the 5 .7 -micron absorp t i on b a n d i n the i n f r a r e d 
spec t ra , are o u t l i n e d i n F i g u r e s 3 to 7. 
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o. or ο </> ω < 

100 

η 
T* l37.5 E C. J 

I 
A«0 HOURS 

B=3 HOURS 

C s 5 HOURS 

, 1 1 . I- J 1 1 1 — 

6 
WAVE LENGTH (MICRONS) 

Figure 3. Spectra of oxidized 
(CD-CH 2 ) W in 2% ozone 
0 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
02

6

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



BEACHELL AND NEMPHOS-OXIDATIVE DEGRADATION OF POLYMERS 173 

J 1 L 

3 6 9 
TIME (HOURS) 

Figure 5. Rate of increase of 5.7-micron band 
in ozonization of (CH-CD2) W 

0 

TIME (HOURS) 

Figure 6. Rate of increase of 5.7-micron band 
in ozonization of polystyrenes 

I n ozonizat ions where the t e m p e r a t u r e of the react ion was above 140-5° C . 
(perhaps the m e l t i n g p o i n t of the p o l y m e r ) f u r t h e r o x i d a t i o n was i n d i c a t e d b y the 
appearance of var ious c a r b o n y l bands i n the range of the s p e c t r u m f r o m 5.7 to 5.95 
mic rons . T h i s compl icates the k inet i c s of the reac t ion a n d changes the order of the 
rates, as was observed i n the rate curves . 

T h e f o r m a t i o n of the 5 .7 -micron complex appears to possess a v e r y l o w a c t i v a t i o n 
energy, on the order of a p p r o x i m a t e l y 5 k c a l . T h i s p r o b a b l y indicates a surface 
react ion w h i c h is l i m i t e d b y the rate of dif fusion of the ox id i z ing gases in to the i n t e r i o r 
of the p o l y m e r f i l m . 

These observat ions a p p l y for a l l the p o l y m e r s s tud ied , deuterated a n d u n 
deuterated . O n c o m p a r i n g the rates of the six dif ferent compounds , however , i t is 
observed t h a t they v a r y f r o m p o l y m e r to p o l y m e r , depending o n the r e a c t i v i t y of 
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the c o m p o u n d as def ined b y the s u b s t i t u t i o n of d e u t e r i u m atoms for h y d r o g e n a t 
specific po ints i n the p o l y m e r c h a i n . T h i s r e a c t i v i t y appears to be of the same 
order as was observed i n the 0 2 o x i d a t i o n rates (3)—i.e., the t r i s u b s t i t u t e d deuter io -
p o l y s t y r e n e possesses the highest resistance to o x i d a t i o n or ozon izat i on , wh i l e the 
β-deuterio a n d u n d e u t e r a t e d po lystyrenes show the highest tendency to be ox id ized . 
T h e order of r e a c t i v i t y of the s ix p o l y m e r s t o w a r d ozon izat i on decreased i n the f o l 
l o w i n g o r d e r : 

A. ( C H — C H D ) n B. ( C H — C H 2 ) n C. (CH—CD 2 )„ 
Φ Φ Φ 

D . ( C D — C D H ) n E . ( C D — C H 2 ) n F . ( C D — C D 2 ) n 

Φ Φ Φ 

T h i s indicates t h a t the t e r t i a r y carbon , a l p h a to the benzene r i n g , is d i r e c t l y 
i n v o l v e d i n the f o r m a t i o n of the complex in termed ia te a n d is perhaps the seat of 
ozone a t t a c k . 

F i g u r e 7 shows for c o m p a r i s o n purposes the re la t ive rates of o x i d a t i o n of 
deuterated po lys tyrenes i n a n oxygen atmosphere . T h e rates of ozon izat ion of the 
p o l y m e r s v a r i e d i n the same order . 
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Influence of Molecular Structure 
and Substituents on Antiozonant 
Properties of Aryl Diamine Compounds 

A. D. DELMAN, A. E. RUFF, Β. B. SIMMS, and A. R. ALLISON 

U. S. Naval Material Laboratory, New York Naval Shipyard, New York, Ν. Y. 

The influence of molecular structures and substituents 
on the antiozonant properties of a series of related 
aromatic diamine compounds was studied. The rela
tive effectiveness of the compounds was determined 
by viscometric techniques and by comparison of the 
rate of degradation of protected vulcanizates. Re
sults indicate that unsymmetrical p-phenylenediamine 
derivatives are less effective than analogous sym
metrical compounds as antiozonants. The protective 
capacity of the antiozonants decreases as the size or 
number of the N-hydrogen substituents, or the dis
tance between the amine groups, increases. The 
comparative stability of the free radicals of aryl 
diamines, in terms of the theory of resonance, is 
utilized to explain the relative inhibiting properties of 
the chemicals examined. 

Degradation of elastomers d u r i n g weather ing is n o w general ly accepted as due large ly 
to the p o w e r f u l o x i d i z i n g propert ies of a tmospher i c ozone. D u r i n g the f a b r i c a t i o n of 
r u b b e r a n d synthet i c r u b b e r i tems , m a n u f a c t u r e r s have a t t e m p t e d to i m p r o v e the 
resistance of t h e i r produc ts to ozone de ter i o ra t i on b y u t i l i z i n g chemica l add i t ives , 
k n o w n as ant iozonants . A l t h o u g h the a d d i t i o n of such chemicals as aromat i c amines 
has extended cons iderab ly the service l i fe of rubber vu l can izates , they are s t i l l subject 
to c o m p a r a t i v e l y ear ly surface c r a c k i n g . F o r th is reason, a f u n d a m e n t a l s t u d y was 
made of the var ious chemica l add i t ives used c u r r e n t l y to determine whether mo lecu lar 
s t r u c t u r e a n d subst i tuent groups influence the i r ant iozonant propert ies . 

A s imple , r a p i d , a n d rel iable v i scometr i c technique for e v a l u a t i n g the pro tec t ive 
c a p a c i t y of c o m m e r c i a l l y ava i lab le mater ia l s as i n h i b i t o r s of ozone- induced p o l y m e r 
c h a i n scission has been described (1). T h i s w o r k i n c l u d e d the results of a n eva luat i on 
of several chemicals such as A ^ i V ' - d i - s e c - b u t y l - p - p h e n y l e n e d i a m i n e , n i c k e l d i b u t y l d i -
th i o carbamate , l - ( r a - a m i n o p h e n y l ) - 2 , 5 - d i m e t h y l p y r r o l e , a n d 2,6-di-£er£-butyl-4-methyl-
p h e n o l as a n t i o z o n a n t s ; i V , i V - d i - s e c - b u t y l - p - p h e n y l e n e d i a m i n e exh ib i ted super ior i n 
h i b i t i n g character is t i cs . H o w e v e r , because of the p o t e n t i a l tox i c effects a n d re la t i ve ly 
h i g h v a p o r pressure of th is chemica l , i t s use is considered i m p r a c t i c a l . 

A m e t h o d was repor ted (2) for m o d i f y i n g the mo lecu lar s t ruc ture of N,N'-di-sec-
b u t y l - p - p h e n y l e n e d i a m i n e to m a k e i t more sui table for use as a re tarder of the effects 
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of ozone o n elastomers. S e v e r a l w o r k e r s (7, 11, 12) deve loped a d d i t i o n a l p - p h e n y l -
enediamine der ivat ives for th is purpose . A n u m b e r of the chemicals—e.g . , N,N'-ai-
p h e n y l - p - p h e n y l e n e d i a m i n e , A^ r , iV / -d i -2 -naphthy l -p -pheny lened iamine , a n d isomers of 
A f j A ^ - d i o c t y l - p - p h e n y l e n e d i a m i n e — a r e n o w ava i lab le c o m m e r c i a l l y for use b y r u b b e r 
compounders . 

T h i s paper presents the results of a n inves t i ga t i on of some of the above m a t e r i a l s 
a n d other s t r u c t u r a l l y re la ted a r y l d i a m i n e chemicals . D a t a are also presented o n the 
c o m p a r a t i v e i n h i b i t i n g propert ies of three representat ive pro tec tant chemicals used as 
add i t ives i n t y p i c a l S B R vu l can izates . 

Exper imenta l 

Test Compounds. T h e a r o m a t i c d iamine chemicals were ob ta ined f r o m var i ous 
c o m m e r c i a l sources a n d used w i t h o u t f u r t h e r mod i f i ca t i on . A l i s t of these mater ia l s 
is presented i n T a b l e I . 

Table I. Aryl Diamine Additives 

P-PHENYLENEDI AMINE 
H s y ν S" 

* ' Η 

N,N'-DIMETHYL-P-PHENYLENE DIAMINE 
>N / C H3 

Η / Ν / S H 

Ν,Ν'-DIETHYL-P- PHENYLENEDI AMINE 

N.N'-DI-SEG-BUTYL-P-PHENYLENEDIAMINE 

ÇH 3 ÇH 3 

C 2 H 5 C H N N < > ^ C H C 2 H 5 

N.N'-DI-SEC-N-OCTYL-P-PHENYLENEDIAMINE 

ÇH 3 C H 5 

CH 3 (CH 2 ) 5 CH\ S^ /CHICH 2 ) S CH 3 

>,NV >N 
H ' N H 

NtN'-DI-3(5-METHYL HEPTYU-P-PHENYLENEDIAMINE 
Ç H 3 fz H5 f2 H5 CH 3 

C 2 HjCHC^CHs^ > ν N/CHCH2CHC2 H 5 

Ν,Ν'-DIPHENYL-P-PHENYLENEDIAMINE < Z > N < χ < = 3 

N,N'-DI-2-NAPHTHYL-P-PHENYLENEDI AMINE „><=><„ 
N,N-Dl ME THYL-P-PHENYLENEDI AMINE 

H \ < Z ^ N / C H 3 

H ' N C H 3 

Ν,Ν-DIETH YL-P-PHENYLENEDIAMlNE 
H>< ><C'H» 

N,N-DIPHENYL-P-PHENYLENEDIAMINE H ^ < > N X Z D 

N-PHENYL-P-PHENYLENEDIAMINE 
> N ^ H 

BENZIDINE : > c x 3 < ; 

Ρ,Ρ' -ME Τ H YLEN EDI ANILINE ^N< > C H ? - < >N 

Elastomers. T h e elastomer used i n th i s s t u d y was a butadiene -s tyrene ( S B R ) 
rubber . 

Viscometry Techniques. o -Dich lorobenzene so lut ions , c o n t a i n i n g 0.5 g r a m of p u r i -
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fied e lastomer p e r 100 m l . of so lu t i on , u n p r o t e c t e d a n d pro tec ted b y the a d d i t i o n of 8 
p a r t s of ant i ozonant p e r 100 p a r t s of r u b b e r , were p r e p a r e d b y techniques descr ibed 
p r e v i o u s l y (1). 

A l l p o l y m e r solut ions were ozonized (1) b y passing a s t r e a m of ozonized oxygen, 
s u p p l y i n g a p p r o x i m a t e l y 1 X 1 0 ~ 3 mole of ozone per h o u r , f l owing a t a rate of 0.05 
cubic m e t e r per h o u r t h r o u g h 600 m l . of e lastomer so lu t i on , a t r o o m t e m p e r a t u r e . 
A l i q u o t por t i ons of the ozonized so lu t i on were r e m o v e d a t preselected t i m e i n t e r v a l s f o r 
measurement w i t h a C a n n o n - F e n s k e - O s t w a l d v iscometer , h a v i n g a c a l i b r a t i o n constant 
of 0.01698 cent istoke per second a t 25° C . 

Ozonization of Vulcanizates. C o n t r o l or u n p r o t e c t e d test specimens, c o n t a i n i n g 
the ingredients l i s t ed i n T a b l e II, were p r e p a r e d o n a l a b o r a t o r y r u b b e r m i l l (δ). C o r n -

Table II. Unprotected Vulcanizate Formulation 
Ingredients Parts (by Weight) 

SBR polymer 400 
NBS standard channel black 160 
NBS standard zinc oxide 20 
NBS standard sulfur 8 
NBS standard benzothiazolyl disulfide 7 
NBS standard stearic acid 6 

pounds pro tec ted b y iV^Ar ' -d ipheny l -p -pheny lened iamine , i \ f , A f ' - d i - 2 - n a p h t h y l - p - p h e n y l -
enediamine , a n d iV j iV ' -d imethy l -p -pheny lened iamine were m a d e b y i n c o r p o r a t i n g 8 p a r t s 
of ant i ozonant per 100 p a r t s of r u b b e r i n the c o n t r o l c o m p o u n d , p r i o r to c u r i n g . 

A l l m i l l e d specimens were c u r e d for 25 m i n u t e s i n s t a n d a r d 6 X 6 X 0.075 i n c h 
A S T M mo lds , us ing a pressure of 4000 pounds per square i n c h a n d a p l a t e n t e m p e r 
a ture of a p p r o x i m a t e l y 150° C . 

E x p e r i m e n t a l 1 x 6 i n c h test specimens of the u n p r o t e c t e d a n d pro tec ted v u l c a n i z 
ates were e longated 2 0 % a n d ozonized for 15 m i n u t e s a t r o o m t e m p e r a t u r e , us ing a 
s t r e a m of ozonized oxygen flowing a t 0.10 cubic m e t e r per h o u r a n d f u r n i s h i n g a p p r o x i 
m a t e l y 1 X 1 0 - 3 mole of ozone per h o u r . T h e test s t r ips were ex am ined v i s u a l l y d u r 
i n g ozon iza t i on to determine the t i m e r e q u i r e d to o b t a i n i n i t i a l surface c r a c k i n g . 

A f t e r ozon izat i on , the re la t ive pro tec t ive c a p a c t y of the ant iozonants was e v a l u 
a ted b y c o m p a r i n g surface repl icas (1) a n d c rack d e p t h measurements (6) of the 
ozonized vu lcanizates . 

Results 

Influence of Molecular Structure. T h e changes i n per cent of i n i t i a l v i s cos i ty 
i n d e x w i t h ozon izat i on t i m e for S B R solut ions pro tec ted b y s y m m e t r i c a l a n d u n 
s y m m e t r i c a l a r y l d i a m i n e compounds are shown i n F i g u r e s 1 a n d 2. F i g u r e 3 compares 

OZONIZATION TIME - MINUTES 

Figure 1. Influence of amine-group substituents of symmetrical aryl 
diamines 
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OZONIZATION TIME - MINUTES 

Figure 2. Influence of amine-group substituents of unsymmetrical aryl 
diamines 

0 30 6 0 9 0 120 ISO 180 210 2 4 0 2 7 0 

OZONIZATION TIME -MINUTES 

Figure 3. Comparison of symmetrical and unsymmetrical aryl diamines 

the re la t ive effectiveness of s y m m e t r i c a l a n d u n s y m m e t r i c a l m e t h y l , e t h y l , a n d p h e n y l 
a m i n e - g r o u p su bs t i tu ted p -pheny lened iamine compounds . T h e re la t ive efficiency of 
three of the a r y l d i a m i n e compounds as i n h i b i t o r s of ozone degradat i on of S B R 
vulcan izates is shown i n T a b l e I I I a n d F i g u r e s 4 a n d 5. 

T h e f o l l owing observat ions were m a d e : I n general , s y m m e t r i c a l p - p h e n y l e n e d i -
amine compounds p r o v i d e greater p r o t e c t i o n against e lastomer a t t a c k b y ozone t h a n 
u n s y m m e t r i c a l der ivat ives w i t h equ iva lent a m i n e - g r o u p subst i tuents . T h e pro tec t i ve 
c a p a c i t y of the s y m m e t r i c a l a n d u n s y m m e t r i c a l i V - s u b s t i t u t e d p -pheny lened iamine 
der ivat ives s tud ied progress ive ly decreases w i t h a corresponding increase i n size of 
a m i n e - g r o u p s u b s t i t u e n t ; the pro tec t ive effect of u n s y m m e t r i c a l c ompounds genera l ly 
decreasing m o r e r a p i d l y t h a n t h a t of s y m m e t r i c a l der ivat ives w i t h a m i n e - g r o u p s u b 
st i tuents of i d e n t i c a l c h a i n - l e n g t h . I n te rms of t h e i r re la t ive effectiveness as i n h i b i t o r s 
of ozone- induced p o l y m e r cha in scission, the b r a n c h e d a n d s t r a i g h t - c h a i n a l k y l - s u b -
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Table III. Initial Cracking of Vulcanizates 

Specimen Exposure Time, Minutes 
Control 5 
iV,Av-Di-2-naphthyl-p-phenylenediamine 7 
N, iV'-Diphenyl-p-phenylenediamine 10 
iV,iV-Dimethyl-3?-phenylenediamine 19 

N,N'-di-2-naphthyl- Ν,Ν'-diphenyl-p- N#N'-dimethyl-p- Unprotected 
p-phenylenediamine phenylenediamine phenyfenediamine 

Figure 4. Effect of antiozonants (8 p.h.r.) on surface cracking of SBR vulcanizates 
(40X) 

0 5h A 

ANTIOZONANTS -8P.H.R. 

Figure 5. Effect of antiozonants on crack depth of 
SBR vulcanizates 

s t i t u t e d p -pheny lened iamine chemicals exh ib i t definite s u p e r i o r i t y over s i m i l a r a r y l -
subs t i tu ted compounds . T h e pro tec t ive effects shown b y the add i t ives i n the S B R 
vulcanizates p a r a l l e l the ant iozonant propert ies i n d i c a t e d b y v i s cometr i c measurements . 

Influence of Amine-Group Substituents. F i g u r e 6 shows the influence of the 
n u m b e r of a m i n e - g r o u p subst i tuents on the pro tec t ive c a p a c i t y of a r o m a t i c d i a m i n e 
chemicals . A n increase i n the n u m b e r of i V - p h e n y l - g r o u p sust i tuents produces a 
corresponding decrease i n the ant i ozonant propert ies of the d iamine . 

Influence of Ring Substituents. T h e influence of p a r a r i n g subst i tuents on the 
ant i ozonant character is t i cs of a r o m a t i c d i a m i n e chemicals is s h o w n i n F i g u r e 7. D a t a 
ind i ca te t h a t the pro tec t ive c a p a c i t y of the add i t ives decreases as the distance between 
the amine groups of the aromat i c d iamines increases. 
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o l I I I I I 1 ι 1 
0 3 0 6 0 9 0 120 150 180 210 2 4 0 270 

OZONIZATION TIME -MINUTES 

Figure 6. Influence of number of amine-group substituents 

0 30 60 9 0 120 150 180 210 2 4 0 270 

OZONIZATION TIME - MINUTES 

Figure 7. Influence of ring substituents 

Discussion 

I t is general ly recognized t h a t the u n s a t u r a t e d bonds or weak l inkages of the 
p o l y m e r chains are a t t a c k e d d u r i n g the ozon izat ion of e lastomeric mater ia l s . Because 
prev ious w o r k (1, 8) has s h o w n t h a t the p r o t e c t i o n afforded S B R b y p - p h e n y l e n e d i -
amine der ivat ives invo lves a progressive de ter iorat i on of the ant i ozonant , i t is assumed 
t h a t the d r i v i n g force of the ant i ozonant i n h i b i t i n g m e c h a n i s m is due to the greater 
rate of reac t i on of ozone w i t h a romat i c d iamine chemicals t h a n w i t h S B R . N o sys 
temat i c inves t i ga t i on has been repor ted , however , to e x p l a i n the v a r y i n g degrees of 
pro tec t i on exh ib i t ed b y ant iozonant chemicals . 

E x a m i n a t i o n of pos tu la ted react ions {8) of p -pheny lened iamine der ivat ives w i t h 
ozone reveals t h a t the ant i ozonant dep le t i on is charac ter i zed b y the in termed ia te 
f o r m a t i o n of intense ly co lored produc ts , or W u r s t e r ' s salts (3), w h i c h are considered 
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to be free radica ls U). F u r t h e r ozon izat ion of the ant i ozonant p r o d u c e d n i t r o a n d 
quinone compounds (8). 

T h e free rad ica ls m a y be resonance h y b r i d s of s t ruc tures such as 

where R represents a h y d r o g e n a t o m or a n a l k y l or a r y l g roup subst i tuent . S t r u c t u r e s 
s u c h as A a n d Β resemble quinones h a v i n g a n o d d e lectron a t a c a r b o n a t o m . T h e 
benzenoid conf igurat ions represented b y s t ructures C a n d D have a n o d d e lec tron a t a 
n i t rogen a t o m a n d m a y be designated as semiquinones . T h e resonance s t ructures of 
s i m i l a r a r y l d i a m i n e chemicals s u c h as benz id ine correspond s u b s t a n t i a l l y w i t h t h a t 
f o u n d i n the p -pheny lened iamine series. 

Because i t is general ly accepted t h a t resonance influences the chemica l propert ies 
of substances i n w h i c h i t occurs, cons iderat ion of the c o m p a r a t i v e s t a b i l i t y of the free 
rad ica ls , i n terms of t h e o r y of resonance (9, 10), prov ides s u b s t a n t i a t i o n of the c o m 
p o u n d s ' re la t ive efficiencies as ant iozonants . 

1. T h e free rad ica ls descr ibed are most react ive w h e n the h y d r o g e n atoms of the 
a m i n e groups l ie on the same side of the benzene r i n g , a n d t h e i r a c t i v i t y is l owered i f 
the molecule is forced out of a p l a n a r conf igurat ion b y a m i n e - g r o u p subst i tuents . I t 
is ev ident f r o m th i s t h a t the rate of reac t ion of the free rad ica ls w i t h ozone decreases as 
the resonance is i n h i b i t e d b y the s u b s t i t u t i o n of a l k y l or a r y l groups for the i V - h y d r o -
gens. 

2. T h e f o r m a t i o n of a valence b o n d lowers the energy of resonance. I n a d d i 
t i o n , a molecule w i t h a large n u m b e r of bonds shou ld have a l ower a c t i v i t y t h a n a n 
analogous s t r u c t u r e w i t h a smal ler n u m b e r of bonds . There fore , the rate of ozone 
a t t a c k of the free r a d i c a l becomes progress ive ly s lower as the size of the amine -group 
subst i tuent is increased. 

3. D i a l k y l or d i a r y l g roup subst i tuents h o l d the molecule more r i g i d l y out of the 
p lane of the benzene r i n g t h a n corresponding m o n o s u b s t i t u t e d amine groups . T h e free 
radica ls p r o d u c e d f r o m u n s y m m e t r i c a l p -pheny lened iamine der ivat ives shou ld react 
more s l owly w i t h ozone t h a n those f o r m e d f r o m analogous s y m m e t r i c a l compounds . 

4. A p a r t i c u l a r l y s t rong i n t e r a c t i o n exists between the t w o amine groups t h a t are 
p a r a to each other . S u b s t i t u e n t groups t h a t separate the reac t ing centers of the m o l e 
cule i n h i b i t the resonance of the free r a d i c a l . 

There fore , free radica ls f o r m e d o n ozon izat i on of chemicals such as benz id ine a n d 
ρ,ρ'-methylenedianiline w o u l d react more s l o w l y w i t h ozone t h a n corresponding s t r u c 
tures p r o d u c e d f r o m p -pheny lened iamine . 

I t c a n be conc luded f r o m the d a t a presented i n the figures t h a t the re la t ive effec
tiveness of the re lated a r y l d i a m i n e chemicals s t u d i e d corresponds w i t h the c o m p a r a t i v e 
s t a b i l i t y of the i r free rad ica ls , i n accordance w i t h the t h e o r y of resonance. 
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Accelerating Action of Ozone in the 
Autoxidation Processes 

E. BRINER 

University of Geneva, Geneva, Switzerland 

Numerous experimental facts have demonstrated the 
entrainment action of ozone upon oxygen molecules, 
the latter participating in the autoxidation in which 
they would have remained inactive if ozone were not 
present. This entrainment accelerates the reaction 
rate. The number of molecules entrained by one 
molecule of consumed ozone increases greatly as the 
ozone becomes more diluted with oxygen. It ap
pears that all these facts are characteristic properties 
of ozone. The acceleration of the autoxidation by 
ozone, described in this paper, was applied especially 
in the ozonization of certain olefins, to prepare their 
ozonides. 

D y the t e r m " q u a n t i t a t i v e o z o n i z a t i o n " is i m p l i e d not o n l y the y ie lds of the produc ts 
f o r m e d b u t also the amounts of ozone consumed. P r i o r to the studies descr ibed i n this 
p a p e r q u a n t i t a t i v e ozon iza t i on h a d n o t been sys temat i ca l l y s tud ied . 

I n a sys temat i c s t u d y p r o g r a m o n the ozon izat i on of v a r i o u s classes of organic 
c ompounds , the reac t i on of ozone w i t h a ldehydes h a d a p r o m i n e n t p lace . T h e be 
h a v i o r of a n energetic o x i d a n t l i k e ozone w i t h respect to compounds such as aldehydes , 
w h i c h are ox id i zed v e r y easi ly , was observed. I t has long been k n o w n t h a t aldehydes 
ox id ize spontaneous ly i n the presence of oxygen, as do numerous other compounds . T h i s 
p h e n o m e n o n has, therefore , been ca l l ed a u t o x i d a t i o n , a n d this w o r d is used here, i n 
sp i te of the fact t h a t i t is no longer to be considered quite correct . 

T h e first measurements were m a d e i n co l laborat i on w i t h Démolis a n d P a i l l a r d (13). 
A so lu t i on of benza ldehyde i n c a r b o n te t rach lor ide was subjected to oxygen conta in ing 
a k n o w n a m o u n t of ozone. T h e course of the reac t i on was fo l lowed q u a n t i t a t i v e l y 
w i t h a n a p p a r a t u s n o t descr ibed here. ( D e t a i l e d descr ipt ions of equ ipment a n d p r o c 
esses are g i v e n i n the o r i g i n a l papers . ) T h e results of t y p i c a l de terminat ions are de 
scr ibed i n the f o l l ow ing p a r a g r a p h s . 

I n the flask conta in ing p o t a s s i u m iodide so lut ion for the d e t e r m i n a t i o n of unreacted 
ozone a great dea l of l i b e r a t e d iod ine was f o u n d . T h u s a considerable p r o p o r t i o n of 
ozone passed t h r o u g h the so lu t i on of a ldehyde , the l a t t e r a p p e a r i n g to be o n l y s l i g h t l y 
sensit ive to the o x i d i z i n g a c t i o n of ozone. T h e analys is of the a ldehyde so lut i on showed 
c l ear ly , however , t h a t i t h a d been h e a v i l y ox id i zed to benzoic a c i d a n d perbenzoic a c i d , 
a n d m u c h m o r e oxygen h a d been t a k e n u p i n th i s o x i d a t i o n t h a n corresponded to the 
a m o u n t of ozone consumed. 

I t was, therefore , conc luded t h a t the ozone h a d caused cons iderably m o r e oxygen 
184 
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to p a r t i c i p a t e i n the o x i d a t i o n t h a n w o u l d be expected i n the absence of ozone, 
[ I n a l l these exper iments ozonized oxygen or ozonized a i r was b u b b l e d t h r o u g h the 
solut ions. R e c e n t l y i t was observed t h a t i f a W a r b u r g - t y p e a p p a r a t u s (18) is used , 
the same results are ob ta ined b y s i m p l y a g i t a t i n g l i q u i d s i n the a p p r o p r i a t e a t m o s 
pheres.] T h e ozone func t i oned no t o n l y as a n o x i d i z i n g agent, b u t also as a n o x i d a t i o n 
ca ta lys t . 

T h e w o r d " p a t a l y s t " was used f r equent ly i n the author ' s f irst papers . A l t h o u g h 
i t conveys the idea v e r y w e l l , i t is no t correct , as at least p a r t of the ozone is a c t u a l l y 
consumed i n the react ion . There fore , i n the present paper ozone is re ferred to as a n 
autox idat ion -acce lerator . 

Genera l i ty of the Phenomenon 

F i r s t observat ions l ed to speculat ions o n the poss ib i l i ty t h a t we m i g h t be deal ing 
w i t h a react ion affecting not o n l y aldehydes b u t a u t o x i d a t i o n i n general . T o establ ish 
th i s , the a u t h o r under took , w i t h N i c o l e t a n d P a i l l a r d (16) a n d la ter w i t h B i e d e r m a n n 
(7 ) , several series of studies on a u t o x i d a t i o n , i n c l u d i n g the classical cases of sul furous 
a c i d a n d the a l k a l i sulfites a n d bisul f i tes . I n a l l these cases the a d d i t i o n of ozone to 
oxygen or to a i r l ed to a n oxygen u p t a k e i n excess of t h a t f o u n d i n the absence of 
ozone, w i t h the f o r m a t i o n of su l fur i c a c i d , a l k a l i sulfates, or bisul fates , respect ive ly . 
T h e a u t o x i d a t i o n of stannous ch lor ide , w h i c h is qui te a different c o m p o u n d , was s tud ied 
i n c o l l abora t i on w i t h B e v e r (6), a n d the same phenomenon was f o u n d . A t the t i m e of 
the author ' s first pub l i ca t i ons , i n co l laborat i on w i t h others , three G e r m a n organic 
chemists , F i s c h e r , D u l l , a n d V o l z (25), also recognized th is a u t o x i d a t i o n accelerator 
effect i n the case of aldehydes undergo ing react ion w i t h ozonized oxygen, b u t i t is no t 
a p p a r e n t t h a t these workers v i sua l i zed the general scope of t h e i r d iscovery . 

T h e acce lerat ing ac t i on of ozone was also observed i n â homogeneous gaseous 
system—i.e . , i n the s low ox idat i on of sa tura ted hydrocarbons , such as propane , butane , 
hexane, heptane , a n d several octane isomers (9). 

T h u s , a complete new range of invest igat ions was u n d e r t a k e n , i n c l u d i n g studies of 
the react iv i t ies of the var ious compounds undergo ing a u t o x i d a t i o n , the influence of 
t e m p e r a t u r e , the influence of the var i ous solvents used (the phenomenon is invest igated 
chief ly i n so lut ions ) , a n d the ac t i on of l i g h t . L i g h t accelerates a u t o x i d a t i o n a n d the 
bubb le tubes m u s t be k e p t i n the d a r k to isolate the role of ozone i n these i n v e s t i g a 
t ions . F u r t h e r , such so-cal led ant i ox idants as h y d r o q u i n o n e , w h i c h slow d o w n a n d 
even stop the a u t o x i d a t i o n complete ly , act i n a s i m i l a r w a y i f t h e y are added to a n 
autox id i zab le sys tem exposed to oxygen a n d ozone (21). T h u s , ozone def ini te ly acts 
u p o n the a u t o x i d a t i o n b y m o b i l i z i n g a n a d d i t i o n a l n u m b e r of oxygen molecules . 

Effect of Ozone in Autoxidations. T o apprec ia te th is effect w h a t is ca l l ed the 
o x i d a t i o n y i e l d has been de termined (abbrev ia ted R O , - f r o m the F r e n c h equ iva lent of 
o x i d a t i o n y i e l d , " r e n d e m e n t d ' o x y d a t i o n " ) . T h i s va lue relates the a m o u n t of s u p p l e 
m e n t a r y oxygen b o u n d w h e n one passes f r o m the o x i d a t i o n w i t h oxygen (or a i r ) alone 
to the o x i d a t i o n w i t h oxygen (or a i r ) c o n t a i n i n g a k n o w n percentage of ozone, a l l 
other condi t ions r e m a i n i n g ident i ca l . T h e a m o u n t of reacted oxygen can be f o u n d b y 
analys is of the o x i d a t i o n products a f ter the exper iments . 

C o n s i d e r i n g , f or example , the a u t o x i d a t i o n of benza ldehyde , the f o r m a t i o n of one 
molecule of benzoic or of perbenzoic a c i d invo lves c o m b i n a t i o n w i t h one or t w o atoms 
of oxygen, respect ive ly . I n the a u t o x i d a t i o n of a n a l k a l i sulf ite, each molecule of s u l 
fate f o r m e d ut i l izes one b o u n d a t o m of oxygen. T h u s / f r o m the analyses, the o x i d a 
t i o n y i e l d , R O , is ob ta ined a n d is -reported as the ra t i o ( m u l t i p l i e d b y 100 i n order to 
m a k e the compar i son easier) of the a m o u n t of reacted oxygen i n excess to the a m o u n t 
of ozone consumed. 

W h e n the o x i d a t i o n y i e l d exceeds 100, i t fo l lows t h a t the oxygen molecules have 
undergone react ion b y v i r t u e of the presence of ozone. H o w e v e r , i n the case of a lde 
hydes i t is possible to go one step f u r t h e r a n d state t h a t the oxygen has a l r e a d y u n d e r -
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gone reac t ion i f the ox ida t i on y i e l d is greater t h a n 3 3 % ; for th i s 3 3 % is due to the 
d i rec t o x i d i z i n g a c t i o n of ozone i t s e l f — t h a t i s , the ac t i on of i t s ac t ive oxygen as de ter 
m i n e d b y the c lassical ozone assay (the l i b e r a t i o n of iodine f r o m a p o t a s s i u m iodide 
s o l u t i o n ) . 

T o emphasize the significance of the role of ozone, use is m a d e of t w o m o r e values 
w h i c h are defined be low based u p o n o x i d a t i o n y i e l d , R O . One is the u t i l i z a t i o n coeffi
c ient of ozone ca l led « , w h i c h indicates the n u m b e r of b o u n d oxygen atoms i n excess for 
each molecule of ozone c o n s u m e d ; i t is a f u n c t i o n of R O : 

I f R O = 100, a is equa l to 3. I f « > 3, oxygen molecules have c e r t a i n l y t a k e n p a r t i n 
the o x i d a t i o n . T h e other , N, is the n u m b e r of oxygen molecules used i n the ox ida t i on 
per molecule of ozone consumed. I t is re lated to R O a n d to a b y the equat i on 

N = 3 X R O = a 
2 X 100 2 

Νy of course, has a c t u a l m e a n i n g o n l y i f R O > 100 a n d Ν a n d a are a c t u a l l y average 
values of n u m e r o u s i n d i v i d u a l de terminat ions . 

T a b l e I presents n u m e r i c a l values for the a u t o x i d a t i o n of a ldehydes a n d s o d i u m 
bisul f i te i n a c u r r e n t of ozonized oxygen . 

Table I. Autoxidation of Several Aldehydes and Sodium Bisulfite 

Molecule undergoing autoxidation CeHeCHO CH 3 (CH 2 )CHO CHaOCelfcCHO NaHSOs 
Solvent Hexane Carbon tetra- Carbon tetra- Water 

chloride chloride 
Temperature,0 C. 0 0 0 0 
Ozone concentration, vol. % 0.9 1.5 2.4 0.09 
R O 370 580 240 450 
a 11 17.6 7.2 13.5 
Ν 5.5 8.7 3.6 6.7 

These values show c l ear ly the pronounced acce lerat ing a c t i o n of ozone u p o n the 
a u t o x i d a t i o n r a t e ; th i s a c t i o n becomes s t i l l m o r e pronounced , i f the ozone concentrat i on 
i n oxygen o r i n a i r is d i m i n i s h e d . 

Chemica l a n d Physicochemical Mechan i sm of the Autox idat ion 

Probable Autoxidation Mechanism under Ordinary Conditions. F o r some t i m e 
i t was be l i eved t h a t th i s reac t ion proceeded i n the f o l l owing m a n n e r : O x y g e n adds t o 
the a ldehyde , f o r m i n g a v e r y unstab le peroxide . T h i s peroxide isomerizes to a p e r a c i d 
( i n the present case perbenzoic a c i d ) , w h i c h is stable enough for assay. T h e steps are 
represented as f o l l ows : 

Ο 

C 6 H 6 — C — Η + 0 2 -> C 6 H S — d ^ - H O - » C 6 H 5 — C — Ο — O H 

6 v a 
Aldehyde Peroxide Peracid 

T h i s sequence of t rans f o rmat i ons const i tutes the a c t u a l a u t o x i d a t i o n . I n the s u b 
sequent step the p e r a c i d reacts w i t h the a ldehyde , w h i c h remains i n s u b s t a n t i a l excess 
d u r i n g a large p a r t of the reac t i on , t o produce the ac id—i . e . , benzoic a c i d . 

O e H 6 — C — H + C e H s — C — Ο — O H —> 2C^—C—Oil 11 ft ft 
Acid 
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P h y s i c a l chemica l evidence suggests t h a t the t r a n s f o r m a t i o n of a ldehyde to the 
p e r a c i d proceeds b y a c h a i n reac t ion i n w h i c h c e r t a i n s h o r t - l i v e d rad ica ls are i n t e r 
mediates . 

T h e next step, i n w h i c h the a c i d is f o r m e d , is the same as t h a t envisaged i n the 
chemica l concept of th is change. A s th i s reac t ion is i m p o r t a n t f o r u n d e r s t a n d i n g 
a u t o x i d a t i o n , the a u t h o r s tud ied i t s k inet i cs i n cooperat ion w i t h L a r d o n (15). A t 
o r d i n a r y t emperatures the react ion is so slow t h a t the perbenzoic a c i d persists f or a 
short t i m e ; thus , i t m u s t be t a k e n i n t o account w h e n establ ishing the equat i on for 
the b o u n d oxygen, m e n t i o n e d above. 

App l i ca t ion of Infrared Absorpt ion Spectroscopy 

R e c e n t l y , i n f r a r e d spectroscopy has been a p p l i e d t o the s t u d y of the a u t o x i d a t i o n 
process. T h e m e t h o d used b y the a u t h o r a n d coworkers has also been a p p l i e d f or 
several years to s t u d y the ozon izat ion of u n s a t u r a t e d organic c o m p o u n d s ; i t does not 
a p p e a r to h a v e been u t i l i z e d elsewhere. 

I n p a r t i c u l a r the a u t o x i d a t i o n of benza ldehyde was inves t iga ted . I t s choice as the 
i n i t i a l subject f or s t u d y was u n f o r t u n a t e , as the use of a n i m p u r e sample of perbenzoic 
a c i d for d e t e r m i n a t i o n of i ts a b s o r p t i o n s p e c t r u m , n o t p r e v i o u s l y recorded , l e d to 
erroneous conclusions. These were la ter rect i f ied af ter t a k i n g new measurements on a 
pure c rys ta l l ine sample of the p e r a c i d (12). F o r the present s t u d y the t w o m a i n 
bands at 1728 to 1730 a n d at 1270 c m . - 1 are to be borne i n m i n d . These bands m a d e 
possible a demons t ra t i on of the acce lerat ion of the a u t o x i d a t i o n due to ozone a n d the 
influence of such acce lerat ion i n ozonide f o r m a t i o n . T h r e e spec t ra l series (F igures 1, 
2, a n d 3 ) , obta ined i n co l labora t i on w i t h E . D a l l w i g k , are discussed be low. 

I n F i g u r e 1 c o m p a r a t i v e spectra are s h o w n for the a u t o x i d a t i o n of benza ldehyde i n 
the presence of e i ther p u r e oxygen or oxygen w i t h ozone i n the i n d i c a t e d c o n c e n t r a 
t ions . 

A 1-hour react ion changes the s p e c t r u m of the a ldehyde ( s p e c t r u m I ) b y m a k i n g 
the t w o bands of perbenzoic a c i d a p p e a r ( s p e c t r u m I I ) one at 1730 c m . - 1 as a shoulder 
o n the 1 7 0 7 - c m . - 1 b a n d of the a ldehyde a n d the other , d i s t inc t , at 1270 c m . - 1 . A f t e r 
2 hours the 1 7 3 0 - c m . - 1 b a n d is n i ce ly developed a n d the b a n d a t 1270 c m . - 1 is m o r e 
pronounced ( s p e c t r u m I I I ) . A f t e r 3 hours b o t h bands ( spec t rum I V ) have deve loped 
s t i l l f u r t h e r . 

S p e c t r u m V shows the h i g h l y acce lerat ing a c t i o n of ozone u p o n the a u t o x i d a t i o n . 
A c t u a l l y , a l t h o u g h the ozone concentra t i on was l ow , C 0 3 = 0 . 7 6 % a n d the o x i d a t i o n 
las tea for o n l y 10 m i n u t e s , the t w o p e r a c i d bands are stronger t h a n i n s p e c t r u m I V , 
w h i c h i n v o l v e d a 3 -hour reac t ion w i t h ozone-free oxygen . 

I n order to show the d i l u t i o n effect better , s t i l l another s p e c t r u m ( s p e c t r u m V I ) 
is i n c l u d e d i n the figure, w h i c h was also ob ta ined w i t h a reac t i on of o n l y 10 m i n u t e s , 
b u t i n v o l v e d m u c h h igher ozone concentra t i on , C 0 3 = 3 .36%. I n c o m p a r i n g spec t ra V 
a n d V I , i t is no ted t h a t , i n spite of the higher ozone concentra t i on , the bands u n d e r 
cons iderat ion are i n b o t h cases a lmost equa l l y w e l l developed. 

Table II. 

Cos, % RO a Ν 
3.36 250 7.5 3.7 
0.76 840 25 12.5 

T h i s effect is also i l l u s t r a t e d b y the n u m e r i c a l va lues of T a b l e I I , w h i c h have been 
ca l cu la ted for R O , « , a n d Ν a c cord ing to the f o r m u l a s g iven above . 

I n the spec ia l case u n d e r discussion the a m o u n t of b o u n d oxygen due to the ozone 
accelerator effect was de te rmined no t b y c h e m i c a l analys is b u t f r o m spectroscopic d a t a , 
b y ca l cu la t ing the perbenzoic a c id concentrat ion , C , f r o m the w e l l - k n o w n f o r m u l a : 

l o g / 0 / / = €CZ 
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i I i 1 Β §i 
Ί 1 1 1 1 Π 

Ι I I * J I u I L 
§ § § ! 3 3 § H I s 

Figure 1. Spectra of 0.20M solution of benzaldehyde in carbon tetrachloride 

Spectra 
I. Unexposed solution 

II. Solution after 1-hour exposure to oxygen at 8 liters/hour 
III. Solution after 2-hour exposure to oxygen at 8 liters/hour 
IV. Solution after 3-hour exposure to oxygen at 8 liters/hour 
V. Solution after 10-minute exposure to oxygen containing 0.76% ozone 

VI. Solution after 10-minute exposure to oxygen containing 3.36% ozone 
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Figure 2. Spectra of 0.25M solution of stiibene in carbon tetrachloride 

Spectra 
I. Nonozonized solution 

II. 5 0 % ozonized solution 
III. Superozonized solution 
IV. More strongly superozonized solution 
V. Solution 5 days after ozone-oxygen stream shut off 

where I0/I is measured at 1270 c m . - 1 , I is the th ickness of the absorb ing l i q u i d l a y e r , 
a n d c is the mo lecu lar ex t inc t i on coefficient for the 1 2 7 0 - c m . - 1 b a n d . T h e va lue of 
c was p r e v i o u s l y r epor ted to be 520 {12). T h i s s imp l i f i ed ca l cu la t i on was m a d e possible 
because cons iderat ion of the benzoic a c i d was o m i t t e d ; u n d e r the condi t ions ex is t ing 
the effect of benzoic a c i d w o u l d h a r d l y be not iceable o n the s p e c t r u m . F o r a d i l u t i o n 
r o u g h l y fivefold, the n u m b e r of oxygen molecules p a r t i c i p a t i n g i n the o x i d a t i o n is a l 
most q u a d r u p l e d ( T a b l e I I ) . 

T h u s i t was establ ished b y the i n f r a r e d s t u d y of a ldehyde a u t o x i d a t i o n t h a t the 
first p r o d u c t ob ta ined is the p e r a c i d . I t does not fo l low, however , t h a t other i n t e r 
mediates are not f o r m e d — f o r example , radica ls i n a c h a i n r e a c t i o n — b u t t h e i r i n s t a b i l i t y 
is such t h a t t h e y cannot be detected b y i n f r a r e d spec t rography . 

I n F i g u r e 2 the accelerated a u t o x i d a t i o n due to ozone is s h o w n i n the spectroscopic 
e x a m i n a t i o n of the ozon izat ion of a n olefin, £rans-stilbene, i n c a r b o n te t rach lor ide . T h e 
first de terminat ions were made i n these laborator ies i n 1952 i n co l labora t i on w i t h Susz 
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Figure 3. Spectra of various concentrations of frans-stilbene and benzaldehyde in 
carbon tetrachloride 

Spectra 
I. Nonozonized 0.25M frans-stilbene and 0.025M benzaldehyde solution 

II. About 9 0 % ozonized 0.25M frans-stilbene and 0.025M benzaldehyde solution 
III. Superozonized 0.25M frans-stilbene and 0.025Λ4 benzaldehyde solution 
IV. More strongly superozonized 0.125M frans-stilbene and 0.05M benzaldehyde solution 

a n d D a l l w i g k i n the course of research on i n f r a r e d a b s o r p t i o n spec t ra of ozonides (20, 
28). 

S p e c t r u m I shows the sti lbene s o l u t i o n ; 5 0 % ozon izat i on ( s p e c t r u m I I ) produces 
a s t rong b a n d at 1706 c m . - 1 . I n the spec t ra de termined i n 1952, the b a n d obta ined at 
1 0 % ozon izat ion developed r e g u l a r l y u p to 7 0 % ozonizat ion . A t th is p o i n t i n the 
invest igat ions , the perfect agreement of this f requency w i t h the v i b r a t i o n a l bands of 
the C O group of the benzaldehyde was most s t r i k i n g . B u t i t seemed imposs ib le t o 
a t t r i b u t e th is b a n d to the a ldehyde , i n v i e w of i t s i n s t a b i l i t y i n a so lu t i on t h r o u g h 
w h i c h oxygen p lus ozone are cons tant ly b u b b l e d . 

Cr iegee a n d others (23) p u b l i s h e d n e w results , w h i c h l e d to the r e s u m p t i o n of 
these invest igat ions . H e p o i n t e d out t h a t the i n f r a r e d spec t ra of r ea l l y p u r e ozonides 
conta ined n o bands i n the range of spec t ra l frequencies of C O g r o u p v i b r a t i o n s . T h i s 
was ver i f i ed i n these laborator ies w i t h a sample of p u r e irems-sti lbene ozonide obta ined 
f r o m Criegee . 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
02

8

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



BRINER—AUTOXIDATION PROCESSES 191 

T h u s i t was conc luded t h a t the a ldehyde cou ld indeed be pro tec ted f r o m the ac t i on 
of ozone b y the h i g h a f f in i ty of the double b o n d for ozone. Indeed (4, 19), t h e r m o -
chemica l measurements have shown t h a t the heats of ozon izat ion are of the order of 80 
to 120 k c a l . 

I n order to solve th is p r o b l e m , i t was o n l y necessary to effect ozon iza t i on of a 
sti lbene so lut i on to w h i c h some benza ldehyde h a d been added . T h e results of these i n 
vest igat ions were def in i te ly pos i t ive , as s h o w n i n the spec tra of F i g u r e 3. F u l l detai ls 
have been p u b l i s h e d (10, 11, 24) - T h e f o l l ow ing po ints s h o u l d be emphas ized , w h i c h 
emerge f r o m a cons iderat ion of the spectra s h o w n i n F i g u r e 2 : first, o n p u r s u i n g the 
ozon izat ion the deve lopment (spectra I I I a n d I V ) of the t w o bands due to perbenzoic 
a c id , a l r e a d y re ferred t o ; a n d secondly the appearance a n d v e r y m a r k e d deve lopment 
( spectra I I , I I I , I V , a n d V ) of a b a n d at 1056 c m . - 1 — i . e . , i n the reg ion of the ozonide 
bands accord ing to Cr iegee a n d others (23). 

I n F i g u r e 3 i t is seen t h a t , i f a ircms-st i lbene so lut i on c o n t a i n i n g benzaldehyde 
( spec t rum I ) is ozonized, the C O b a n d due to the a ldehyde at 1706 c m . - 1 does not 
d isappear b u t becomes m u c h stronger ( s p e c t r u m I I ) . There fore , a m a t e r i a l w i t h a 
C O b a n d m u s t have been produced w h i c h shows the same frequency as t h a t of the 
a ldehyde . T h u s a pro tec t ive ac t i on of the double b o n d against the a u t o x i d a t i o n ac 
celerated b y ozone is p l a i n l y mani fest . I n the latest measurements i t has been f o u n d 
t h a t the st i lbene double b o n d protects benzaldehyde against a u t o x i d a t i o n due to oxygen 
a lone ; thus substances w i t h a double b o n d m a y act also as ant i ox idants . 

F u r t h e r m o r e , the protec t ive ac t i on of the st i lbene double b o n d becomes less a n d 
even ceases as soon as i f the double b o n d were sa tura ted b y increas ing ozon izat i on . A t 
th is m o m e n t the two bands of perbenzoic a c i d appear a n d develop (spectra I I a n d I V ) , 
i n d i c a t i n g t h a t a u t o x i d a t i o n has set i n . T h i s proves t h a t the C O b a n d at 1706 c m . - 1 

m u s t be ascr ibed t o benza ldehyde , because perbenzoic a c id , u n d e r these e x p e r i m e n t a l 
condit ions , c an be d e r i v e d o n l y f r o m the a u t o x i d a t i o n of th is a ldehyde . 

V e r y s i m i l a r phenomena have been s tud ied a n d observed w i t h other olefins, such 
as anetho l a n d isoeugenol (10, 11, 24). I n these cases the C O bands w h i c h a p p e a r 
a lmost a t the beg inn ing of the ozon izat ion l ikewise develop i n a definite w a y , denot ing 
the def inite f o r m a t i o n of anisa ldehyde a n d v a n i l l i n , respect ive ly . 

I t seemed desirable to po int out the connect ion between these t w o p h e n o m e n a — 
n a m e l y , a u t o x i d a t i o n a n d p r o d u c t i o n of ozonides, w h i c h at first glance seem to have 
n o t h i n g whatsoever to do w i t h each other . T h i s connect ion is of p r a c t i c a l interest , 
because i t is useful to k n o w t h a t a ldehydes , such as anisa ldehyde or v a n i l l i n , are a l ready 
present to a considerable extent i n the " p r e f a b r i c a t e d " s t a t e — t h a t i s , before the r e d u c 
t i v e h y d r o l y s i s to w h i c h the ozon izat ion produc t s are finally s u b m i t t e d w i t h a v i e w to 
scission of the ozonides f o r m e d . 

Effect of O z o n e Dilution 

T h e d i l u t i o n effect seems to be f a i r l y character i s t i c of the ozone ac t i on u p o n a u t o x 
i d a t i o n . T h e log i ca l m e t h o d of inves t iga t i on w o u l d be to use oxygen-ozone m i x t u r e s 
i n a l l p ropor t i ons , i n c l u d i n g m i x t u r e s h a v i n g exceedingly l o w concentrat ions of oxygen. 

A s i t is no t possible to use pure ozone as a gas, m i x t u r e s of oxygen a n d ozone were 
used w i t h a n iner t gas, n i t rogen , i n co l laborat i on w i t h B i e d e r m a n n (7). T h e p r i n c i p a l 
results are g i v e n i n T a b l e I I I . 

Table III. Effect of Ozone Dilution 

Mixture composition, % 
Ozone 0.9 0.8 1.0 1.0 
Oxygen 99 49-50 5 1.2 
Nitrogen 49-50 95 98-99 

Acid formed, mg. 
Benzoic acid 361 196 131 107 
Perbenzoic acid 79 71 33 Traces 
a 9 5.5 2 1.7 
Ν 4.5 2.7 1 0.8 
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T h u s the ozone u t i l i z a t i o n ba lance shows t h a t , b y o p e r a t i n g w i t h ozone c o n t a i n i n g 
less oxygen , the a m o u n t of perbenzoic a c i d decreases a n d tends to reach zero a n d t h a t , 
p a r a l l e l to th is phenomenon , the values for a a n d Ν d r o p so as to reach a s y m p t o t i c a l l y 
1 a n d 0, respect ive ly . 

T h u s , ozone i n the absence of oxygen forms a n y a c i d o n l y b y react ing w i t h a lde 
h y d e ; i t reacts b y means of i ts ac t ive oxygen o n l y , the l i m i t i n g va lue for a be ing 1. 
B u t i f the oxygen concentrat i on is v e r y l ow , the n u m b e r of molecules m o b i l i z e d for 
a u t o x i d a t i o n can also o n l y be l o w . 

I n c o n t i n u i n g to pursue inves t i ga t i on of the ozone d i l u t i o n effect, the a u t h o r t r i e d 
to ascer ta in the l i m i t i n g d i l u t i o n for w h i c h the increased a u t o x i d a t i o n cou ld be observed. 
T a b l e I V is a series of results w h i c h (21) refer to the inves t i ga t i on of a so lu t i on of 

Table IV. Propionaldehyde in Carbon Tetrachloride 

Cos, % RO a Ν 
4.2 220 6.6 3.3 
2.0 380 11.4 5.7 
1.2 580 17.4 8.7 
0.43 1050 31.6 15.8 
0.16 1410 42.4 21.7 
0.01 1630 48.8 24.4 

prop iona ldehyde i n c a r b o n t e t r a c h l o r i d e ; the r e p r o d u c i b i l i t y of the values de te rmined 
for R O , a, a n d Ν was considered sat i s fac tory . 

T h e increase i n the n u m b e r of molecules m o b i l i z e d for a u t o x i d a t i o n proceeds r e g 
u l a r l y w i t h ozone d i l u t i o n u n t i l a d i l u t i o n of one v o l u m e ozone i n 10,000 vo lumes of 
oxygen—i.e . , C o 3 = 0 . 0 1 % — i s reached. I f the ozone is d i l u t e d s t i l l f u r t h e r , especial ly 
b e y o n d 1 v o l u m e of ozone per 100,000 vo lumes of o x y g e n — C 0 3 — 0 . 0 0 1 % — s e v e r a l 
diff iculties are encountered w h i c h c o u l d not be overcome comple te ly . F i r s t of a l l , the 
accurate assay of the unused ozone became di f f i cul t . I t was assumed, as a first a p 
p r o x i m a t i o n for s impl i f i ca t i on , t h a t at such s m a l l d i lu t i ons the ozone is used u p c o m 
p l e t e l y ; therefore , the values for Ν are lower t h a n t h e y shou ld be. [ T h i s w o r k w i t h 
v e r y h i g h d i lu t i ons was done i n co l l abora t i on w i t h P a p a z i a n (17).1 

I n T a b l e V the values for Ν i n t w o series of measurements w i t h benza ldehyde i n 

Table V. Benzaldehyde in Carbon Tetrachloride 

Cos in oxygen, % 0.01 0.001 0.0001 0.00001 
Ν 180 980 3700 7000 
Cos in air, % 0.01 0.001 0.0001 0.00001 
Ν 70 500 1900 3600 

c a r b o n te t rach lor ide are s h o w n ; the first series deals w i t h d i lu te ozone i n oxygen , the 
second w i t h d i lu te ozone i n a i r . 

These results show (even i f o n l y a p p r o x i m a t e l y ) a regular progress ion of the d i l u 
t i o n effect. F u r t h e r m o r e , the values of Ν ob ta ined i n the series of exper iments o n 
ozone d i l u t e d w i t h a i r are lower t h a n those corresponding to ozone d i l u t e d w i t h oxygen. 
T h u s , as was expected, the increase of oxygen concentra t i on is the i m p o r t a n t factor i n 
the d i l u t i o n effects. 

A t t e m p t s were m a d e to increase the ozone d i l u t i o n f u r t h e r b y us ing a ir -ozone 
m i x t u r e s of concentrat ions l ower t h a n C 0 3 = 0 .00001%. B u t diff iculties were encoun 
tered because of a tmospher i c ozone; at the a l t i t u d e of G e n e v a (350 to 400 meters) 
there is about 0 .000001% of ozone i n the a i r . T h u s , to prepare such m i x t u r e s of a i r 
a n d ozone, o r d i n a r y a i r was first deozonized b y passing i t t h r o u g h tubes heated to 
t emperatures above 800° C . F u r t h e r m o r e a n a ldehyde reagent was used, b u t y r a l d e 
h y d e d isso lved i n iso-octane, w h i c h is m u c h m o r e sensit ive to a u t o x i d a t i o n t h a n b e n z 
a ldehyde i n c a r b o n te t rach lor ide . 

I n T a b l e V I the results of a series of such exper iments are s h o w n ; these e x p e r i -
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merits were of a n o r i e n t i n g na ture on ly , i n v i e w of the m a n y errors t h a t can intervene 
at such extreme d i lu t i ons . 

Table VI. 

Cos, % 0.00001 0.000001 0.0000001 
Ν 18,000 74,000 200,000 

T h e order of increase i n the n u m b e r of oxygen molecules p a r t i c i p a t i n g i n the 
a u t o x i d a t i o n shows c l ear ly t h a t the d i l u t i o n effect can s t i l l be no t i ced u n d e r the extreme 
condit ions at w h i c h the w o r k was done. 

T h e reagent, b u t y r a l d e h y d e i n iso-octane, has p r o v e d to be extremely sensit ive to 
the ac t i on of ozone. I t was, therefore, used i n studies w i t h P e r r o t t e t (18) for ozone 
measurements i n the atmosphere at var i ous a l t i tudes . A l t h o u g h th is m e t h o d is on ly 
a p p r o x i m a t e , the n u m e r i c a l values w i t h increas ing a l t i t u d e are of the same order of 
m a g n i t u d e as those obta ined b y p h o t o m e t r i c measurements of l i g h t a b s o r p t i o n b y ozone, 
a ra ther exact m e t h o d . A t the G o r n e r g r a t , for a 3200-meter he ight a n ozone concen
t r a t i o n of 0 .0000038% was measured a n d the p h o t o m e t r i c g roup w o r k i n g at the J u n g -
f rau jo ch at a 3450-meter height r e p o r t e d a n ozone concentra t i on of 0 .0000031% (22). 

T h i s d i l u t i o n effect is no t o n l y f o u n d w i t h a ldehydes . I n exper iments done w i t h 
B i e d e r m a n n (8) th i s r e g u l a r i t y is conf i rmed i n the o x i d a t i o n of s o d i u m bisul f i te d o w n 
to 1 v o l u m e of ozone i n 10,000 vo lumes of oxygen, C c = 0 . 0 1 % . 

Interpretations 

I n th is p a p e r spec ia l stress is l a i d on the e x p e r i m e n t a l d a t a , w h i c h character ize 
the a b i l i t y of ozone to e n t r a i n i tsel f i n the a u t o x i d a t i o n molecules of oxygen w h i c h 
w o u l d have remained inac t i ve i f no ozone were present . T h e f o l l owing i n t e r p r e t a t i o n 
is br ie f because the hypotheses developed i n the author ' s l a b o r a t o r y are no t ye t f u l l y 
sat is factory . 

I n order to exp la in the a u t o x i d a t i o n processes, one genera l ly has recourse to the 
cha in - reac t i on m e c h a n i s m , depending o n the existence of h i g h l y unstab le intermediates 
often of a h y p o t h e t i c a l n a t u r e on ly . E x a m p l e s of such unstable compounds are f o u n d 
i n the papers b y B o d e n s t e i n on the a u t o x i d a t i o n of acetaldehyde (2) a n d b y H a b e r 
a n d F r a n c k on the o x i d a t i o n of s o d i u m bisul f i te (26). T h i s mode of e x p l a n a t i o n was 
not p u r s u e d i n the present w o r k , as i t w o u l d have necessitated the a d d i t i o n of n e w 
hypotheses to e x p l a i n the i n c o r p o r a t i o n of the ozone molecule i n t o the proposed c h a i n 
reactions. B u t one m a y consider, i n a s impl i f i ed m a n n e r , t h a t ozone starts the c h a i n 
b y means of i ts ac t ive oxygen. I t has been s tated (27) t h a t peroxides, especial ly 
benzoy l peroxide , act as a u t o x i d a t i o n cata lysts . 

Since the a u t o x i d a t i o n m e c h a n i s m is so complex because of a l l the i n t e r v e n i n g 
factors , the author has l i m i t e d himsel f to cons ider ing the energy basis of the p r o b l e m 
(3), w h i c h is m u c h s impler . O n rep lac ing oxygen b y ozone i n the o x i d a t i o n one o b 
ta ins for the a c t i v a t i o n energy of the a u t o x i d a t i o n reac t ion a s u p p l e m e n t a r y e n e r g y — 
n a m e l y , the o x i d a t i o n energy l i be ra ted w h e n ozone t rans fo rms in to oxygen, 34 k c a l . per 
gram-mo le of ozone. E x p r e s s e d di f ferent ly , the reac t ion chains i n d u c e d b y ozone 
w o u l d then be of a n energy t y p e . 

T h i s energy i n t e r p r e t a t i o n is corroborated b y the acce lerat ion , a l ready re ferred to , 
of the a u t o x i d a t i o n b y l i g h t . F o r , as shown b y B a c k s t r o m ( i ) , i t is the a b s o r p t i o n of 
this r a d i a n t energy w h i c h in i t iates the react ion chains . A c c o r d i n g to th is author , h o w 
ever, the absorp t i on of l i ght b y the autox id i zab le molecule t rans f o rms i t into a n u n 
stable body , a r a d i c a l . 

T h e m o r e comple te ly the ozone molecule is s u r r o u n d e d b y oxygen molecules—i.e . , 
the h igher the concentrat i on of oxygen molecules w i t h respect to ozone m o l e c u l e s — 
the better the s u p p l e m e n t a r y energy is u t i l i z e d . T h i s q u a l i t a t i v e i n t e r p r e t a t i o n of the 
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reac t i on p r o b a b l y represents the l i m i t of our present u n d e r s t a n d i n g . T h e r e is no doubt 
t h a t o ther factors enter i n t o p l a y here, especial ly surface act ions w h i c h the a u t h o r was 
led t o consider (5) b y observ ing t h a t the a u t o x i d a t i o n takes p lace between gas a n d 
l i q u i d ; t h i s , at least i n p a r t , a t the separat ing surface of these t w o phases. 
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Role of Formazan Reaction in Proving 
Structure of Ozone-Oxidized Carbohydrates 

LÁSZLÓ MESTER1 

Institute of Organic Chemistry, Technical University, Budapest, Hungary1 

The formazan reaction is useful for investigating 
the structure of ozone-oxidized carbohydrates. Ozo 
nizing sugar alcohols in an aqueous solution, aldoses 
arise during the oxidation process which have been 
identified by the formazan reaction. Polysaccha
rides also can be oxidized with ozone and then 
converted into their formazans. Polysaccharides not 
containing a free primary alcoholic group do not 
yield formazan. This finding seems to indicate that 
the formazan group takes the place of the primary 
alcoholic group. The new formazans have been 
successfully transformed to metallic complexes, tetra-
zolium, and thionic acid phenylhydrazide derivatives. 
The reaction can also be used to establish the struc
ture of the sugar portion of ozone-oxidized glyco
sides. 

W h e n H a r r i e t (2) a t the beg inn ing of the present c e n t u r y c a r r i e d out his f u n d a 
m e n t a l exper iments w i t h a v i e w to ozoniz ing organic compounds , he also s t u d i e d the 
effect of ozone on c e r t a i n sugar alcohols . H i s i n i t i a l studies showed t h a t the p r i m a r y 
alcohol ic h y d r o x y l s of sugar der ivat ives c a n be ox id i zed to f o r m a ldehyde groups b y 
u t i l i z i n g ozone. 

V a r i o u s exper iments m a d e i n th i s ins t i tu te i n recent years ( 5, 10-13) showed t h a t 
the f o r m a z a n reac t i on lent itself r e a d i l y to studies of the s t r u c t u r e of ox id i zed sugar 
der ivat ives whenever free a ldehyde groups were present . O b v i o u s l y , i t was a use fu l 
reac t i on for invest igat ions i n t o the s t r u c t u r e of ozone-oxidized carbohydrates , a m o n g 
t h e m the sugar alcohols t h a t h a d been s tud ied b y H a r r i e s . 

T h e present w o r k showed, i n perfect agreement w i t h H a r r i e s , t h a t o n ozoniz ing 
sugar alcohols i n a n aqueous so lut i on , t h e y beg in to oxidize a n d aldoses arise i n the 
course of the o x i d a t i o n process. F o r instance , D -mannose was p r e p a r e d f r o m ozone-
ox id ized D - m a n n i t o l ; w i t h the a i d of the f o r m a z a n react ion , D -mannose was t h e n 
ident i f ied as D - m a n n o - A ^ i V ' - d i p h e n y l f o r m a z a n (8). 

1 Present address, Faculté de Pharmacie, Université de Paris, Paris, France. 
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Ο 
N = N > ' Η Η , . ' * 

/ . / / \ Ç* , H 

C H 2 O H C = 0 C = N - N H — ( > [ N - N 

H O - C — H H O — C — H H O - C — H H O 

H O - Ç - H H O - Ç - H Q _ N H . N H 2 H O - Ç - H [ Q - N . N ] * H 0 " Ç - H 

H — C — O H — ^ H - C - O H • H — C — O H >• H — Ç — O H 
I l I I 

H - C — O H H - C - O H H — C - O H H - C - O H 
I I I I 

C H 2 O H C H 2 O H C H 2 O H C H 2 O H 

T o an aqueous solution of mannitol, ozonized for 7 to 14 hours, phenylhydrazine 
was added. When the solution was kept in the refrigerator overnight, mannose phenyl-
hydrazone separated. On coupling it in pyridine solution with an ice cold solution of 
diazotized aniline, D-manno-A^iV'-diphenyl formazan, crystallizing in brownish red 
needles, was obtained. 

T o establish optimum conditions for the conversion of mannitol to mannose by 1% 
ozone, aqueous solutions were ozonized in gas washing bottles provided with shrunken 
glass niters for 7 and 14 hours, in concentrations of 0.8, 1.6, 3.2, and 4.8 1 0 - 1 mole per 
liter. Under these conditions, the lowest concentration and the longer time of ozoniza
tion were found to be favorable for the formation of mannose (Figure 1). 

1 

^^^14 hours 

1 

7 hours 

1 ι 1 
0 1 2 3 4 5 

ΙΟ" 1 Mole Manitol 

Figure Ί . Optimum conditions for ozone 
oxidation of mannitol 

Other sugar alcohols, such as D-sorbitol and D-dulcitol, give an aldose phenylhydra-
zone which is hard to isolate and convert to the formazan. Therefore, the aldose 
(D-glucose from D-sorbitol) was transformed into glucosazone, which was identified 
with the aid of the formazan reaction as D-glucosazone formazan (4). 

H y— c " H 
N = r f O 

J .. . . H / - \ ft. J 
Ν"ΝΝΛΛ 

ρ C = = N - N H -

Ç H 2 O H c = o I y=y I \_j 

H - C - O H H - C - O H Ç = N - N H - ^ ^ Ç = N - N H 

H O - Ç - H H O - Ç - H sQ-NH-NHa H O - Ç - H H O - Ç - H \Q> 

H - C - O H H - C — O H >- H - Ç - O H ^QHN=N]+ H - Ç - O H 

H — C - O H H - C - O H H - C - O H >- H - Ç — O H 
I l I I 
C H 2 O H C H 2 O H C H 2 O H C H 2 0 H 
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Sucrose l ikewise y ie lds glucosazone ident i f iable as glucosazone f o r m a z a n . T h i s 
indicates t h a t i n sucrose i t is the h y d r o x y l group on the first c a r b o n a t o m of D - fructose 
w h i c h oxidizes to a n a ldehyde group . A s has been observed b y several authors {1,7, 
14), i n the course of the f o r m a t i o n of osazone the disaccharide b o n d (2, 5) b reaks u p 
a n d glucosazone forms f r o m b o t h components of the disaccharide u p o n the a d d i t i o n of 
p h e n y l h y d r a z i n e . 

F r o m ozone-oxidized sugar alcohols no f o r m a z a n der ivat ives have y e t been i so lated 
i n w h i c h the p r i m a r y alcohol ic h y d r o x y l s , p r e s u m a b l y present at b o t h ends of the 
molecule , have ox id ized to aldehydes . H o w e v e r , b i s formazans , conspicuous for t h e i r 
c a p a c i t y to c rys ta l l i ze a n d t h e i r i n s o l u b i l i t y i n water , have been successful ly p r e p a r e d 
b y other means (IS). 

Polysacchar ides , such as cellulose a n d s tar ch , can be ox id i zed w i t h ozone a n d t h e n 
conver ted to t h e i r f o rmazans . A cellulose w a d or a sample of s t a r c h powder , finely 
d i v i d e d or suspended i n water , was p laced i n a gas -washing bo t t l e w i t h a s h r u n k e n 
glass filter a n d ozonized at r o o m t e m p e r a t u r e for 8 to 18 hours , care fu l ly washed, a n d 
reacted i n acetic a c i d w i t h p h e n y l h y d r a z i n e . T h i s resul ted i n v i v i d l y ye l l ow p h e n y l -
hydrazones of the ox id i zed po lysacchar ides . B y the react ion w i t h a n i ce -co ld so lu t i on 
of d iazo t i zed ani l ine i n p y r i d i n e a n d e t h y l a lcohol , the b r i g h t r ed f o rmazans of the 
ozone-oxidized po lysaccharides were obta ined . 

Po lysacchar ides not conta in ing a free p r i m a r y alcohol ic group—e.g . , x y l a n — h a v e 
fa i led to y i e l d f o r m a z a n u p o n o x i d a t i o n w i t h ozone. T h i s finding a n d the observat ions 
m a d e i n the present w o r k i n connect ion w i t h ozone-oxidized sugar alcohols seem to 
s u p p o r t the suggestion t h a t the f o r m a z a n group takes the place of the p r i m a r y alcohol ic 
g roup . 

I t has l ong been k n o w n t h a t o x i d a t i o n of s imple f ormazans gives t e t r a z o l i u m c o m 
pounds w h i c h , even under b io log ica l condit ions , are easi ly reduced once m o r e to r ed 
formazans . F o r instance , t r i p h e n y l t e t r a z o l i u m chlor ide , p r e p a r e d b y ox id i z ing t r i p h e n y l 
f o r m a z a n , is a n a p p r o v e d b io log ica l i n d i c a t o r . 

L i k e the sugar f o rmazans (9), the formazans p r e p a r e d f r o m ozone-oxidized po lysac 
charides r ead i l y oxidize w i t h i V - b r o m o s u c c i n i m i d e to the corresponding colorless 
t e t r a z o l i u m compounds . 
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A s i n the f o rmazans of the s imple sugars (15), those of the ozone-oxid ized po lysac 
charides undergo r e duc t i v e d i s in tegra t i on b y the a c t i o n of h y d r o g e n sulf ide. T h u s , 
the f o r m a z a n of ozone-oxid ized s t a r c h gives the corresponding th i on i c a c i d p h e n y l -
h y d r a z i d e . 

A g a i n , s i m i l a r to the s imple f o rmazans (6), those of the ozone-oxidized p o l y s a c c h a 
rides r e a d i l y f o r m complex salts w i t h h e a v y meta l s . T h e probab le s t ruc ture of a copper 
complex ob ta ined f r o m the f o r m a z a n of ozone-oxidized cellulose is : 

4 0 0 

ο ο 

P a r t i c u l a r l y fine colors are d i s p l a y e d b y the m e t a l complexes of f o rmazans der ived 
f r o m viscose r a y o n . T h e copper , cobalt , a n d u r a n i u m cellulose complexes represent a 
new t y p e of the so-cal led c h e m i c a l l y co lored threads . 

U n d e r the e lectron microscope the u r a n i u m complexes of the f o rmazans of ozonized 
po lysacchar ides d i s p l a y a d i s t inc t s h a d i n g effect, the po lysacchar ides showing a deep 
b l a c k color . O n th i s basis i t is to be hoped t h a t a new e lectron microscop i c m e t h o d 
w i l l soon be e laborated (6). 
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T h e f o r m a z a n reac t i on can also be used to establ ish the s t r u c t u r e of the sugar 
p o r t i o n of ozone-oxid ized glycosides. Some ear l ier invest igat ions i n th i s l a b o r a t o r y w i t h 
glycosides conta in ing a r o m a t i c or cyc l i c aglycones show t h a t the l a t t e r is a t t a c k e d 
d u r i n g ozon izat i on , whi l e a considerable p a r t of the sugar p o r t i o n remains unchanged 
a n d can be iso lated, even i f i t is d isaccharide (3). F o r instance , f r o m « -pheny lman-
noside t rea ted w i t h ozone i t was possible to isolate D - m a n n o - i V , i V ' - d i p h e n y l f o r m a z a n , 
a n d f r o m ozonized q u e r c i t r i n , L - r h a m n o - A ^ i V ' - d i p h e n y l f o r m a z a n . 

I n these cases the o x i d a t i o n of the sugar p o r t i o n is o b v i o u s l y preceded b y the 
d i s in tegrat i on of the ag lycon . 

E x p e r i m e n t s to disclose the theore t i ca l a n d p r a c t i c a l va lue of ozone-oxid ized c a r b o 
hydrates a n d the nitrogenous der ivat ives p r e p a r e d f r o m t h e m are be ing cont inued . 
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Ozone Oxidation of Sulfides and Sulfoxides 

ALLISON MAGGIOLO and E. ALLAN BLAIR 

Ozone Processes Division, Welsbach Corp., Philadelphia, Pa. 

The stepwise oxidation of organic sulfides to sulfoxides 
and sulfones with ozone is reported. In the case of 
carboxymethylmercaptosuccinic acid, it is the only suc
cessful oxidation to the sulfoxide known. The yields 
in most cases are essentially quantitative with respect 
to both the sulfur compound and ozone. 

I he f o r m a t i o n of d i a l k y l a n d a l k y l a r y l sulfones, a n d i n some cases the i r in termed ia te 
sulfoxides, b y the ox ida t i on of sulfides w i t h ozone has been descr ibed i n the l i t e r a t u r e 
{2, 6). H o w e v e r , no m e n t i o n was m a d e as to the amounts of ozone requ i red for these 
ox idat ions . I n a n excellent paper (1) o n the use of ozone as a t i t r i m e t r i c agent for 
olefinic double bonds, B o e r a n d K o o y m a n state t h a t , u n d e r the condit ions s tud ied , 
d i a l k y l sulfides consume ^4 to % mole of ozone per mole of sulfide a n d dibenzothiophene 
consumes 1 mole . N o n e of these ozonated produc t s was a n a l y z e d as to i t s sul foxide or 
sulf one content . 

T h e present inves t iga t i on shows t h a t ozone reacts w i t h d i a l k y l a n d d i a r y l sulfides 
accord ing to the equat ion : 

W h e n r u n i n n o n p o l a r solvents , the reac t i on is s to i ch iometr i c i n the f o r m a t i o n of 
b o t h a l i p h a t i c a n d aromat i c sulfoxides a n d a l i p h a t i c sulfones. 

T h e react ion was car r i ed out on numerous a r o m a t i c a n d a l i p h a t i c sulfides a n d 
sulfoxides. A m o n g the compounds made i n essential ly q u a n t i t a t i v e y ie lds were d i b e n z y l 
sul foxide , d i b e n z y l sulfone, d i m e t h y l sulfone, d i p h e n y l sul foxide , t h i o n y l d i g l y c o l i c a c id , 
a n d c a r b o x y m e t h y l t h i o n y l s u c c i n i c a c i d ( T a b l e I ) . 

I\S 4 0 2 + R 2 SO 4 0 2 + R 2 S O 2 

10.7 grams 2.33 grams 11.3 grams 

+ 0 3 

10.7 grams 4.71 grams 
200 

12.0 grams 
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Table I. Yields from Ozonization Experiments 

Sulfide Sulfoxide, % Sulfone, % 
Dibenzyl 98 98 
Dimethyl (sulfoxide) 90 
Diphenyl 95 Colored product showing attack 

other than on sulfur atom 
Dibenzothiophene Same as diphenyl sulfide 
Thiodiglycolic acid 98 No oxidation beyond sulfoxide 
Carboxymethylmercaptosuccinic acid 98 

Some di f f i cu l ty was encountered i n the f o r m a t i o n of a r o m a t i c sulfones. W h e n 
the ozonat ion was c a r r i e d out i n c h l o r o f o r m i n a reactor us ing a glass f r i t f o r the 
dispers ion of ozone, a so l id p r e c i p i t a t e d w h i c h clogged the f r i t as the second equ iva lent 
of ozone was added . 

I n acetic a c id there was no prec ip i ta te , b u t the p r o d u c t f r o m the a d d i t i o n of t w o 
equivalents of ozone was colored a n d conta ined b o t h the sul foxide a n d the sulfone. 
I n a reactor i n w h i c h the ozone was dispersed b y a high-speed s t i r r e r , the prec ip i ta te 
f o r m e d i n c h l o r o f o r m d i d not inter fere w i t h the a d d i t i o n of ozone, b u t the results were 
the same as t h e y were i n acetic a c i d . A t t e m p t s to oxidize d i p h e n y l sulfide a n d d i 
benzothiophene c l ean ly to the sulfones us ing several solvents a n d ozone or h y d r o g e n 
peroxide as the ox id i z ing agents gave the same results . M o r e w o r k o n th i s phase is 
c l ear ly i n d i c a t e d . 

C a r b o x y m e t h y l m e r c a p t o s u c c i n i c a c i d a n d th iod ig lyco l i c a c i d were ox id i zed c leanly 
to the i r respect ive sulfoxides, b u t th iod ig lyco l i c a c i d cou ld no t be ox id ized t o i t s sulfone 
at r o o m t e m p e r a t u r e i n c h l o r o f o r m , acetic a c i d , acetoni tr i le , or w a t e r c o n t a i n i n g 
m o l y b d a t e i o n . T h i s is no doubt due to the slow rate of o x i d a t i o n of the sul foxide to 
the sulfone, w h i c h can r e a d i l y be exp la ined on the basis of e lectronic theory . T h i s is 
a p p a r e n t l y the first successful p r e p a r a t i o n of c a r b o x y m e t h y l t h i o n y l s u c c i n i c a c i d b y a n y 
m e t h o d (3). 

T h e we l l - c ont ro l l ed a t t a c k of ozone on the su l fur molecule can best be exp la ined b y 
the a s s u m p t i o n t h a t a t e r m i n a l oxygen of the ozone molecule executes a n e lectrophi l i c 
a t t a c k on the su l fur , f o r m i n g a new b o n d w i t h the su l fur . [ C o m p a r e w i t h M e i n w a l d ' s 
w o r k (4) for the analogy i n the a t t a c k of ozone o n the double bond. ] T h e r e u p o n , the 
second a n d t h i r d a toms of the ozone are l i be ra ted as molecu lar oxygen. T h i s t h e o r y 
expla ins the fact t h a t o n l y one oxygen f r o m each ozone molecule is added to the su l fur . 
I f one assumes a n a t t a c k of the apex oxygen of the ozone molecule , i t is di f f icult t o 
u n d e r s t a n d w h y o n l y one of the oxygen atoms stays associated w i t h the s u l f u r . 

A l t h o u g h the conf igurat ion of ozone w h i c h has a pos i t ive charge on one t e r m i n a l 
oxygen a n d a negat ive charge o n the other , as opposed to a pos i t ive charge o n the 
apex oxygen a n d a negat ive charge on a t e r m i n a l oxygen, contr ibutes l i t t l e t o the 
s t r u c t u r e of the molecule (6), a n ana logy can be d r a w n w i t h other ionic a d d i t i o n 
react ions. T h e ionic conf igurat ion of the b r o m i n e molecule contr ibutes l i t t l e to i t s 
s t r u c t u r e , ye t i t adds to a n olefin first as a b r o m i n e ca t i on . 

I n the course of these studies the most convenient a p p a r a t u s i n w h i c h to r u n 
these react ions was f o u n d to be a flask w i t h a s t i r r e r w h i c h has a gas in le t t h r o u g h i t . 
T h i s gives as good a d ispers ion of the gas i n the l i q u i d as does a f r i t t e d glass diffuser, 
a n d g r e a t l y s impl i f ies the m a n i p u l a t i o n s a c c o m p a n y i n g the react ion . I t has the 
a d d i t i o n a l advantage t h a t a n insoluble p r o d u c t , i f f o rmed , does not inter fere w i t h the 
c o n t i n u a t i o n of the reac t i on . 
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Preparation of Tertiary Amine Oxides 
by Ozonization 

ALLISON MAGGIOLO and SIGISMUND J. NIEGOWSKI 

The Welsbach Corp., Philadelphia, Pa. 

It is reported in the early literature that unsymmetrical 
amine oxides or those of high molecular weight can
not be prepared by the action of ozone on the amine. 
This study shows that an unsymmetrical amine oxide, 
such as N-ethylpiperidine oxide, and a symmetrical 
high molecular weight amine oxide, such as tri-n
-hexylamine oxide, can be prepared by ozonization in 
methanol solution. 

A l t h o u g h the f o r m a t i o n of t e r t i a r y amine oxides us ing such ac t ive oxygen reagents as 
hydrogen perox ide a n d perac ids (2) is w e l l k n o w n , the reac t i on w i t h ozone has received 
l i t t l e a t t e n t i o n . S t r e c k e r a n d B a l t e s (4) establ ished th is reac t ion b y ozonat ing t r i -
m e t h y l a m i n e a n d i d e n t i f y i n g the p r o d u c t as t r i m e t h y l a m i n e oxide. I n ozonat ing s u b 
s t i t u t i o n p r o d u c t s of a m m o n i a , t h e y observed t h a t ox ida t i on b y a d d i t i o n of oxygen 
occurs o n l y w h e n the subst i tuents on the n i t rogen are s i m i l a r a n d have a l o w mo lecu lar 
weight . T h e y s ta ted t h a t ozone behaved l i k e the other ox idants b y f o r m i n g t e r t i a r y 
amine oxides, b u t differed b y f o r m i n g on ly a s y m m e t r i c a l l y subs t i tu ted amine oxide of 
l o w m o l e c u l a r weight . R e p e a t e d a t t e m p t s to isolate the amine oxide f r o m the 
(ozonizat ion) of d i m e t h y l a n i l i n e were unsuccessful . 

T h e authors extend the knowledge of the a c t i o n of ozone o n t e r t i a r y amines a n d 
show t h a t b o t h a n u n s y m m e t r i c a l l y subs t i tu ted amine oxide a n d a h i g h mo le cu lar 
weight a m i n e oxide c a n be p r e p a r e d b y ozon izat ion . N - E t h y l p i p e r i d i n e , a n u n s y m 
m e t r i c a l t e r t i a r y amine , was chosen to test the statement of S t r e c k e r a n d B a l t e s . 
A l t h o u g h i t s amine oxide h a d been p r e p a r e d t h r o u g h h y d r o g e n peroxide o x i d a t i o n b y 
W e r n e r a n d Wol f fenste in (6), the authors ozonated the amine i n m e t h a n o l so lu t i on a t 
d r y ice t e m p e r a t u r e . I t was not iso lated b u t was conver ted to the p i c ra te , w h i c h 
c r y s t a l l i z e d out of the m e t h a n o l so lu t i on . A f t e r p u r i f i c a t i o n , the amine oxide p i c rate 
was ident i f ied b y e lementa l carbon , hydrogen , a n d n i t r o g e n determinat ions . P e r c h l o r i c 
a c i d t i t r a t i o n , a c cord ing to the procedure of C l a r k a n d W a n g (jf), gave the m i l l i -
equ iva lent weight of the i V - e t h y l p i p e r i d i n e oxide p i c ra te . 

T h e first three t e r t i a r y amines i n the a l i p h a t i c series were s tud ied by S t recker 
a n d B a l t e s . T h e authors s tud ied t r i - n - b u t y l a m i n e , t r i - n - h e x y l a m i n e , a n d t r i - n - h e p t y l -
amine . E a c h amine was ozonated a t d r y ice t e m p e r a t u r e a n d t rea t ed w i t h p i c r i c a c id . 
T h e t r i - n - b u t y l a m i n e oxide p i c ra te r e a d i l y deposi ted as c rysta ls o n s tand ing . A l t h o u g h 
the l a t t e r t w o amine oxides f o r m e d o i l y p roduc t s at first, o n l o n g s tand ing i n the 
re fr igerator t h e y gave crysta ls of the a m i n e oxide p i crates . T h e pur i f i ed a m i n e oxide 
p icrates were a n a l y z e d b y d irec t t i t r a t i o n w i t h perch lor i c acid. 

T h e s t ruc ture of ozone (ό) m a y be represented as a resonance h y b r i d of f our 
structures: 
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Struc tures I a n d I I are repor ted as the m a i n c o n t r i b u t i n g f o rms . M e i n w a l d (8) used 
these to e x p l a i n the a d d i t i o n of ozone to cer ta in olefins. A s i m i l a r m e c h a n i s m can be 
pos tu la ted to e x p l a i n the react ion of ozone on t e r t i a r y a m i n e s : 

R 
R — N — R 

0—0 
+ — 

R — N — R 
I 

ο 
I 
0—0 

R 
R — N — R + O, 

é 

T h e reac t ion m a y be exp la ined as a n e lec trophi l i c a t t a c k of the t e r m i n a l oxygen of 
ozone on the nuc leophi l i c n i t rogen t o f o r m a t r a n s i t o r y i n t e r m e d i a t e w h i c h y ie lds the 
amine oxide. 

T h e reac t i on of ozone w i t h these t e r t i a r y amines is v e r y r a p i d , b u t the a d d i t i o n of 
ozone is no t s t o i c h i o m e t r i c : A b o u t 1.2 to 1.7 moles of ozone per mole of the t e r t i a r y 
amine were used. T h e y ie lds of the amine oxides, i so lated as the p icrates , were about 
5 0 % of t h e o r y . 

Exper imental 

O z o n i z a t i o n . T h e ozone was generated f r o m oxygen u s i n g the W e l s b a c h T - 2 3 
ozonator . T h e oxygen flow t h r o u g h the ozonator was 0.10 cubic foot per m i n u t e . T h e 
ozone concentra t i on was about 40 m g . p e r l i t e r . 

T h e amine so lu t i on was p laced i n a c y l i n d r i c a l glass tube , 2 c m . i n d iameter a n d 
30 c m . i n l ength , e q u i p p e d w i t h a fr i t ted-g lass d i sk a t the b o t t o m for d ispers ing the 
gas a n d a s t a n d a r d 2 4 / 4 0 j o in t a t the t o p . T h i s reactor was p laced i n a D e w a r 
c y l i n d e r a n d was cooled w i t h a d r y i c e - a l c o h o l m i x t u r e . B y f requent care fu l a d d i t i o n 
of s m a l l d r y ice part i c l es , the desired t e m p e r a t u r e was m a i n t a i n e d w i t h i n 5 ° C . 

A f t e r passage t h r o u g h the a m i n e so lut i on , a n y unreac ted ozone was absorbed i n 
2 % po tass ium iodide so lut i on conta ined i n a gas w a s h i n g bo t t l e . T h e v o l u m e of the 
ozonated oxygen, passed t h r o u g h the so lu t i on a n d s t r i p p e d of ozone b y the amine 
so lut ion or po tass ium iodide so lu t i on , was measured w i t h a wet - test meter . T h e 
reac t i on of ozone w i t h t e r t i a r y amines was so r a p i d t h a t a t a n ozone flow of 56 m g . 
per m i n u t e no excess ozone appeared i n the p o t a s s i u m iodide t r a p d u r i n g the reac t i on . 
T h e a d d i t i o n of ozone was s t opped w h e n the p o t a s s i u m iodide showed the y e l l o w co lor 
due to iod ine . 

Severa l a t t e m p t s were m a d e to isolate the a m i n e oxide as a h y d r o c h l o r i d e sa l t . 
U s u a l l y the salt d i d not c rys ta l l i ze , b u t a hygroscop ic o i l resul ted o n e v a p o r a t i o n of 
the so lvent . I s o la t i on was s impl i f i ed b y us ing p i c r i c a c i d , f or the picrates c r y s t a l l i z e d 
on s t a n d i n g . 

T h e e x p e r i m e n t a l technique consisted of ozon izat i on at d r y ice t e m p e r a t u r e i n a 
solvent s u c h as m e t h a n o l , i n w h i c h b o t h the p i c r i c a c i d a n d amine oxide were soluble , 
a n d a d d i t i o n of the co ld so lut ion of amine oxide to the alcohol ic so lu t i on of p i c r i c a c i d . 
O n s t a n d i n g i n the re fr igerator , c rysta ls of the p i c r a t e separated f r o m the so lu t i on . 
These c rys ta l s were f i l tered , d r i e d u n d e r a v a c u u m , a n d weighed. T h e n t h e y were 
pur i f i ed f r o m m e t h a n o l a n d a n a l y z e d . 

A n a l y s i s . T h e amine oxide p i crates were de te rmined a c c o r d i n g to the procedure 
of C l a r k a n d W a n g . A sample of 0.2 to 0.4 m e q . of the p i c ra te was d isso lved i n 10 m l . 
of g lac ia l acetic a c i d . A b o u t 3 d rops of m e t h y l v i o l e t i n d i c a t o r were used . T h e color 
change f r o m deep to l i g h t b lue was used as the e n d p o i n t . T h e so lut ions were t i t r a t e d 
w i t h s t a n d a r d 0ΛΝ perch lor i c a c i d i n g lac ia l acetic a c i d w i t h a m i c r o b u r e t . 
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204 ADVANCES IN CHEMISTRY SERIES 

Results 

T h i s procedure was tested us ing b o t h a m i n e p icrates a n d amine oxide p icrates . 
T h e m i l l i e q u i v a l e n t weights of the p icrates de te rmined were w i t h i n 1% of the theo 
r e t i c a l v a l u e . 

T h e results of p r e p a r i n g amine oxides are s u m m a r i z e d i n T a b l e I. 

Table I. Preparation of Amine Oxides 

Oxide Picrate, Meq. Wt. 

Compound Ozonated Yield % M . P., ° C. Calculated Found 
AT-Ethylpiperidine° 57.5 147-9& 358 356,360 
Tri-n-butylamine 57.1 110-1 430 429, 434 
Tri-n-hexylamine 23.2« 34-6 515 512, 511 
Tri-n-heptylamine 48.2 44-6 557 558, 554 

C Η Ν 
« C7HiBNO.CeH2(N02)3OH, analyzed by Clark Microanalytical Laboratory. Calcd. 43.56 5.06 15.64 

Found 43.76 4.98 15.58, 
15.71 

b Werner and Wolffenstein reported 142-4° C. as the melting point of the amine oxide picrate. 
c First crop of crystals. 
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Synthesis of Polyamide by Ozonolysis 
of Oleic Acid 

HIROSHI OTSUKI and HIDEYA FUNAHASHI 

Nippon Ozone Co., Ltd., Tokyo, Japan 

From studies on the ozonolysis of oleic acid, the 
author found a new synthesis of -aminononanoic 
acid, from which a polyamide, polynonanoamide, is 
prepared. This polyamide (Nylon 9) has charac
teristic properties which are as good as Nylon 6 — 6 
and Nylon 6 as a material for synthetic fibers. 

S i n c e 1935, w h e n C a r o t h e r s d iscovered the fiber-forming propert ies of po lyamides , 
m a n y chemists i n the w o r l d have s tud ied the synthesis of the r a w mater ia l s f o r v a r i o u s 
po lyamides , a l i p h a t i c d iamines , a l i p h a t i c dibasic acids, c a p r o l a c t a m , a n d the ω -amino 
f a t t y acids. T h e k n o w n synthet i c routes to po lyamides f r o m ω -amino f a t t y acids are 
as fo l lows : 

1. P o l y c a p r o a m i d e v i a c a p r o l a c t a m , w h i c h is der ived f r o m p h e n o l or benzene 
( N y l o n 6 ) . 

2. P o l y c a p r o a m i d e v i a b u t y n e d i o l , w h i c h is der ived f r o m acetylene ( N y l o n 6 ) . 
3. P o l y h e p t a n o a m i d e v i a t e t r a h y d r o f u r f u r y l a l coho l , w h i c h is d e r i v e d f r o m f u r f u r a l 

( N y l o n 7 ) . 
4. P o l y u n d e c a n o a m i d e v i a undecy len i c a c id , w h i c h is d e r i v e d f r o m r ic inole ic a c id 

( N y l o n 11). 
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206 ADVANCES IN CHEMISTRY SERIES 

t 
H C = C H >- H O C H 2 - C = C - C H 2 O H H 2 N(CH 2 ) 5 CN 

1 t 
* NC(CH 2 ) 4 CN H 2C CH, 

I I ' 
H 2 C. / C H 2 

t 
0 • C1(CH 2) 4C1 

C H 2 C H 2 

HC CH ^ H 2C CH 2 ^ H 2 C CH _ ^ H 2 C ^ C H 2 

II II ^ I I ^ I II ι ι 
HC. ^C-CHO H 2 C. X H - C H 2 O H H 2 C. .CH H 2 C X / C H 2 

^ 0 0 0 0 

NC(CH 2 ) 5 CN -< C1(CH2)5C1 

H 2N(CH 2) 6CN >- H 2N(CH 2) 6COOH —>- [ NYLON 7 | 

@ CH 3 (CH 2 ) 5 CH(OH) -CH 2 -CH = CH(CH 2 ) 7 COOH 

CH 3 (CH 2 ) 5 CHO + C H 2 = C H ( C H 2 ) 8 C O O H 

I 
B r C H — C H 2 ( C H 2 ) 8 COOH 

H 2N(CH 2) 1 0COOH >- NYLON 11 

Since 1951, the ozonolysis of oleic a c i d ( I ) f r o m s p e r m o i l has been s t u d i e d i n th is 
l a b o r a t o r y ; good y ie lds of n o n y l a ldehyde ( I I ) , nonanoic a c i d ( I I I ) , a n d azelaic a c i d 
( V ) have been ob ta ined . 

C H 3 ( C H 2 ) 7 C H = C H ( C H 2 ) 7 C O O H ( I ) 

| o 3 

CH 3(CH 2) 7 CH — CH(CH 2 ) 7 COOH 
N o 3 j 

CH 3(CH 2) 7CHO (II) [OHC(CH 2) 7COOH ( IV) ] 

CH 3(CH 2) 7COOH ( ΙΠ) HOOC(CH 2) 7COOH (V ) 

These studies showed t h a t azelaic ha l f a ldehyde ( I V ) , a n in termed ia te p r o d u c t , 
is u s u a l l y ob ta ined i n some q u a n t i t y b y decompos i t i on of oleic a c i d ozonide. R e d u c t i v e 
decompos i t i on of the ozonide was t h e n t r i e d to preserve b o t h a ldehyde groups . S o d i u m 
sulf ite as the reduc ing agent gave the f irst successful result . A z e l a i c ha l f a ldox ime ( V I ) 
c o u l d t h e n be easi ly ob ta ined f r o m azelaic h a l f a ldehyde ( I V ) a n d h y d r o x y l a m i n e . 
F i n a l l y , ω -aminononano ic a c i d ( V I I ) was ob ta ined b y n e u t r a l r educ t i on of azelaic ha l f 
a ldox ime ( V I ) . 

T h e ω -aminononano ic a c id , l i k e o ther ω -amino f a t t y acids , is d e h y d r a t e d a n d p o l y 
m e r i z e d easi ly b y heat ing . E t h y l ω -aminononanoate ( V I I I ) was p r e p a r e d a n d d i s t i l l ed 
i n vacuo for the p u r i f i c a t i o n of ω -aminononano ic a c i d ( V I I ) . E t h y l ω -aminononanoate 
( V I I I ) pur i f i ed gives the p o l y m e r , p o l y n o n a n o a m i d e ( I X , or N y l o n 9 ) , b y h e a t i n g a t 
reduced pressure fo l lowed b y the s p l i t t i n g off of a l coho l . 
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CH 3 (CH 2 ) 7 CH = CH (CH 2) 7COOH ( I ) 

| o 3 

C H 3 ( C H 2 ) 7 C H — C H (CH 2) 7COOH 

\ 
- 0 

I 
CH 3(CH 2 ) 7 CH0 (II) 0HC(CH 2) 7C00H (IV) 

HON=CH(CH 2 ) 7 COOH (VI) NH3, H2 

H 2N(CH 2) eCOOH (VU) 

|c ?H 50H 

H 2 N(CH 2 ) e COOC 2 H 5 (VIII) 

^-C 2 H 5 0H 

[—HN(CH 2 ) e C0—] n (IX) 

L a t e r exper iments showed t h a t ω -aminononanoic a c i d ( V I I ) c a n be p r e p a r e d 
c a t a l y t i c a l l y f r o m azelaic h a l f a ldehyde ( I V ) w i t h o u t d i f f i cu l ty b y a c t i o n of a m m o n i a 
a n d h y d r o g e n . T h i s s imp l i f i ed the process. 

T h i s process l e d t o a new synthet i c route to p o l y n o n a n o a m i d e ( I X ) , N y l o n 9 ; 
the p o l y a m i d e was n a m e d A z e l o n . 

T h e p o l y a m i d e ob ta ined i n these exper iments was ident i f i ed as p o l y n o n a n o a m i d e ; 
C o f f m a n a n d his coworkers h a d p r e p a r e d th i s c o m p o u n d i n 1948 v i a the p o l y a n h y d r i d e 
of sebacic a c i d . T h e first fiber-forming p o l y a m i d e was obta ined b y C a r o t h e r s f r o m a n 
a m i n o a c i d — v i z . , ω-aminononanoic a c i d — a d iscovery i n 1935 w h i c h l e d to intensi f ied 
research o n the po lyamides a n d c u l m i n a t e d i n the deve lopment of N y l o n 6 -6 . 

T h e p o l y a m i d e , N y l o n 9, is e x t r u d e d i n co ld w a t e r b y pressure of a n i n e r t gas ; i t 
is a w h i t e , opaque m a t e r i a l w h i c h is cut i n t o ch ips f o r subsequent s p i n n i n g or m o l d i n g 
operat ions . 

A s T a b l e I shows, the m a t e r i a l mel ts a t 195-7° C . a n d has a l i g h t e r specific g r a v i t y 

Table I. Nylon 9 Polyamide Melting point, °C. 195-7 
Specific gravity 1.0497 
Ash, % 0.16 
Ether extract, % 0.22 
Amino terminal group, meq./g. 0.014 
[η] 1.03 

Resistance to Chemical Reagents 
Acetic acid 100%, 70° C. Soluble 
Formic acid 97%, 40-45° C. Soluble 
Hydrochloric acid 30%, boiling Partly soluble 
Sulfuric acid 80%, room temp. Soluble 
ra-Cresol, room temp. Soluble 
Phenol. 90%, room temp. Soluble 
Sat. sol. ZnCk-methanol, room temp. Soluble 

(1.05 c o m p a r e d w i t h 1.14) t h a n N y l o n 6 a n d 6 -6 . A s i t is soluble i n such solvents as 
m-creso l a n d s t rong acids l i k e analogous po lyamides , the resistance of the m a t e r i a l to 
chemica l reagents, general ly speak ing , is m u c h h igher t h a n t h a t of N y l o n 6. T h e 
m a t e r i a l can be r e a d i l y m e l t s p u n a n d or iented b y d r a w i n g . 

W h e n N y l o n 9 has a c q u i r e d a h i g h degree of o r i e n t a t i o n b y d r a w i n g 4.5 to 5 t imes , 
i t shows a t e n a c i t y of 5.0 to 5.5 g rams p e r denier a n d a n e longat ion of 20 to 2 5 % 
( T a b l e I I ) . 

T h e incidence of the amide l inkage i n the p o l y a m i d e c h a i n is cons iderab ly l ower 
t h a n i n N y l o n 6 a n d 6 -6 , a n d this increased h y d r o c a r b o n l i k e charac ter of the m a t e r i a l 
is shown i n a lower mo i s ture -absorb ing c a p a c i t y as w e l l as a l i t t l e l ower d y e i n g a f f in i ty . 
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Table II. Test for Nylon 9 Filament 

Denier, D 59.6 
No. of monofilament, η 10 
Tenacity 

Dry, grams/denier 5.07 
Wet, % 4.45 

Variety of strength, % 5.6 
Elongation 

Dry, % 25.8 
Wet, % 30.1 

Twist number, t/m 5.0 
Water absorption, % 1.4 
Shrinkage in boiling, water, % 11.2 
Young's modulus, kg./sq. mm. 373 
Average stiffness, grams/denier 22.5 
Average toughness, denier/cm. 0.90 
Recovery at 10% elong., % 

Moment 77.0 
Full 93.6 

Recovery at 5% elong., % 
Moment 92.3 
Full 97.0 

One of the most character is t i c propert ies of the p o l y a m i d e is a n u n u s u a l s t a b i l i t y , 
w h i c h is unchanged even after several hours i n the m o l t e n state. I n other words , there 
is no e q u i l i b r i u m between the m o n o m e r , the r i n g c o m p o u n d , a n d the p o l y m e r as i n 
N y l o n 6. A s the same is t rue i n the case of N y l o n 11, th i s is p r o b a b l y due to the 
f a c i l i t y of r i n g c o m p o u n d f o r m a t i o n accord ing to the size of a r i n g w h i c h a m o n o m e r 
m a y be able to m a k e . A c c o r d i n g l y , i t is assumed t h a t th is phenomenon is caused b y 
the so-cal led Pre log ' s " m e d i u m - s i z e d r i n g effect," i n w h i c h the y i e l d of C 9 - to C n -
m e m b e r e d r ings is m i n i m u m i n every synthesis of the macrocyc l i c r i n g f r o m C 5 t o C 2 o 
a l i p h a t i c compounds . 

N y l o n 9, w h i c h is ex t remely stable to heat, does not show even a s l ight change i n 
the wide range of about 100° C . over i ts m e l t i n g po in t . W i t h th is p o l y a m i d e , u n l i k e 
o ther po lyamides , the m o l t e n p o l y m e r is d r i v e n d i r e c t l y to the spinneret a f ter p o l y -
condensat ion . T h e r e is no m o n o m e r i n the p o l y m e r to be washed out . These facts 
have s impl i f i ed the process. 

T h e n o n y l a ldehyde coproduct of the azelaic ha l f a ldehyde is a useful in termed ia te ; 
a f ter be ing t r a n s f o r m e d in to the corresponding a l coho l , a c i d , or amine , i t is a r a w 
m a t e r i a l for p last i cs . Severa l years ago, I . S a k u r a d a , K y o t o U n i v e r s i t y , the i n v e n t o r of 
V i n y l o n , f o u n d t h a t w h e n n o n y l a ldehyde is used instead of f o r m a l i n for aceta l i zat ion 
of p o l y ( v i n y l a l c oho l ) , the propert ies of V i n y l o n y a r n s are cons iderably i m p r o v e d , 
especial ly i n elastic recovery . 

T h e oleic a c i d s t a r t i n g m a t e r i a l is ava i lab le i n large quant i t ies t h r o u g h o u t the 
w o r l d f r o m a wide v a r i e t y of a n i m a l fats a n d vegetable oi ls . T h e p o l y u n s a t u r a t e d 
acids , l ino le ic a n d l ino lenic acids, c ou ld be used also, as the i r first double b o n d is at the 
9-pos i t ion . 

RECEIVED for review June 6, 1957. Accepted June 19, 1957. 
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Vertical Atmospheric Ozone Distributions 

H. K. PAETZOLD 

Max Planck Institute, Weissenau bei Ravensburg, Germany 

The observations reported make it possible to identify 
air masses of different origin in the stratosphere and 
to prove very slight vertical movements of the 
atmosphere by means of the ozone variation. 
Thereby a useful factor has been obtained for 
investigation of general atmospheric circulation and 
perhaps also for weather forecasting. During the 
International Geophysical Year the institute at 
Weissenau is carrying out observations of the vertical 
ozone distribution in polar, mean, and equatorial 
latitudes with the recently developed ozone radio 
sonde to gain a wider range of information on 
interdiurnal, meridional, and seasonal fluctuations of 
the vertical ozone distribution. 

In recent years knowledge of the v a r i a t i o n s of the v e r t i c a l ozone d i s t r i b u t i o n at least 
for m e a n la t i tudes has been cons iderab ly widened , especial ly b y us ing ba l loon-borne 
u l t r a v i o l e t spectrographs , a n d the i m p o r t a n c e of these v a r i a t i o n s for the analys is of 
mass t rans fer processes i n the atmosphere (H, 17) c an a l ready be seen. B e l o w a n 
a l t i t u d e of 35 k m . , ozone is a quas iconservat ive element of the a i r , because the t i m e 
i n w h i c h the photochemica l e q u i l i b r i u m is re-establ ished amounts at 30 k m . of a l t i t u d e 
to 10 days , a t 25 k m . to 100 days , a n d at 20 k m . to 1 year . U p to the present t i m e , 
the average height of the ba l l oon ascents was about 33 k m . , b u t i n M a y 1956 at 
W e i s s e n a u a n a l t i t u d e of 44 to 45 k m . was reached for the first t i m e . W i t h the 
spec t rograph e m p l o y e d , the s p e c t r u m at th is a l t i tude extends d o w n to 2700 A . I t 
is somewhat astonishing t h a t no r a d i a t i o n c o u l d be observed i n the ozone-oxygen 
w i n d o w a t 2150 A . F i g u r e 1 shows the ascent curve obta ined b y o p t i c a l a n d b a r o 
m e t r i c observat ion . T h u s , a l t i tudes can n o w be reached at w h i c h the v e r t i c a l ozone 
d i s t r i b u t i o n s t i l l shows considerable v a r i a t i o n s , as has a l r e a d y been de termined b y 
rocket ascents a n d d u r i n g eclipses of the m o o n (13). A cont inuous s t u d y of these 
v a r i a t i o n s appears of i m p o r t a n c e because a possible d irect influence b y v a r i a b l e 
u l t r a v i o l e t r a d i a t i o n of the sun at th i s a l t i tude o n the ozone l a y e r a n d t h e r e b y on 
the l ower atmosphere w o u l d be r e a d i l y a p p a r e n t . 

Instruments 

Balloon-Borne Ultraviolet Spectrographs. B y us ing the spec t rograph , f r o m the 
spec t ra l i n t e n s i t y d i s t r i b u t i o n / (λ , h) i n the u l t r a v i o l e t region of the solar s p e c t r u m , 
the ozone a m o u n t , x(h), at a height h above the i n s t r u m e n t was de termined . A s the 

ozone concentrat i on e(h) C ^ ^ 3 is de termined b y d i f ferent iat ion of the i n t e g r a l curve 

x(h), x(h) m u s t be de termined w i t h i n 1 to 2 % . 
209 
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Figure 1. Time-altitude curve for the balloon ascent on May 30, 
1956 (7-kg. Darex balloon, 3-kg. spectrograph) 

Because of the o v e r l a p p i n g F r a u n h o f e r l ines i n the u l t r a v i o l e t solar s p e c t r u m , the 
exact d i s t r i b u t i o n of the spec t ra l i n t e n s i t y I (λ , h) is also a f u n c t i o n of the o p t i c a l 
qual i t ies of the spec t rograph itself . T h e shape of a spectra l l ine is s t rong ly inf luenced 
b y the w i d t h of the sl i t a n d the spec tra l d ispers ion of the i n s t r u m e n t , the degree of 
u n i f o r m i t y of the l i g h t i l l u m i n a t i n g the s l i t , a n d the character is t i cs a n d processing of 
the pho tograph i c p la te a n d i ts pos i t i on re la t ive to the focal p lane . / (λ , h) w i l l 
therefore differ somewhat for spectrographs of var i ous construct ions . 

I n order t o o b t a i n a homogeneous observat ion m a t e r i a l , the spectrographs shou ld 
be of a s t a n d a r d t y p e w h i c h remains o p t i c a l l y constant d u r i n g flight ( t emperature , 
e t c . ) . T h e a u t h o r has deve loped a v e r y stable a n d also v e r y l i ght spec t rograph (6, 
H). T h e opt i cs , b a r o g r a p h , a n d t h e r m o g r a p h are m o u n t e d i n a closed m e t a l case. 
T h e a p p a r a t u s p r o v e d to be so stable t h a t even af ter r o u g h landings i t needed no 
read jus tment . 

T h e p h o t o m e t r i c eva luat i on of the spec t ra has to be c a r r i e d out v e r y care fu l ly . 
T h e t r a n s m i t t a n c e of the three-stage f i l ter e m p l o y e d i n f ront of the s l i t was c a l i b r a t e d 
b y means of a p h y s i c a l m e t h o d ( F r a u n h o f e r d i f f ract ion) (11, 12). A spec ia l procedure 
was used for check ing the p a t h of the three in tens i ty curves of the s p e c t r u m (6). 
A s a result of a l l these precaut ions , a n accuracy to 1.5% for a single measurement of 
x(h) was obta ined . T h e errors i n e(h) t h e n a m o u n t to ± 1 , 0.5, a n d 0.3 X 1 0 ~ 3 c m . 
of ozone per k m . for a l t i tudes of 5, 25, a n d 30 k m . , respect ive ly . 

O z o n e R a d i o S o n d e . C o n s i d e r i n g the s trong fluctuations of the v e r t i c a l ozone 
d i s t r i b u t i o n a n ozone rad io sonde was developed w h i c h w o r k s s i m p l y a n d suppl ies the 
c a l i b r a t i o n r e q u i r e d for homogeneous observat ion m a t e r i a l (3, 4)· T h e rad io sonde 
incorporates the use of f i lters for the u l t r a v i o l e t region as i n prev ious construct ions 
(1, 19), a n d of a se lenium photoe lement . T h e l ight currents are ampl i f i ed b y a t h r e e -
stage ampl i f i e r a n d the i r intensit ies are t r a n s m i t t e d to the rece iv ing g r o u n d s t a t i o n b y 
a n a m m e t e r a n d a r o t a t i n g M o r s e c y l i n d e r . T h i s o p t i c a l m e t h o d seemed to be the 
m o s t sui table for a n ozone sonde w h i c h w i l l be used at v a r i o u s stat ions where n o 
special ists are ava i lab le . 

I f the o p t i c a l ozone sonde is to w o r k w e l l , the sunl ight m u s t be d i v i d e d i n a s u i t 
able w a y i n t o t w o separated spec t ra l regions : one region inf luenced b y ozone (u l t rav i o l e t 
l i g h t ) a n d one not inf luenced b y ozone (blue l i g h t ) . T o o b t a i n sufficient m e a s u r i n g p r e 
c is ion w i t h a s imple i n s t r u m e n t , the ozone read ing m u s t result f r o m the quot ient , u l t r a -
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vio le t l i g h t / b l u e l i g h t . T h i s means t h a t the two spec t ra l regions m u s t not over lap each 
other c o n t r a r y to the p r e v i o u s l y deve loped ozone sondes. Some f i lters n o w ava i lab le 
are acceptable for the u l t r a v i o l e t l i g h t range be low 3250 Α. , w h i c h is affected b y ozone. 
T h e y are of sufficient constancy a n d t r a n s m i t t a n c e (color a n d interference filters). 
A s regards the spec t ra l t r a n s m i t t a n c e curve , there is a n o p t i m u m i n the region of 3100 
A . of the degree of ozone a b s o r p t i o n a n d sunl ight i n t e n s i t y . F i g u r e 2 shows v a r i o u s 
filters for u l t r a v i o l e t l i g h t . T h e f o r m e r color f i l ter G G 19 m a d e b y Schot t is v e r y 
good. U n f o r t u n a t e l y , for the first sondes on ly filter G G 19+ was ava i lab le , w i t h a 
t r a n s m i t t a n c e m a x i m u m at a wave l ength somewhat too l ong for the desired purposes . 
R e c e n t l y a n interference edge filter has been developed (Schot t , M a i n z ) showing a v e r y 
h i g h t r a n s m i t t a n c e m a x i m u m a n d a v e r y a b r u p t descent a t longer wave lengths ( F i g u r e 
2, N o . 4 ) . I n the fu ture th is filter w i l l be used. T h e b lue l i g h t is i so lated b y c o m 
b i n a t i o n of filters U G 11 a n d W G 1 w i t h a t r a n s m i t t a n c e m a x i m u m at 3700 A . 

T h e se lenium photoelement w i t h a q u a r t z l a y e r is constant a n d l o w p r i c e d . I n 

Τ 1 1 1 1 1 1 1 1 1 

2 8 0 0 3 0 0 0 3 2 0 0 3 4 0 0 3 6 0 0 3 8 0 0 4 0 0 0 4 2 0 0 

λ ,Α 

Figure 2. Some optic filters in the ultraviolet region 

1. Schott filter G G 19+ 

2. Interference filter with a 200-A. half width 
3. Schott filter G G 19 
4. Interference edge filter 
5. Interference filter with a lOO-A. half width 

the s p e c t r a l region used for the measurements , i t s s e n s i t i v i t y var ies o n l y v e r y l i t t l e 
as c o m p a r e d to photocel ls w i t h m e t a l l ayers , where se l e c t i v i ty enters cons iderab ly i n t o 
the measurements . A b o v e the photoe lement there is a q u a r t z sphere, the ins ide of 
w h i c h is covered w i t h a m a g n e s i u m oxide l a y e r , t o render the i l l u m i n a t i o n of the cel l 
independent of the sun's angle of inc idence . 

T h e l i g h t f a l l i n g on the photoe lement is ext inguished b y a r o t a t i n g d i a l a t a f r e 
quency of 50 s e c - 1 . T h e photocurrents are a m p l i f i e d 1000 t imes b y the three-stage 
R C ampl i f i e r . F o r check ing the ampl i f i e r , a d i rec t vo l tage i m p u l s e (600 s e c . - 1 ) is 
ampl i f i ed a t the same t i m e . T h e i m p u l s e generator consists of a R e i n a r t z c i r c u i t (0.2 
w a t t ) w i t h a f requency of 152 megahertzes . F i g u r e 3 shtfws the b l o ck d i a g r a m of the 
sondé. T h e filters are m o u n t e d o n a d i sk w h i c h rotates step b y step a n d closes the 
electric c i r cu i t s r e q u i r e d for the v a r i o u s measurements . T h e sequence of the a u t o m a t i c 
measurements of the sonde i s ; 

1. Intens i ty of u l trav io le t l ight influenced b y ozone 
2. Intensity of blue l ight not influenced b y osône 
3. Pressure 
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C O N T R O L 

Z E R O POINT OR 
T E M P E R A T U R E 

R E L A T I V E H U M I D I T Y 

Z E R O POINT OR 
T E M P E R A T U R E 

R E L A T I V E H U M I D I T Y 

M O R S E 
A M M E T E R 

C Y L I N D E R 
A M M E T E R 

Figure 3. Block diagram of ozone radio sonde 

4. Control voltage for checking the amplifier 
5. Temperature (may be measured by a Wollaston wire not influenced by radiation) 

A s one such cycle lasts 20 seconds, a n ozone measurement takes place every 200 
meters . T h e sonde weighs 4 k g . a n d reaches a n a l t i t u d e of 28 to 30 k m . w i t h a 2 -kg . 
neoprene ba l l oon . 

I n order to check the c a l i b r a t i o n of the ozone sonde, several ascents were made 
w i t h b o t h the sonde a n d u l t r a v i o l e t spec t rograph . F i g u r e 4 gives the single measure 
ments of u l t r a v i o l e t l i g h t , etc., for one ascent. I n F i g u r e 5 the results ob ta ined b y 
means of the sonde a n d the spec t rograph are c o m p a r e d a n d f o u n d to agree suff ic iently . 
These measurements were m a d e w i t h the i n f e r i o r u l t r a v i o l e t filter G G 19+ ( F i g u r e 
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Figure 4. Sonde measurements during one ascent 
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2) a n d the error amounts to 2 0 % of e(h) for a n a l t i t u d e of 25 k m . T h e interference 
edge f i l ter ( F i g u r e 2, N o . 4) reduces th is e r ror to about 3 % ; thus the sonde w o r k as 
w e l l as the u l t r a v i o l e t spec t rograph , as recent sounding ascents have shown . 

Var ia t ions of Obse rved Vert ica l O z o n e Distributions 

S e a s o n a l V a r i a t i o n s . F i g u r e 6 surveys the i n t e g r a l curves x(h) for var i ous 
seasons as obta ined a t Weissenau (48° N ) (9). T h e ozone a m o u n t between 0 a n d 
20 k m . shows p a r t i c u l a r l y s t rong v a r i a t i o n s i n s p r i n g , because of the s t rong m e r i d i o n a l 
ozone grad ient at th i s a l t i t u d e . I n p o l a r zones there is m u c h ozone below 20 k m . i n 

40i 

X(H), CM 0 3 X(H), CM 0 3 

Figure 6. integral curves x(fi) observed by balloon ascents at Weissenau 

a. Summer and spring 
b. Autumn and winter 
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s p r i n g a n d s u m m e r , wh i l e at lower a l t i tudes o n l y v e r y l i t t l e ozone is f o u n d . M e a n 
whi le recent d i rec t measurements w i t h the radioozonsonde m a d e b y the a u t h o r i n 
n o r t h e r n N o r w a y a n d equator ia l A f r i c a conf i rmed th i s p i c t u r e of the m e r i d i o n a l v a r i a 
t ions of ozone ga ined p r e v i o u s l y b y ind i re c t methods [ " U m k e h r " effect a n d m o o n 
eclipses (13)1. W h e t h e r or not the a i r is r i c h i n ozone depends on whether the a i r 
comes f r o m lower or h igher l a t i tudes . I n a u t u m n these m e r i d i o n a l gradients are m u c h 
weaker . 

T h e b a l l o o n ascents p e r m i t t e d , for the first t i m e , d e t e r m i n a t i o n of the seasonal 
f luctuat ions of the ozone content a t v a r i o u s heights w h i c h produce the seasonal 
changes of the t o t a l ozone a m o u n t , w i t h i ts k n o w n m a x i m u m i n s p r i n g i n m e a n a n d 
higher la t i tudes . F i g u r e 7 shows t h a t the a n n u a l ozone course differs for the different 
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Figure 7. Annual variation of ozone amount at different altitudes at 
Weissenau 
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heights . T h e s u m m e r m a x i m u m above 30 k m . is caused pho tochemica l l y ( lower m e a n 
z e n i t h distance of the sun) a n d is consistent w i t h the photochemica l theory . T h e 
s p r i n g m a x i m u m be low 20 k m . is m a i n l y caused b y ozone-r i ch a i r b r o u g h t d o w n f r o m 
po lar la t i tudes . 

T h e s u m m e r m i n i m u m at a n a l t i t u d e between 20 a n d 25 k m . is p r o b a b l y caused 
b y a h igher reaching turbulence w h i c h br ings more ozone d o w n t h a n can be p r o d u c e d 
photochemica l l y . I t is s t r i k i n g t h a t between 25 a n d 30 k m . there is no seasonal 
v a r i a t i o n . O b v i o u s l y pho tochemica l a n d atmospher i c factors have no great influence 
i n th is reg ion or t h e y compensate each other . 

A p a r t f r o m these factors there seems to exist another influence on the a n n u a l 
fluctuations of the ozone; th is fac tor can be seen i n F i g u r e 8, w h i c h gives the m i x i n g 

τ 1—ι ι ι ι ι 11 1 1—I M i l l 

O C T I 

Ο · 1 1 1 I I I I I I I I I I I I I I 1 

I x l O " 7 I x l O " 6 I x l O " 5 

O Z O N E / A I R 

Figure 8. Ozone-air ratio for different seasons 

ra t i o of ozone a n d a i r . T h e curves for J a n u a r y are 1 to 2 k m . l ower t h a n those 
for October . L o w e r i n g of the stratosphere w i t h a speed of 0.1 m m . per second 
causes b y convergence the new rise of the ozone i n N o v e m b e r , accord ing to the equat ion 

at ~ " M oh ~ pdtf [ ° 3 V ( 1 ) 

where [ 0 3 ] is the n u m b e r of ozone molecules per cubic cent imeter , Vh is the v e r t i c a l 
speed i n the atmosphere , a n d p is the a i r dens i ty . 

T h e las t effect shows the i m p o r t a n c e of the ozone v a r i a t i o n i n the analys is of 
w o r l d wide c i r cu lat ions i n the atmosphere . 

Variations of Single Ozone Distributions. A c c o r d i n g to the dispers ion of the 
points i n F i g u r e 7, single ozone d i s t r ibut i ons show s trong v a r i a t i o n s . T h e most 
s t r i k i n g fact is t h a t there are d i s t r i b u t i o n curves w i t h several peaks ( F i g u r e 9 ) . W h i l e 
the p h o t o c h e m i c a l l y caused p r i m a r y m a x i m u m at 23 k m . a lways exists, there is a 
secondary n o n p e r m a n e n t m a x i m u m at 15 k m . a n d a t e r t i a r y one at 6 k m . Sometimes 
the m a x i m a are s h a r p l y separated f r o m each o t h e r ; sometimes they are smooth a n d 
merge in to each other . I n rare cases, the first m a x i m u m at 23 k m . seems to sp l i t u p in to 
t w o m a x i m a w i t h a distance i n a l t i t u d e of about 2 k m . A more perfected observat iona l 
m e t h o d w i l l p r o b a b l y show s t i l l more detai ls . H o w e v e r , the three m a x i m a ment i oned 
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Figure 9. Ozone distribution with several peaks in spring and 
summer 

a. Air from subtropical latitudes 
b. Air from polar latitudes 

are o f ten v e r y d i s t inc t a n d are a lways at the same a l t i tudes , so t h a t we can consider 
t h e m as one of the m a i n character is t i cs of the ozone f luctuat ions . T h e t e r t i a r y m a x i 
m u m lies between the e a r t h a n d the t ropopause a n d the secondary between the t r o p o -
pause a n d the w e l l - k n o w n zone of the m i n i m u m of the m e a n w i n d speed at 20 k m . , i n 
w h i c h the change f r o m west to east w inds occurs i n s u m m e r also. 

T h e t e r t i a r y a n d secondary m a x i m a are p r o b a b l y caused b y h o r i z o n t a l transfers of 
a i r of dif ferent ozone contents (6). T h e secondary m a x i m u m a t a height of 16 k m . 
can v e r y c l ear ly be a t t r i b u t e d to advec t i on . T h e secondary m a x i m u m i n s p r i n g a n d 
s u m m e r w i l l a lways occur w h e n the a i r i n these a l t i tudes or iginates f r o m po lar 
regions. O n the o ther h a n d , th is m a x i m u m does no t appear w h e n the a i r comes f r o m 
s u b t r o p i c a l regions. I n a u t u m n , however , the secondary m a x i m u m was no t observed 
or was v e r y weak, even w h e n the a i r came f r o m po lar regions (5, 9). T h i s corresponds 
to the above -ment ioned v e r y s l ight m e r i d i o n a l grad ient of the ozone content at th is 
season. I n F i g u r e 9,a, i t is s t r i k i n g t h a t v e r y l i t t l e ozone is f o u n d i n the region between 
8 a n d 16 k m . P r o b a b l y th is ozone-poor a i r streams f r o m the t r o p i c a l la t i tudes to higher 
ones t h r o u g h the gap between the t r o p i c a l a n d m e a n l a t i t u d e t ropopause . 

I n a l l cases where there was a secondary ozone m a x i m u m a n a b r u p t change of the 
w i n d was observed at the same height . 

H o w e v e r , no t a l l v a r i a t i o n s of the h o r i z o n t a l ozone d i s t r i b u t i o n can be a t t r i b u t e d 
to advec t i on of a i r masses of dif ferent ozone content . I t is s t r i k i n g t h a t the p r i m a r y 
m a x i m u m changes i ts f o r m somet imes : at one t i m e i t is sharper , a t another smoother . 
T h i s effect cannot be caused b y changes of the pho to chemica l condi t ions or a d v e c t i o n . 
F i g u r e 10 gives ozone d i s t r ibut i ons w i t h sharp a n d smooth m a x i m a measured d u r i n g 
one m o n t h i n a u t u m n i n w h i c h the advec t ive influence is s m a l l . I t c a n be seen t h a t 
the f o r m of the curves for the ra t i o of ozone to a i r is the same, especial ly f or the 
two ascents to h igher a l t i tudes , b u t t h a t t h e y l ie a t different heights . These di f fer
ences m u s t be cause b y v e r t i c a l a i r mot ions . I t is s t r i k i n g t h a t the curves cross each 
other at a n a l t i t u d e of 20 k m . , w h i c h means t h a t a t th is a l t i t u d e the v e r t i c a l m o v e 
ments change the i r signs. T h e speed of th is v e r t i c a l m o v e m e n t c a n be es t imated , f r o m 
the in te rva l s between the ascents a n d f r o m the establ ishment of the pho to chemica l e q u i 
l i b r i u m , to be at least 1 to 10 c m . per second. 

F o r the regions of the t e r t i a r y a n d secondary ozone m a x i m a , some ascents 
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showed v e r y short d e v i a t i o n or reg iona l ly res t r i c ted v a r i a t i o n s . V e r y often the same 
d i s t r ibut i ons were de te rmined for ascent a n d descent of the ba l l oon , b u t i n some 
cases there are c lear differences. F i g u r e 11 gives a n i n s t r u c t i v e example . Because 
of the pos i t i on on the c h a r t of the i n d i v i d u a l observat ions a n d the es t imated error 
magn i tude , the differences between ascent a n d descent m u s t be considered as r e a l . A s 
shown i n F i g u r e 12, the t e r t i a r y a n d secondary m a x i m a have been d isp laced to c o n 
t r a r y d irect ions between ascent a n d descent. A s t u d y of F i g u r e 12 indicates t h a t 
this v a r i a t i o n m u s t also be caused b y v e r t i c a l movements . A t a n a l t i tude of 9 to 10 
k m . these movements obv ious ly change t h e i r signs. A t a n a l t i t u d e of 5 k m . there 
is a n u p w a r d speed of 10 c m . per second a n d at 15 k m . one of 10 c m . per 
second, whi l e at a l t i tudes of 9 a n d 24 k m . the v e r t i c a l movements d isappear . O n the 
basis of these observed v a r i a t i o n s i n the v e r t i c a l ozone d i s t r i b u t i o n i t is possible to 
p r o v e d i r e c t l y the so -cal led " zero l a y e r " i n w h i c h the v e r t i c a l movements o ften change 
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Figure 10. Sharp and smooth primary ozone maxima during ascents 
at Weissenau in autumn of 1953 

1. September 8 
2. September 28 
3. October 23 
4. October 28 

t h e i r signs. A c c o r d i n g to F i g u r e 10, a second " zero l a y e r " seems to exist i n a n a l t i t u d e 
of 20 k m . F r o m recent ozone soundings, a c o r re la t i on c a n be f o u n d between the c i r c u 
l a t i o n i n the t roposphere a n d stratosphere . So i n the s ta t i s t i ca l m e a n the g r o u n d a i r 
pressure is l o w i f the f irst ozone m a x i m u m is s m o o t h a n d i t is h i g h i f the l a t t e r is sharp 
(7 ) . Ozone thus assists research on the d y n a m i c re lat ions between the t roposphere a n d 
the lower s tratosphere . 

U p w a r d a n d d o w n w a r d movements a l ter the n u m b e r of ozone molecules i n the 
v o l u m e u n i t accord ing to E q u a t i o n 1. I t is seen at once t h a t there is no a l t e r a t i o n 
i f Os/p is c o n s t a n t — t h a t is , i f the ozone shows the same decrease w i t h he ight as the 
dens i ty of the atmosphere . T h i s is n e a r l y the case i n the reg ion between 25 a n d 35 
k m . B e l o w 25 k m . , the ra t i o 0 3 / p is m e a n p r o p o r t i o n a l to P ~ 1 t o p - 3 . I n th is 
region the ozone a m o u n t is increased b y a d o w n w a r d current , a n d v ice versa . 

I f the v e r t i c a l ozone d i s t r i b u t i o n is l owered between 10 a n d 20 k m . b y 1 k m . , th is 
means—e.g . , for a u t u m n — a n increase i n the t o t a l th ickness of the l a y e r of 0.013 c m . 
of ozone, a p p r o x i m a t e l y 6 % . T a b l e I shows the r a t i o at different seasons. T h e last 
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10 2 0 3 0 

H , K M 

Figure 11. Integral curve x(h) during ascent 
and descent of balloon at Weissenau on August 

1, 1955 

O Z O N E /A IR 

Figure 12. Vertical distribution of ozone-air ratio for meas
urement in Figure 11 
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c o l u m n shows the observed m e a n i n t e r d i u r n a l fluctuations of the t o t a l ozone a m o u n t 
for c o m p a r i s o n (2). I n s p r i n g the fluctuations w i l l be due 5 0 % to a d v e c t i o n a n d 
5 0 % to v e r t i c a l movements . I n a u t u m n , however , v e r t i c a l movements w i l l be of 
most i m p o r t a n c e . T h e d i u r n a l m e a n ozone v a r i a t i o n s g iven i n T a b l e I ind i ca te a 

Table I. Seasonal Variation in Vertical Ozone Distribution in Stratosphere 

Vertical Displacement of Ozone Distribution, Cm. O3 

Raised by 1 Km. Lowered by 1 Km. 

Between Between Between Between Obsd. 
Season 10 and 15 km. 10 and 20 km. 10 and 15 km. 10 and 20 km. fluctuations 
Jan. 1 -0.004 - 0.014 +0.007 +0.019 ±0.014 
April 1 -0.008 - 0.016 +0.011 +0.021 ±0.012 
July 1 -0.007 -0.015 +0.009 +0.019 ±0.005 
Oct. 1 -0.002 -0.009 +0.003 +0.013 ±0.007 

m e a n a m p l i t u d e of u p w a r d a n d d o w n w a r d movements of about 1 k m . between a l t i tudes 
of 10 a n d 20 k m . 

A f u r t h e r fac tor in f luenc ing the v e r t i c a l ozone d i s t r i b u t i o n is the v e r t i c a l t u r 
bulence. T h i s is , however , not the cause of fast fluctuations. I f , f or instance , a c o n 
siderable change s h o u l d be caused b y turbu lence a t a n a l t i t u d e of 30 k m . against the 
tendency to re -establ ish the photochemica l e q u i l i b r i u m , the exchange fac tor m u s t t e m 
p o r a r i l y show a va lue of 0.1 to 1 g r a m per cm.-second, w h i c h w o u l d be 10 to 100 t imes 
larger t h a n the m e a n va lue at th is a l t i t u d e . 

Ozone Balance 

T h e v e r t i c a l turbu lence , on the other h a n d , has a considerable influence o n the 
m e a n ozone d i s t r i b u t i o n be low 20 k m . A c c o r d i n g to the p h o t o c h e m i c a l t h e o r y , there 
shou ld be no ozone be low 10 to 15 k m . , because at 5 k m . o n l y about one ozoniz ing l i g h t 
q u a n t u m per cc.-second is absorbed (8). A s cosmic r a d i a t i o n a n d electric discharges 
produce f a r too l i t t l e ozone (6), t ropospher i c ozone of the a m o u n t of 1 to 4 Χ 1 0 - 3 

c m . of ozone per k m . m u s t be b r o u g h t d o w n f r o m the pho to chemica l l a y e r b y v e r t i c a l 
m i x i n g processes (16), whereby i t is c o n t i n u a l l y destroyed o n the g r o u n d a n d i n lower 
a i r l ayers . T h i s t u r b u l e n t ozone s t r e a m is g i v e n b y 

(2) 

where 
[M] is the n u m b e of a i r molecules per cc. 

A (h) is the so-cal led "exchange f a c t o r " 
NA is A v o g a d r o ' s n u m b e r 
p o is the dens i ty of a i r ( S T P ) 

F r o m the observed m e a n t ropospher i c ozone d i s t r i b u t i o n i t fo l lows t h a t (5, 6) 

~ i i m i Q 3 molecules 
U3 = i . i u i J τ sq. cm.-second 

T h e same va lue for ozone des t ruc t i on resul ted f r o m ozone fluctuations near the g r o u n d 
(6, 18). O n the basis of the deviat ions i n v e r t i c a l ozone d i s t r i b u t i o n f r o m the p h o t o 
c h e m i c a l l y ca l cu la ted d i s t r i b u t i o n there also results a va lue of 1 .10 1 1 c m . of ozone per 
sq. cm.-second for the chemica l regenerat ion (6). There fore , the ozone balance seems 
to be m a i n t a i n e d . 

A l l over the w o r l d 1 0 9 m e t r i c tons of ozone per year are destroyed a n d p h o t o 
chemica l l y regenerated. W i t h o u t the photochemica l regenerat ion, the ozone a m o u n t 
w o u l d decrease to one t e n t h of i t s present va lue w i t h i n 3 years . A t m o s p h e r i c oxygen 
w i l l thus go t h r o u g h the ozonized state i n 1 0 6 years . T h i s fact shows the i m p o r t a n c e 
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which the ozone may have had in the creation of the terrestrial atmosphere in its 
present state. 

Conclusions 

The results of limited ozone measurements by balloon ascents allow a far more de
tailed analysis of the factors influencing ozone distribution than the measurements of 
the total ozone amount made over many years at various locations by the Dobson 
instrument. 

Some fundamental relations between ozone distribution and air movements have 
been obtained by means of balloon ascents. The exact analysis of the fluctuations of 
total ozone amount, in conjunction with wind and temperature observations, permits 
something more definite to be said about ozone fluctuations at greater altitudes and the 
air movements connected with them. The course of the total ozone amount from 
February 27 to M a r c h 19 is an example of this (IS). The strong influx of warm air 
on February 19 to 28, 1956, into layers below 10 km. caused a rapid decrease in the 
ozone amount; accordingly, the warm air was of a subtropical character with little 
ozone. The increase on M a r c h 8 up to an amount of 0.335 cm. of ozone on M a r c h 12 
coincided with a condition of mostly northern winds at all altitudes for several days. 
The increase was caused by the influx of air rich in ozone—that is, of polar air—below 
20 km. (secondary and tertiary maxima). When on March 12 the wind changed in the 
100-mb region from N N E to W S W , the ozone amount began to decrease; this 
means that the secondary maximum was reduced by the influence of subtropical air. 
This had been happening for 3 days before the tropospheric influx of warm air on 
M a r c h 15, by which the tropospheric ozone was also reduced. This example shows 
how changes of the ozone and thereby of the weather conditions make their way from 
higher to lower altitudes. A further striking fact is an abnormally quick increase 
on the morning of March 1, which can hardly be accounted for by advection only. 
Probably a strong local lowering of the atmosphere below 20 km. was also influential. 
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Vertical Ozone Distributions from 
Absorption and Radiation by Ozone 

EDWARD S. EPSTEIN 

Air Force Cambridge Research Center 

ARTHUR ADEL 

Atmospheric Research Observatory, Arizona State College, Flagstaff, Ariz. 

The fundamental innovation of the V O D A R O tech
nique (vertical ozone distributions from absorption 
and radiation by ozone) is application of infrared 
observations to determination of the vertical distri
bution of ozone. As with most new developments, 
the initial discovery must be followed by a period 
of modifications and testing before anything like 
perfection and wide usage can be expected. This 
is a summary of one year's data applied to compu
tations of temperature changes in the stratosphere. 

The f irst w i d e l y d i s t r i b u t e d p u b l i c a t i o n w h i c h announced the use of i n f r a r e d methods 
i n d e t e r m i n i n g ozone d i s t r ibut i ons {3-5) appeared i n 1956, c u l m i n a t i n g a year - l ong 
s t u d y of d a t a t h a t h a d been col lected at the A t m o s p h e r i c R e s e a r c h O b s e r v a t o r y since 
i ts establ ishment i n 1953. S h o r t l y a f ter the appearance of th is announcement , the 
present authors were i n f o r m e d t h a t G o o d y of the U n i v e r s i t y of L o n d o n was w o r k i n g 
independent ly on a s i m i l a r scheme {6). 

T h e r e were severa l s u b s t a n t i a l differences between the methods deve loped i n 
L o n d o n a n d i n Flagstaf f , b u t the i m p o r t a n t feature of b o t h was t h a t i n f r a r e d observa 
t ions—-in p a r t i c u l a r , measurements of emission b y the ozone i n the 9 .6 -micron b a n d — 
were u t i l i z e d . These methods a t t r a c t e d so m u c h interest t h a t the I n t e r n a t i o n a l Ozone 
C o m m i t t e e of the W o r l d M e t e o r o l o g i c a l O r g a n i z a t i o n a p p o i n t e d a p a n e l on i n f r a r e d 
methods , whose f u n c t i o n was the r e c o m m e n d a t i o n of s t a n d a r d i z e d procedures for 
m o r e general use of the V O D A R O technique , i n p a r t i c u l a r for the I n t e r n a t i o n a l G e o 
p h y s i c a l Y e a r , c o m b i n i n g the deve lopments ar i s ing f r o m the w o r k done i n Flagstaf f a n d 
i n L o n d o n . T h i s p a n e l m e t i n L o n d o n ear ly i n 1957. Those p a r t i c i p a t i n g were R . M . 
G o o d y (convener) a n d W . T . R o a c h , U n i v e r s i t y of L o n d o n ; M . V . M i g e o t t e , E . 
V i g r o u x , a n d H . A . Gebb ie , U n i v e r s i t y of L i e g e ; H . K . P a e t z o l d , M a x P l a n c k I n s t i t u t e , 
W e i s s e n a u ; C . D . W a l s h a w , O x f o r d U n i v e r s i t y ; L . D . K a p l a n , P r i n c e t o n U n i v e r s i t y ; 
a n d E . S. E p s t e i n , represent ing A . A d e l . 

V O D A R O measurements , i n a d d i t i o n to those be ing c a r r i e d out i n th i s c o u n t r y a n d 
i n E n g l a n d , are under w a y at A r o s a , S w i t z e r l a n d , u n d e r the d i re c t i on of M i g e o t t e ; a n d 
P a e t z o l d is p l a n n i n g i n s t a l l a t i o n of e q u i p m e n t at Weissenau , G e r m a n y , where he w i l l 
be able t o m a k e d irec t comparisons a m o n g the results of V O D A R O , u m k e h r measure -

221 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
03

4

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 
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merits , a n d direct b a l l o o n observations of the v e r t i c a l ozone observat ions . These 
compar isons are, of course, essential , a n d the i m p o r t a n c e of Paetzo ld ' s efforts a l ong th is 
l ine cannot be m i n i m i z e d . 

Nature of the V O D A R O Method 

Severa l parameters are observed : t o t a l a m o u n t of ozone ( D o b s o n spectro 
p h o t o m e t e r ) , a b s o r p t i o n i n the 9 .6 -micron b a n d , a n d emission f r o m the ozone at several 
different z e n i t h distances. T h e va lue of each of these observat ions m a y be expressed 
as the s u m of c ont r ibut i ons f r o m the different layers of the ozone. T o t a l a m o u n t of 
ozone is , of course, m e r e l y the s u m of the amounts i n each l a y e r ; the i n f r a r e d a b s o r p 
t i o n , however , is pressure-dependent a n d a pressure-dependence t e r m m u s t be i n t r o 
duced . T h e sums are somewhat more c ompl i ca ted for the emission, b u t s t i l l are easily 
ca l cu lated . T h e p r o b l e m is to find a d i s t r i b u t i o n of ozone w h i c h w i l l g ive rise to the 
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Figure 1. Height of center of gravity of ozone as a function of latitude 

All points other than that for Flagstaff are results of umlcehr observations. 

observed parameters . T h e technique for do ing th is is b u t a n u m e r i c a l exercise; several 
methods have been used (2). 

T h e results presented here were achieved p r i o r to the L o n d o n meet ing a n d there 
fore represent a s l i gh t ly less a d v a n c e d technique . Neverthe less , a l l evidence po ints to 
the conc lus ion t h a t the requ i red refinements i n methods of c o m p u t a t i o n w i l l l a rge ly 
cancel out one another , a n d t h a t the ozone d i s t r ibut i ons presented here are v a l i d . 
P a r t of the evidence comes f r o m compar isons of results r epor ted here w i t h d i s t r ibut i ons 
c o m p u t e d b y others us ing different methods i n other par ts of the w o r l d . F o r example , 
i f the m e a n height of the center of g r a v i t y of ozone is p l o t t e d against l a t i t u d e , the 
p o i n t represent ing the Flagstaf f results fal ls a lmost prec ise ly on a curve d r a w n t h r o u g h 
the results of u m k e h r determinat ions m a d e elsewhere ( F i g u r e 1 ) . A l s o , the m a n n e r 
i n w h i c h the amounts of ozone at var i ous heights v a r y w i t h the seasons shows t h a t 
the Flagsta f f results are i n subs tant ia l agreement w i t h those achieved on the basis of 
ba l l oon assents b y P a e t z o l d (7 ) , w o r k i n g i n G e r m a n y (4). 

I n Flagstaf f , sets of d a t a sufficient for d e t e r m i n i n g ozone d i s t r ibut i ons have been 
observed o n a rout ine basis since A u g u s t 1954. T h e present results are based on 
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observat ions m a d e d u r i n g 1955, o n 197 different days (1). F o r each d a y the v e r t i c a l 
d i s t r i b u t i o n of ozone was c o m p u t e d , represent ing condit ions as t h e y existed at a p p r o x i 
m a t e l y l o ca l noon . E a c h set of observat ions requires a p p r o x i m a t e l y one hour ' s observ 
i n g t i m e . A p i c t u r e of the o v e r - a l l behav ior of the ozone d u r i n g the y e a r m a y be 
gleaned f r o m F i g u r e 2. Isopleths of ozone densi ty for m e a n m o n t h l y condi t ions h a v e 
been d r a w n a n d are labeled i n un i t s of thousandths of cent imeters of ozone reduced t o 
s t a n d a r d t e m p e r a t u r e a n d pressure, per k i l o m e t e r of a i r . T h e i m m e d i a t e l y obvious 
features are the shi f t w i t h season of the height of the m a x i m u m concentra t i on of 
ozone, f r o m about 18 k m . late i n the w i n t e r , to about 28 k m . i n late summer , a n d the 
s h a r p decrease i n densities between s p r i n g a n d s u m m e r at l o w levels . 

One effect of the presence of ozone i n the atmosphere is the existence of a n a d d i -

J F M A M J J A S O N D 

M O N T H (1955) 

Figure 2. Isopleths of ozone density for 1955 

Isopleths are drawn to fit monthly mean values and labeled in units of 10" 3 cm. of ozone NTP 
per km. of air. 

t i o n a l m e c h a n i s m for the exchange of energy a m o n g the earth 's surface, the var i ous 
port ions of the atmosphere , a n d space. T h i s m e c h a n i s m is the r a d i a t i v e t rans fer of 
t h e r m a l energy i n the 9 .6 -micron b a n d of ozone. G i v e n the d i s t r ibut i ons of ozone a n d 
of t e m p e r a t u r e i n the atmosphere , i t is possible to compute the divergence of the flux 
of r a d i a t i o n , a n d f r o m th is the rate of loss, or ga in , of energy, or of t e m p e r a t u r e , for a n y 
p o i n t i n the atmosphere . I n the past , c omputat i ons of th is n a t u r e were, of necessity, 
based on m e a n d i s t r ibut i ons of ozone, l ead ing to results of somewhat vague signif icance. 
T h e most recent c omputat i ons of th is n a t u r e are those of P lass (8), who e m p l o y e d three 
m o d e l ozone d i s t r ibut i ons . H i s results , a n d those presented here, are s i m i l a r , a n d the 
methods b y w h i c h the computat i ons were per f o rmed differ i n o n l y m i n o r detai ls . T h e 
i m p o r t a n t difference is t h a t the results presented here refer to a specific place at 
specific t imes (#). 
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Results at Flagstaff 

F o r each m o n t h of 1955, the m e a n ozone d i s t r i b u t i o n as de termined b y a p p l i c a t i o n 
of the V O D A R O technique , a l ong w i t h the m e a n t e m p e r a t u r e condi t ions for those 
m o n t h s , was u t i l i z e d t o c o m p u t e the rates of t e m p e r a t u r e change due to r a d i a t i o n i n 
the 9 .6 -micron ozone b a n d . T h e results are s h o w n i n F i g u r e 3, where the isopleths are 
labe led i n un i t s of degrees absolute p e r d a y . F o r the most p a r t , the p a t t e r n remains 
f a i r l y constant t h r o u g h o u t the y e a r . B e l o w 5 or 6 k m . there is general ly v e r y s l ight 
r a d i a t i o n a l coo l ing ; above 27 to 30 k m . there is cons iderab ly m o r e intense coo l ing , w i t h 
rates exceeding 3° abs. per d a y d u r i n g the s u m m e r near 45 k m . Plass ' s results ind i ca te 
t h a t the rate of cool ing continues to increase w i t h greater e levat ion . 

B e t w e e n these two zones of coo l ing is a zone of heat ing , a n d i n this zone the most 

J F M A M J J A S O N D 

M O N T H (1955) 

Figure 3. Lines of equal rate of change of temperature due to radiation in 9.6-
micron ozone band 

Isopleths are drawn to fit monthly mean values and labeled in units of K/day 

pronounced seasonal v a r i a t i o n s occur . T h e height of the region of m a x i m u m 
heat ing var ies f r o m about 18 k m . i n the ear ly s p r i n g to a lmost 25 k m . i n the late 
s u m m e r . S i m i l a r l y , the m a x i m u m rate of heat ing var ies f r o m as l i t t l e as about 0.13° 
per d a y i n the w i n t e r to more t h a n 1° per d a y i n the s u m m e r . A seasonal v a r i a t i o n 
can be discerned i n the height of the i sop le th of zero t e m p e r a t u r e change between 
the zones of w a r m i n g a n d s tratospher i c cool ing. 

T h e r e l a t i v e l y intense heat ing w h i c h takes place near 25 k m . i n the s u m m e r is an 
u n a n t i c i p a t e d feature of these results . B u t w i t h h inds ight i t is easi ly unders tood . 
F i r s t consider the d i s t r i b u t i o n of ozone observed d u r i n g the s u m m e r ( F i g u r e 2 ) . T h e r e 
was v e r y l i t t l e ozone at l o w levels , a n d a v e r y s h a r p m a x i m u m concentra t i on of ozone 
just be low 30 k m . T h u s , the t h e r m a l emissions f r o m the e a r t h , at a t i m e w h e n the 
surface of the e a r t h is warmest , c ou ld pass a lmost unabsorbed t h r o u g h the lowest 20 
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k m . or so of the atmosphere , b u t o n l y to be absorbed s t rong ly b y the b u l k of the 
ozone between 25 a n d 30 k m . , where the lesser dens i ty of the a i r means t h a t a g iven 
increment of energy has a greater effect i n terms of t e m p e r a t u r e . 

I n a n y case, the t h e r m a l effects of ozone i n the stratosphere , even a t heights as 
l o w as 20 k m . , cannot be neglected. T h e ozone is b y a l l reasonable s tandards o n l y a 
v e r y m i n o r const i tuent of the atmosphere , b u t we m a y be s t i l l o n l y on the verge of 
d iscover ing the f u l l i m p o r t a n c e of i t s role i n the phys i cs of the atmosphere . T o th i s 
end cont inued observat ions a n d new methods of a t t a c k are of greater i m p o r t a n c e t h a n 
ever. 
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Atmospheric Ozone and Its Relation 
to Meteorological Conditions 

Y. MIYAKE and K. KAWAMURA 

Meteorological Research Institute, Tokyo, Japan 

Atmospheric ozone in Tokyo has been determined at 
the Meteorological Research Institute by Stair's 
method. The principal apparatus consisted of a 
cadmium phototube and a glass filter. The instru
mental calibration for determining the total amount 
of ozone was made through simultaneous obser
vations with Dobson's spectrophotometer. Using the 
observed data of the day-to-day variations in atmos
pheric ozone concentration, the relation of the ozone 
to the meteorological conditions at higher levels and 
to the location of jet streams was determined. The 
range of ozone concentration in Tokyo coincides 
closely with that observed in Washington, D. C., and 
other cities in the temperate zone. 

The d e t e r m i n a t i o n of a tmospher i c ozone i n T o k y o has been c a r r i e d o n at the M e t e 
oro log ica l R e s e a r c h I n s t i t u t e (35° 42'N, 139° 3 9 Έ ) b y us ing Sta i r ' s m e t h o d (5). 
T h e p r i n c i p a l a p p a r a t u s consists of a c a d m i u m photo tube w h i c h is sensit ive to the 
spec t ra l u l t r a v i o l e t of wave l e n g t h shorter t h a n 3250 A . a n d a glass f i l ter w h i c h is 
t r a n s p a r e n t to r a d i a n t energy of wave lengths longer t h a n 3000 A . ( F i g u r e 1). T h e 
s e n s i t i v i t y of the photo tube has been checked several t imes w i t h a n incandescent 
e lectr ic l a m p ( in a q u a r t z glass envelope) of k n o w n color t e m p e r a t u r e a n d three glass 
n i ters h a v i n g different spec t ra l t ransmi t tances . T h e spec t ra l d i s t r i b u t i o n of the t r a n s 
m i t t a n c e of each f i l ter has been examined repeated ly w i t h a B e c k m a n monochrometer . 
T h e r e was no apprec iab le change i n the sens i t i v i t y of the photo tube d u r i n g the per i od 
of observat ion . 

T h e t o t a l t r a n s m i t t a n c e of the f i l ter to the inc ident solar r a d i a t i o n changes ac 
co rd ing to the a m o u n t of ozone a n d the o p t i c a l d e p t h of the a i r mass. T h e i n s t r u 
m e n t a l c a l i b r a t i o n for d e t e r m i n i n g the t o t a l a m o u n t of ozone was made t h r o u g h 
s imul taneous observat ions w i t h Dobson ' s spec trophotometer . T h e results of these 
ca l ibra t i ons are shown i n F i g u r e 2, i n w h i c h the a m o u n t of ozone is expressed i n 1 0 - 3 

c m . 
T h e t o t a l a m o u n t of ozone measured d u r i n g the p e r i o d f r o m J u n e 1953 to S e p 

t ember 1955 is g i v e n i n F i g u r e 3. A s shown i n F i g u r e 3, there is a m a x i m u m a m o u n t 
of ozone i n the s p r i n g a n d a m i n i m u m a m o u n t i n the f a l l . T h e range of ozone c o n 
c e n t r a t i o n i n T o k y o ob ta ined b y S t a i r ' s m e t h o d coincides closely w i t h t h a t observed i n 
W a s h i n g t o n , D . C , a n d other places i n the temperate zone. 

R e c e n t l y , N o r m a n d (3) a n d the present authors (2) s tud ied the re la t i on between 
226 
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Wave Length (A.) 

Figure 1. Sensitivity of experimental 
apparatus 

Optical depth 

Figure 2. Total amount of ozone as determined by instru
mental calibration 
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the d a y - t o - d a y v a r i a t i o n i n ozone concentrat i on a n d the meteoro log i ca l condi t ions at 
h igher levels . T h e ozone concentra t i on increases w h e n a t r o u g h i n the u p p e r l a y e r 
passes over a n observat ion p o i n t ; i t decreases b y the passage of a r idge . L a n g l o (1) 
p o i n t e d out t h a t a sudden change i n ozone concentra t i on often occurs between the 
la t i tudes 25° a n d 45° . Because the p o l a r a n d t r o p i c a l a i r masses are i n contact i n 
th is zone, i t is expected t h a t the ozone concentra t i on w i l l be larger on the n o r t h e r n 
side of the p o l a r f r ont a n d smal ler on i ts southern side. R a m a n a t h a n (4) suggested 
t h a t the sudden change i n concentrat i on i n th is area m i g h t be re la ted to the a t m o s 
pher i c jet s t r e a m . 

U s i n g the observed d a t a of the d a y - t o - d a y v a r i a t i o n s i n the a tmospher i c ozone i n 
T o k y o , the r e l a t i o n between the ozone a n d the l o ca t i on of jet streams was de te rmined . 
T h e results showed t h a t there is no cor re la t i on between the sense of v a r i a t i o n i n ozone 
concentra t i on a n d the pos i t i on of jet s t r e a m i n re la t i on to the observed p o i n t . H o w 
ever, great dev iat ions i n ozone concentrat ions occurred chief ly i n the region be low the 
axis of a jet s t r eam ( F i g u r e 4 ) . 

F i g u r e 5 shows the t opograph i c r e la t i on between the ozone concentrat i on w h i c h 

Figure 5. Topographic relation between ozone on 
ground and air pressure at 3 0 0 millibars 

was observed o n the g r o u n d a n d the a i r pressure at 300 m i l l i b a r s . G e n e r a l l y speak ing , 
the m a x i m u m a m o u n t of ozone is observed near a n d s o u t h of the m i d d l e p a r t of 
t r o u g h s ; th is m a y be a t t r i b u t e d to the decline of the v e r t i c a l m o v e m e n t i n t h a t region. 
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Ozone in Los Angeles Atmosphere 

N. A. RENZETTI 

Air Pollution Foundation, 2556 Mission St., San Marino, Calif. 

Shortly after World War II the presence of more than 
the usual amount of oxidant which arises principally 
from ozone in natural air was suspected of existing in 
the Los Angeles atmosphere. The cracking of 
stressed rubber was an early symptom. Chemical 
measurements with phenolphthalin and potassium 
iodide reagents confirmed oxidant concentrations up 
to 100 p.p.h.m., especially on days associated with 
other manifestations of smog—namely, eye irritation, 
crop damage, and reduced visibility. Ultraviolet 
absorption data in 1952 confirmed the suspicion that 
ozone was a primary component of the total oxidant. 
Laboratory studies demonstrated that trace amounts 
of organics and nitrogen dioxide produced ozone 
photochemically in chemical systems closely simulating 
atmospheric conditions. Theoretical studies have in
dicated that certain primary photochemical processes 
in polluted atmospheres can give rise to observed 
oxidant values. 

A A a n ' s interest i n a tmospher i c ozone began m o r e t h a n 100 years ago w h e n C . F . 
Schônbein, who was responsible for i ts d iscovery , c l a imed i ts presence i n the n o r m a l 
earth 's a tmosphere (34). Schônbein's ozonometer consisted of p a p e r soaked i n 
p o t a s s i u m iodide a n d s t a r c h ; for years d a t a thus ob ta ined were subject to the c r i t i c i s m 
t h a t the chemica l reac t i on used was not specific to ozone. 

H o w e v e r , i t was not u n t i l some 80 years la ter t h a t another ox idant , n i t r o g e n 
diox ide , was ident i f ied i n the atmosphere (10, 31). F u r t h e r m o r e , these f indings cast 
doubt o n the p r e v i o u s l y obta ined ozone d a t a . P a n e t h under took to c l a r i f y the s i t u a t i o n 
(24) y since some chemists were i n c l i n e d to deny altogether the presence of ozone i n 
the atmosphere . H e set out to m a k e the o ld chemica l m e t h o d (17, 40) more rel iable 
a n d repor ted ozone a n d n i t rogen dioxide values v a r y i n g f r o m 0 to 3 p . p . h . m . (24, 25) 
b y v o l u m e . 

T h e first u n d i s p u t e d determinat ions of ozone i n the earth 's atmosphere were made 
b y spectroscopists s t u d y i n g the r a d i a t i o n f r o m the s u n a n d the stars (7, 9). I t was 
soon recognized t h a t most of the ozone thus measured was concentrated i n the higher 
atmosphere (39). S t a r t i n g i n 1931, several invest igators us ing the character i s t i c s t rong 
a b s o r p t i o n of ozone i n the u l t r a v i o l e t (2200 to 3000 A . ) w i t h a r t i f i c i a l l i g h t sources over 
l ong o p t i c a l paths m a d e direct measurements of the ozone content near the e a r t h (2-4, 
6, 11, 12, 38). B y 1941 the chemica l a n d spectroscopic methods agreed to values of 
0 to 3 p . p . h . m . as the n o r m a l b u t v a r i a b l e concentrat ion of ozone i n the lower a t m o s -

230 
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phere . A t t imes , a n d i n some areas, there occurred concentrat ions of n i t rogen d iox ide 
f r o m 0 to 2 p . p . h . m . 

T h e ident i f i ca t ion a n d measurement of ozone i n the L o s Angeles smog have h a d a 
h i s t o r y n o t u n l i k e those of the e a r l y days of ozone i n n o r m a l atmospheres . T h e ear ly 
clue to the presence of more t h a n o r d i n a r y levels of ozone or ox idant was g iven b y the 
excessive c r a c k i n g of stressed r u b b e r i n the L o s Angeles B a s i n as c o m p a r e d to other 
locat ions . H a a g e n - S m i t fo l l owed th i s l ead a n d , us ing the r u b b e r c r a c k i n g (1) a n d 
p h e n o l p h t h a l i n reagent (22) methods , m a d e estimates of ozone a n d ox idant d u r i n g smog 
a t tacks (13). H i s d a t a i n d i c a t e d ox idant concentrat ions i n the range of 0 to 100 
p .p .h .m. L i t t m a n , us ing a mod i f i ca t i on of the c lassical po tass ium iodide technique (19), 
repor ted ox idant values of 0 to 60 p . p . h . m . H e also used the m e t h o d of P a n e t h (24) 
to determine the ozone i n a smog sample a n d recent ly r epor ted his results (21). 

Regener a n d his coworkers , i n co l laborat i on w i t h L i t t m a n , ob ta ined evidence of 
ozone i n smog b y its absorp t i on i n the u l t r a v i o l e t (2600 to 3200 A . ) us ing photograph i c 
spec t rometry (27). R e n z e t t i , us ing photoelectr ic spec t rometry i n the u l t r a v i o l e t 
based on the same p r i n c i p l e as Regener 's i n s t r u m e n t (26), r epor ted values for ozone 
u p to 35 p .p .h .m. (29). 

These invest igat ions gave q u a l i t a t i v e evidence of the presence of ozone i n smoggy 
atmosphere i n L o s Angeles . T h e concentrat ions c e r ta in ly have exceeded those of 
n o r m a l c lean a i r , a n d m a y at t imes have reached 100 p .p .h .m. 

H o w e v e r , the q u a n t i t a t i v e p i c ture is s t i l l far f r o m clear. T h e different responses of 
the var i ous techniques suggested the need for a n intens ive i n t e r c o m p a r a t i v e s t u d y of 
the a n a l y t i c a l methods , as we l l as extensive s imultaneous determinat ions of ox idant i n 
the atmosphere w i t h as m a n y of these methods as possible. 

Methods of Ana lys i s 

T h e p r o b l e m of i d e n t i f y i n g a n d measur ing ozone i n the complex gaseous-aerosol 
m i x t u r e w h i c h is smog is f o rmidab le . T h e r e are such gases present as n i t r i c oxide, 
n i t rogen dioxide , su l fur dioxide , h y d r o c a r b o n vapors f r o m methane u p to p r o b a b l y 
xy lene , p lus such p a r t i a l o x i d a t i o n products as aldehydes , ketones, a n d acids . T h e 
search for a m e t h o d of h i g h speci f ic i ty has been a n intens ive one. 

T h e v e r y clue w h i c h first s t i m u l a t e d the search for o z o n e — n a m e l y , c r a c k i n g of 
stressed r u b b e r — w a s developed b y H a a g e n - S m i t in to a useful m e t h o d (1). Spec ia l l y 
t rea ted rubber is cut in to rec tangular s tr ips 50 X 8 X 1.5 m m . , w h i c h are bent in to a 
loop , t h e n p laced i n a tube 13 m m . i n d iameter . A flow rate of a p p r o x i m a t e l y 1 l i t e r 
per m i n u t e of the a i r sample is m a i n t a i n e d past the s t r i p . A c a l i b r a t i o n curve , us ing 
k n o w n amounts of ozone i n a i r versus t ime to i n i t i a l c r a c k i n g , m u s t be developed for 
each piece of stock rubber . T h i s technique is c u r r e n t l y i n use i n L o s Angeles i n 
m o n i t o r i n g ozone i n smog for the purpose of ca l l ing " a l e r t s " w h e n the ozone concen
t r a t i o n exceeds 50 p . p . h . m . V a l u e s u p to 100 p . p . h . m . have been r e p o r t e d b y th is 
m e t h o d w h e n the r u b b e r has been ca l i b ra ted w i t h a s t ream of ozone i n a i r , s t a n d a r d 
ized w i t h a 2 % p o t a s s i u m iodide ( i n d i s t i l l ed water ) midget i m p i n g e r b u b b l e r system. 
A n ac curacy of ± 1 0 % is c la imed for th is m e t h o d . F i g u r e 1 shows a p h o t o g r a p h of 
th is a p p a r a t u s . 

H a a g e n - S m i t i n t r o d u c e d a m e t h o d (22) for m e a s u r i n g ox idant i n the atmosphere 
after his l a b o r a t o r y invest igat ions suggested t h a t the presence of ox idants o ther t h a n 
ozone shou ld be f o u n d i n smog. T h i s m e t h o d is based on the o x i d a t i o n of p h e n o l 
p h t h a l i n ( C 2 o H 1 6 0 4 ) to p h e n o l p h t h a l e i n ( C 2 o H 1 4 0 4 ) a n d subsequent co lor imetr i c deter 
m i n a t i o n of the ox idant i n the a i r sample . F o r concentrat i on ranges of interest , 
s a m p l i n g of 1 l i t e r per m i n u t e for 10 minutes gives adequate color deve lopment . T h e 
c a l i b r a t i o n curve is der ived b y o b t a i n i n g absorbance versus k n o w n concentrat ions of 
aqueous h y d r o g e n peroxide . T h e semiautomat i c i n s t r u m e n t us ing this m e t h o d is 
s h o w n i n F i g u r e 2. V a l u e s u p to 110 p .p .h .m. of ox idant are r e p o r t e d as h y d r o g e n 
peroxide . H o w e v e r , w h e n th is sys tem is s t a n d a r d i z e d w i t h a n ozone - in -a i r s t ream, 
w h i c h i n t u r n is m o n i t o r e d w i t h 2 % potass ium iodide , the response to atmospher i c o x i 
dant is cut d o w n to 0.33 to 0.50 of the peroxide d e t e r m i n a t i o n . 
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Figure 1. Ozone rubber cracking apparatus 

L i t t m a n (19) developed a cont inuous a u t o m a t i c ox idant recorder based o n the 
use of 2 0 % p o t a s s i u m iodide i n n e u t r a l ( p H = 7) buffered so lu t i on , as s h o w n i n F i g u r e 
3. T h e c a l i b r a t i o n is based o n the a s s u m p t i o n t h a t the iod ine is released i n s to i ch io 
m e t r i c p r o p o r t i o n to the a m o u n t of ozone accord ing to the equat i on 

0 3 + 2KI - f H 2 0 ;=± 0 2 + I 2 + 2 K O H (1) 

L i t t m a n has ob ta ined values of 0 to 60 p .p .h .m. of ox idant as ozone, assuming the 
above s to i ch iometry , i n L o s Angeles smog. 

Figure 2. Phenolphthalin oxidant apparatus 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
03

6

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



RENZETTI—OZONE IN LOS ANGELES ATMOSPHERE 233 

Figure 3. Potassium iodide oxidant recorder 

H e n z e t t i (29) developed a n a u t o m a t i c cont inuous ozone recorder based o n the 
prev ious w o r k of Regener a n d of S t a i r (35) (F igures 4 a n d 5 ) . T h i s m e t h o d used 
the a b s o r p t i o n data of V i g r o u x (41) for the wave lengths 265, 280, a n d 313 m ^ i n the 
c o m p u t a t i o n of ozone concentrat ions accord ing to the f o r m u l a 

Figure 4. Optica! system of spectrometer 
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Figure 5. Ozone ultraviolet spectrometer 

_̂ °\313 X̂î65_ _ C t - C 0 = Υ Λ 3 1 3 (2) 

where Co = concentra t i on of ozone i n atmosphere a t n i g h t , w h i c h was a l w a y s 
a p p r o x i m a t e l y zero (say 2 p .p .h .m. ) . 

s = o p t i c a l p a t h 

«λι = 0.123 k m . - 1 p . p . h . m . - 1 where λι = 265 m u 

α λ 2 = 0.00087 k m . " 1 p . p . h . m . " 1 where λ 2 = 313 m u 

I\ _ ra t i o of rece ived r a d i a t i o n intens i t ies a t reference c o n d i t i o n 
I\2 ~ (Co = 2 p .p .h .m. ) 

^ = ra t i o of received r a d i a t i o n intens i t ies at t i m e t 

c = c oncentrat ion of ozone a t t i m e t 

A s i m i l a r procedure was used for other p a i r s of rat ios i n v o l v i n g / λ ι a n d 7λ3 where 
λ 3 = 280 m/Λ. 

R e c e n t l y the F r a n k l i n I n s t i t u t e has set u p a l o n g - p a t h i n f r a r e d spectrometer (up 
to 500 meters ) i n L o s Angeles to determine , a m o n g other studies , the ozone concent ra 
t ions i n smog b y i ts a b s o r p t i o n a t the 9 .6 -micron b a n d . 

Atmospher ic Ox idan t a n d O z o n e Data 

H a a g e n - S m i t (IS) establ ished the p a t t e r n of the d i u r n a l v a r i a t i o n of ox idants a n d 
ozone ear ly i n the smog h i s t o r y w i t h b o t h the r u b b e r c r a c k i n g a n d p h e n o l p h t h a l i n 
measurements . T h e character is t i c s h a r p rise i n the m o r n i n g , a peak i n the m i d d l e of 
the day , a s lower decay i n the a f ternoon , a n d a lmost zero ox idant at n ight (average of 
2 p.p.h.m.) were the essential features. T h e p h e n o l p h t h a l i n ox idant values as 
hydrogen peroxide were general ly h igher t h a n the corresponding ozone b y r u b b e r 
c r a c k i n g . T h e p h e n o l p h t h a l i n d a t a since A u g u s t 1953 for P a s a d e n a have been p u b -

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
03

6

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



RENZETTI—OZONE IN LOS ANGELES ATMOSPHERE 235 
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Figure 6. Diurnal variation of oxidants and ozone at Pasadena 

l i shed i n the progress reports of the A i r P o l l u t i o n F o u n d a t i o n , the last of w h i c h (8) 
shows results t h r o u g h A u g u s t 1955. A s i n d i c a t e d p r e v i o u s l y , p h e n o l p h t h a l i n ox idant as 
h y d r o g e n peroxide reached a peak of 110 p . p . h . m . i n 1955. 

L i t t m a n obta ined d a t a at P a s a d e n a on atmospher i c ox idant w i t h the cont inuous 
a u t o m a t i c po tass ium iodide recorder . H e reports (21) some d a t a t h a t show essential ly 
i d e n t i c a l response to atmospher i c ox idant w i t h the rubber c r a c k i n g m e t h o d a n d the 
2 0 % n e u t r a l buffered po tass ium iodide recorder . A l t h o u g h his repor t does not so state , 
i t is assumed t h a t his r u b b e r stock was ca l i b ra ted w i t h a n ozone- in -a i r s t r e a m m o n i t o r e d 
b y 2 % potass ium iodide as out l ined b y H a a g e n - S m i t . L i t t m a n reports f u r t h e r t h a t , i n 
co l laborat i on w i t h Regener , agreement o n the average to w i t h i n 1 0 % was obta ined i n 
atmospher i c ox idant measurements w i t h his p o t a s s i u m iodide recorder a n d l o n g - p a t h 
u l t r a v i o l e t a b s o r p t i o n s p e c t r o m e t r y . F i n a l l y , he used the m e t h o d of P a n e t h (25) a n d 
ident i f ied ozone b y i ts u l t r a v i o l e t a b s o r p t i o n s p e c t r u m u p to 4 5 % of the o r i g i n a l a t -
mosper ic ox idant (21 ). 

R e n z e t t i (30) has recent ly r epor ted the results of a n extensive c o m p a r a t i v e s t u d y 
of ox idants a n d ozone i n Pasadena obta ined d u r i n g the smog season of 1955. F o u r 
techniques were a p p l i e d s i m u l t a n e o u s l y : p h e n o l p h t h a l i n , rubber c r a c k i n g , 2 0 % p o t a s 
s i u m iodide , a n d u l t r a v i o l e t absorp t i on . F i g u r e 6 presents d a t a of f our t y p i c a l smog 
days , whereas F i g u r e 7 presents averages over extended per iods . 

DIURNAL VARIATION 

OF y^ 
OXIDANTS AND OZONE / 

Phi nolphthalin 

FASADENA J1 

Monthly Average VT 
August 1955 

Four-Months 
July 15,-No . 15, 1955 

2 4 8 12 1 2 4 1 2 4 Β 12 

Figure 7. Diurnal variation of oxidants and ozone at Pasadena over extended 
periods 
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F o r th i s exper iment the three chemica l systems were s t a n d a r d i z e d to a 2% po tas 
s i u m i o d i d e - m o n i t o r e d , ozone - in -a i r s t ream. F i g u r e 8 presents the c a l i b r a t i o n curves 
used to ca lculate the a tmospher i c d a t a . I n the case of p h e n o l p h t h a l i n , a somewhat 

a r b i t r a r y ra t i o of 2 was used for the re la t i on , o x ^ a n t a s ^ j A ^ U n p u b l i s h e d d a t a 0 b -
ox idant as 0 3 

t a i n e d recent ly b y b o t h R . A . A u s t i n C h e m i c a l L a b o r a t o r y , Pasadena , a n d the A r m o u r 
R e s e a r c h F o u n d a t i o n , C h i c a g o , w o u l d ind i ca te a t least 2.2 for th i s r a t i o . T h e a b s o r p 
t i o n coefficients used i n the u l t r a v i o l e t de terminat i ons are 10 t o 20% l o w accord ing to 
a recent r epor t (16). 

R e c e n t l y , the A i r P o l l u t i o n F o u n d a t i o n sponsored a d d i t i o n a l l a b o r a t o r y studies 
s t i m u l a t e d b y the a r r i v a l of a n E h m e r t ozone i n s t r u m e n t (δ). T h e C h a n e y C h e m i c a l 
L a b o r a t o r i e s of G l e n d a l e , C a l i f . , r a n a c o m p a r a t i v e response s t u d y us ing the 2% po tas 
s i u m iod ide midget i m p i n g e r sys tem used i n the above s t a n d a r d i z a t i o n s ; a 1% po tas 
s i u m i o d i d e - 1 % p o t a s s i u m h y d r o x i d e midget i m p i n g e r sys tem suggested b y the A S T M 
C o m m i t t e e D -22 M e t h o d s for A t m o s p h e r i c S a m p l i n g a n d A n a l y s i s ; a n d the E h m e r t 
i n s t r u m e n t . These results ind i cate t h a t the A S T M m e t h o d gives 10% h igher a n d the 
E h m e r t , 10% l ower , values t h a n the 2% p o t a s s i u m iodide co lor imetr i c d e t e r m i n a t i o n . 
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I n s u m m a r y , i t can be sa id of a tmospher i c ox idant t h a t , o n the average, 75 ± 2 5 % 
c a n be ident i f i ed as ozone. W h e n p r o p e r l y s t a n d a r d i z e d , the techniques discussed y i e l d 
essential ly the same response to the smog ox idant . H o w e v e r , the r a t h e r large di f fer
ences a m o n g the l a b o r a t o r y response curves to ozone ind i ca te the urgent need to 
c l a r i f y the c h e m i s t r y of these systems. I n p a r t i c u l a r , there is r ea l need to have 
ava i lab le a n absolute ozone c a l i b r a t i o n m e t h o d i n the range of 0 to 100 p . p . h . m . 

Mechan i sm of Ozone Formation 

I n th i s sect ion is discussed the e x p e r i m e n t a l evidence t h a t suggests the mechanisms 
t h a t can produce the levels of ozone concentrat i on observed i n smog. A c c o r d i n g l y , 
the w o r k c a r r i e d out b y H a a g e n - S m i t , L i t t m a n , Scot t , M i l l e r , a n d t h e i r coworkers f r o m 
1950 to the present is rev iewed . 

L a b o r a t o r y E x p e r i m e n t s of H a a g e n - S m i t . T h i s w o r k was c a r r i e d out at C a l i f o r n i a 
I n s t i t u t e of Techno logy , a n d was sponsored i n p a r t b y the L o s Angeles C o u n t y A i r 
P o l l u t i o n C o n t r o l D i s t r i c t . 

I n d u p l i c a t i n g the ozone f o r m a t i o n observed i n p o l l u t e d a i r , i t was essential to 
adhere to a r a t h e r n a r r o w concentra t i on range of h y d r o c a r b o n a n d n i t rogen d iox ide 
(14, IS). T h i s was conf i rmed b y a set of exper iments i n w h i c h the h y d r o c a r b o n , 
3 -methy lheptane , a n d n i t r o g e n dioxide concentrat ions were s y s t e m a t i c a l l y v a r i e d . A r t i 
ficial l i g h t f r o m a b a n k of West inghouse 40 -wat t , b lue fluorescent l i g h t bulbs was used 
f o r the i r r a d i a t i o n t o e l iminate the v a r i a b l e i n t e n s i t y of sun l ight . T h e bu lbs were a r 
ranged i n the f o r m of a U , f our bu lbs to a side a n d spaced so t h a t w h e n a 5 - l i ter flask 
was p la ced i n the center , the bulbs were a p p r o x i m a t e l y 0.5 i n c h f r o m the sides a n d 
b o t t o m of the flask. A n oxygen atmosphere ad justed to 3 0 % h u m i d i t y a n d a n i r r a d i a 
t i o n t i m e of 10 hours were selected as s tandards i n the e x p e r i m e n t a l procedure . T h e 
ozone f o r m e d was m e a s u r e d b y the c r a c k i n g observed o n bent r u b b e r s t r ips (1) sus
pended i n 5 - l i ter flasks d u r i n g i r r a d i a t i o n . 

I t was f o u n d advantageous t o use as ozone measure the s u m of the d e p t h of a l l 
cracks as measured u n d e r the microscope ( l O O x ) us ing an ocular m i c r o m e t e r . T h e 
measurement of c r ack d e p t h was m a d e on freshly cut surfaces exposed b y m a k i n g 
l o n g i t u d i n a l cuts t h r o u g h the test s t r i p 1 m m . f r o m the edges. 

T h e ca l ibrat i ons against k n o w n ozone concentrat ions were made i n flasks of the 
same size as those used i n the i r r a d i a t i o n exper iments . I n the concentrat i on range 
used, the t o t a l c r a c k d e p t h was p r o p o r t i o n a l to the ozone concentrat i on , 1.0 m m . 
corresponding t o 3 p . p . m . of ozone. 

W h e n 2-butene i n concentrat ions of 3 p . p . m . a n d n i t rogen dioxide i n concentrat ions 
v a r y i n g f r o m 0 t o 20 p . p j n . are i r r a d i a t e d , c racks begin to appear a t a concentrat i on 
a p p r o x i m a t i n g 0.2 to 0.4 p . p j n . of n i t r o g e n d iox ide . T h e c r a c k i n g increases w i t h i n 
creased n i t r o g e n d iox ide concentrat i on u n t i l a t about 2 to 3 p . p . m . a m a x i m u m is 
reached. A f t e r pass ing th i s m a x i m u m , the r u b b e r c r a c k i n g d iminishes a n d at about 
20 p . p j n . of n i t r o g e n d iox ide , o n l y a f ew cracks a p p e a r d u r i n g the 10-hour i r r a d i a t i o n . 
T h e results of these exper iments a t concentrat ions of 0.5, 1.0, 2.0, a n d 3.0 p . p . m . of 
2-butene a n d v a r y i n g concentrat ions of n i t r o g e n d iox ide ( F i g u r e 9) are s i m i l a r to those 
ob ta ined w i t h 3 -methy lheptane . 

T h e general shape of the curves ob ta ined i n these exper iments can be a t t r i b u t e d 
to a t least t w o s imul taneous reac t i ons : the f o r m a t i o n of ozone, a n d the r e m o v a l of 
ozone b y b o t h n i t r o g e n d iox ide a n d the o x i d a t i o n produc t s of the h y d r o c a r b o n . T h a t 
n i t rogen dioxide does react w i t h ozone is w e l l k n o w n , a n d especial ly at h igher concen
t ra t i ons th i s r e m o v a l of ozone p l a y s a n i m p o r t a n t ro le . I n exper iments at the u p p e r 
l i m i t s of n i t r o g e n d iox ide concentrat ions , w h e n n o c r a c k i n g appears after 10 hours , 
longer i r r a d i a t i o n d i d produce c r a c k i n g . I t is most l i k e l y t h a t d u r i n g th is i n d u c t i o n 
p e r i o d , the n i t r o g e n d iox ide concentra t i on decreased u n t i l i t came w i t h i n the range of 
ozone f o r m a t i o n . T h i s sh i f t i n the compos i t i on of the m i x t u r e is also b r o u g h t about 
b y the reac t i on of n i t r o g e n d iox ide w i t h the h y d r o c a r b o n a n d i ts o x i d a t i o n produc t s . 
W h e n ozone f o r m a t i o n stops, n i t r o g e n d iox ide is p r a c t i c a l l y absent . 
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NITROGEN DIOXIDE RARTS PER MILLION 

Figure 9. Rubber cracking with 2-butene 
and nitrogen dioxide with artificial light in 

oxygen 

T h e rubber s t r i p suspended i n the flask d u r i n g i r r a d i a t i o n c o n t i n u a l l y removes the 
ozone f o rmed , a n d is i n c o m p e t i t i o n w i t h products t h a t w i l l react w i t h ozone. A l t h o u g h 
the react ion w i t h the rubber s t r i p takes f r o m 20 to 30 minutes to remove the ozone 
near ly q u a n t i t a t i v e l y f r o m a 5- l i ter flask, the rate at w h i c h the rubber reacts w i t h the 
ozone is suff ic iently greater t h a n the degradat ion react ion to show considerable ozone 
f o r m a t i o n . T h e average rate of ozone f o r m a t i o n d u r i n g the first 10 hours of i r r a d i a t i o n 
of 3 -methy lheptane (3 p.p.m.) a n d n i t rogen dioxide (1 p.p.m.) is about 0.8 p . p . m . per 
hour . A f t e r 100 hours s l ight c r a c k i n g is s t i l l observed, a n d the t o t a l c rack d e p t h 
corresponds to 20 p . p . m . of ozone, w h i c h c lear ly indicates a c h a i n react ion of c o n 
siderable extent . 

T h e h igh values obta ined i n these exper iments are possible on ly because the rubber 
s t r i p cont inuous ly removes the ozone f o rmed . I f , however , the ozone is not removed , i t 
w i l l react w i t h the h y d r o c a r b o n a n d its ox idat i on products a n d the n i t rogen oxides. 
C o n s e q u e n t l y , the ozone, measured after a cer ta in l ength of i r r a d i a t i o n t i m e i n the 
absence of rubber , w i l l represent the excess of ozone caused b y different rates of these 
react ions. T h e react ion b y w h i c h ozone is f o rmed is on ly s l i g h t l y faster t h a n those 
w h i c h destroy i t . W h e n a t t e m p t s were made to isolate a n y ozone, on ly the s l ight excess 
resu l t ing f r o m the difference i n the rate of these reactions was iso lated . I n the analys is 
of a i r samples i t is th is excess of ozone w h i c h is measured . 

I n d u p l i c a t i n g these phenomena i n the l a b o r a t o r y , hydrocarbons a n d the i r o x i d a 
t i o n products were i r r a d i a t e d i n the presence of n i t rogen d iox ide . T h e ozone concen
t r a t i o n , measured b y two methods , was determined after exposure for different lengths 
of t i m e . One m e t h o d was b y rubber c r a c k i n g , i n w h i c h the rubber was i n t r o d u c e d 
a f ter a n d not d u r i n g the i r r a d i a t i o n as prev ious ly descr ibed. I n the other m e t h o d , 
advantage was t a k e n of the difference i n v a p o r pressures of ozone a n d n i t r o g e n d iox ide . 
B y pass ing the i r r a d i a t e d m i x t u r e t h r o u g h several t raps he ld at —183° C , o n l y ozone 
passes t h r o u g h , whi le n i t rogen dioxide w i t h its higher bo i l ing po in t (24° C. ) is t r a p p e d . 
T h e ozone passing t h r o u g h the t raps was determined b y b o t h the p h e n o l p h t h a l i n a n d 
the po tass ium iodide methods . 

I n i r r a d i a t i o n exper iments us ing 3 p .p .m . of 3 -methy lheptane a n d 1 p . p . m . of 
n i t rogen dioxide , it was found that a level of 0.9 p .p .m. of ozone was reached after 
4 to 5 hours , w h i c h then remained near ly constant for 20 hours . W h e n dup l i ca te flasks 
were k e p t i n the d a r k for 1 hour before measur ing the ozone content , the ozone con 
cent ra t i on was reduced to one hal f the value obta ined d i r e c t l y after i r r a d i a t i o n . I n 
order to keep the ozone concentrat ion at 1 p . p . m . for 20 hours , a p p r o x i m a t e l y 14 p .p .m . 
of ozone must have been f ormed d u r i n g that t ime . T h e exper iments i n w h i c h the r u b 
ber s t r ips were suspended i n the flasks d u r i n g i r r a d i a t i o n ind i ca ted the f o r m a t i o n of 
12 p . p . m . of ozone d u r i n g the per i od between 5 a n d 25 hours . These exper iments , 
a l t h o u g h of a q u a l i t a t i v e nature , s u p p o r t the conclusion reached ear l i e r : t h a t a 
cons iderab ly greater a m o u n t of ozone is produced t h a n cou ld be expected on the basis 
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of a s to i ch iometr i c react ion of 3 p . p . m . of h y d r o c a r b o n a n d 1 p . p . m . of n i t r o g e n d iox ide . 
S i m i l a r observations have been made us ing 2-butene i n the pho to chemica l o x i d a t i o n 

w i t h n i t rogen dioxide . A t concentrat ions of 3 p . p . m . of 2-butene a n d 2 p . p . m . of 
n i t rogen d iox ide , a leve l of 0.5 p . p j n . of ozone is reached after o n l y 15 m i n u t e s , as 
c o m p a r e d to several hours requ i red i n the case of 3 -methy lheptane . T h e m a x i m u m 
ozone l eve l ob ta ined w i t h 2-butene is l ower t h a n t h a t f o u n d w i t h 3 -methy lheptane . 
T h i s is a t t r i b u t e d to side react ions w h i c h m a y occur between butene a n d ozone, f o r m 
i n g ozonides, a n d thereby r e m o v i n g butene f r o m the reac t ion m i x t u r e . These react ions 
are great ly reduced i n exper iments where rubber s t r ips are suspended i n the flask d u r i n g 
i r r a d i a t i o n , for then the ozone is cont inuous ly r emoved a n d p r e v e n t e d f r o m reac t ing 
w i t h the olefin. U n d e r these condit ions butene forms more ozone at a faster rate t h a n 
does 3 -methy lheptane . T h i s m e t h o d is p r o b a b l y a better measure of the nuisance va lue 
of the ozone - forming reactions because i t indicates the t o t a l ozone - forming capac i ty of 
a p a r t i c u l a r c o m p o u n d . T h e ozone f o rmed m a y react w i t h m a n y acceptors present i n 
p o l l u t e d a i r , w h i c h f u n c t i o n as the rubber pieces i n the l a b o r a t o r y exper iments . 

R e l a t i v e O z o n e - F o r m i n g P o t e n t i a l of Organic C o m p o u n d s . T h e phenomenon of 
ozone f o rmat ions being l i m i t e d to definite re lat ive p ropor t i ons of h y d r o c a r b o n a n d n i t r o 
gen d iox ide , observed w i t h 3 -methy lheptane a n d 2-butene, is a p p a r e n t l y equa l ly t r u e for 
other hydrocarbons a n d the i r o x i d a t i o n produc ts . A t a concentrat ion of 3 p . p . m . a n d 
v a r y i n g concentrat ions of n i t rogen d iox ide , the hydrocarbons , η-butane, n -pentane , 
n-hexane, n -heptane , η-octane, n -nonane, 1-n-hexene, a n d d i i sobuty lene , gave curves 
s i m i l a r to the one obta ined w i t h 3 -methy lheptane , w i t h o p t i m u m ozone f o r m a t i o n at 
f r o m 1 to 3 p . p . m . of n i t r o g e n d iox ide . Ozone f o r m a t i o n d u r i n g pho tochemica l o x i d a 
t i o n is not l i m i t e d to hydrocarbons ; i t is also shown b y the i r ox ida t i on p r o d u c t s — a c i d s , 
a ldehydes , ketones, a n d alcohols. 

A c ompar i son of a n u m b e r of organic compounds tested for a 10-hour i r r a d i a t i o n 
is shown i n F i g u r e 10 a n d T a b l e I . 

A s the l ength of the carbon c h a i n i n the s tra ight c h a i n paraffins increases f r o m four 
to n ine atoms, the ozone - forming c a p a c i t y becomes greater . M e t h a n e , ethane, a n d 
propane were f o u n d to be inac t i ve . T h e h i g h l y b r a n c h e d h y d r o c a r b o n , 2 , 2 , 3 - t r i m e t h y l -
butane ( t r i p t a n e ) , does not cause measurable rubber c r a c k i n g d u r i n g the 10-hour 
i r r a d i a t i o n per i od , w h i c h paral le ls i ts w e l l - k n o w n resistance to o x i d a t i o n . I n t r o d u c t i o n 
of a double b o n d increases ozone f o r m a t i o n , w h i c h is more pronounced w h e n the b o n d 
is i n the 2 pos i t i on . C i s a n d t rans conf igurat ion does not affect the a c t i v i t y , as shown 
b y cis- a n d i m n s - 2 - b u t e n e a n d -2-pentene. T h e o p t i m u m ozone f o r m a t i o n is shown 
w i t h olefins of four to six c a r b o n atoms. T h e i n t r o d u c t i o n of a second double b o n d , 
as i n butadiene , doubles the a c t i v i t y when c o m p a r e d to t h a t of the corresponding 
1-butene. 

I2r 

ο 2 3 <t .5 Ô 7 
NLiiVBD ( Cr G W O N ATOWS 

8 9 

Figure 10. Photochemical rubber cracking 
with 3 p.p.m. of organic compound and 2 
p.p.m. of nitrogen dioxide after 10 hours7 

exposure 
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P r o n o u n c e d a c t i v i t y was establ ished for the alcohols a n d aldehydes w i t h one to 
five c a r b o n atoms . ieré-Butyl a l coho l d i d not f o r m ozone d u r i n g the 10-hour i r r a d i a 
t i o n p e r i o d . T h e effect of s u b s t i t u t i n g the h y d r o g e n b y different f u n c t i o n a l groups has 
been s tud ied f o r ethane. T h e ozone - forming c a p a c i t y of the resu l t ing compounds is 
i n d i c a t e d b y the t o t a l c rack d e p t h i n m i l l i m e t e r s ob ta ined after 10 hours of i r r a d i a t i o n . 

Functional Total Crack Functional Total Crack 
Group Depth, Mm. Group Depth, M m . 

—ΟΝΟ 10 — C O O H 0.5 
— S H 5 — C s H 7 0.2 
— C H O 4 —CaHs 0.1 
—NH.2 4 — B r 0.1 
—NOs 2 — C H 3 0 
— O N 0 2 0.5 — Η 0 

P r e v i o u s l y i t has been r e p o r t e d t h a t b i a c e t y l , b i b u t y r y l , p y r u v i c a c i d , a n d b u t y l 
n i t r i t e produce ozone u p o n i r r a d i a t i o n w i t h o u t the a d d i t i o n of n i t rogen d iox ide . I n 
the absence of n i t rogen diox ide , ozone f o r m a t i o n can be establ ished b y i r r a d i a t i o n of 
b i a c e t y l at a concentrat i on of 40 p . p . m . ; i n i ts presence the rate of f o r m a t i o n is s t i l l 
p ronounced i n the 1-p.p.m. range, a n d equals t h a t of 2-butene. B u t y l n i t r i t e w i t h o u t 
the a d d i t i o n of n i t r o g e n dioxide is even more ac t ive t h a n 2-butene. A f t e r 94 hours the 
t o t a l c rack d e p t h of the rubber pieces corresponds to the p r o d u c t i o n of 80 p . p . m . of 
ozone, d e m o n s t r a t i n g aga in a c h a i n m e c h a n i s m i n i ts f o r m a t i o n . 

I n pho to chemica l exper iments conducted i n sunl ight a n d i n concentrat ions of 3 -
m e t h y l h e p t a n e a n d n i t rogen oxides a p p r o x i m a t i n g those k n o w n to occur d u r i n g smog 
periods , ozone f o r m a t i o n is p r o p o r t i o n a l to the p r o d u c t of the h y d r o c a r b o n a n d n i t r o 
gen oxide concentrat ions . S i m i l a r conclusions can be d r a w n f r o m the exper iments w i t h 
2-butene ( F i g u r e 9 ) . 

H a a g e n - S m i t ' s findings can be s u m m a r i z e d as fol lows : 

Ozone is f o rmed f r o m the photochemica l o x i d a t i o n of organic vapors i n the pres 
ence of n i t rogen dioxide . 

I n order for the ozone concentrat ion to a t t a i n apprec iab le values , the range of 
concentrat ions for the reactants are v e r y l i m i t e d , as s h o w n i n F i g u r e s 11 a n d 12. 

JlOMM TOTAL CRACK DEP™ 

y ' / 

/ -—V ; 

— — 

/ 

< 

> 
• 
> s < 

1 
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NITROGEN DIOXIDE PARTS PER MILLION 

Figure 11. Logarithmic plot of area of 
ozone formation 
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10,000 π 

1000 f 

0 
5000 

N02 r?r?M. 

Figure 12. Linear plot of area of ozone forma
tion 

A s a result of a s u r v e y of organic vapors , i t was establ ished t h a t the classes of 
compounds s h o w n i n T a b l e I were most i m p o r t a n t to ozone f o r m a t i o n i n smog . 

T h e e x p e r i m e n t a l evidence suggests t h a t the t o t a l ozone f o r m e d i n the p h o t o c h e m 
i c a l react ion is re lated to the concentrat ions of the reactants b y the re la t i on 

[OJtotal = ^ [ N 0 2 ] [ R H ] (3) 

Laboratory Investigations of Stanford Research Institute. T h i s w o r k was s p o n 
sored b y the S m o k e a n d F u m e s C o m m i t t e e of the A m e r i c a n P e t r o l e u m I n s t i t u t e . T h e 
p h i l o s o p h y of e x p e r i m e n t a t i o n of these invest igators was to use the a c t u a l smoggy a i r 
as a substrate for l a b o r a t o r y exper iments (20, 32). 

T h e d a i l y f luctuat ions of ox idant concentra t i on were fo l lowed for several years b y 
means of a n automat i c ox idant recorder at the S t a n f o r d R e s e a r c h Ins t i tu te ' s Pasadena 
L a b o r a t o r y (19). T y p i c a l ox idant curves showed a character is t i c p a t t e r n : l o w con 
centrat ions at n ight increas ing to a m a x i m u m a r o u n d noon, a n d d i sappear ing aga in at 
sunset. M a x i m u m concentrat ions v a r i e d great ly , w i t h values as h i g h as 60 p .p .h .m. 
o c c u r r i n g d u r i n g smoggy weather . C o n c e n t r a t i o n s at n ight se ldom exceeded 5 p . p . h . m . 
T h e v a r i a t i o n s f r o m d a y to d a y were greater t h a n those f r o m m o n t h to m o n t h . N e v e r 
theless, a n a n n u a l cycle d i d exist , w i t h h igh concentrat ions o c c u r r i n g m o r e f requent ly 
f r o m M a y t h r o u g h October t h a n d u r i n g the rest of the year . 

H o w e v e r , i f a i r was i r r a d i a t e d w i t h ar t i f i c ia l sunl ight before enter ing the recorder , 
a t o t a l l y different p a t t e r n resulted . T h e a i r was passed t h r o u g h a 50 - l i ter f lask, i r 
r a d i a t e d w i t h f our H 4 0 0 E - l m e r c u r y v a p o r l ights . T h e average residence t i m e of the 
a i r was about 20 m i n u t e s . Since the m e r c u r y arcs gave off no r a d i a t i o n be low about 
3000 Α., t h e y were not capable of f o r m i n g ozone d i r e c t l y b y dissoc iat ion of oxygen. A 
t y p i c a l ox idant p a t t e r n resu l t ing f r o m th is arrangement is s h o w n i n F i g u r e 13. T h e 
character i s t i c d i v i s i o n between d a y t i m e a n d n i g h t t i m e has d i sappeared a n d ox idant 
concentrat ions of the same order of m a g n i t u d e as those ex is t ing i n d a y t i m e resulted 
f r o m i r r a d i a t i o n of n i g h t a i r . 

C o n t i n u e d m o n i t o r i n g of outside a i r showed t h a t the ox idant f o r m e d b y i r r a d i a t i o n 
of n i g h t a i r fo l lowed a d a i l y a n d a n a n n u a l cyc le . T h e d a i l y cycle f r equent ly showed 
t w o m a x i m a , one a r o u n d 7 :00 P . M . , the other about 8 :00 A . M . H i g h concentrat ions 
of ox idant cou ld be f o rmed r e g u l a r l y b y i r r a d i a t i o n of n ight a i r d u r i n g f a l l a n d w i n t e r , 
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Figure 13. Diurnal variation of ozone formed by constant ir
radiation of outside air 

f r o m September t h r o u g h M a r c h . D u r i n g the s u m m e r m o n t h s l i t t l e , i f a n y , ox idant was 
f o r m e d at n i g h t , despite the fact t h a t h i g h concentrat ions occurred i n the d a y t i m e 
d u r i n g t h a t per i od . 

I so la t i on of O x i d a n t Precursors . T h e observat ion t h a t ox idant c o u l d be f o r m e d 
e x p e r i m e n t a l l y b y the ac t i on of l i g h t o n p o l l u t e d u r b a n a i r l e d to a n inves t i ga t i on of 
those i m p u r i t i e s i n a i r w h i c h , u p o n i r r a d i a t i o n , f o r m e d ox idant . T h e t e r m , " o x i d a n t 
precursors , " was coined to describe these mater ia l s , a n d a series of exper iments was 
s tar ted to determine the i r p h y s i c a l a n d chemica l propert ies . 

T h a t l i g h t was responsible for the f o r m a t i o n was demonstrated b y us ing t w o 
ox idant recorders, one w h i c h i n d i c a t e d the ox idant concentrat i on i n u n t r e a t e d a i r 
a n d the other , i n i r r a d i a t e d a i r ( F i g u r e 14). 

A t t e m p t s were m a d e to determine the region of act ive l i ght b y use of o p t i c a l 
cutoff f i l ters . T h e results , s u m m a r i z e d as fol lows, ind i cate t h a t p r i m a r y l i g h t ac 
ceptor (s) absorb i n a ra ther b r o a d region, beg inn ing near the short wave end of the 
v is ib le s p e c t r u m a n d extending to be low 3600 A . 

Filter Cut Off below Level of Ozone Formation 
Light envelop and flask walls 2800 A. Maximum 
Window glass, 1/8 inch 3100 A. No reduction 
Solex glass 3400 A. Definite, small reduction 
X-ray lead glass 3700 A. 50% reduction 
Corning glass filter No. 373 4000 A. Substantially complete reduction 

A t t e m p t s were t h e n made to determine some of the chemica l propert ies of the 
precursors b y sub jec t ing the a i r ( p r i o r to i r r a d i a t i o n ) to the ac t i on of v a r i o u s scrubbers 
i n a n effort to remove the precursors . These exper iments i n d i c a t e d t h a t passage 
t h r o u g h a bed of a c t i v a t e d carbon or t h r o u g h a c o m b u s t i o n furnace at 760° C . r emoved 
or destroyed the precursors . O n the other h a n d , w h e n the i n c o m i n g a i r was scrubbed 

Figure 14. Diurnal variation of oxidants from natural and artificial irradiation of 
Pasadena air 
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c o u n t e r c u r r e n t l y t h r o u g h p a c k e d co lumns 4 feet l o n g w i t h 5 % s o d i u m h y d r o x i d e , the 
b u l k of the o x i d a n t precursors r e m a i n e d ( F i g u r e 15) , a l t h o u g h the concent ra t i on of 
a c i d gases such as c a r b o n diox ide , su l fur d iox ide , a n d n i t r o g e n d iox ide was great ly r e 
duced b y th is procedure . S i m i l a r l y , a 5 % so lu t i on of semicarbaz ide buffered to p H 
4 w i t h phosphor i c a c i d h a d no effect ( F i g u r e 16) , a l t h o u g h th i s agent effectively r e 
moves c a r b o n y l compounds such as aldehydes a n d ketones. A par t i c l e f i l ter capable 
of r e m o v i n g p a r t i c u l a t e m a t e r i a l d o w n to 0.2 m i c r o n i n d iameter also h a d n o effect. 

Freezeout t r a p s were used next i n a n a t t e m p t to separate or t r a p the precursors . 

Figure 16. Ozone formation in irradiated scrubbed Pasadena air 
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A t r a p p a c k e d w i t h stainless steel helices a n d cooled i n d r y ice -acetone p r o d u c e d no 
signif icant r educ t i on i n the a m o u n t of ox idant f o r m e d u p o n i r r a d i a t i o n of a i r passed 
t h r o u g h the t r a p . W h e n a l i q u i d oxygen-coo led t r a p was used i n series w i t h the d r y 
ice t r a p , essential ly complete re tent ion of the ox idant precursors resul ted ( F i g u r e 17). 
U p o n r e m o v a l of the coolant b a t h , the b u l k of the precursors was released ( F i g u r e 17). 
T h u s , th is technique for the co l lect ion a n d concentrat ion of the substances w h i c h 
y i e l d ox idant on i r r a d i a t i o n p r o m i s e d to m a k e t h e i r analys is feasible a n d gave hope 
for the i r eventua l ident i f i ca t i on . 

N u m e r o u s freezeout col lections were made a n d a n a l y z e d . T h e a i r was d r a w n 
t h r o u g h a semicarbazide c o l u m n a n d a caust ic s c rubb ing c o l u m n . T h e s t r e a m was 
then s p l i t ; one ha l f passed t h r o u g h a n i r r a d i a t e d flask a n d t h e n i n t o a series of t r a p s , 
a n d the other ha l f passed t h r o u g h a d a r k flask on i ts w a y to the t r a p s . B y e x a m i n i n g 

the contents of the t r a p s , i t was hoped to o b t a i n a di f ferent ia l analys is w h i c h w o u l d 
be easier to i n t e r p r e t , because i r r a d i a t i o n shou ld in t roduce a change w h i c h c o u l d be 
p i c k e d out f r o m the general b a c k g r o u n d c o m m o n to the d a r k a n d i r r a d i a t e d samples . 

V a r i o u s t r a p designs were t r i e d , a n d i t was conc luded t h a t t r a p s p a c k e d w i t h 
stainless steel helices gave the best recovery of precursors . 

T h e samples were a n a l y z e d us ing i n f r a r e d , u l t r a v i o l e t , a n d mass spectrometr i c 
methods . A f t e r be ing col lected i n l i q u i d oxygen-coo led t r a p s , the samples were k e p t 
i n l i q u i d n i t rogen . A f t e r connections were made to the mass spectrometer , the n o n -
condensable f r a c t i o n was p u m p e d off a n d the r e m a i n i n g sample was i n t r o d u c e d in to 
the in le t sys tem b y g r a d u a l l y w a r m i n g the t r a p to r o o m t e m p e r a t u r e . Samples for 
i n f r a r e d a n d u l t r a v i o l e t analyses were h a n d l e d s i m i l a r l y , b u t the trans fer was a c c o m 
p l i shed b y freezing the sample over in to the o p t i c a l ce l l w h i c h was e q u i p p e d w i t h a 
co ld finger. 
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T h e results of these analyses i n d i c a t e d that the b u l k of the m a t e r i a l re ta ined i n 
the l i q u i d oxygen t r a p s consisted of carbon d iox ide a n d water . T h e balance of the 
sample was made u p of organics . T h e general d i s t r i b u t i o n of the mass peaks resembled 
a gasoline mass s p e c t r u m w i t h the h i g h mo le cu lar end a t t enuated . C o m p a r i s o n of 
spec tra of i r r a d i a t e d a n d n o n i r r a d i a t e d samples showed a consistent decrease of olefin 
a n d diolef in mass peaks on i r r a d i a t i o n ( p a r t i c u l a r l y m/e 39, 43, a n d 67 ) , b u t i n 
general , large differences i n compos i t i on of the samples made m e a n i n g f u l c ompar i son 
di f f icult . 

T h e i n f r a r e d analyses showed absorp t i on bands i n the region of 3.4, 6.9, a n d 7.3 
m i c r o n s caused b y carbon -hydrogen b o n d s ; bands of 5.8 a n d 8.3 microns i n d i c a t i v e of 
acetone ; carbon dioxide bands of 4.3, 13.9, a n d 15 m i c r o n s ; a n d a doublet at 6.3 
m i c r o n s , caused poss ib ly b y organic n i t rates . Severa l m i n o r unident i f i ed bands were 
also present . T h e u l t r a v i o l e t spectra showed no signif icant absorpt i on bands . 

C h e m i c a l analyses were p e r f o r m e d on several samples to detect n i t rogen oxides 
not f o u n d b y spec tra l analyses. A modi f i ed Gr iess reagent was used, a n d the contents 
of several freezeout t raps were examined b y v e n t i n g t h e m t h r o u g h a n i r r a d i a t e d flask 
i n t o a scrubber c onta in ing the reagent. A l t e r n a t i v e l y , ozone was added to the flask 
a n d p e r m i t t e d to react w i t h i ts contents , as Gr iess reagent responds to n i t rogen dioxide 
b u t no t to n i t r i c oxide. R e l a t i v e l y large amounts of n i t rogen dioxide were f o u n d i n 
these cases (more t h a n cou ld be accounted for b y the n i t r o g e n dioxide present at the 
t i m e of co l l e c t i on ) . T h u s , n i t r o g e n dioxide was a p p a r e n t l y f o r m e d d u r i n g the col lec
t i o n a n d / o r i r r a d i a t i o n of the a i r sample . T h i s po in ted a w a y t o w a r d a possible m e c h 
a n i s m of ox idant f o r m a t i o n . 

T h e f o r m a t i o n of ozone f r o m m i x t u r e s of n i t rogen dioxide a n d hydrocarbons has 
been described b y other invest igators (13). I n th is l a b o r a t o r y a series of exper iments 
was r u n us ing ox idant recorders a n d i r r a d i a t e d flasks. A m i x t u r e of carbon- f i l tered a i r 
a n d 40 p .p .h .m. of n i t rogen d iox ide was r u n in to the recorder u n t i l a n e q u i l i b r i u m leve l 
was establ ished. A s m a l l q u a n t i t y of h y d r o c a r b o n was t h e n added to the flask f r o m a 
syr inge a n d p e r m i t t e d to flush in to the recorder . T h e resu l t ing ox idant curves ind icate 
that r e l a t i v e l y large amounts of a n ox idant can be f o r m e d b y i r r a d i a t i n g synthet i c 
m i x t u r e s of a v a r i e t y of hydrocarbons a n d n i t r o g e n dioxide . 

P h o t o l y s i s of N i t r o g e n Ox ide i n Outs ide A i r . Since hydrocarbons exist i n outside 
a i r , i t seemed i m p o r t a n t to determine whether t h e y were capable of p r o d u c i n g s i m i l a r 
results . W h e n n i t rogen dioxide was added to a s t ream of carbon- f i l tered n ight a i r at 
a t ime when no precursors were present a n d the a i r was passed t h r o u g h a n i r r a d i a t e d 
flask in to a n ox idant recorder , a l eve l of ox idant was establ ished because the recorder 
is somewhat sensit ive to n i t rogen d iox ide . W h e n the c a r b o n filter was removed so 
t h a t the m i x t u r e consisted of u n t r e a t e d outside a i r a n d n i t r o g e n dioxide , the recorder 
r a p i d l y c l i m b e d to a higher l eve l , i n d i c a t i n g t h a t a n a d d i t i o n a l a m o u n t of ox idant h a d 
been f o r m e d . T h u s , substances n o r m a l l y present i n outside a i r reacted d u r i n g p h o t o l y 
sis of n i t rogen d iox ide to produce ox idant above t h a t due to n i t r o g e n dioxide itself . 

A s i t h a d been p r e v i o u s l y demonstrated ( by means of caust ic scrubbers) t h a t even 
a s u b s t a n t i a l r e d u c t i o n of the n i t r o g e n d iox ide present i n outside a i r d i d not have a 
gross effect on i ts o x i d a n t - f o r m i n g a b i l i t y , these exper iments appeared to be large ly of 
academic interest . A possible connect ing l i n k was n i t r i c oxide, b u t i ts k n o w n rate of 
o x i d a t i o n to n i t rogen dioxide is s low a n d i ts presence i n outside a i r h a d not been 
establ ished. 

T h i s l ine of research received f u r t h e r i m p e t u s w h e n a n i t rogen dioxide a n d n i t r i c 
oxide recorder was developed b y the i n s t i t u t e . T h i s i n s t r u m e n t was based on the 
a b s o r p t i o n of n i t rogen dioxide i n a modi f i ed Gr iess reagent a n d subsequent c o l o r i -
m e t r i c d e t e r m i n a t i o n of its a m o u n t . I n i ts s implest f o r m the i n s t r u m e n t responded 
o n l y to n i t r i t e i n so lut ion ( w h i c h m a y or ig inate f r o m n i t rogen dioxide or organic a n d 
inorganic n i t r i t e s ) , b u t a mod i f i ca t i on de te rmined n i t r i c oxide as we l l . T h i s was 
achieved b y filtering the i n c o m i n g a i r t h r o u g h a c t i v a t e d charcoa l , w h i c h passes n i t r i c 
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oxide b u t retains n i t rogen dioxide a n d n i t r i t e s , f o l l owed b y a gas-phase o x i d a t i o n of 
n i t r i c oxide to n i t rogen dioxide us ing ozone. T h e resu l t ing n i t rogen d iox ide was then 
de termined c o l o r imet r i ca l l y . 

M o n i t o r i n g of the atmosphere at Pasadena i n d i c a t e d t h a t n i t r i c oxide is n o r m a l l y 
present i n quant i t ies w e l l i n excess of those of n i t r o g e n d iox ide . I t s concentrat ions 
ranged f r o m 2 to 30 p . p . h . m . 

T h e o x i d a t i o n rate of n i t r i c oxide ( by oxygen) i n these concentrat ions is s low. 
B u t under the condit ions of these exper iments , us ing i r r a d i a t e d 50- l i ter flasks and 
m i x t u r e s c o n t a i n i n g 1 to 10 p . p . m . of hydrocarbons a n d 0.1 to 1.0 p . p . m . of n i t r i c 
oxide, a r a p i d o x i d a t i o n to n i t rogen dioxide appeared to take place , a c compan ied b y 
the f o r m a t i o n of some ozone. 

T h e l o w bo i l ing p o i n t of n i t r i c oxide (—156° C. ) made i ts re tent ion i n freezout 
t raps cooled w i t h l i q u i d oxygen u n l i k e l y , at least o n the basis of i ts p a r t i a l pressure. 
Neverthe less , exper iments set u p to check th is p o i n t showed t h a t n i t r i c oxide was 
q u a n t i t a t i v e l y re ta ined . O n r e v a p o r i z a t i o n , at least p a r t of the n i t r i c oxide appeared 
i n the f o r m of n i t rogen d iox ide . Others , too, have observed th is phenomenon . 

T h e effect of i r r a d i a t i o n o n the ox idant a n d n i t rogen dioxide concentrat ions of 
n ight a i r a p p a r e n t l y p r o d u c e d a signif icant increase of n i t rogen dioxide concentrat ion , 
b u t not enough to account for a l l of the ox idant f o r m e d . T h u s , e x p e r i m e n t a l observa 
t ions re la t ing to f o r m a t i o n of ox idant i n the L o s Angeles atmosphere can be exp la ined 
b y the basic a s s u m p t i o n t h a t ozone is f o rmed b y the photo lys is of n i t rogen d iox ide , 
a ided b y a r a p i d convers ion of n i t r i c oxide to n i t r o g e n dioxide i n the presence of 
cer ta in hydrocarbons . 

R i c h a r d s ' a n d L i t t m a n ' s results can be s u m m a r i z e d as fo l l ows : 

T h e i m p o r t a n t wave l e n g t h range of r a d i a t i o n was 3000 to 4000 A . for the p h o t o 
chemica l p r o d u c t i o n of ozone i n smog. 

T h e photochemica l hypotheses was f u r t h e r e d b y the demons t ra t i on t h a t i r r a d i a t e d 
n ight a i r f o r m e d ox idant . 

I t was conf i rmed t h a t ozone is f o r m e d f r o m the photo lys is of n i t rogen d iox ide 
a n d organic v a p o r . 

I t was suggested t h a t n i t r i c oxide was a n i m p o r t a n t precursor to ozone f o r m a t i o n . 

Experimental Studies of Armour Research Foundation. T h i s research was 
sponsored b y the A i r P o l l u t i o n F o u n d a t i o n . 

M i l l e r a n d coworkers used a 2 - l i ter V y c o r photo lys i s f lask w r a p p e d i n a l u m i n u m 
fo i l except for a n opening to a d m i t the co l l imated r a d i a t i o n f r o m a H a n o v i a T y p e A 
m e r c u r y arc t h a t was filtered w i t h a boros i l i cate glass filter to cut out rad ia t i ons a t 
wave lengths be low 3000 A . (23). T h e use of the reflective l i n i n g o n the flask to f o r m 
a m u l t i p l e ref lect ion system was necessary to achieve sufficient l i g h t i n t e n s i t y w i t h th i s 
sys tem. A r e l a t i v e l y u n i f o r m r a d i a t i o n flux was thereby ob ta ined . T h e r a d i a t i o n 
in tens i ty , as de termined w i t h a photoe lectr ic probe , was a p p r o x i m a t e l y the same as 
t h a t of n o o n sunl ight i n the u l t r a v i o l e t region but cons iderab ly less i n the v is ib le reg ion . 

A t the conc lus ion of photo lys is , the react ion m i x t u r e was passed t h r o u g h l i q u i d 
oxygen-coo led t r a p s p a c k e d w i t h glass beads a n d t h e n t h r o u g h a t r a i n of three bubb lers 
conta in ing a lka l ine p h e n o l p h t h a l i n reagent. O x i d a n t values were obta ined b y spec t ro -
pho tometr i c measurement of the p a r t i a l l y ox id ized reagent m i x t u r e . C o n t r o l l e d e x p e r i 
ments revealed that n i t rogen dioxide was efficiently t r a p p e d i n the freezeout t r a p s a n d 
d i d not contr ibute to ox ida t i on of the reagent. P r e s u m a b l y , ox idants less vo la t i l e t h a n 
n i t rogen dioxide (peroxides, etc.) w o u l d also be t r a p p e d . T h e p h y s i c a l evidence, 
therefore, po ints s t rong ly to ozone as the p r i n c i p a l ox idant p r o d u c t of the p h o t o c h e m 
i ca l react ion . 

T y p i c a l results of i r r a d i a t i o n of n i t rogen dioxide a n d 3 -methy lheptane i n oxygen 
are g iven below. N o ozone was obta ined w h e n e i ther the n i t rogen dioxide or the 
h y d r o c a r b o n was o m i t t e d . R e c o v e r y of n i t rogen d iox ide f r o m the freezeout t r a p s 
was checked b y analys is w i t h a modi f i ed Gr iess reagent. A tendency t o w a r d h i g h 
recovery b y th is m e t h o d has not been comple te ly resolved, b u t the results cons is tent ly 
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show l o w recovery (or none) i n photolyses i n w h i c h a n apprec iab le q u a n t i t y of ozone 
was f o u n d . 

Concentration, P .P .M. 

s, Hours 3-Methylheptane NO2, initial Ozone NO2, recovered 
3 13.2 1.36 0.89 0.08 
1 14.7 1.47 0.33 1.44 
1 8.9 0.76 0.38 1.07 
3 20.4 0.93 0.86 0.24 

17 10.0 0.48 0.53 0.18 
3 3.5 0.65 0.97 0.05 
3 0.97 0.50 0.59 0.20 
5 0.00 1.11 0.0 1.47 
3 3.9 0.72 0.2» 0.51 
3 2.3 0.72 0.44 — 3 1.35 0.48 0.39 0.51 
3 0.04 0.50 0.0 0.76 
3 3.3 0.00 0.00 0.00 

a Corning-7380 glass filter, 2 mm. thick, cut out 3130-A. radiation but 
passed 60% of 3660 A. 

M i l l e r ' s f indings c a n be s u m m a r i z e d as con f i rming the f o l l o w i n g : 

Ozone is f o r m e d f r o m the photo lys i s of n i t r o g e n d iox ide a n d organic v a p o r for 
reactant concentrat ions be low 1 p . p . m . 

T h e photo lys i s of n i t rogen d iox ide alone produces ozone of the order of 0.1 p . p . m . ; 
w h e n organic v a p o r concentrat ions above 0.2 p . p . m . are added , there is a n enhance
m e n t of ozone p r o d u c t i o n . 

N i t r o g e n d iox ide is consumed i n the react ion , p r o b a b l y as a result of the react ion 
of n i t r i c oxide a n d the organic v a p o r , i n d i c a t i n g t h a t n i t rogen dioxide is more t h a n the 
r a d i a t i o n absorber . 

Infrared Studies of Franklin Institute. I n th is w o r k , sponsored b y the A m e r i c a n 
I n s t i t u t e , the decision to s t u d y the smog react ions w i t h i n f r a r e d spec t rometry was 
based o n h a v i n g a n a n a l y t i c a l m e t h o d as u n e q u i v o c a l as possible i n i d e n t i f y i n g 
p a r t i c u l a r compounds i n the presence of a n u n k n o w n m i x t u r e . I n f r a r e d a b s o r p t i o n 
c a n p r o v i d e necessary se l e c t iv i ty , b u t o r d i n a r y equ ipment does no t have n e a r l y 
enough sens i t i v i t y to detect substances at l o w concentrat ions of smog. A c c o r d i n g l y , 
f irst exper iments were done w i t h concentrat ions of reactants m a n y t imes higher 
t h a n are f o u n d i n p o l l u t e d a i r . 

I n these exper iments e i ther n i t rogen d iox ide or ozone was m i x e d w i t h a n organic 
c o m p o u n d at concentrat ions of about 1 p .p . t . i n a i r or oxygen a n d a l l owed to react 
w i t h or w i t h o u t a r t i f i c i a l s u n l i g h t ; the produc ts were a n a l y z e d b y means of s t a n d a r d 
i n f r a r e d techniques . A l k y l n i t r a t e , a l k y l n i t r i t e , a ldehyde , a n d p e r o x y a c i d were 
t y p i c a l p roduc t s of the n i t r o g e n d i ox ide - o rgan i c c o m p o u n d react ion . 

Ozone, w h i c h has p l a y e d a c e n t r a l role i n studies of the L o s Angeles smog, was 
n o t detected as a p r o d u c t i n th is first s t u d y . Ozone was f o u n d to react s l owly w i t h 
s a t u r a t e d h y d r o c a r b o n s b u t r a p i d l y w i t h olefins. Peroxyac ids were ident i f ied among 
the produc t s w h e n ozone was reacted w i t h a ldehydes . 

D u r i n g these f irst studies i t became obvious t h a t i t w o u l d be desirable to s t u d y 
these react ions a t concentrat ions nearer to those encountered i n p o l l u t e d a i r . T h i s 
r e q u i r e d design a n d cons t ruc t i on of a special reac t ion vessel a n d i n f r a r e d absorp t i on 
ce l l . T h i s cel l u t i l i z e d a m u l t i p l e ref lection system of the W h i t e t y p e . B y ad jus tment 
of the t w o m i r r o r s at the r i g h t - h a n d end of the cel l shown i n F i g u r e 18, i t is possible 
to o b t a i n a n y i n t e g r a l m u l t i p l e of f our passes t h r o u g h the ce l l . I n a s m u c h as the 
m i r r o r s at the r i g h t end are 3 meters f r o m the smal ler m i r r o r a t the left end , 144 passes 
t h r o u g h the ce l l gives a t o t a l p a t h l ength of 432 meters . S ince i n f r a r e d paths of 
a p p r o x i m a t e l y 500 meters cou ld be obta ined , i t was possible to detect reac t ion produc ts 
at concentrat ions of a few tenths of 1 p . p . m . 

I n the first e x p e r i m e n t a l p r o g r a m c a r r i e d out w i t h th i s ce l l {36), ozone as a 
p r o d u c t was f o u n d i n concentrat ions of 1 to 2 p . ρ .m . a n d less w h e n n i t r o g e n d iox ide a n d 
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S P E C T R O M E T E R 

SOURCE UNIT FOR 
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S P E C T R O M E T R Y 
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TUBE CONTAINING 

REACTANTS 

Figure 18. Schematic diagram of long-path cell 

var ious organic compounds were reacted. I n these exper iments reactants a t a few 
p a r t s per m i l l i o n i n oxygen or a i r were i r r a d i a t e d w i t h a n A H - 6 arc enclosed i n b o r o -
si l icate glass as shown i n F i g u r e 18. T h e v a r i a t i o n of ozone concentra t i on w i t h t i m e 
of i r r a d i a t i o n was f o u n d to depend, i n a complex w a y , on the s t r u c t u r e of the organic 
c o m p o u n d a n d on the concentrat i on of b o t h reactants ( F i g u r e 19). T h e t r a n s i t o r y 
f o r m a t i o n of ozone b y the photo lys is of n i t rogen d iox ide i n oxygen was demonstrated ; i t 
was shown t h a t , i f the fast back react ion between ozone a n d n i t r i c oxide is suppressed 
b y the a d d i t i o n of n i t rogen pentox ide to react w i t h the n i t r i c oxide, the ozone w i l l 
q u i c k l y a c cumulate i n the sys tem ( F i g u r e 20) (36). 
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Figure 19. Formation of ozone by irradiation of 3-methyl
heptane and nitrogen dioxide 
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Figure 20. Effect of nitro
gen pentoxide on photolysis 
of nitrogen dioxide in oxy

gen 

O t h e r products observed i n th is f irst s t u d y w i t h the l o n g - p a t h cel l were a ldehyde , 
a l k y l n i t r a t e , f o rmic a c id , c a r b o n monox ide , c a r b o n diox ide , a n d water . Severa l 
p r o m i n e n t absorpt ions w h i c h a p p a r e n t l y a l l be long to one c o m p o u n d c o u l d not be 
ident i f i ed . T h i s in teres t ing p r o d u c t , re ferred to as c o m p o u n d X , has been subjected to 
considerable s t u d y i n a n a t t e m p t to determine i t s s t ruc ture a n d p h y s i c a l propert ies . 
A s i d e f r o m ozone, i t is p r o b a b l y the most i m p o r t a n t p r o d u c t of these react ions {37). 

C o m p o u n d X . O b t a i n i n g samples of c o m p o u n d X for s t u d y presented some di f f i 
c u l t y . W h e n organic compounds a n d n i t r o g e n d iox ide are p h o t o l y z e d at h i g h concen
t r a t i o n s ( on the order of m i l l i m e t e r s of m e r c u r y ) , a l k y l n i t r a t e is the chief n i t r o g e n -
c o n t a i n i n g p r o d u c t a n d c o m p o u n d X is not f o r m e d . T h e o n l y successful technique 
of p r e p a r a t i o n of c o m p o u n d X is a c t u a l photo lys i s of m i x t u r e s of organic compounds 
a n d n i t r o g e n d iox ide at l ow pressures i n the presence of oxygen . D i a c e t y l was f o u n d 
to give the best resul ts—i .e . , i t gave the least a m o u n t of side produc t s . 

W i t h 100 p . p . m . each of d i a c e t y l a n d n i t r o g e n dioxide i n 1 a t m . of oxygen, about 
2 hours of A H - 6 arc i r r a d i a t i o n were necessary for most of the reactants to be c o n 
v e r t e d to produc t s . A t these l o w pressures of reactants a large v o l u m e of gas was 
requ i red i n order to give enough c o m p o u n d X for a l i q u i d sample to be col lected. 
There fore , the reac t i on was conducted i n the 500-meter , l o n g - p a t h a b s o r p t i o n ce l l . A t 
the end of the reac t ion , p roduc ts were s l owly p u l l e d t h r o u g h a t r a p cooled b y a d r y 
i c e - i s o p r o p y l a l coho l m i x t u r e . T h i s t r a p passed some of the produc ts , such as acetalde-
h y d e , c a r b o n diox ide , a n d c a r b o n monox ide , b u t t r a p p e d c o m p o u n d X , or at least p a r t 
of i t . I t also t r a p p e d water v a p o r a n d some unreac ted d i a c e t y l . H o w e v e r , a n i n f r a 
r e d s p e c t r u m , a mass s p e c t r u m , a n d a nuc lear magnet i c resonance s p e c t r u m of the 
c o m p o u n d were ob ta ined a n d i t was possible to p e r f o r m q u a n t i t a t i v e tests of i ts chemica l 
propert ies . 

T h e i n f r a r e d s p e c t r u m of the c o m p o u n d X f r o m d i a c e t y l is shown i n F i g u r e 21 . 
I t shows the f o l l owing features : 

T h e C H a b s o r p t i o n is weak c o m p a r e d to other s t rong bands i n the s p e c t r u m , 
i n d i c a t i n g a m e t h y l c o m p o u n d . 

T h e r e is a s t rong single c a r b o n y l b a n d at 5.75 microns s i m i l a r i n shape a n d wave 
l e n g t h to the c a r b o n y l bands of a ldehydes , ketones, peroxyac ids , a n d esters, a n d di f fer
ent f r o m the double c a r b o n y l bands of acids , a c i d a n h y d r i d e s , a n d d i a c y l peroxides . 
T h e r e is a ne ighbor ing , weaker b a n d at 5.4 m i c r o n s w h i c h m i g h t be considered a p a r t 
of a double c a r b o n y l b a n d , b u t th is seems d o u b t f u l because the two branches of a 
double c a r b o n y l b a n d are u s u a l l y of a p p r o x i m a t e l y equa l i n t e n s i t y a n d are u s u a l l y 
closer together . T h e ind i cat i ons are t h a t c o m p o u n d X f r o m d i a c e t y l is a n a c e t y l c o m 
p o u n d — a log i ca l p r o d u c t . 

T h e bands at 5.4, 7.7, a n d 12.6 microns ind i cate the presence of n i t r o g e n i n the 
molecule for the fo l l owing reasons: 

_ /4ppm N 2 0 9 + 5ppm 

/ ° N0 2 IN OXYGEN 

/ 
|T"5ppm N02 IN OXYGEN 
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WAVE LENGTH (micron) 

2 3 4 5 6 7 8 9 10 ll 12 13 14 15 16 
τ—τ 
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Figure 21. Products of reaction of 10 p.p.m. of 1-pentene 
and 5 p.p.m. of nitrogen dioxide in 1 atm. of dry oxygen 

Path length, 240 meters 
A. Before irradiation 
B. Irradiated by AH-6 mercury arc 

a. bands near 5.4 m i c r o n s arise f r o m the n i t r i c oxide s t re t ch ing v i b r a 
t i o n i n n i t r i c oxide, n i t r o s y l ch lor ide , a n d n i t r o g e n t e t r o x i d e ; few other compounds 
have bands here. 

6. A l k y l n i t rates , n i t roso compounds , a n d n i t r o g e n te trox ide absorb 
near 7.7 m i c r o n s . 

c. A l k y l n i t r i t e s have a s t rong b a n d near 12.6 m i c r o n s w h i c h is s u p 
posed to or ig inate i n the n i t r i c oxide g r o u p . 

T h e r e is a p a r t i c u l a r l y s trong b a n d i n the s p e c t r u m w h i c h h a d not p r e v i o u s l y been 
assigned to c o m p o u n d X . T h i s is the b a n d at 8.6 mic rons . Ident i f i ca t i on of th is b a n d 
was i m p o r t a n t because i t was the o n l y m a j o r un ident i f i ed b a n d i n the spec t ra of the 
react ion products f r o m organic c ompounds a n d n i t rogen dioxide , other t h a n the bands 
w h i c h were obv ious ly due to c o m p o u n d X . T h i s b a n d , u n l i k e the bands at 5.4, 5.74, 
7.7, a n d 12.6 mic rons , appears i n the s p e c t r u m of the sample of c o m p o u n d X p r e p a r e d 
f r o m d i a c e t y l but not i n a sample p r e p a r e d f r o m d i b u t y r y l . T h u s , c o m p o u n d X is 
p r o b a b l y rea l ly a homologous series of compounds , of w h i c h o n l y the lowest m e m b e r 
possesses a b a n d at 8.6 mic rons . T h e products of the react ion of n i t rogen d iox ide w i t h 
2-pentene or w i t h m e t h y l e t h y l ketone also showed th is b a n d . T h e sample p r e p a r e d 
f r o m d i b u t y r y l also has a moderate s t rength b a n d at 9.6 mic rons w h i c h h a d been ob 
served i n the spec tra of react ion produc t s . 

T h e decompos i t i on products of c o m p o u n d X were examined for clues to i ts s t r u c 
ture . I n one exper iment a sample was a l l owed to decompose for over a week at r o o m 
temperature i n oxygen. T h e i n f r a r e d s p e c t r u m of the products showed c a r b o n dioxide 
a n d a s m a l l a m o u n t of organic n i t r a t e . I t is clear f r o m this t h a t the o r ig ina l molecule 
conta ined n i t rogen . T h e s u r p r i s i n g weakness of the p r o d u c t s p e c t r u m l ed to the 
suggestion t h a t a d s o r p t i o n on the cel l wal ls was o c c u r r i n g ra ther t h a n decompos i t i on . 
B u t the m a r k e d increase i n carbon dioxide concentrat ion argues against th i s . T h e r e 
was no n i t r o u s oxide, n i t r i c oxide, n i t rogen dioxide , n i t rogen pentoxide , n i t r o u s a c i d , 
n i t r i c a c i d , n i t r i t e , o r n i t r o c o m p o u n d ev ident . 

I n another exper iment c o m p o u n d X was decomposed b y heat ing i n n i t r o g e n at 
185° C . for 2 hours . T h e s p e c t r u m of the p r o d u c t s of th is react ion showed s m a l l 
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amounts of c a r b o n diox ide , carbon monox ide , f o rmaldehyde , m e t h a n o l , p r o b a b l y 
n i t romethane , a n d m e t h y l n i t r i t e . T h e r e was no n i t rous oxide, n i t r i c oxide, n i t rogen d i 
oxide, n i t r o g e n pentox ide , n i t r o u s a c i d , n i t r i c a c i d , o r n i t r a t e ev ident . U n f o r t u n a t e l y , 
i t has no t been possible to d r a w m a n y conclusions f r o m these products , a l t h o u g h they 
do ind i ca te a g a i n t h a t n i t rogen is present i n the molecule . O n one occasion a 2 -drop 
sample of c o m p o u n d X exploded w i t h extreme violence, aga in showing th is compound ' s 
i n s t a b i l i t y . 

C o m p o u n d X dissolves i n water , p r o b a b l y h y d r o l y z i n g , to f o r m a s t rong ly a c i d 
so lu t i on w h i c h can act as e ither a n o x i d i z i n g agent or a r educ ing agent—i.e . , i t l iberates 
iodine f r o m po tass ium iodide so lut ion , a n d i t decolorizes po tass ium permanganate . T h e 
so lu t i on gives the b r o w n r i n g test for n i t r i t e a n d n i t r a t e . W h e n a few drops of c o m 
p o u n d X were m i x e d w i t h a few drops of water a n d the m i x t u r e was e v a p o r a t e d b a c k 
into the l o n g - p a t h ce l l , the s p e c t r u m showed t h a t n i t r i c a c id h a d been f o r m e d . 

A n i m p o r t a n t p r o p e r t y of c o m p o u n d X is i t s r a p i d p r o d u c t i o n of ozone w h e n 
p h o t o l y z e d i n oxygen. T h e o n l y other compounds f o u n d to produce ozone r e a d i l y o n 
photo lys i s are the n i t r i t e s . I n i t s ozone -produc ing propert ies , c o m p o u n d X behaves 
l i k e a n i t r i t e . 

T a k e n a l l together, evidence indicates t h a t c o m p o u n d X is a c o m p o u n d of one of 
these t y p e s : 

O O O O Ο 
1 1 I I I I I I I I 

R — C — N O R — C — O N O R — C — N 0 2 R — C — 0 N 0 2 R — C — O O N O 
(Ό (Π) (III) (IV) (V) 

F o r m u l a V , w h i c h cou ld be ca l led p e r o x y a c y l n i t r i t e , appears to be the most l i k e l y . 
S u c h a c o m p o u n d seems l i k e l y to have a l l the observed p h y s i c a l a n d chemica l propert ies 
of c o m p o u n d X , a n d a m e c h a n i s m for i ts f o r m a t i o n can easi ly be w r i t t e n as f o l l ows : 

A c y l rad i ca l s are prduced i n photo lys i s of d i a c e t y l , w h e n h y d r o g e n is abs t rac ted 
f r om a ldehyde , or w h e n a n oxvgen a t o m or a n ozone molecule reacts w i t h olef in. 

0 

T h e a c y l rad i ca l s a d d oxygen to g ive the p e r o x y a c y l r a d i c a l , R — C — 0 — 0 . T h i s 
reac t i on seems probab le because, a t the concentrat ions at w h i c h c o m p o u n d X is f o rmed , 
the a c y l r a d i c a l co l l ides w i t h oxygen several thousand t imes more f r equent ly t h a n w i t h 
a n y of the other possible reactants . T h e l i k e l i h o o d of the reac t ion is also i n d i c a t e d b y the 
fact t h a t the l o w temperature o x i d a t i o n of a ldehyde i n pure oxygen produces peroxyac ids . 

0 

T h e p e r o x y a c y l r a d i c a l adds n i t r i c oxide to produce R — C — 0 — 0 — N O . T h i s is 
consistent w i t h the fact t h a t n i t r i c oxide is i tsel f a free r a d i c a l w i t h a n u n p a i r e d e lectron 
a n d is c o m m o n l y used as a n i n h i b i t o r of free r a d i c a l react ions. 

W h a t e v e r the exact f o r m u l a of c o m p o u n d X , i t obv ious ly conta ins n i t rogen , a n d 
i t is l i k e l y t h a t i t is f o r m e d i n the react ion between a free r a d i c a l a n d n i t r i c oxide. 
I t appears to be the k e y to the unders tand ing of m a n y of the observed facts , as 
p o i n t e d out below. 

Mechan i sm of Ozone Formation 

T h e ident i f i ca t i on of c o m p o u n d X as a n a c y l n i t rogen c o m p o u n d fits i n w i t h ob 
served facts of ozone f o r m a t i o n i n n i t r o g e n d i ox ide -o rgan i c c o m p o u n d pho to chemica l 
react ions. A s u m m a r y of the m e c h a n i s m fol lows. 

F i r s t , photo lys i s i n the absence of organic m a t e r i a l is considered, based o n d a t a 
presented i n a prev ious paper (36). N i t r o g e n d iox ide is p h o t o l y z e d b y the u l t r a v i o l e t 
r a d i a t i o n present i n s u n l i g h t : 

N 0 2 -> N O + Ο 
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T h e oxygen a t o m so produced reacts w i t h a n oxygen molecule : 

Ο + 0 2 —» 0, 

I n the absence of a n organic m a t e r i a l th is ozone reacts q u i c k l y w i t h the n i t r i c oxide 
p r o d u c e d b y the photodissoc iat ion , 

N O + 0 3 - » N 0 2 + 0 2 

p r e v e n t i n g a c c u m u l a t i o n of a s ignif icant a m o u n t of ozone. These three react ions pred i c t 
t h a t equa l s teady-state concentrat ions of ozone a n d n i t r i c oxide w i l l be f o r m e d w h e n 
n i t rogen d iox ide i n oxygen is i r r a d i a t e d w i t h u l t r a v i o l e t r a d i a t i o n (assuming the s t e a d y -
state concentra t i on of a tomic oxygen is ins ign i f i cant ) . A c t u a l l y , the ozone f o r m e d 
under these c ircumstances is observed to d isappear u n d e r c ont inued i r r a d i a t i o n , a n d 
n i t r i c oxide appears to accumulate i n the system. T h i s is ascr ibed t o the occurrence 
of a s lower side reac t i on w h i c h e i ther produces n i t r i c oxide or consumes ozone. A 
good p o s s i b i l i t y is 

Ο + N 0 2 —> N O + 0 2 

I f some other reactant was i n t r o d u c e d into the sys tem to remove n i t r i c oxide i n 
c o m p e t i t i o n w i t h the o z o n e - n i t r i c oxide react ion , i t was p r e d i c t e d t h a t the ozone w o u l d 
accumulate . N i t r o g e n pentoxide was f o u n d to produce the p r e d i c t e d effect; photo lys i s 
of the n i t rogen d i o x i d e - n i t r o g e n p e n t o x i d e - o x y g e n sys tem y i e l d e d subs tant ia l quant i t ies 
of ozone. 

W h e n n i t rogen dioxide is p h o t o l y z e d i n the presence of a n organic substance ( i n 
oxygen ) , free radica ls ar i s ing d u r i n g the ox ida t i on of the organic m a t e r i a l are be l ieved 
to p l a y a p a r t s i m i l a r to the n i t r o g e n p e n t o x i d e — t h a t is , t h e y react w i t h the n i t r i c 
oxide to f o r m c o m p o u n d X , a l l owing ozone to accumulate i n the sys tem. T h i s m e c h a 
n i s m r e a d i l y accounts for the p a r a l l e l i s m between the rate of c o m p o u n d X f o r m a t i o n , 
the rate of ozone f o r m a t i o n , a n d the rate of n i t r o g e n dioxide d isappearance w h i c h was 
repor ted p r e v i o u s l y (36). T h e m e c h a n i s m also expla ins the fact t h a t photo lys i s of 
n i t rogen d i ox ide -o rgan i c c o m p o u n d - a i r m i x t u r e s sometimes produces ozone c o n c e n t r a 
t ions i n excess of the i n i t i a l n i t r o g e n dioxide concentrat i on . T h e reason for th i s is 
t h a t c o m p o u n d X is p h o t o l y z e d i n a i r to produce ozone (discussed b e l o w ) . I n th i s 
react ion n i t rogen dioxide is p r o b a b l y first f o rmed a n d is t h e n q u i c k l y p h o t o l y z e d , 
leading to ozone a n d p r o b a b l y to regenerat ion of c o m p o u n d X . 

T h e c h a i n o x i d a t i o n of the organic m a t e r i a l p r e s u m a b l y is i n i t i a t e d b y the 
a t t a c k of a n oxygen a t o m on a n organic molecule . T h e r e are a n u m b e r of ways each 
oxygen a t o m used i n th is i n i t i a l a t t a c k m a y lead to the f o r m a t i o n of m a n y free radica ls 
capable of react ing w i t h n i t r i c oxide. These are c h a i n b r a n c h i n g d u r i n g o x i d a t i o n ; 
photo lys is of intermediates f o rmed d u r i n g ox idat i on , such as a ldehydes ; a n d photo lys is 
of c o m p o u n d X itself . F o r th is reason on ly a f r a c t i o n of the oxygen atoms p r o d u c e d 
b y the photo lys is of n i t rogen dioxide are consumed i n i n i t i a t i o n react ions , wh i l e the 
m a j o r i t y react w i t h mo le cu lar oxygen to f o r m ozone. 

T h e observat ion made b y H a a g e n - S m i t a n d F o x a n d conf i rmed b y l o n g - p a t h cel l 
s t u d i e s — t h a t there is a n u p p e r l i m i t concentrat ion of n i t rogen d iox ide above w h i c h 
ozone is not p r o d u c e d w i t h i n a l i m i t e d i r r a d i a t i o n t i m e — i s r e a d i l y exp la ined . W i t h a 
h i g h i n i t i a l c oncentra t i on of n i t rogen dioxide , photo lys i s produces n i t r i c oxide m o r e 
r a p i d l y t h a n i t can be consumed b y free radica ls p r o d u c e d f r o m the organic m a t e r i a l . 
W i t h c ont inued i r r a d i a t i o n , the rate of f o r m a t i o n of n i t r i c oxide is s lowed d o w n be 
cause n i t r o g e n dioxide is depleted. T h e free radica ls t h e n s l o w l y consume n i t r i c oxide 
to f o r m c o m p o u n d X , e v e n t u a l l y reduc ing the n i t r i c oxide concentra t i on suff ic iently to 
a l l ow ozone to accumulate . T h i s de lay i n f o r m a t i o n of ozone was observed i n studies 
w i t h the l o n g - p a t h ce l l . I t was also observed t h a t the l i m i t i n g concentra t i on of n i t r o g e n 
d iox ide is reduced b y increas ing the i n i t i a l h y d r o c a r b o n concentrat i on . T h i s is ex
p l a i n e d b y the fact t h a t , w i t h greater h y d r o c a r b o n concentrat ion , c a p a c i t y to consume 
n i t r i c oxide b y the free r a d i c a l m e c h a n i s m is increased. 
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Photolysis of Compound X , Butyl Nitrite, and Diacetyl . A r e l a t i v e l y p u r e 
sample of c o m p o u n d X was p r e p a r e d f r o m d i a c e t y l a n d n i t rogen dioxide by means of 
the photo lys is a n d co ld t r a p co l lect ion technique described prev i ous ly . T h i s sample 
was then v a p o r i z e d back in to the l o n g - p a t h ce l l , m i x e d w i t h 1 a t m . of oxygen, a n d 
p h o t o l y z e d w i t h the A H - 6 arc . T h e exact p a r t i a l pressure of c o m p o u n d X c o u l d not 
be measured because of the presence of a n u n k n o w n percentage of water v a p o r . H o w 
ever, i f the c o m p o u n d X i n f r a r e d bands are comparab le i n s t rength to those of n i t r i tes 
a n d n i t ra tes , i ts p a r t i a l pressure was i n the p a r t per m i l l i o n range. Ozone was q u i c k l y 
f o rmed i n the photo lys i s . T h i s is shown i n F i g u r e 22. 

W h e n p h o t o l y z e d i n oxygen, η-butyl n i t r i t e was f ound to produce ozone read i l y . 
T h e rate of ozone p r o d u c t i o n a n d the a m o u n t of ozone produced were comparab le to 
the rate a n d a m o u n t observed i n the photo lys is of c o m p o u n d X . 

P u r e d i a c e t y l , d i b u t y r y l , a n d p y r u v i c a c i d have a l l been repor ted to produce ozone 
o n photo lys i s i n oxygen. F i r s t a t t e m p t s to v e r i f y th is result w i t h use of the l o n g - p a t h 
i n f r a r e d technique were f r u s t r a t e d b y appearance i n the s p e c t r u m of a b a n d of m e t h 
a n o l w h i c h m a s k e d the absorp t i on resu l t ing f r o m ozone. T h i s d i f f i cu l ty was over 
come b y the use of the fo l l owing t e c h n i q u e : 
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Figure 22. Ozone forma
tion from compound X 

T h e d i a c e t y l was p h o t o l y z e d , a n d the s p e c t r u m was recorded i n the ozone-
m e t h a n o l region (9 to 10 m i c r o n s ) . T h e ozone was removed b y the a d d i t i o n of a 
r e l a t i v e l y large a m o u n t of n i t rogen dioxide , a n d the s p e c t r u m was aga in recorded. 
T h e second s p e c t r u m was t h e n subtrac ted f r o m the first. 

T h e resu l t ing difference s p e c t r u m was a good ozone s p e c t r u m . T h r e e different 
concentrat ions of d i a c e t y l were used, each i n 1 a t m . of d r y oxygen. T h e y were 
p h o t o l y z e d 20 minutes w i t h the A H - 6 arc , a n d t h e n the spec t ra were recorded . 

T h e a m o u n t of water v a p o r present was f o u n d to have no i m p o r t a n t effect o n 
the a m o u n t of ozone p r o d u c e d . T h e d r y atmospheres i n w h i c h the d i a c e t y l was p h o 
t o l y z e d u n d o u b t e d l y conta ined traces of water v a p o r . 

A n a t t e m p t was made to detect ozone as a p r o d u c t of the photo lys is of 20 p . p . m . 
of p y r u v i c a c i d i n 1 a t m . of oxygen. N o n e was detected, t h o u g h a few tenths of 1 p . p . m . 
of ozone w o u l d have produced a n ident i f iable a b s o r p t i o n b a n d . 

T h e a m o u n t of ozone f o r m e d i n the photo lys is of d i a c e t y l is s m a l l c o m p a r e d to 
amounts f o rmed b y photo lys is f r o m c o m p o u n d X or η-butyl n i t r i t e . I t is also s m a l l 
c o m p a r e d to amounts f o r m e d i n reactions i n v o l v i n g organic compounds a n d n i t rogen 
d iox ide . T h e ozone f o r m a t i o n f r o m d i a c e t y l m u s t be the result of react ions i n v o l v i n g 
free radica ls a n d oxygen . P e r h a p s the photo lys i s of the n i t r o g e n - c o n t a i n i n g c o m p o u n d 
X or η-butyl n i t r i t e also produces ozone t h r o u g h a free r a d i c a l m e c h a n i s m , a n d the 
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X 3- METHYLHEPTANE 
A I-PENTENE 
ϋ 2-PENTENE 
ο METHYL ETHYL KETONE | 
I n-BUTYRALDEHYDE 
V n- BUTYRIC ACID 
• n- BUTYL ALCOHOL 

I 2 3 

IRRADIATION TIME (hr) 

igure 23. Ozone formation with vari
ous organics and nitrogen dioxide 

greater a m o u n t of ozone is f o rmed because of the greater r e a c t i v i t y of the rad ica ls . 
H o w e v e r , i t is be l ieved t h a t these compounds first y i e l d n i t r o g e n d iox ide , w h i c h t h e n is 
p h o t o l y z e d to y i e l d ozone. 

These results can be s u m m a r i z e d as follows : 

Ozone, as observed b y its i n f r a r e d absorp t i on b a n d , is f o r m e d i n the photo lys is of 
n i t r o g e n d iox ide a n d organic vapors ( F i g u r e 2 3 ) . 

A new a c y l n i t rogen c o m p o u n d is f o r m e d s imul taneous ly w i t h the ozone i n these 
same exper iments . M o r e o v e r , th is c o m p o u n d , t e n t a t i v e l y ident i f ied as p e r o x y a c y l 
n i t r i t e , also forms ozone u p o n i r r a d i a t i o n . 

I t was establ ished t h a t n i t rogen dioxide is consumed i n these reactions ( F i g u r e 2 4 ) . 
I t was establ ished t h a t the photo lys i s of n i t rogen dioxide alone i n oxygen produces 

a s teady-state concentra t i on of ozone ( F i g u r e 24 ) . 

X 3-METHYLHEPTANE 

5 

IRRADIATION TIME (hr.) 

Figure 24. Disappearance of nitrogen 
dioxide upon irradiation 

Pr imary Photochemical Processes 

T h i s sect ion is devoted to the results of some theoret i ca l studies on solar r a d i a t i o n , 
absorp t i on rates, a n d p r i m a r y pho to chemica l processes i n smog, u n d e r t a k e n b y 
L e i g h t o n (18). I n w o r k sponsored b y the A i r P o l l u t i o n F o u n d a t i o n , L e i g h t o n m a d e a 
c r i t i c a l analys is of the chemica l effects t h a t sunl ight a n d s k y r a d i a t i o n m a y have on 
smog f o r m a t i o n i n u r b a n atmospheres . T h e r a d i a n t energy ava i lab le for pho tochemica l 
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processes was es t imated b y t a k i n g i n t o cons iderat ion factors s u c h as a tmospher i c 
t ransmiss ions , p a t h lengths i n c o n t a m i n a t e d layers , s ca t ter ing b y p a r t i c u l a t e m a t t e r , 
a n d surface reflections. F r o m p u b l i s h e d a b s o r p t i o n spec tra , est imates were m a d e of 
the m a x i m u m rates of a b s o r p t i o n w h i c h cou ld occur under real ist ic a tmospher i c c o n d i 
t ions b y a l l of the k n o w n a n d probab le mo lecu lar species present i n p o l l u t e d a i r . Since 
o n l y absorbed r a d i a t i o n can be effective i n pho to chemica l processes, these est imat ions 
served to e l iminate some pos tu la ted reactions a n d to focus a t t e n t i o n o n others w h i c h , 
f o r tunate ly , are r e l a t i v e l y few i n n u m b e r . 

S o l a r R a d i a t i o n . O f a l l the factors w h i c h co l lec t ive ly determine the a m o u n t a n d 
spec t ra l d i s t r i b u t i o n of the r a d i a t i o n enter ing a surface l a y e r of the atmosphere , the 
best establ ished a p p e a r to be the spec t ra l i r r a d i a n c e outside the atmosphere a n d the 
a t t e n u a t i o n b y m o l e c u l a r scat ter ing . T h e a b s o r p t i o n coefficients of ozone are w e l l 
establ ished, b u t no easy m e t h o d exists for d e t e r m i n i n g the a m o u n t of ozone i n a 
v e r t i c a l prof i le of the atmosphere a t a g iven t i m e . T h e measurement of the p a r t i c u l a t e 
content of the atmosphere a n d i ts co r re la t i on w i t h a tmospher i c t ransmiss i on is a f ield 
i n w h i c h m u c h remains to be accompl i shed . S u r p r i s i n g l y few d a t a exist o n the 
spec t ra l d i s t r i b u t i o n of s k y r a d i a t i o n a n d i ts v a r i a t i o n w i t h solar e l evat ion a n d a t 
mospher i c condi t ions . T h e effect of clouds is of secondary i m p o r t a n c e , as intense smog 
general ly occurs u n d e r a clear s k y . 

W i t h i n the l a y e r uncerta int ies exist as to w h a t absorb ing species are present , w h a t 
a m o u n t of each is present, how the concentra t i on var ies w i t h he ight , a n d h o w the rate 
of a b s o r p t i o n is affected b y p a r t i c u l a t e di f fusion. 

Some of these factors are so v a r i a b l e a n d so dif f icult to determine t h a t one m a y 
expect at best o n l y a p p r o x i m a t e estimates of a b s o r p t i o n rates . F o r th is purpose the 
fo l l owing equat ion was deve loped : 

ka = Z o ^ - V x ( 4 ) 

where ka = fraction of absorbing substance receiving photons per unit time 

a\ = decadic absorption coefficient of substance under study 

7 - 1 = conversion factor 

J\ = function of the transmission coefficients involving scattering, absorption by 
standard components of the atmosphere, and the solar zenith angle 

Table II. Values of J\ 
(Given in photons c m . - 2 second - 1 100 A . - 1 ) 

λ ,Α . 0° 20° 
2900 1.2 X 10» 6 X 10i° 
3000 1.53 X 10" 1.23 X 10" 
3100 1.32 X 10" 1.21 X 10" 
3200 2.59 X 10" 2.39 X 10" 
3300 4.18 X 10" 4.00 X 10" 
3400 4.31 X 10" 4.14 X 10" 
3500 4.75 X 10" 4.56 X 10" 
3600 4.84 X 10" 4.67 X 10" 
3700 5.71 X 10" 5.53 X 10" 
3800 5.43 X 10" 5.26 X 10" 
3900 5.07 X 10" 4.93 X 10" 
4000 7.15 X 10" 6.95 X 10" 
4100 9.24 X 10" 8.99 X 10" 
4200 9.34 X 10" 9.10 X 10" 
4400 10.4 X 10" 10.1 X 10" 
4600 11.5 X 10" 11.3 X 10" 
4800 12.0 X 10" 11.8 X 10" 
5000 11.4 X 10" 11.2 X 10" 
5250 11.9 X 10" 11.7 X 10" 
5500 12.2 X 10" 12.0 X 10" 
5750 12.2 X 10" 12.0 X 10" 
6000 12.2 X 10" 12.0 X 10" 
6250 12.2 X 10" 12.0 X 10" 
6500 12.1 X 10" 11.9 X 10" 
6750 11.9 X 10" 11.7 X 10" 
7000 11.7 X 10" 11.6 X 10" 
7500 11.1 X 10" 11.0 X 10" 
8000 10.5 X 10" 10.4 X 10" 

40° 60° 80° 
5 X 10» 4 X 10· 
5.5 X 10» 6.0 X 10» 1.5 X 10» 
8.6 X 10" 3.4 X 10" 8.2 X 10» 
2.0 X 10" 1.2 X 10" 0.18 X 10» 
3.39 X 10" 2.21 X 10" 0.58 X 10» 
3.70 X 10" 2.43 X 10" 0.71 X 10» 
3.97 X 10" 2.74 X 10" 0.83 X 10» 
4.09 X 10" 2.89 X 10" 0.88 X 10» 
4.87 X 10" 3.48 X 10" 1.12 X 10» 
4.67 X 10" 3.38 X 10" 1.07 X 10» 
4.40 X 10" 3.24 X 10" 1.01 X 10» 
6.25 X 10" 4.67 X 10" 1.46 X 10» 
8.12 X 10" 6.12 X 10" 1.93 X 10» 
8.25 X 10" 6.29 X 10" 2.01 X 10» 
9.25 X 10" 7.22 X 10" 2.42 X 10» 

10.4 X 10" 8.26 X 10" 2.93 X 10» 
10.9 X 10" 8.84 X 10" 3.29 X 10» 
10.5 X 10" 8.54 X 10" 3.27 X ΙΟΙ* 
11.0 X 10" 9.11 X 10" 3.68 X 10» 
11.3 X 10" 9.42 X 10" 3.88 X 10» 
11.3 X 10" 9.48 X 10" 3.98 X 10» 
11.3 X 10" 9.57 X 10" 4.13 X 10» 
11.4 X 10" 9.82 X 10" 4.60 X 10» 
11.4 X 10" 9.96 X 10" 5.14 X 10» 
11.3 X 10" 10.0 X 10" 5.59 X 10» 
11.2 X 10" 10.0 X 10" 5.63 X 10» 
10.6 X 10" 9.57 X 10" 5.67 X 10» 
10.1 X 10" 9.18 X 10" 5.71 X 10» 
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T a b l e I I gives values of Jx for a n in te rmed ia te set of c o n d i t i o n s ; detai ls are i n 
L e i g h t o n ' s r epor t (18). T h i s equat i on uses the weak a b s o r p t i o n a p p r o x i m a t i o n ; i t 
neglects surface ref lect ion, a n d i t takes no account of the effects of di f fusion w i t h i n 
the absorb ing l a y e r . T h e weak a b s o r p t i o n a p p r o x i m a t i o n w i l l m a k e the ca l cu la ted 
rates too h i g h , a n d neglect ing the surface ref lect ion w i l l m a k e t h e m too l o w ; as a 
result these t w o errors p a r t i a l l y cancel each other . A n y account ing of i n t e r n a l di f fusion 
on a b s o r p t i o n rates w i l l depend on the d i r e c t i o n a l d i s t r i b u t i o n of the diffused r a d i a t i o n 
a n d on whether the rate near the surface on the average rate t h r o u g h o u t the l a y e r is 
the m o r e i m p o r t a n t . U n t i l m o r e is k n o w n of these factors , the effects of di f fusion 
w i t h i n the l a y e r m u s t be regarded as inde te rminate . 

Absorption Rates and Primary Photochemical Processes. L e i g h t o n developed 
a b s o r p t i o n rates for a large n u m b e r of smog components f r o m the above equat i on . 
I n each case, ka is expressed i n s e c o n d s - 1 a n d kaC i n p . p . h . m . h o u r - 1 for c o n c e n t r a 
t i o n (C) of 10 p .p .h .m . for each absorber , except i n the case of oxygen ( C 0 2 s 21%). 

A b s o r p t i o n rates a n d est imated u p p e r l i m i t s for the rates of p r i m a r y pho to chemica l 
processes i n u r b a n a i r are s u m m a r i z e d i n F i g u r e 25 a n d T a b l e I I I . A t other concen-

80· 

Figure 25. Comparison of absorp
tion rates 

Summary of absorption rates in p.p.h.m. 
hour - 1 as function of solar zenith angle, 
under radiation conditions of Table II. 
Rates are for absorber concentrations of 
10 p.p.h.m. except for oxygen, which is at 

0.2 atm. 
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Table III. Summary of Primary Photochemical Processes in Urban Air 

Absorber 
N0 2 , < 3850 A . 

Organic nitrites 

Diketones 
(glyoxal, biacetyl) 

Particulate metal oxides 
(10 7 ) 

O2 (0.2 atm.) 
Os, 4500 to 7000 A. 

O3, 2900 to 3500 A. 
Olefinic aldehydes 

(acrolein, crotonaldehyde) 
Aliphatic aldehydes 
N0 2 , A3850 A. 
H 2 0 2 

Aliphatic ketones 
Nitric acid 
Organic peroxides 
SO2 

Primary Photochemical Process 
N ( V -> NO + Ο 

R C H O + Η NO 
R C H 2 O N O ' ' 

\ 
RCH2O + NO 

R 2 CO + CO 

( R c o y ' 
\ 

2 R C O 
( R c o y + χ -+ ? 
0 2 + e -> 0 2 -
org. + (MO)+ + M O 
0 2 ' + Β -» ? 
0 3 ' —> 0 2 + Ο 
0 3 ' + Β -> ? 
C»' —> 0 2 + Ο 
R C H = C H C H O ' + 0 2 — < 
R C H O ' R + C H O 
Ν 0 2 ' + Β -> ? 
HaOj' 2ÔH 
R R C O ' —> R + R C O 
ΗΝΟ»' -> ÔH + Ν0 2 ? 
ROOR' RÔ + OR 
S0 2 ' + s o 2 S0 3 + so 

Estd. Upper Limit for 
Primary Photochemical 

Rate in Urban Air, 
P . P . H . M . Hour"** 

ζ = 20° ζ = 60° 
250 105 

70 40 

60 40 

30b 20b 

~10b ~10b 
9 7 

~10" 3 ~10~3 

4.5 1.5 

2 1 
0.5 to 1.8 0.2 to 0.7 

lb l b 

1 0.5 
0.4 0.15 
0.15 0.06 
0.1 0.02 

~10~ 4 b ~10~ 4 b 

a Absorber concentration (except metallic oxides and 02) 
b Highly uncertain, even as upper limits. 

10 p.p.h.m. Oxygen = 0.2 atm. 

trations the rates will be proportional to the concentration. The primary processes 
considered are only those resulting from absorption by the absorber indicated. 

Because of variations in both radiation conditions and absorber concentrations, 
the actual absorption rates in an urban atmosphere will be highly variable. For 
example, Figure 26 shows the effect of concentration changes on the absorption rate 
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of n i t r o g e n dioxide be low 3850 Α., a n d the u p p e r l i m i t of the a b s o r p t i o n rate of ozone 
(assuming the ox idant is a l l ozone) resu l t ing f r o m the observed concentrat ions of n i t r o 
gen d iox ide a n d ox idant a t P a s a d e n a , C a l i f . , o n Sept . 13, 1955 (8). I f the c o n c e n t r a 
t ions were constant , the absorp t i on rate curves i n F i g u r e 26 w o u l d be s y m m e t r i c a l w i t h 
the curve for Jx. T h e effects of shor t t e r m changes i n r a d i a t i o n condi t ions m a y be 
of the same m a g n i t u d e as those of concentrat i on changes, b u t u n t i l m o r e i n f o r m a t i o n 
is ava i lab le on m o n o c h r o m a t i c i r r a d i a n c e , p a r t i c u l a r l y diffuse i r r a d i a n c e , i t is no t 
possible to take s i m i l a r account of t h e m i n u r b a n a i r . 

T h e observed rates of increase i n ox idant concentra t i on o n the m o r n i n g s of smoggy 
days i n the L o s Angeles B a s i n are for the most p a r t between 1 a n d 15 p . p . h . m . h o u r - 1 , 
a l t h o u g h occasional v e r y sharp increases m a y r u n u p to 100 p .p .h .m. h o u r - 1 or more . 
These sudden sharp increases i n ox idant concentra t i on m a y be due to p h o t o c h e m i c a l 
react ions, or t h e y m a y be due to meteoro log ica l changes—e.g. , w i n d t r a j e c t o r y . F o r 
instance , the curve of ox idant concentra t i on i n F i g u r e 27 shows a n average rate of 

0400 0800 1200 1600 2000 
TIUE(PST) 

Figure 27. Comparison of rate of oxygen atom production with oxi
dant concentration on single day 

increase f r o m sunrise u n t i l 11 :00 A . M . of 2.8 p .p .h .m. h o u r - 1 , wh i l e between 11 :00 a n d 
11:45 A . M . the rate of increase is 36 p . p . h . m . h o u r - 1 . 

O n the composite average curve i n F i g u r e 28, the rate of increase i n ox idant c o n 
cent ra t i on f r o m 7 :00 to 11 :00 A . M . (Z = 80° to ζ = 4 4 ° ) averages about 2 p .p .h .m. 
h o u r - 1 . T h e average rate of increase i n ox idant concentrat i on a t 10 stat ions i n the 
L o s Angeles B a s i n (28) for the p e r i o d of A u g u s t t h r o u g h N o v e m b e r 1954 was 1.8 
p .p .h .m. h o u r - 1 at ζ — 60° , whi le the rate of increase o n the d a y of greatest ox idant 
va lue at each s ta t i on d u r i n g th is p e r i o d averaged 7.6 p .p .h .m. h o u r - 1 at ζ = 60° . 
A d d i t i o n a l w o r k a long these l ines is developed b y Rogers (33). 

R e f e r r i n g to T a b l e I I I , i t is seen t h a t at concentrat ions of the order of 10 p .p .h .m. 
the o n l y absorbers capable of i n i t i a t i n g p r i m a r y pho tochemica l processes at rates 
exceeding the observed average rates of increase i n ox idant concentra t i on are n i t rogen 
dioxide , organic n i t r i t e s , d iketones, a n d poss ib ly p a r t i c u l a t e meta l l i c oxides (at 10 γ ) 
a n d oxygen. N o sat i s fac tory evidence exists o n the concentrat i on of organic n i t r i t es 
a n d diketones, a n d i t is not yet k n o w n whether a b s o r p t i o n b y p a r t i c u l a t e meta l l i c 
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0400 0800 1200 1600 2000 
TIME(PST) 

Figure 28. Comparison of averaged rates of oxygen atom production and 
oxidant concentration 

oxides or b y oxygen w i l l l ead to a n y react ion i n u r b a n atmospheres . A b s o r p t i o n b y 
ozone w i l l be i m p o r t a n t o n l y i f i t leads to dissoc iat ion, a n d w i l l i n th i s case s i m p l y 
supp lement the rate of p r o d u c t i o n of oxygen atoms b y photod issoc iat ion of n i t r o g e n 
d iox ide . A b s o r p t i o n b y the aldehydes m a y cont r ibute to smog f o r m a t i o n , p a r t i c u l a r l y 
i n v i e w of the fact t h a t t h e y have been observed a t concentrat ions u p to 30 p . p . h . m . i n 
the atmosphere , b u t secondary c h a i n react ions w o u l d be r e q u i r e d for a ldehyde a b s o r p 
t i o n alone to l ead to ox idant f o r m a t i o n a t the observed rates , a n d there is no evidence 
t h a t such c h a i n react ions occur i n the atmosphere . T h e r e is no evidence t h a t h y d r o g e n 
perox ide exists i n concentrat ions sufficient to be a n i m p o r t a n t c o n t r i b u t o r . R e a c t i o n s 
i n i t i a t e d b y a b s o r p t i o n b y n i t r i c a c i d , organic peroxides , a n d su l fur d iox ide are p r o b a b l y 
too s low to c o n t r i b u t e s ign i f i cant ly to smog f o r m a t i o n . 

I t seems to be i m p o r t a n t to o b t a i n i n f o r m a t i o n on the f o l l owing p o i n t s : 

T h e concentrat ions of organic n i t r i t es a n d diketones i n u r b a n atmospheres . 
Poss ib le react ions f o l l owing a b s o r p t i o n b y m e t a l l i c oxides. 
Poss ib le react ions f o l l owing a b s o r p t i o n b y oxygen. 
Poss ib le reactions f o l l owing a b s o r p t i o n b y n i t rogen d iox ide i n the v is ib le reg ion . 
Reac t i ons f o l l owing a b s o r p t i o n b y aldehydes a n d ketones, i n c l u d i n g diketones , i n 

u r b a n a i r . 
T h e i m p o r t a n c e i n u r b a n atmospheres of absorbers such as n i t r o u s a c i d a n d organic 

compounds other t h a n those considered here. 

P e n d i n g th is i n f o r m a t i o n a n d cons iderat ion of secondary react ions, the foregoing 
analys is suppor t s the conc lus ion a l r e a d y reached b y other invest igators t h a t , a l t h o u g h 
other p r i m a r y processes u n d o u b t e d l y cont r ibute , the photod issoc iat ion of n i t rogen 
d iox ide i n t o n i t r i c oxide a n d oxygen atoms is of m a j o r i m p o r t a n c e i n smog f o r m a t i o n . 

T h e oxygen atoms resu l t ing f r o m a b s o r p t i o n b y n i t rogen d iox ide w i l l be s u p p l e 
m e n t e d b y those f r o m the photod issoc iat ion of ozone, a n d as these are the o n l y p r i m a r y 
processes k n o w n to produce oxygen atoms i n u r b a n a i r , the s u m of the a b s o r p t i o n 
rates of n i t r o g e n d iox ide a n d ozone sets a n u p p e r l i m i t to the rate of oxygen a t o m p r o 
d u c t i o n . I n F i g u r e 27 th is s u m is c o m p a r e d w i t h the observed ox idant concentrat ion 
on a single day , whi l e i n F i g u r e 28 the same c o m p a r i s o n is m a d e o n the basis of a c o m 
posite average of observat ions a t a n u m b e r of stat ions over a p e r i o d of one m o n t h . 
T h e peak i n rate of oxygen a t o m p r o d u c t i o n , a t 7 :30 A . M . i n F i g u r e 27 a n d at 10 :00 
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TiMe(PST) 

Figure 29. Comparison of solar irradiance with diurnal variations in oxidant con
centration 

A . M . i n F i g u r e 28, is due to the m o r n i n g peak i n n i t rogen dioxide concentrat i on . H o w 
ever, the t i m e d isp lacement of the averaged ox idant concentra t i on curve re la t ive to the 
rate curve i n F i g u r e 28 is not ent i re ly due to changes i n n i t rogen dioxide concentra t i on . 
T h i s is shown i n F i g u r e 29, where curves of the average ox idant concentrat i on versus 
t i m e over a 4 - m o n t h p e r i o d at each of five stat ions i n the L o s Angeles B a s i n (28) are 
c o m p a r e d w i t h a representat ive curve of J\. S ince Jx inc ludes a l l of the factors i n f l u 
enc ing a b s o r p t i o n rate w h i c h are d i r e c t l y dependent on solar z e n i t h angle, p lots of 
absorp t i on rate at constant absorber concentrat ions w i l l be s y m m e t r i c a l w i t h th is 
curve . 

T h e shape of the averaged o x i d a n t concentrat i on curves a n d t h e i r t i m e d isp lace 
m e n t re la t ive to the a b s o r p t i o n rate curves (F igures 28 a n d 29) ind i ca te t h a t the 
ox idant is p r o d u c e d b y a pho to chemica l process a n d cont inuous ly r e m o v e d b y a d a r k 
process. T h i s d a r k process m a y be e i ther chemica l or p h y s i c a l , or b o t h . I f th i s is the 
case, the observed rate of change i n ox idant concentra t i on is equa l to the difference 
between the rates of p r o d u c t i o n a n d r e m o v a l , a n d d u r i n g the m o r n i n g hours the a c t u a l 
rate of ox idant p r o d u c t i o n m a y be s u b s t a n t i a l l y greater t h a n the observed average 
rate of increase i n concentra t i on . I f t rue , th is w i l l impose a f u r t h e r l i m i t a t i o n on the 
n u m b e r of p r i m a r y pho to chemica l processes w h i c h m a y be of signif icance. 
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Ozone Absorption Coefficients in the 
Visible and Ultraviolet Regions 

EDWARD C. Y. INN 

U. S. Naval Radiological Defense Laboratory, San Francisco 24, Calif. 

YOSHIO TANAKA 

Geophysics Research Directorate, Air Force Cambridge Research Center, Air Research and Development 
Command, Bedford, Mass. 

A comparison is made of the ozone absorption co
efficients in the visible and ultraviolet regions meas
ured by the authors with those reported by Vigroux. 
The experimental methods are described, especially 
with regard to the nature of the absorbing gas, the 
method of measurement of absorption intensity, and 
the experimental arrangement. In general, the two 
sets of results agree reasonably well in the regions 
of the Hartley, Huggins, and Chappuis bands. In 
the Hartley band region the agreement is much better 
between the authors' results and Vigroux's than 
between those of Ny and Choong and either. The 
agreement between the authors' results and those of 
Vigroux in establishing a reliable and consistent set 
of ozone absorption coefficients is discussed. 

W h e n the authors ' results on absorp t i on coefficients of ozone i n the v is ib le a n d u l t r a 
v io let regions were p u b l i s h e d (1), a s i m i l a r set of results appeared i n the l i t e r a t u r e 
p u b l i s h e d b y V i g r o u x (3). P r i o r to th i s , the results of N y a n d C h o o n g (2) h a d been 
accepted as the best ava i lab le d a t a . T h e authors ' results have been adequate ly c o m 
p a r e d w i t h these. 

A u n i f o r m a n d consistent set of ozone a b s o r p t i o n coefficients is h i g h l y desirable , 
because these d a t a are i m p o r t a n t i n a tmospher i c prob lems a n d q u a n t i t a t i v e ozone 
technology. A compar i son of the authors ' results w i t h those of V i g r o u x should establ ish 
a more rel iable set of ozone absorp t i on coefficients. 

Exper imental Methods 

T h e schematic arrangement of the a p p a r a t u s used b y the authors for p r e p a r i n g 
a n d p u r i f y i n g ozone (4) is s h o w n i n F i g u r e 1. T h e gas pressure i n the ozonizer was 
k e p t be low 12 c m . of m e r c u r y to prevent oxygen f r o m condensing i n the l i q u i d n i t rogen 
t r a p a long w i t h the ozone. T h e ozone was pur i f i ed b y repeated f r a c t i o n a l d i s t i l l a t i o n i n 
the sample t r a p , shown on the r i g h t side of F i g u r e 1. T h u s , i n a l l measurements a lmost 
pure ozone was used . 

263 
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Figure 1. Schematic diagram of experimental arrange
ment for preparation and purification of ozone 

V i g r o u x used a m i x t u r e of ozone a n d oxygen, ozonized oxygen, w h i c h was p r e p a r e d 
i n a s i m i l a r w a y as the authors ' . Because no f u r t h e r p u r i f i c a t i o n was m a d e , the gas 
i n these measurements u s u a l l y consisted of a m i x t u r e of ozone a n d oxygen. 

T h e q u a r t z a b s o r p t i o n ce l l the authors used was 10 c m . l o n g . Because th i s ce l l 
was i n d irec t c o m m u n i c a t i o n w i t h the p u r i f i c a t i o n sys tem, the pur i f i ed ozone was 
v a p o r i z e d d i r e c t l y i n t o i t f r o m the sample t r a p . Pressure measurements were m a d e 
w i t h a su l fur i c a c i d manometer , b y a c a l i b r a t e d expans ion m e t h o d , or w i t h a m e r c u r y 
manometer , depend ing o n the pressure desired. F o r each p r e p a r a t i o n of p u r i f i e d c o n 
densed ozone, a n analys is was m a d e of the p u r i t y b y convent i ona l chemica l methods . 
F o r the severa l p r e p a r a t i o n s a n a l y z e d , the p u r i t y ranged f r o m 90 to 9 5 % w i t h a n 
average of 9 2 % . 

I n V i g r o u x ' s measurements , the ozone concentrat i on i n the ozonized oxygen was 
de termined b y c h e m i c a l methods , f r o m w h i c h the reduced pressure was ca l cu la ted for 
the p a t h lengths used . These measurements were c a r r i e d out for the spec t r a l reg ion 
f r o m 3100 to 3400 A . t o establ ish a q u a n t i t a t i v e re la t i onsh ip between reduced pressure 
a n d concentra t i on . I n subsequent a b s o r p t i o n coefficient measurements i n o ther spec
t r a l regions, the corresponding reduced pressure of ozone was de termined b y th i s r e 
l a t i o n s h i p . One a r m of a cross-shaped a b s o r p t i o n tube was a lways used to o b t a i n the 
a b s o r p t i o n s p e c t r u m i n th is reg ion—hence the reduced pressure for t h a t p a t h l e n g t h — 
a n d the o ther a r m was used for o ther spec t ra l regions of interest . T h e reduced pres 
sure corresponding t o the p a t h l e n g t h for the l a t t e r was ca l cu la ted f r o m the ra t i o of 
the a c t u a l lengths of the t w o a r m s . 

F o r a b s o r p t i o n measurements , the authors used a C a r y r e c o r d ing s p e c t r o p h o t o m 
eter i n w h i c h the absorbances were d i s p l a y e d d i r e c t l y o n a recorder c h a r t as the di f fer
ent s p e c t r a l regions were scanned. I n th is i n s t r u m e n t , the a b s o r p t i o n ce l l is located 
between the exit s l i t a n d p h o t o m u l t i p l i e r tube detector , thus m i n i m i z i n g a n y p h o t o 
chemica l effect d u r i n g the measurement . C o r r e c t i o n s were a p p l i e d to the recorded a b 
sorbances for a n y ozone decompos i t ion d u r i n g the t i m e of measurement . 

V i g r o u x used p h o t o g r a p h i c methods to o b t a i n the a b s o r p t i o n s p e c t r u m w i t h the 
m e d i u m H i l g e r spec t rograph . T h e a b s o r p t i o n i n t e n s i t y was obta ined b y convent i ona l 
methods of p h o t o g r a p h i c p h o t o m e t r y . I n p h o t o g r a p h i n g the s p e c t r u m , the absorp t i on 
cel l was p laced between the l i g h t source a n d sl i t of the spec t rograph , the absorb ing 
gas be ing essential ly exposed to the f u l l b e a m of the l ight source. 

T h e t w o exper imenta l methods have been described i n de ta i l (1, 3, 4)· 
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Compar i son of Results 

I t is convenient to discuss three regions of the a b s o r p t i o n s p e c t r u m , s e p a r a t e l y : 
the H a r t l e y b a n d f r o m 2000 to 3000 Α. , the H u g g i n s b a n d f r o m 3000 to 3500 Α. , a n d 
the C h a p p u i s b a n d f r o m 4000 t o 7500 A . T h e results of the ozone a b s o r p t i o n co
efficients measurements are d i s p l a y e d i n F i g u r e s 2, 3, a n d 4, respect ive ly . T h e a b 
s o r p t i o n coefficients measured b y the authors are t a b u l a t e d i n T a b l e I . 

Table I. Absorption Coefficients of Ozone 

In Hartley Band Region In Chappuis In Huggins Band Region 
Band Region 

Wave k, Wave k, Wave k, Wave k, Wave k, Wave k, 
length, cm. - 1 , 

base 10 
length, c m . - 1 , 

base 10 
length, c m . - 1 , 

base 10 
length, cm. 1 , 

base 10 
0.0007 
0.0014 

length, cm. *, 
base 10 
4.59 
3.71 

length, cm. 1 , 
base 10 
0.210 
0.171 

A. 
cm. - 1 , 
base 10 A 

c m . - 1 , 
base 10 A . 

c m . - 1 , 
base 10 A . 

4342 
4443 

cm. 1 , 
base 10 
0.0007 
0.0014 

A . 
3002 

13 

cm. *, 
base 10 
4.59 
3.71 

A. 
3249 

53 

cm. 1 , 
base 10 
0.210 
0.171 

2002 3.74 82 86.2 62 108 4543 0.0016 23 3.23 55 0.177 
12 3.70 92 90.1 69 102 4629 0.0037 34 2.83 69 0.096 
22 3.63 2400 93.7 75 103 4644 0.0037 44 2.50 72 0.117 
32 3.71 02 95.3 82 96.7 4685 0.0033 54 2.18 76 0.107 
42 3.83 12 98.9 2692 95.4 4746 0.0044 63 1.98 80 0.152 
52 4.02 22 103 95 94.6 4838 0.0089 75 1.66 95 0.061 
62 4.36 32 107 2702 89.1 4883 0.0077 86 1.53 3300 0.058 
72 4.85 38 111 12 84.3 4951 0.0093 96 1.24 04 0.088 
82 5.22 44 112 18 84.4 5055 0.017 3107 1.13 08 0.077 
92 5.82 52 116 22 79.9 70 0.018 11 1.09 12 0.102 

2102 6.39 58 118 32 75.4 5123 0.016 17 0.98 27 0.035 
12 7.18 63 118 42 68.6 60 0.018 28 0.85 33 0.047 
22 8.09 72 122 46 69.3 5265 0.024 30 0.80 39 0.070 
32 9.20 78 124 52 66.6 5344 0.031 34 0.84 54 0.023 
42 10.3 82 123 62 60.6 5371 0.031 38 0.76 58 0.022 
52 11.7 90 127 72 56.8 5397 0.031 46 0.62 65 0.033 
62 13.1 92 127 82 52.4 5476 0.035 48 0.64 67 0.032 
72 14.6 2500 130 92 48.4 5528 0.038 51 0.60 72 0.045 
82 16.5 08 127 2802 43.6 5581 0.040 55 0.64 86 0.017 
92 18.3 19 133 12 39.7 5685 0.049 59 0.59 92 0.016 

2202 21.0 27 130 22 36.4 5763 0.052 67 0.47 96 0.021 
12 23.0 39 134 30 35.2 89 0.051 70 0.49 98 0.019 
22 25.4 43 130 42 30.4 5841 0.048 72 0.47 3401 0.025 
32 28.4 53 135 52 27.5 5893 0.047 76 0.50 18 0.0092 
42 30.9 62 132 62 24.3 5945 0.048 79 0.45 21 0.011 
52 34.3 66 127 72 22.2 5997 0.054 90 0.33 25 0.0092 
62 37.6 71 131 82 19.3 6038 0.055 94 0.38 30 0.013 
72 40.9 75 130 92 17.4 6101 0.052 98 0.36 35 0.012 
82 44.8 79 128 2902 15.5 6205 0.045 3200 0.38 39 0.016 
92 48.9 87 133 12 13.5 6309 0.039 01 0.37 53 0.0079 

2302 52.8 97 126 22 12.3 6413 0.033 05 0.30 57 0.0094 
12 56.6 2604 128 32 10.7 6517 0.027 11 0.234 62 0.0080 
22 60.6 17 121 42 9.44 6622 0.023 15 0.223 68 0.0054 
32 64.8 24 123 52 8.33 6726 0.018 21 0.290 72 0.0071 
42 69.2 35 114 62 7.25 6832 0.014 24 0.253 83 0.0032 
52 73.6 43 118 72 6.32 6937 0.011 27 0.277 88 0.0030 
62 78.2 50 112 82 5.52 7042 0.0088 39 0.146 95 0.0047 
72 83.2 54 111 92 4.78 7146 

7250 
7353 
7456 
7560 

0.0072 
0.0057 
0.0046 
0.0046 
0.0038 

41 
45 

0.160 
0.154 

3507 
14 
24 

0.0032 
0.0047 
0.0030 

H a r t l e y B a n d . F o r the region f r o m 2000 to 3000 Α. , a p l o t of N y a n d Choong ' s 
results has been i n c l u d e d i n F i g u r e 2. I n general , there is f a i r l y good agreement be 
tween the results of V i g r o u x a n d the authors , espec ia l ly i n the reg ion of the wings of 
the b a n d . T h e results of N y a n d C h o o n g are cons is tent ly h igher , r a n g i n g f r o m a few 
to 2 0 % higher t h a n the authors ' a n d a lmost cons is tent ly about 2 0 % higher t h a n 
V i g r o u x ' s . Because N y a n d Choong ' s results are cons is tent ly too h i g h , t h e y are less 
acceptable . 

T h e discrepancies between the results of V i g r o u x a n d the authors l i e m o s t l y i n the 
region of the a b s o r p t i o n m a x i m u m . V i g r o u x ' s va lues are about 1 0 % lower t h a n the 
authors ' i n th i s region a n d the d i s crepancy appears to or ig inate at the po ints of i n 
flection of the b r o a d c o n t i n u u m at about 2350 a n d 2700 A . D i s r e g a r d i n g the discrete 
bands i n th i s region, the u n d e r l y i n g c o n t i n u u m m a y be examined . F o r example , i f the 
l a t t e r is t r a c e d s t a r t i n g f r o m the l o n g wave l e n g t h w i n g of the c o n t i n u u m , a n a b r u p t 
d isp lacement is no ted at about 2700 A . T h e r e is no evidence of a s i m i l a r d isp lacement 
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i n the shape of the c o n t i n u u m i n e i ther the authors ' or N y a n d Choong ' s results . S u c h 
d isp lacement is r a t h e r u n u s u a l i n a b s o r p t i o n c o n t i n u a , a l t h o u g h i t is observed where 
two or m o r e c o n t i n u a are superposed . T h e disp lacement m a y be exp la ined on the 
basis of r a p i d l y chang ing spec t ra l s ens i t i v i t y of the pho tograph i c emuls ion , because 
m o s t emuls ions , unless spec ia l ly sensit ized, exh ib i t such a character i s t i c a t about th i s 
w a v e l e n g t h . I f the shape of the c o n t i n u u m on V i g r o u x ' s c u r v e were d r a w n i n , there 
w o u l d be r e m a r k a b l y good agreement t h r o u g h o u t the spec t ra l reg ion between i t a n d 
the a u t h o r s ' curve , c e r t a i n l y w i t h i n e x p e r i m e n t a l e r ror . 

F o r the discrete bands i n this reg ion , the a b s o r p t i o n intensit ies are somewhat 
greater i n V i g r o u x ' s results t h a n i n the authors ' . T h i s is u n d o u b t e d l y due to the 
better d ispers ion a n d reso lut ion of his spec t rograph . H o w e v e r , the differences are 
s m a l l a n d do no t cause a serious d i screpancy . 

T h e results of the authors seem m o r e acceptable a n d are the best values i n th is 
region for the a b s o r p t i o n coefficient of ozone. 

H u g g i n s B a n d . F i g u r e 3 shows the a b s o r p t i o n coefficients i n the region f r o m 
3000 to 3500 A . A g a i n , there is good agreement between the results of the authors a n d 
V i g r o u x , espec ia l ly for the c o n t i n u u m u n d e r l y i n g the discrete bands . T h i s is r e m a r k 
able because the a b s o r p t i o n coefficient changes about 200- fo ld w i t h i n a spec t ra l region 
of 500 A . despite the d i s t inc t differences i n the e x p e r i m e n t a l methods . 

T h e r e are s igni f icant differences i n the intensit ies of the discrete bands l y i n g above 
the c o n t i n u u m . Because th is results f r o m spec t ra l reso lut ion a n d d ispers ion , V i g r o u x ' s 
results are more acceptable a n d represent the best values i n th is region. F u r t h e r m o r e , 
V i g r o u x ' s measurements (3) on the change i n absorp t i on coefficient w i t h t e m p e r a t u r e 
i n th is region are of great i m p o r t a n c e i n establ ishing a re l iable set of a b s o r p t i o n co
efficients app l i cab le to spectroscopic measurements of a tmospher i c ozone. 

C h a p p u i s B a n d . F i g u r e 4 shows the a b s o r p t i o n coefficients of ozone i n the 
region f r o m 4000 to 7500 A . A g a i n there is general agreement between the author s ' 
results a n d V i g r o u x ' s . T h e v e r y l o w a b s o r p t i o n coefficients i n this region made 
measurements especial ly di f f icult . A l t h o u g h the re la t ive differences between the 
authors ' results a n d V i g r o u x ' s seem large for ce r ta in regions i n the absorp t i on b a n d , 
the absolute differences are s m a l l . 

T h e r e is good agreement between the results for the l o n g wave l e n g t h w i n g of the 
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3000 3100 3200 3300 3400 3500 
WAVE LENGTH A. 

Figure 3. Absorption coefficients of ozone in region of the 
Huggins band, 3000 to 3500 A. 
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Figure 4. Absorption coefficients of ozone in region of 
Chappuis band, 4000 to 7500 A. 
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b a n d , except at the extreme l ong wave l e n g t h e n d , w h i c h is n o t too i m p o r t a n t . T h e r e 
is a m o r e s igni f icant difference at the m a x i m u m a n d the short w a v e l e n g t h w i n g , espe
c i a l l y for the o v e r l y i n g diffuse b u t discrete bands . Because of the broadness of the 
diffuse bands , reso lut ion a n d d ispers ion m a y n o t a p p r e c i a b l y be responsible f or the 
difference. T h e difference p r o b a b l y results f r o m the inherent diff iculties i n m e a s u r i n g 
a b s o r p t i o n for such a w e a k l y absorb ing b a n d . A s the results agree w i t h i n 1 0 % 
t h r o u g h o u t most of the region, i t is sufficient t o accept a n average of the t w o results 
unless a n a b s o r p t i o n coefficient w i t h a bet ter a c c u r a c y is r e q u i r e d . 

Conclus ion 

T h e sat i s fy ing agreement between the a u t h o r s ' results a n d V i g r o u x ' s for the a b 
s o r p t i o n coefficients of ozone i n the regions f r o m 2000 to 3500 A . a n d f r o m 4000 to 
7500 A . cons iderab ly strengthens the establ ishment of a consistent set of d a t a . T h i s 
agreement was obta ined despite the d i s t inc t differences i n the e x p e r i m e n t a l methods 
a n d thereby suppor ts the v a l i d i t y a n d accuracy of the repor ted d a t a . O n the basis 
of these consistent results , the a p p l i c a t i o n of re l iable s u p p o r t i n g a b s o r p t i o n coefficient 
d a t a to a n y ozone measurement w i l l place greater confidence o n the der ived q u a n t i t a 
t i ve results . 
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Measurement of Ozone in Terms 
of Its Optical Absorption 

RALPH STAIR 

National Bureau of Standards, Washington 25, D. C. 

The unique absorption spectrum of ozone provides 
an ideal physical basis for measuring its concentra
tion in the atmosphere even in the presence of 
significant quantities of other atmospheric pollutants, 
whether of gaseous or particulate character. Vari
ous types of optical equipment have been consid
ered, both for measurement of the total amount of 
ozone and for determination of its vertical distribu
tion and horizontal concentration. Natural sunlight 
furnishes a suitable and convenient light source for 
measuring the total amount and vertical distribution 
of ozone. Special sources having high radiant 
intensity within the spectral region of 2500 to 3600 
Α., where ozone has a high optical absorption, are 
desired for use in measuring the horizontal concen
tration of ozone. The light source, whether the sun 
or some special source such as a mercury arc lamp, 
may be employed with a simple filter radiometer 
or with a more or less elaborate prism or grating 
spectroradiometer as desired. In most of the recent 
work at the National Bureau of Standards a double, 
quartz prism spectroradiometer has been used at 
Washington, D. C., Climax, Colo., Los Angeles, Calif., 
and Sunspot, Ν. M., in ozone studies. 

Since about 1845 (44) there has been a n interest i n ozone a n d i n i ts measurement 
a n d i ts effect, e i ther d i r e c t l y or i n d i r e c t l y , u p o n l i fe a n d other ac t i v i t i e s . O f t e n 
there has been a difference of o p i n i o n regard ing i ts q u a n t i t y a n d effects u p o n l i fe 
processes. I n fact , there has o n occasion been a doubt as t o i t s existence. A t t imes 
i t has been c loaked w i t h un ique h e a l t h - g i v i n g propert ies w h i c h are inconsistent w i t h 
present i n f o r m a t i o n . 

A l t h o u g h a large n u m b e r of measurements have been m a d e , u s u a l l y b y some 
chemica l m e t h o d , m a n y of t h e m are t o d a y considered worthless because, i n m a n y 
cases, the chemica l processes i n v o l v e d are n o w k n o w n to have been affected b y other 
a tmospher i c components . I t is o n l y d u r i n g the past t w o or three decades t h a t 
accurate d a t a o n ozone have been ob ta ined t h r o u g h the use of i m p r o v e d methods of 
measurement . 

Because ozone is h i g h l y unstable a n d u s u a l l y exists i n b u t s m a l l quant i t i es near 
269 
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the earth 's surface re la t ive to i t s greater presence a t h igher a l t i tudes , some m e t h o d of 
p r o d u c t i o n at these h igher levels m u s t be pos tu la ted . T h e a c t i o n of short wave solar 
r a d i a t i o n is general ly h e l d as the p r i n c i p a l source of energy for the p r o d u c t i o n of 
ozone. T h e effects of cosmic r a y s , l i g h t n i n g , par t i c l e r a d i a t i o n f r o m the s u n , or 
opera t i on of p u r e l y chemica l react ions w i t h i n the atmosphere are t h o u g h t to be 
negl igible re la t ive to s h o r t - w a v e u l t r a v i o l e t i n the p r o d u c t i o n of ozone i n the u p p e r 
atmosphere . 

T h e p h o t o c h e m i c a l reac t ion w h i c h produces ozone f r o m the atmosphere requires 
r a d i a t i o n of wave lengths shorter t h a n about 2400 A . These rad iat ions are suff ic iently 
energetic to b r e a k the chemica l b o n d of the oxygen molecule a n d produce free oxygen 
atoms. T h e oxygen atoms can react w i t h the oxygen i n the atmosphere to produce 
ozone. 

T h e p r i n c i p a l mo lecu lar components of the atmosphere are oxygen, n i t rogen , c a r 
b o n d iox ide , argon , a n d w a t e r v a p o r . These m a y v a r y somewhat w i t h a l t i t u d e , b u t , 
except for water v a p o r , they extend to h i g h levels i n r o u g h l y the same re la t ive 
p r o p o r t i o n s as f o u n d near the earth 's surface. T h e y a n d the other m i n o r n o r m a l 
components of a c lean atmosphere are o p t i c a l l y h i g h l y t r a n s p a r e n t t h r o u g h o u t the 
v i s ib le a n d u l t r a v i o l e t s p e c t r u m d o w n to near 2000 A . W h e n r a d i a n t energy of 
wave lengths be low 2400 A . is absorbed, d issoc iat ion processes m a y be operat ive . 
T h e p r o d u c t i o n of ozone is the most n o t e w o r t h y of these processes, as the oxygen is 
b r o k e n u p a n d diffuses among the other components of the earth 's u p p e r atmosphere . 

A l t h o u g h comple te ly dissociated at the h igher levels, at somewhat lower levels 
not a l l the oxygen is dissociated a n d b y some m o r e or less u n k n o w n process r e c o m b i n a 
t i o n occurs , r esu l t ing i n a m i x t u r e of 0 3 , 0 2 , a n d Ov W h e t h e r three atoms of Οχ 
combine to f o r m 0 3 or a n O x combines w i t h a n 0 2 is no t k n o w n . P e n n d o r f (35) 
a n d B l a c e t (2) have suggested t h a t a three -body co l l i s ion i n v o l v i n g a foreign b o d y m a y 
p l a y a p a r t i n th is r e c o m b i n a t i o n . J u s t w h a t is the process or just h o w i t operates 
is no t c lear . T h e ozone's be ing h i g h l y opaque to the short wave l ength u l t r a v i o l e t 
ef fectively shields the gas at s t i l l l ower levels f r o m such r a d i a t i o n , so t h a t decompos i 
t i o n occurs (Jf). T h e end result is therefore a n e q u i l i b r i u m c o n d i t i o n i n the u p p e r 
a tmosphere between the p r o d u c t i o n a n d decompos i t ion of ozone b y sun l ight of the 
different wave lengths , w h i c h is exempl i f ied b y the b u i l d i n g u p of a m a x i m u m densi ty 
of ozone at a n in te rmed ia te l eve l . T h i s d i s t r i b u t i o n of ozone has been f o u n d b y 
different invest igators at var ious t imes a n d places to l ie u s u a l l y between about 10 a n d 
20 mi les h i g h (17, 24, 42, 50, 60). 

Methods of O z o n e Evaluat ion 

F i v e p r i n c i p a l methods of ozone e v a l u a t i o n have been e m p l o y e d b y different i n 
vest igators a t different t imes a n d places. These m a y be r o u g h l y classified w i t h some 
v a r i a t i o n s as f o l l ows : 

C h e m i c a l measurement of ozone i n terms of the release of iod ine i n a buffered 
p o t a s s i u m iodide so lut ion . Recent i m p r o v e m e n t s i n th is m e t h o d p e r m i t the cont inuous 
record ing of ozone concentrat i on i n te rms of c o l o r i m e t r y or potent iometer readings 
(13, 27). 

C o l o r measurement of ozone i n terms of o x i d a t i o n of p h e n o l p h t h a l i n ( C 2 0 H 1 6 O 4 ) 
to p h e n o l p h t h a l e i n ( C 2 0 H 1 4 O 4 ) . I n th is m e t h o d hydrogen peroxide is used to develop 
a s t a n d a r d curve (29, 34). 

P h y s i c a l measurement of ozone i n terms of the rate of c r a c k i n g of bent or s tretched 
rubber (3). 

M e a s u r e m e n t of ozone i n terms of the response of c e r ta in p l ants , especial ly for 
damage to u p p e r leaf surfaces (19, 54). 

O p t i c a l measurement of ozone i n terms of i t s u l t r a v i o l e t , l u m i n o u s , or i n f r a r e d 
a b s o r p t i o n . 
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T h e first f our methods for the measurement of ozone are not discussed here, 
except for n o t i n g t h a t each of t h e m is more or less q u a l i t a t i v e i n c o m p a r i s o n w i t h 
the o p t i c a l m e t h o d . T h i s is especial ly the case under condi t ions w h e r e i n the 
atmosphere contains a n u m b e r of other po l lu tants such as exist i n the L o s Angeles 
area . U n d e r condit ions of p o l l u t e d atmosphere , disagreement often results a m o n g 
scientific workers (28) as to w h a t const i tutes a ce r ta in ident i f i ca t ion a n d t r u e measure 
of ozone. H a a g e n - S m i t (18) ear ly conc luded f r o m results of chemica l a n d p h o t o 
chemica l exper iments t h a t the m a j o r p o r t i o n of the ox idant component of the L o s 
Angeles smog consisted of var ious organic peroxides ra ther t h a n ozone. Ozone p l a n t 
damage is o f ten c o m p l i c a t e d b y the presence of o ther a tmospher i c ox idants (19). 
F u r t h e r m o r e , ozone p l a n t damage occurs o n l y i n the presence of large a m o u n t s of 
ozone. C r a b t r e e a n d Biggs (5) f o u n d t h a t ce r ta in free radicals m a y produce rubber 
c r a c k i n g of a t y p e w h i c h cannot be d is t inguished f r o m t h a t resu l t ing f r o m exposure 
to h i g h concentrat ions of ozone. H e n c e , o n l y some o p t i c a l m e t h o d remains as a 
possible reasonable means for the accurate e v a l u a t i o n of ozone concentrat ions i n the 
atmosphere , especial ly w h e n the ozone is associated w i t h other p o l l u t a n t s or ox idants . 

Ozone i n gaseous f o r m i n w h i c h i t is n o r m a l l y encountered exhib i ts selective 
absorp t i on i n several regions of the s p e c t r u m . W i t h i n the H a r t l e y b a n d , centered 
at 2500 to 2600 A . i n the short wave u l t r a v i o l e t , the a b s o r p t i o n is most intense. 
N e x t comes the H u g g i n s b a n d w h i c h is centered at s l i gh t ly longer wave lengths a n d 
extends to about 3400 A . D a t a on the absorbance of ozone i n th is spec t ra l region 
as g i v e n b y T s i - Z e a n d S h i n - P i a w (57, 58) are reproduced i n F i g u r e 1 (49). These or 
s i m i l a r d a t a have been e m p l o y e d b y the var ious invest igators whose w o r k s are repor ted 
i n th is paper i n the i r d e t e r m i n a t i o n of the a m o u n t of ozone i n the atmosphere . [Recent 
d a t a , however , ind icate a p p r e c i a b l y lower ozone absorp t i on coefficients t h r o u g h o u t most 
of the u l t r a v i o l e t s p e c t r u m (21).1 

T w o ozone bands s i tuated near 9.5 mic rons i n the i n f r a r e d (1) show considerable 
absorp t i on , near 5 0 % for a single atmosphere , b u t are m a r k e d l y t e m p e r a t u r e a n d 
pressure sensit ive . T h i s p r o p e r t y is useful i n ce r ta in w o r k as w i l l be no ted below. 
F i n a l l y , ozone exhib i ts some a b s o r p t i o n i n the v i s ib le s p e c t r u m , i n p a r t i c u l a r w i t h i n 
the ye l low-orange region, resu l t ing i n g i v i n g the gas a l i g h t b lue color w h e n v i e w e d i n 
b u l k . T h i s absorp t i on is weak b u t m a y be used to supp lement or check exper imenta l 
w o r k w h i c h employs the u l t r a v i o l e t bands . 

T h e a b s o r p t i o n of ozone i n the v is ib le s p e c t r u m is especial ly useful a n d has been 
used i n a n a l y z i n g some of the S m i t h s o n i a n d a t a , w h i c h are extensive b u t do not extend 
to inc lude a n apprec iab le a m o u n t of the u l t r a v i o l e t region. W u l f (61) a n d others 
(14, 25) have made considerable use of these d a t a , deduc ing ozone concentrat ions 
w h i c h are i n f a i r l y good agreement w i t h those ob ta ined t h r o u g h the use of u l t r a 
v io let measurements . 

T h e h i g h o p t i c a l o p a c i t y of ozone w i t h i n the H a r t l e y a n d H u g g i n s bands , w i t h 
the a b s o r p t i o n centered at 2500 to 2600 A . a n d extending to about 3400 Α. , has 
furn i shed a unique poss ib i l i t y for i ts measurement i n terms of i ts re la t ive or absolute 
spec t ra l absorp t i on . Severa l o p t i c a l methods , each based u p o n th i s character i s t i c of 
ozone, have been set u p at the N a t i o n a l B u r e a u of S t a n d a r d s (46, 48-51)- These 
dealt w i t h the measurement of the t o t a l a m o u n t , v e r t i c a l d i s t r i b u t i o n , a n d l o ca l c o n 
c e n t r a t i o n of ozone b y three general methods . T h e first, e m p l o y e d i n the measure 
m e n t of t o t a l ozone, was based u p o n the re lat ive a b s o r p t i o n of the u l t r a v i o l e t solar 
r a d i a n t energy b y the t e r r e s t r i a l a tmosphere as the a i r mass changed d u r i n g the 
day . T h e second m e t h o d was e m p l o y e d i n the e v a l u a t i o n of the v e r t i c a l d i s t r i b u t i o n 
of the ozone a n d was based u p o n s i m i l a r solar r a d i a t i o n changes as the i n s t r u m e n t s 
were c a r r i e d aloft b y bal loons . T h e t h i r d m e t h o d h a d to do w i t h the measurement of 
ozone concentra t i on i n the lower atmosphere (at the earth 's surface) a n d was based 
u p o n the re la t ive spec t ra l o p t i c a l a b s o r p t i o n of a h o r i z o n t a l b e a m f r o m a n a r t i f i c i a l 
u l t r a v i o l e t source. 
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Total O z o n e 

T h e measurement of the t o t a l a m o u n t of ozone has received greatest a t t e n t i o n 
a n d m a y p r o b a b l y best be made b y means of a double , q u a r t z p r i s m spectrorad iometer 
or spectrophotometer . T h e detector m a y be a thermop i l e (36), photoe lectr ic ce l l (48, 
49, 52), or the pho tograph i c p late (11, 17, 20, 22, 32, 42). T h e t h e r m o p i l e has the 
advantage of m e a s u r i n g r a d i a n t energy of the dif ferent wave lengths d i r e c t l y i n absolute 
uni ts w h e n once c a l i b r a t e d . H o w e v e r , i ts l o w sens i t i v i ty rules against i ts use i n r a p i d 
w o r k i n the u l t r a v i o l e t s p e c t r u m where energy values are l ow. A d v a n t a g e s such as 
h i g h sens i t i v i ty , d i rect record ing , a n d freedom f r o m the deve lopment of p lates a n d 
the i r v a r i a t i o n i n sens i t i v i ty general ly rule i n f avor of photoe lectr ic detect ion . 

D a t a o n t o t a l ozone obta ined b y the N a t i o n a l B u r e a u of S t a n d a r d s at C l i m a x , 
Co l o . , a n d at Sunspot , Ν . M . (48, φ, 52) w i t h a double , q u a r t z p r i s m spectro 
rad iometer e m p l o y i n g a photoe lectr i c detector are i l l u s t r a t e d i n F i g u r e s 2, 3, a n d 4. 
S m a l l differences i n a tmospher i c s cat ter ing between the three sets of d a t a result 
f r o m differences i n a l t i t u d e of the t w o stat ions a n d f r o m clearness of the atmosphere 
at the t imes the measurements were i n progress. Close agreement between the ozone 
values is s igni f icant . T h e e q u i p m e n t e m p l o y e d i n these invest igat ions was designed 
p r i m a r i l y for the purpose of e v a l u a t i n g the spec t ra l d i s t r i b u t i o n of the r a d i a n t 
energy f r o m the s u n . S p e c t r a l energy d a t a ob ta ined at Sunspo t , Ν . M . , d u r i n g J u n e 
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Figure 2. Atmospheric transmittance at Climax, Colo, (altitude, 11,190 
feet), and determination of total ozone above observing station 

Mean of data for 4 dear days in September 1951 
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4 5 0 5 0 0 

Figure 3. Atmospheric transmittance at Sacramento Peak (Sunspot), 
Ν . M. (altitude, 9200 feet), and determination of total ozone above 

observing station 

Mean of data for 4 dear days in July 1953 
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300 310 320 330 340 360 380 400 450 500 
WAVE LENGTH, MILLIMICRONS 

Figure 4. Atmospheric transmittance at Sacramento Peak (Sunspot), 
Ν . M., and determination of total ozone above observing station 

Mean of data for 4 clear days in June 1955 

1955 are g iven i n F i g u r e 5. A photoe lectr ic detector was e m p l o y e d a n d , b y use of 
a synchronous electric m o t o r , wave l e n g t h d r i v e , a n d a s t r i p recorder , the observed 
d a t a were a u t o m a t i c a l l y p l o t t e d on a p a p e r char t . T h e i n s t r u m e n t was either 
p o i n t e d d i r e c t l y a t the sun (52) or else a d irect b e a m of l i g h t f r o m the sun was 
reflected onto the entrance s l i t b y means of a hel iostat (48, 53). T h i s arrangement 
p e r m i t t e d the i n t e g r a t i o n of the r a d i a t i o n f r o m the entire solar d isk whi le i t e l im in at ed 
a lmost comple te ly the scattered r a d i a t i o n f r o m the s k y . 

A b o u t 1930, D o b s o n (7) set u p a double , q u a r t z p r i s m i n s t r u m e n t , the D o b s o n 
ozone meter , for use i n m e a s u r i n g ozone o n l y b y i so lat ing two wave lengths i n the 
u l t r a v i o l e t solar s p e c t r u m ; f r o m the i r re la t ive intensit ies the absorp t i on caused b y 
ozone cou ld be de te rmined a n d , hence, i ts a m o u n t . A n y t w o wave lengths m a y be 
e m p l o y e d such t h a t one of t h e m lies we l l w i t h i n the ozone a b s o r p t i o n b a n d whi le the 
other is just outside, or a lmost outside, the b a n d . T h i s i n s t r u m e n t is l ikewise p h o t o 
electric so t h a t ozone measurements m a y be m a d e r a p i d l y . H o w e v e r , since the 
u l t r a v i o l e t solar s p e c t r u m is modi f i ed great ly b y thousands of F r a u n h o f e r l ines or 
bands a n d since the i r a p p a r e n t s t ruc ture is g rea t ly affected b y i n s t r u m e n t a l s l i t 
w i d t h , errors m a y be i n t r o d u c e d t h r o u g h s l i t w i d t h changes or wave l e n g t h shifts 
resu l t ing f r o m t e m p e r a t u r e changes w i t h i n the i n s t r u m e n t . I n th is respect the 
scanning of the complete s p e c t r u m a n d the use of m a n y wave lengths i n ozone e v a l u a 
t i o n is to be pre ferred . 

A n ear ly m e t h o d developed at the N a t i o n a l B u r e a u of S t a n d a r d s (45, 46> 51) a n d 
recent ly e m p l o y e d b y M i y a k e a n d K a w a m u r a (30) for the measurement of the t o t a l 
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300 350 400 450 500 
WAVE LENGTH, m μ. 

Figure 5. Spectral distribution of radiant energy from the sun at Sunspot, Ν . M. 

Mean for 4 clear days in June 1955 

a m o u n t of ozone, i n c o r p o r a t e d a single photo tube h a v i n g a s e n s i t i v i t y confined to the 
spec t ra l reg ion of wave lengths shorter t h a n about 3600 A . T h e photo tube was used 
i n c o n j u n c t i o n w i t h a s imple ampl i f i e r a n d groups of t w o to four glass filters h a v i n g 
effective t o t a l t ransmi t tances for sun l i ght of about 20 to 7 5 % . T h i s p e r m i t s the 
b r e a k i n g u p of the short wave solar s p e c t r u m i n such a w a y t h a t ozone changes 
are r e a d i l y eva luated i n terms of changes i n the observed filter t ransmi t tances . 

T h i s m e t h o d requires a knowledge of the re la t ive spec t ra l i n t e n s i t y of the u l t r a 
v io le t solar r a d i a n t energy outside the t e r r e s t r i a l a tmosphere w i t h i n the spec t ra l 
range of 3000 to about 3400 Α., i n a d d i t i o n to t r a n s m i t t a n c e d a t a o n the filters a n d 
re la t ive sp ec t r a l response d a t a for the photo tube . F u r t h e r m o r e , i t is assumed t h a t 
the solar r a d i a n t energy (outside the atmosphere ) remains constant d u r i n g the course 
of the ozone measurements . A s a n a l t e rnat ive , the i n s t r u m e n t m a y be c a l i b r a t e d b y 
compar i son w i t h another t y p e of ozone m e t e r — f o r example , a double , q u a r t z p r i s m 
spectroradiometer or a D o b s o n ozone meter . T h i s photoe lectr i c i n s t r u m e n t has the 
advantage of be ing s imple , l i g h t i n weight , l o w i n cost, a n d r a p i d i n operat i on . I t 
thus lends itsel f to use i n field w o r k i n the a c c u m u l a t i o n of extensive d a t a over wide 
areas or t i m e i n t e r v a l s . 

D a t a ob ta ined at Sunspot , Ν . M . , d u r i n g the s u m m e r of 1949 (45) w i t h the 
s imple photoe lectr i c - f i l ter i n s t r u m e n t are g iven i n F i g u r e s 6 a n d 7. S m a l l changes i n 
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-i 1 Γ τ 1 1 -

JUNE 1 2 - ο JUNE 18 - • JUNE 13- · JUNE 19 - ο 
JUNE 
JUNE 

14-x JUNE 20 - A JUNE 
JUNE 1 5 - A JUNE 
JUNE 1 6 - ο JUNE 2 2 -
JUNE Ι 7 - » JUNE 2 3 - Ψ 

1.2 1.3 1.4 

AIR MASS 

1.6 1.7 

Figure 6. Amount of ozone in stratosphere over Sacramento 

Peak, Ν . M. 

Data for several days in June 1949, based on observations with phototube 
(titanium No. 2) and filter ozone meter 
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Figure 7. Amount of total ozone above Sacramento Peak, Ν . M., as function 
of time of day 

Values obtained with two phototubes for selected clear days in June 1949 

the t o t a l a m o u n t of ozone are a p p a r e n t f r o m a n e x a m i n a t i o n of these charts . Some 
result f r o m uncorrec ted errors because of scat ter ing b y dust or c l ouds ; other changes 
are rea l . T h e larger changes f r o m d a y to d a y are i m p o r t a n t a n d i l l u s t r a t e the use
fulness of a n i n s t r u m e n t of th is t y p e i n c o n t i n u a l l y m o n i t o r i n g the a m o u n t of a t m o s 
pher ic ozone. 

T h e m e a n values for d a y - t o - d a y measurements m a d e at W a s h i n g t o n , D . C , over 
a p e r i o d of 9 years (47) are g i v e n i n F i g u r e 8. E a c h p l o t t e d p o i n t represents the 
m e a n va lue for a single d a y . Greates t weight was g iven to measurements m a d e near 
the noon hour , w h e n the sunl ight was observed t h r o u g h the least a tmosphere . S i m i l a r 
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APR. MAY JUNE ' JULY 

Figure 8. Seasonal variation of ozone at Washington, D. C. (altitude, 
300 feet), using phototube and filter ozone meters 

d a t a t a k e n b y F r i t z (15) at W a s h i n g t o n , D . C , us ing a D o b s o n ozone meter , over a 
p e r i o d of 25 m o n t h s are i n close agreement. H i s w o r k subs tant ia ted h i g h ozone 
values i n the s p r i n g w i t h m u c h lower values d u r i n g the late s u m m e r a n d f a l l . 

Ozone d a t a ob ta ined at h i g h la t i tudes b y T 0 n s b e r g a n d Olsen (56) at T r o m s o , 
N o r w a y , fo l low a s l i g h t l y different seasonal v a r i a t i o n b u t are l ikewise h i g h i n the 
e a r l y s p r i n g m o n t h s a n d l o w i n late s u m m e r a n d f a l l . M e a s u r e m e n t s made at 12 
E u r o p e a n stat ions a n d recent ly s u m m a r i z e d b y N o r m a n d (31) are i n general agree
m e n t w i t h those i l l u s t r a t e d i n F i g u r e 8. T h e d a t a t a k e n b y M i y a k e a n d K a w a m u r a 
(30) i n J a p a n w i t h a photo tube a n d ni ters are also s i m i l a r to those ob ta ined b y 
S t a i r (47) a n d b y F r i t z (15) at W a s h i n g t o n a n d b y L e j a y (26) i n F r a n c e . T h i s is 
to be expected, as the la t i tudes of the three stat ions differ b u t l i t t l e . 

Vert ica l Distribution of O z o n e 

I t was p o i n t e d out earl ier t h a t the n a t u r a l e q u i l i b r i u m cond i t i on for the p r o d u c 
t i o n a n d dissoc iat ion of ozone resul ted i n a n ozone m a x i m u m at some in termediate 
l eve l i n the u p p e r atmosphere . F r o m measurements at different t imes a n d b y 
different observers (6, 12, 16, 32, 33, 37, 39, 41, 42, 50) th is m a x i m u m has been f o u n d 
to v a r y i n height , th ickness , a n d i n general s t ruc ture , w i t h short a n d l ong per i od 
fluctuations poss ib ly associated w i t h weather condit ions a n d seasonal v a r i a t i o n s . O n 
occasion double m a x i m a m a y appear (41)· L i t t l e is ye t k n o w n , however , about 
specific re lat ionships between the ozone changes a n d meteoro log ica l condit ions except 
i n the instance of seasonal v a r i a t i o n s (6, 8, 10, 15, 26, 30, 4?) a n d ce r ta in large a i r 
mass movements (9, 56, 59). T h e r e is a great need for cont inuous observat ions of b o t h 
the t o t a l a n d the v e r t i c a l d i s t r i b u t i o n of ozone i n order to establ ish possible r e l a t i o n 
ships between ozone d i s t r i b u t i o n a n d concentra t i on a n d solar v a r i a t i o n , a tmospher i c 
c i r c u l a t i o n , a n d weather . 

T h e v e r t i c a l d i s t r i b u t i o n of ozone m a y be measured b y o p t i c a l means w i t h i n s t r u 
ments s i tuated p e r m a n e n t l y at the earth 's surface, a l though better b y the i r t r a n s p o r t 
t h r o u g h the ozone l ayer . Some of the ear ly measurements b y Goe tz et al. (16, 17) 
were b y the former m e t h o d — k n o w n as the U m k e h r effect. T h i s m e t h o d p e r m i t s the 
d e t e r m i n a t i o n of the ozone d i s t r i b u t i o n i n terms of the change i n the re lat ive scat ter ing 
of the u l t r a v i o l e t solar r a d i a t i o n (at two selected wave lengths) of the z e n i t h s k y as 
a f u n c t i o n of the zen i th angle of the sun . T h i s m e t h o d cont inues to be employed , 
a l t h o u g h i t does not p e r m i t as h i g h accuracy as the t r a n s p o r t methods . 

E a r l y w o r k at the N a t i o n a l B u r e a u of S t a n d a r d s (50) a n d at a n u m b e r of other 
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laborator ies (16, 37, J$) i n the s t u d y of the v e r t i c a l d i s t r i b u t i o n of ozone made use of 
bal loons, u s u a l l y u n m a n n e d , for c a r r y i n g r a d i o m e t r i c or pho tograph i c e q u i p m e n t 
t h r o u g h a p a r t or most of the ozone l a y e r . T h e N B S i n s t r u m e n t consisted of a 
photo tube a n d f i l t e r - type u l t r a v i o l e t meter (Ifi, 50, 51) w h i c h was combined w i t h a n 
audio f requency generator a n d rad io t r a n s m i t t e r . T h e rad io f requency wave was 
m o d u l a t e d b y the photo tube response to sunl ight as the i n s t r u m e n t was c a r r i e d u p 
w a r d t h r o u g h the atmosphere . T h e m a g n i t u d e of the response was p r o p o r t i o n a l to 
the so lar i n t e n s i t y t h r o u g h the several f i l ters . T h e a m o u n t of ozone above the 
i n s t r u m e n t a n d hence, i t s v e r t i c a l d i s t r i b u t i o n , was obta ined b y ca l cu la t i on f r o m the 

OZONE PER KM. 

Figure 9. Vertical distribution of ozone 
in stratosphere 

NBS curve is mean of June and July measure
ments obtained in 18 unmanned balloon flights 
using phototube and filter ozone meters. NGS 
measurements obtained with spectrograph in 
manned balloon. Regener measurements ob
tained with spectrograph in unmanned balloons 

observed changes i n the a p p a r e n t f i l ter t ransmi t tances . T h e m e a n of d a t a ob ta ined 
i n 18 b a l l o o n f l ights a t the N a t i o n a l B u r e a u of S t a n d a r d s e m p l o y i n g th i s m e t h o d 
(47, 50) is g iven i n F i g u r e 9 a long w i t h other d a t a b y other ear ly observers (32). 
T h e Regeners (37, 39, 1$) e m p l o y e d spectrographs i n s i m i l a r u n m a n n e d ba l l oon 
f l ights a n d e v a l u a t e d the ozone v e r t i c a l d i s t r i b u t i o n i n terms of spec t ra l change of 
the u l t r a v i o l e t so lar r a d i a t i o n a t specific wave lengths . R e c e n t d a t a ob ta ined b y 
V . H . Regener (38) i n u n m a n n e d ba l l oon f l ights over N e w M e x i c o i n 1950 are i l l u s 
t r a t e d i n F i g u r e 10. 

I n the Regener f l ights (38, 41) the e n t r a n t spec t rograph tube was d i rec ted d o w n 
w a r d onto a w h i t e m a g n e s i u m oxide surface w h i c h was d i r e c t l y i l l u m i n a t e d b y the 
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Figure 10. Vertical distribution of ozone (in
dicating double maxima) over New Mexico in 

1950 using spectrographs in unmanned 
balloons 

s u n . T h e exposure t i m e was 8 m i n u t e s , d u r i n g w h i c h three exposures were obta ined 
t h r o u g h a three-step filter consist ing of di f ferent absorbances of evapora ted 
p l a t i n u m on a q u a r t z p la te . T h u s , definite t r a n s m i t t a n c e rat ios between the three 
sets of spectra were e m p l o y e d i n the e v a l u a t i o n of the v e r t i c a l d i s t r i b u t i o n of the 
ozone. T h e i l l u s t r a t e d d a t a ( F i g u r e 10) show the poss ib i l i ty of double ozone m a x i m a 
on three of the four flights. H o w e v e r , a l t h o u g h i r regular i t i es exist i n some of the 
N B S a n d N R L curves , i n no case has a n y definite evidence of a double m a x i m u m 
appeared i n the i r d a t a . I t m a y be i n th is case t h a t e rrat i c observat ions have not 
been p r o p e r l y t a k e n in to account (23) ; however , P a e t z o l d (33) has repor ted definite 
double or t r i p l e ozone m a x i m a on numerous occasions. 

T h e w o r k of the N a t i o n a l G e o g r a p h i c Soc ie ty group (32) dif fered p r i m a r i l y 
i n t h a t a m a n n e d ba l l oon was e m p l o y e d so t h a t m o r e elaborate equ ipment c o u l d be 
used a n d more care fu l c ont ro l of the photograph i c processes a n d ca l ibrat ions c o u l d be 
establ ished. T h e results of th is flight differ f r o m t h a t of a l l the u n m a n n e d f l ights i n 
i n d i c a t i n g a v e r y sharp ozone m a x i m u m at a somewhat lower a l t i t u d e . Resu l t s 
f r o m f l ight to f l ight m a y differ because of differences i n i n s t r u m e n t a t i o n a n d technique 
or because of a c t u a l change i n atmospher i c condit ions . H e n c e , there exists a great 
need for rout ine exper iments w i t h stable equ ipment . 

T h e deve lopment of a un ique m e t h o d (12), o r i g i n a l l y descr ibed b y S t r o n g (55) 
i n 1941, whereby i t is possible to determine the m e a n height of the ozone l a y e r 
t h r o u g h measurements of the pressure-sensit ive i n f r a r e d a b s o r p t i o n of the ozone 
molecule a n d compar i son w i t h determinat ions of the t o t a l a m o u n t of ozone based 
u p o n u l t r a v i o l e t spectroscopic measurements has g iven added i m p e t u s to rout ine 
ozone v e r t i c a l d i s t r i b u t i o n determinat ions . T h i s m e t h o d p e r m i t s the e v a l u a t i o n of 
the a p p r o x i m a t e v e r t i c a l d i s t r i b u t i o n of the ozone solely f r o m the use of surface 
observat ions . P r e l i m i n a r y results (12) ind icate t h a t there is no s imple r e l a t i o n between 
the v e r t i c a l d i s t r i b u t i o n of ozone a n d the t o t a l a m o u n t present i n the atmosphere at 
a n y g i v e n t i m e . W h e n rout ine measurements are establ ished over a n e t w o r k of 
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stat ions b y th is (or a n y other sat i s fac tory ) m e t h o d , i t m a y be possible to establ ish 
some definite re la t i onsh ip between ozone d i s t r i b u t i o n a n d m o v e m e n t a n d other factors 
such as weather condit ions , a tmospher i c c i r c u l a t i o n , a n d solar v a r i a t i o n s . 

T h e use of rockets offers a un ique o p p o r t u n i t y for the penet ra t i on of the ent ire 
ozone l a y e r i n contrast to the p a r t i a l pene t ra t i on afforded b y bal loons . E x c e p t for 
the meager d a t a obta ined b y the U m k e h r effect (17, 56) a n d f r o m calculat ions based 
on the pressure-sensit ive i n f r a r e d absorp t i on of ozone (12, 55), no absolute d a t a o n 
the v e r t i c a l d i s t r i b u t i o n of ozone have been obta inable (before the use of rockets) to 
a l t i tudes above about 32 k m . L i t t l e credence c o u l d be g iven to d a t a ob ta ined b y 
ei ther the U m k e h r effect or to the i n f r a r e d m e t h o d f o r a l t i tudes above about 40 to 
50 k m . , as b o t h methods are ind i rec t a n d require apprec iab le o p t i c a l a b s o r p t i o n to 
p e r m i t p r a c t i c a l a p p l i c a t i o n . 

R o c k e t exper iments b y personnel of the N a v a l R e s e a r c h L a b o r a t o r y (22-24) have 
extended ozone observat ions to a l t i tudes u p to 70 k m . I n this w o r k V - 2 or Aerobee 

rockets were e m p l o y e d a n d a g r a t i n g s p e c t r o g r a p h # was c a r r i e d i n the head of the 
vehic le . S ide w indows p r o v i d e d w i t h a bead of l i t h i u m f luoride served to i l l u m i n a t e 
the spectrographs as the rockets r o t a t e d i n f l ight . O n the f irst f l ight exposure t imes 
of 3.6, 0.66, a n d 0.12 seconds were e m p l o y e d . O n la te r f l ights a single exposure t i m e of 
about 1 second was employed . C a l i b r a t i o n of the resu l t ing spec t ra p e r m i t t e d the 
e v a l u a t i o n of the re la t ive spec t ra l energy d i s t r i b u t i o n of the sun l ight a n d hence, of the 
a m o u n t of ozone i n the l i g h t p a t h above the i n s t r u m e n t i n a m a n n e r s i m i l a r to t h a t 
e m p l o y e d i n some of the ba l l oon f l ights . 

D a t a o n three successful f l ights b y N a v a l R e s e a r c h L a b o r a t o r y personnel are 
reproduced i n F i g u r e 11 (24). W h i l e d a t a ob ta ined b y a rocket spec t rograph i n th is 
m a n n e r cannot be considered h i g h l y accurate , the large v a r i a t i o n s i n the v e r t i c a l 
d i s t r i b u t i o n of ozone at h i g h a l t i tudes are i n d i c a t i v e of a c e r t a i n a m o u n t of a i r m o v e 
m e n t at these levels . I t appears t h a t a i r m o t i o n upsets the ozone e q u i l i b r i u m c o n 
d i t i ons b y the equiva lent of a l t i t u d e changes at t imes of as m u c h as 5 or 6 k m . 
F u r t h e r m o r e , i t has been establ ished b y these exper iments t h a t ozone extends u p to a n d 
sometimes above 70 k m . T h e m a x i m u m re la t ive concentrat i on of ozone has been 
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f o u n d to v a r y between about 25 a n d 30 k m . T h i s m a y be considered as the ozone 
e q u i l i b r i u m leve l . 

T h i s m a x i m u m re lat ive concentrat ion m u s t not be confused, however , w i t h the 
m a x i m u m of t o t a l ozone w h i c h u s u a l l y exists at a m u c h lower l e v e l — t h a t is , between 
about 20 a n d 25 k m . 

Surface Ozone 

T h e concentrat ion of ozone i n the surface atmosphere has been f o u n d to v a r y 
w i d e l y b o t h i n t i m e a n d l o cat i on . I t s presence o r d i n a r i l y has l i t t l e or no significance 
except i n ce r ta in local i t ies , as, for example , where r u b b e r goods m a y be s tored or 
e m p l o y e d or w h e n associated w i t h intense smog condit ions as exist i n the L o s Angeles 
bas in . I t s presence results f r o m a n u m b e r of causes, m o s t l y not yet w e l l unders tood . 
Some is p r o d u c e d b y discharges f r o m h i g h tension wires a n d other e lectr i ca l m a c h i n e r y , 
some b y l i g h t n i n g , a n d some diffuses or is c a r r i e d d o w n w a r d b y a i r currents . M o s t 
of the h i g h concentrat ions are f o u n d i n connect ion w i t h c o m b u s t i o n of hydrocarbons 
a n d are a p p a r e n t l y p r o d u c e d t h r o u g h chemica l a n d photochemica l processes not yet 
f u l l y establ ished (28). 

A s n o t e d p r e v i o u s l y , ozone is un ique i n h a v i n g a h i g h o p t i c a l o p a c i t y w i t h i n the 
H a r t l e y b a n d centered a r o u n d 2500 to 2600 A . T h i s furnishes a n idea l basis for the 
p h y s i c a l measurement of the surface concentrat i on of the ozone i n terms of i t s re la t ive 
spec t ra l a b s o r p t i o n at these w a v e lengths i n re la t i on to t h a t at longer wave lengths . 
S t a i r et al. (49) devised a f i l ter rad iometer for th i s purpose , where in the a m o u n t of 
ozone i n p a r t s per h u n d r e d m i l l i o n was d e t e r m i n e d as a f u n c t i o n of the rat ios of 
f i l ter t ransmi t tances of the r a d i a n t energy f r o m a m e r c u r y arc l a m p s i tuated at a 
distance of 1450 feet f r o m the detect ing device. T h e detect ing system consisted of 
a p h o t o m u l t i p l i e r tube a n d associated e q u i p m e n t . I n th i s arrangement the l i g h t 
b e a m is m o d u l a t e d so t h a t a l t e r n a t i n g current equ ipment m a y be e m p l o y e d t h r o u g h 
out . Some results ob ta ined w i t h th i s equ ipment on a n evening at W a s h i n g t o n , D . C , 
w h e n a s m a l l a m o u n t of ozone was i n t e r m i t t e n t l y present, are i l l u s t r a t e d i n F i g u r e 
12 (49). A l t h o u g h the p a r t i c u l a r e q u i p m e n t setup was a d a p t e d o n l y to n i g h t o p e r a 
t i o n , b y the use of u l t r a v i o l e t f i lters a n d of m e r c u r y arcs r i c h i n the emission l ines of 
2804 a n d 3655 Α. , d a y opera t i on s h o u l d be feasible. 

Regener (40) e m p l o y e d a spec ia l spec t rograph i n the measurement of ozone i n 
the presence of smog a t L o s Ange les , us ing a n intense h y d r o g e n arc as the l i g h t 
source. T h e l i g h t p a t h was 1000 feet. T h r e e w a v e lengths w i t h i n the spec t r a l range 
of 2665 to 2807 A . were e m p l o y e d i n the ozone e v a l u a t i o n . B y us ing a n eccentric 
r o t a t i n g d i s k as a shut ter , a g r a d u a l l y v a r y i n g exposure a long the s l i t l e n g t h was 
obta ined . F r o m the resu l t ing spec t ra a n u m b e r of ozone de terminat ions were made 
f r o m each p h o t o g r a p h . R e s u l t s i n agreement to w i t h i n 1 0 % of those ob ta ined w i t h 
the p o t a s s i u m iodide m e t h o d were repor ted . I n Regener 's w o r k i t was assumed t h a t 
the p r i n c i p a l selective a b s o r p t i o n w i t h i n th is p a r t of the u l t r a v i o l e t s p e c t r u m was due 
to ozone. S u c h a n a s s u m p t i o n appears reasonable i n the l i g h t of present i n f o r m a 
t i o n o n the re la t ive spec t ra l t ransmi t tances of k n o w n substances i n the atmosphere . 

R e c e n t l y the A i r P o l l u t i o n F o u n d a t i o n (43) set u p a spec t rorad iometr i c ozone 
meter (designed b y R . S. E s t e y ) w h i c h incorporates m a n y of the features a n d p r i n c i 
ples e m p l o y e d i n the i n s t r u m e n t s developed b y the N a t i o n a l B u r e a u of S t a n d a r d s (49) 
a n d b y Regener (40). T h i s meter employs a h i g h i n t e n s i t y m e r c u r y arc ( t ype C H 3 ) 
together w i t h a C o r n i n g 9863 f i l ter w h i c h confines the r a d i a n t energy p r i n c i p a l l y to 
the u l t r a v i o l e t s p e c t r u m . A s imp le spectroradiometer employs four 30° q u a r t z 
p r i s m s w i t h a 1P-28 p h o t o m u l t i p l i e r as a detector . T h e design of the electronics a n d 
s t r i p recorder fo l low closely to t h a t of the N B S i n s t r u m e n t except that a f requency of 
120 instead of 510 cycles per second is e m p l o y e d (the n a t u r a l m o d u l a t i o n of the 
l a m p as operated o n 60 cycles per second a l t e r n a t i n g c u r r e n t ) . I n this i n s t r u m e n t 
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8:00 8:30 9:00 9:30 10:00 

E S T . PM, WASHINGTON, D.C. 

10:30 

Figure 12. Variation in surface ozone on two evenings at Washington, 
D. C. 

Measurements made with mercury arc source and photomultiplier and filter ozone meter 
through 1450-foot distance (49) 

the a i r p a t h l e n g t h is 300 feet a n d the ozone content is ca l cu la ted i n t e rms of re la t ive 
a b s o r p t i o n at 2650, 2804, a n d 3132 A . T h e s p e c t r u m m a y be swept as desired, b u t 
i n the o r i g i n a l i n s t r u m e n t t w o sweeps, 1 m i n u t e a p a r t , were m a d e each 15 m i n u t e s . 
T h e N B S i n s t r u m e n t s i m i l a r l y swept t h r o u g h the different filter c ombinat i ons once 
each m i n u t e . 

A c o m p a c t photoe lectr i c i n s t r u m e n t (28) r e cent ly deve loped b y H . K r u g e r A s 
sociates of S a n G a b r i e l , C a l i f . , takes advantage of the h i g h o p a c i t y of ozone a t 2537 
A . t h r o u g h the use of a b e a m of r a d i a n t energy of t h a t wave l e n g t h . A l i g h t p a t h of 
o n l y 10 inches is e m p l o y e d . T h i s i n s t r u m e n t is essential ly a doub le -beam u l t r a v i o l e t 
filter pho tometer a n d has a n ex t reme ly h i g h s e n s i t i v i t y , fu l l -scale s e n s i t i v i t y be ing 
something less t h a n 100 p . p . h . m . of ozone. T h e electronic s e n s i t i v i t y of th is i n s t r u m e n t 
is p r o b a b l y too h i g h for p r a c t i c a l purposes . I m p r o v e d opera t i on c o u l d poss ib ly be 
h a d t h r o u g h increas ing the p a t h l e n g t h , t h e r e b y p e r m i t t i n g the use of less sensit ive 
e lectronic c i r cu i t s as w e l l as decreasing the effect of the s m a l l a m o u n t of ozone 
p r o d u c e d near the l a m p source. 

O p t i c a l methods of ozone d e t e r m i n a t i o n m a y be combined w i t h the chemica l 
t ypes i n one w a y or another . F o r example , L i t t m a n a n d M a r y n o w s k i (28) i m p r o v e d 
a n d mod i f i ed a m e t h o d earl ier e m p l o y e d b y P a n e t h a n d E d g a r (34) u s i n g a s i l i ca 
gel t o absorb the ozone gas f r o m the atmosphere . A f t e r w a r d the ozone was flushed 
in to a n o p t i c a l ce l l , where i ts concentra t i on was measured i n t e rms of i t s u l t r a v i o l e t 
a b s o r p t i o n as c o m p a r e d w i t h t h a t resu l t ing f r o m k n o w n concentrat ions of synthe t i c 
ozone-oxygen m i x t u r e s . 

I n conc lus ion , i t n o w appears t h a t the spec t rorad iometr i c methods of ozone 
e v a l u a t i o n have , c o n t r a r y to a n ear l ier a p p r a i s a l (34), become b o t h p r a c t i c a l a n d 
pre fe r red for use i n rout ine ozone measurements . 

A s th i s is a s u m m a r y paper cover ing some of the w o r k of m a n y invest igators , i t 
has n o t been possible to g ive a l l the detai ls i n a n y case. I n some cases i m p o r t a n t 
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work may have escaped notice. However, the list of references at the end of the 
paper should provide the reader with an opportunity to pursue further along any 
particular line of investigation. 
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The Mechanism of Ozone Formation 
in Electrical Discharges 

R. W. LUNT 

University College, London, England 

Many investigations have provided data on the de
pendence of the rate of ozone formation on the gross 
characteristics of the discharge, the current carried, 
and the energy absorbed, yet the nature of the reac
tion is imperfectly understood. Some of the simpler 
aspects of ozone formation are considered in relation 
to other phenomena, in order to outline the nature of 
the problems that arise in attempting to trace the iden
tity and extent of the reactions concerned. 

Two p r i n c i p a l requirements m u s t be satisfied i n order to i n t e r p r e t e x p e r i m e n t a l d a t a 
o n the synthesis of ozone i n gaseous discharges i n te rms of a de ta i led reac t ion m e c h a n 
i s m : d a t a on the absolute rate of reac t i on as a f u n c t i o n of the parameters t h a t describe 
t h a t state of a p a r t i a l l y i on ized gas w h i c h is ca l led a d i scharge ; a n d a n adequate 
q u a n t i t a t i v e t h e o r y p r e d i c t i n g the absolute rate of a n y one of the m a n y reactions b y 
w h i c h the synthesis of ozone m a y occur . 

A knowledge of the reac t ion m e c h a n i s m is i m p o r t a n t to b o t h science a n d t e c h 
n o l o g y : I t w o u l d b u i l d y e t another br idge between c h e m i s t r y a n d phys i cs , in p a r t i c u l a r 
between p h o t o c h e m i s t r y a n d the phys i cs of discharges a n d of the u p p e r a t m o s p h e r e ; 
a n d it w o u l d i l l u m i n a t e the chemica l engineering p r o b l e m of generat ing ozone o n a n 
i n d u s t r i a l scale m o r e economica l ly t h a n h i t h e r t o . 

T h e task of i d e n t i f y i n g w h i c h of the possible react ions c ont r ibute to the observed 
synthesis , a n d of deduc ing the i r re la t ive cont r ibut i ons to the observed rate of synthesis , 
is analogous to the task of i n t e r p r e t i n g the d a t a for the p h o t o c h e m i c a l synthesis of 
ozone. I t i s , however , m u c h more complex . 

T h e first step i n most p h o t o c h e m i c a l react ions invo lves a t r a n s i t i o n of h i g h p r o b 
a b i l i t y ( an o p t i c a l l y a l l owed t r a n s i t i o n ) f r o m the g r o u n d state to an e lec tronica l ly 
exc i ted state of a r eac tant species ; the exc i ted state e i ther in i t ia tes the observed c h e m 
i c a l change or spontaneous ly dissociates in to f ragments w h i c h i n i t i a t e those chemica l 
changes. 

A n y a l l owed t r a n s i t i o n effected b y photons can also be effected b y e lectron i m p a c t , 
the cross sect ion for the l a t t e r process pass ing t h r o u g h a m a x i m u m for a n e lectron 
energy u s u a l l y three to five t imes the v e r t i c a l exc i ta t i on energy. A l l o p t i c a l l y d isa l lowed 
t rans i t i ons , however , can also be effected b y e lectron i m p a c t ; a n d the m a x i m u m cross 
sect ion for the process often occurs for a n e lectron energy o n l y s l i g h t l y i n excess of the 
v e r t i c a l exc i ta t i on energy. 

I n most forms of gaseous discharge the electrons present have a d i s t r i b u t i o n i n 
energy, a n d consequent ly , i n general , a n d c e r t a i n l y i n molecu lar oxygen, the p r i m a r y 
generat ion of molecules i n e lec tronica l ly exc i ted states includes those states c o r r e s p o n d 
i n g not mere ly to a l l owed t rans i t i ons b u t also those associated w i t h d isa l lowed t r a n s i -
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t ions , for w h i c h l a t t e r the cross sections for exc i ta t i on b y p h o t o n a b s o r p t i o n are too 
s m a l l to be associated w i t h a r e a d i l y detectable rate of react ion . 

A n o t h e r m a j o r cons iderat ion is associated w i t h the c o m p l e x i t y of the p r o b l e m of 
i d e n t i f y i n g the reac t ion m e c h a n i s m i n discharges i n re la t i on to those for the same r e -
ac tant sys tem b u t i n i t i a t e d b y the a b s o r p t i o n of photons . T h e techniques for m e a s u r 
i n g the n u m b e r of photons absorbed b y a g iven mass of reactant gas are w e l l es tab 
l i shed . O n the other h a n d , those for d e r i v i n g i n a gaseous discharge the corresponding 
n u m b e r of e lectron i m p a c t s l ead ing to a p a r t i c u l a r p r o d u c t — f o r example , a p a r t i c u l a r 
e lec tronica l ly excited s ta te—are m u c h less w e l l developed. T h e techniques for meas 
u r i n g the concentrat i on of electrons, a n d t h e i r energy d i s t r i b u t i o n f u n c t i o n , are 
s t i l l somewhat cont rovers ia l (43) ; for mo lecu lar gases d a t a for the absolute m a g n i t u d e 
of the cross sections for electronic exc i ta t i on b y electrons r e m a i n a lmost nonexistent , 
except for some a l l owed t rans i t i ons t h a t result i n i o n i z a t i o n of the molecule (55). 

D i v e r s e approaches have been m a d e i n a t t e m p t i n g to describe the k inet i c s of d i s 
charge reac t i on . Some earl ier invest igators examined the s t a t i o n a r y state of a s y s t e m 
i n respect of the species recognizable chemica l l y , a n d u n d e r s t a n d a b l y a p p e a r to h a v e 
been inf luenced b y the c lassical analys is of a s y s t e m i n t h e r m o d y n a m i c e q u i l i b r i u m 
whi le f a i l i n g to recognize t h a t the f ina l state i n a cont inuous ly m a i n t a i n e d discharge is 
a s t a t i o n a r y state. 

W a r b u r g (76) was perhaps the f irst to recognize t h a t use fu l i n f o r m a t i o n c o u l d be 
ga ined b y s t u d y i n g the l i m i t i n g b e h a v i o r of a reactant sys tem reached w h e n the c o n 
cent ra t i on of the resul tants is inde f in i te ly decreased. A p p a r e n t l y in depen den t ly , a n d 
us ing a dif ferent k i n d of technique , K i r k b y w o r k i n g i n Townsend ' s l a b o r a t o r y (38) 
recognized the same advantage . A n d others, n o t a b l y B r e w e r (8) a n d F i n c h (27), 
p u r s u e d the p r o b l e m i n the same w a y b y e m p l o y i n g a technique t h a t m a i n t a i n e d a 
neg l ig ib ly s m a l l c oncentrat i on of resul tants . W a r b u r g , however , l i n k e d the d a t a for the 
rate of reac t ion i n ozone w i t h those for the s t a t i o n a r y state (81); a n d n e a r l y h a l f a 
c e n t u r y elapsed before a r e t u r n was made , b y D e v i n s (18), t o the analys is of the s t a 
t i o n a r y state . Y e t a l t h o u g h D e v i n s ' s a p p r o a c h seeks to l i n k the d a t a for ozonizer d i s 
charges i n oxygen w i t h those of the photochemists , he does not discuss h is a n a l y 
sis of the s t a t i o n a r y state i n a discharge i n re la t i on to the earl ier one of W a r b u r g (81 ) ; 
n o r does he compare the rate of ozone synthesis , e i ther per u n i t charge t r a n s p o r t e d b y , 
or per u n i t energy used to m a i n t a i n the discharge, w i t h the d a t a of other invest igators , 
a n d relate his analys is w i t h t h a t of D e e g a n a n d Emeléus (17). A n d u n t i l th i s t a s k of 
c r i t i c a l l y r ev i ewing a l l re levant d a t a is accepted, no coherent a n d c o n v i n c i n g p i c t u r e of 
the m e c h a n i s m of ozone synthesis i n discharges is l i k e l y to emerge. 

Exper imenta l Data on Kinetics of O z o n e Synthesis in Gaseous Discharges 

T h e k inet i c s of discharge reac t ion resemble those of p h o t o c h e m i s t r y i n t h a t the 
rate coefficient is re ferred to a p h y s i c a l character is t i c of the e n v i r o n m e n t other t h a n 
pressure a n d t e m p e r a t u r e . I n p h o t o c h e m i s t r y the re levant parameters have l ong been 
seen to be the dens i ty of the p h o t o n flux t r a v e r s i n g the reactants , a n d the extent of i ts 
a b s o r p t i o n . I n dea l ing w i t h discharge react ions somewhat analogous parameters have 
been used i n def ining a convenient reac t i on rate coefficient. T h e i n t e n s i t y of the elec
t r o n f lux t h r o u g h the gas, w h i c h is f a i r l y s i m p l y re lated to the dens i ty of the current 
c a r r i e d b y the gas, has a t t r a c t e d m a n y a n d the corresponding rate coefficient is often 
descr ibed as the " c u r r e n t eff iciency." Others have pre fe r red the energy s u p p l i e d per 
u n i t t i m e to m a i n t a i n the discharge, w h i c h , i f not measured c a l o r i m e t r i c a l l y , also r e 
quires a knowledge of the electric field m a i n t a i n i n g the flow of charged part i c l es . 

T h u s t w o var iet ies of rate coefficient have been extensive ly used . One is the 
n u m b e r of reac tant molecules c h e m i c a l l y changed (or a l t e r n a t i v e l y the n u m b e r of 
p r o d u c t molecules f ormed) per u n i t (e lectronic) charge t r a n s p o r t e d , β, w h i c h is 
f o r m a l l y , b u t no t p h y s i c a l l y , analogous to the e lectrochemical equ iva lent i n e lectrolysis . 
T h i s concept was ref ined b y K i r k b y i n t o the " a c t i v i t y " of a discharge, Ρ = άβ/dz, the 
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di f ferent ia l of the c u r r e n t efficiency w i t h respect to the distance, z, between the elec
trodes (or the n u m b e r of molecules c h e m i c a l l y changed per c m . of u n i t charge t r a n s p o r t ) . 
K i r k b y h a d adduced e x p e r i m e n t a l evidence t h a t the a c t i v i t y m a y v a r y w i t h pos i t i on 
i n a g i v e n discharge (39). T h e second coefficient, η, o f ten ca l led the "energy eff iciency," 
is the n u m b e r of reac tant molecules chemica l l y changed per u n i t energy s u p p l i e d to 
m a i n t a i n the discharge, a n d is of d i rec t relevance to the economics of a n y discharge 
reac t ion such as the convers ion of oxygen i n t o ozone. 

A l t e r n a t i v e l y these rate coefficients m a y be expressed i n te rms of the n u m b e r of 
molecules of final p r o d u c t , w h i c h is the procedure u s u a l l y adopted i n descr ib ing the 
synthesis of ozone ; i n th i s case the values d e r i v e d f r o m exper iment w h e n ad jus ted for 
the s to i ch iometr i c fac tor set l ower l i m i t s to the coefficients re ferred to reac tant m o l e 
cules. 

T h e re la t i on between the t w o e m p i r i c a l rate coefficients for discharge react ion , β 
a n d 77, c a n be t r a c e d i n te rms of the gas pressure, p, the electrode spac ing , z, a n d the 
corresponding p o t e n t i a l difference between the electrodes m a i n t a i n i n g the discharge. 

K i r k b y (38) was the first to show t h a t β m a y be a f u n c t i o n of pz, a n d i t is a p 
parent (39) t h a t the v a r i a t i o n of ζ a t constant pressure a n d current is m u c h more 
l i k e l y to l ead to d a t a amenable to i n t e r p r e t a t i o n t h a n studies of the dependence of β 
on ρ at constant electrode spac ing . L a t e r (40) he showed t h a t Ρ/ρ — (1/ρ)άβ/άζ is a 
reac t ion rate coefficient of a f o r m sui tab le for c ompar i son w i t h theory . 

T h e field, X, a t a n y p o i n t , z, i n the d i rec t i on of c u r r e n t f low, is g iven b y X = 
dV/dz, where V is the p o t e n t i a l a t the plane , z, re lat ive to a n electrode, convenient ly 
the cathode. T o w n s e n d h a d s h o w n t h a t P/p for the generat ion of ions b y e lectron 
i m p a c t is i n m a n y cases a f u n c t i o n of X/p (72, 73), a n d K i r k b y demonst ra ted t h a t this 
also holds for the synthesis of water f r o m e lec tro lyt i c gas (40). 

T h e second e m p i r i c a l rate coefficient, the energy efficiency, η, is the quot ient of the 
reduced a c t i v i t y , P/p, a n d the field-to-pressure ra t i o , X/p, b o t h quant i t ies re la t ing to 
some g i v e n p lane p e r p e n d i c u l a r to the d i r e c t i o n of c u r r e n t f l ow ; or η = (P/p)/(X/p) 
= P/X. I f a n y region of a discharge is u n i f o r m , P/p, η, a n d X/p are character is t i cs 
of the whole region. 

T h e f o l l owing considerat ions p r o v i d e a guide to w h a t m a y be expected for the 
u p p e r l i m i t to the va lue of η for ozone generat ion i n discharges a t t r i b u t a b l e to e lec t ron-
reactant col l isions w i t h o u t m a k i n g reference to the deta i led theory o u t l i n e d below. 
I f , i n accordance w i t h the pho tochemica l d a t a , the p r i m a r y step of the reac t ion m e c h 
a n i s m is the dissoc iat ion of the oxygen molecule , a n d i f th is step absorbs Ε e.v., i t f o l 
lows t h a t the energy absorbed per ozone molecule t h a t c o u l d be f o rmed is 0.5 Ε e.v. 
T h e h y p o t h e t i c a l l i m i t i n g case is t h a t a l l the e lec tron energy is absorbed i n th is w a y , 
a n d i t fo l lows t h a t the u p p e r l i m i t to η is 1 / (0 .5 E) ozone molecules per e lectron v o l t 
s u p p l i e d to m a i n t a i n the discharge. Spectroscopic d a t a show t h a t Ε m u s t exceed the 
dissoc iat ion energy of the g r o u n d state , 5.11 e.v., a n d p r o b a b l y lies close to the v e r t i c a l 
exc i ta t i on energy of the 3 2 ~ state , about 8 e.v. C o n s e q u e n t l y η cannot exceed 40 X 
1 0 ~ 2 ozone molecule per e lectron v o l t , a n d a probab le u p p e r l i m i t is 25 Χ 1 0 - 2 . B u t 
because other e lectron i m p a c t processes t h a t do no t c o n t r i b u t e to ozone f o r m a t i o n can 
occur s imul taneous ly , the m a x i m u m at ta inab le va lue of η m u s t be less t h a n the u p p e r 
l i m i t i n g va lue . 

A n i n d i c a t i o n of the f r a c t i o n of the energy s u p p l i e d to a low-pressure pos i t ive 
c o l u m n discharge w h i c h can be absorbed i n effecting a n y g r o u p of e lec tron-reactant c o l 
l is ions g i v i n g a " s i n g l e " p r o d u c t is afforded b y the data for the r a d i a t i o n e m i t t e d . F o r 
the r a d i a t i o n t r a n s m i t t e d b y glass a n d e m i t t e d f r o m h y d r o g e n or n i t rogen , A n g s t r o m 
f o u n d th is f r a c t i o n to be about 0.05 (1), not m u c h smal ler t h a n is a t t a i n e d i n m o d e r n 
i l l u m i n a t i o n prac t i ce (74) ; for a wide range of condit ions , a t constant pressure, the 
i n t e n s i t y of r a d i a t i o n per u n i t v o l u m e var ies l i n e a r l y w i t h the current , a n example of 
P/p for r a d i a t i o n be ing constant w h e n X/p is constant . F o r the processes t h a t l ead 
to the emission of 2537 A . r a d i a t i o n f r o m m e r c u r y , B a r n e s a n d T h a y e r have repor ted 
t h a t u p to 0.6 of the i n p u t energy m a y be accounted for i n t h a t w a y (4). 
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A p laus ib le est imate for m a x i m u m at ta inab le va lue of η for ozone f o r m a t i o n i n the 
pos i t ive c o l u m n i n oxygen is thus 20 X 10~ 2 molecule per e.v.; however , a h igher va lue 
m a y h o l d for other forms of the discharge, i n c l u d i n g t h a t real ized i n ozonizers. 

I n p r i n c i p l e these more elaborate def init ions of the e m p i r i c a l rate coefficients m i g h t 
be expected to s i m p l i f y a n y rev iew of the ex is t ing d a t a for the synthesis of ozone f r o m 
oxygen. B u t i n m a n y invest igat ions one or more of the re levant discharge parameters 
has been e i ther not measured or not recorded. A n d a l t h o u g h the ozonizer discharge 
has l ong been c o m m e r c i a l l y a t t r a c t i v e , i t has not been s t u d i e d m u c h i n re la t i on to 
w h a t appear to be the re levant parameters , n o r has i t s re la t i on to the w e l l - c h a r a c 
ter i zed co ld cathode g low discharge been the subject of m u c h inves t iga t i on . Y e t i t is 
these t w o forms of discharge for w h i c h the most extensive a n d rel iable e x p e r i m e n t a l 
d a t a o n ozone synthesis are ava i lab le . 

T h e i n f o r m a t i o n h i t h e r t o ava i lab le r e la t ing these two forms of discharge is meager. 
T h a t the co ld cathode g low discharge c a n be rea l ized i n mo le cu lar gases at pressures 
above about 5 m m . of m e r c u r y a n d u p to a tmospher i c pressure has l ong been k n o w n 
(24) ; b u t the current densities are v e r y m a n y orders of m a g n i t u d e larger t h a n i n 
ozonizer discharges at comparab le pressures. O n the other h a n d , i f the current dens i ty 
is reduced to the order of m a g n i t u d e character i s t i c of ozonizer discharges at a t m o s 
pher i c pressure, the n a t u r e of the discharge i n oxygen a n d i n other gases m a y be p r o 
f o u n d l y changed (18). Neverthe less there are ind i ca t i ons t h a t a n ozonizer discharge 
m a y be regarded to a first a p p r o x i m a t i o n as a p e r i o d i c a l l y reversed glow discharge of 
r e l a t i v e l y v e r y l o w c u r r e n t dens i ty (49,51), at least for l o w pressures. 

L u n t a n d M e e k (49) a n d la ter L u n t a n d S w i n d e l l (51) s tud ied ozonizer discharges 
i n n i t rogen , ρ = ca . 1 m m . H g a n d ζ — ca . 1 c m . ; the spectra of the l u m i n o u s zones 
closely resembled those of a glow discharge i n n i t rogen for the same pressure a n d for 
a current dens i ty of about 0.5 m a . c m . - 2 , about four orders of m a g n i t u d e greater t h a n 
i n the ozonizer discharge. 

D e v i n s (18) assumed t h a t the ozonizer discharges i n oxygen s tud ied b y h i m m a y 
be regarded as s i m i l a r to the more or less i dea l p l a s m a of the u n i f o r m pos i t ive c o l u m n 
of a glow discharge because, i n o ther exper iments , M a n l e y (52) f o u n d t h a t , a t a t m o s 
pher i c pressure, X/p is n e a r l y independent of the a l t e r n a t i n g p o t e n t i a l a p p l i e d to the 
electrodes. 

Some invest igat ions have been made on the r a d i a t i o n f r o m ozonizer a n d other d i s 
charges i n w h i c h ozone is generated f r o m oxygen. M o s t of these are q u a l i t a t i v e , i n the 
sense t h a t the n a t u r e of the r a d i a t i o n was not ident i f ied spectroscopica l ly a n d no de
te rminat i ons were m a d e of the i n t e n s i t y of r a d i a t i o n per u n i t c u r r e n t dens i ty , or per 
u n i t energy consumed i n m a i n t a i n i n g the discharge (63, 71, 77). O t h e r invest igat ions 
on ozonizer discharges i n n i t rogen ind i ca te t h a t there are no serious prob lems i n s t u d y 
i n g the n a t u r e a n d i n t e n s i t y of the r a d i a t i o n (35, 56). 

T h e c o m p l i c a t e d n a t u r e of the w a v e f o r m of the current flowing t h r o u g h a n 
ozonizer w h e n a (near ly ) s inuso idal a l t e r n a t i n g p o t e n t i a l is a p p l i e d across the electrodes 
appears to have been recognized first b y D e c o m b e (16) a n d b y E r l i c h a n d R u s s (20) 
l ong before W a r b u r g (79) made osc i l lographic studies . R u m m e l (64) describes studies 
of the wave f o r m of the t o t a l current c a r r i e d b y a n ozonizer , b u t does not a p p e a r to 
have discussed the f r a c t i o n of t h a t c u r r e n t w h i c h is c a r r i e d b y the p a r t l y i on i zed gas. 
T h e p a r t l y c onduc t ing gas is equiva lent e lec tr i ca l ly to a n impedance , Z , t h a t does no t 
c o n f o r m w i t h O h m ' s l a w a n d w h i c h shunts the capac i tance , C 2 , associated w i t h the d i s 
charge space. T h a t c o m b i n a t i o n of Ζ a n d C2 is i n series w i t h the capacitances 0Ί 

a n d C3 associated w i t h the inner a n d outer wal l s , respect ive ly . T h e p r o b l e m of 
measurement i n ozonizer discharges is thus to determine , f r o m measurements of the 
a p p l i e d p o t e n t i a l a n d t o t a l cur rent , or otherwise , the c u r r e n t c a r r i e d b y Za a n d the 
p o t e n t i a l across i t . 

I t is ev ident t h a t the t h e o r y of power a n d c u r r e n t measurement for a l t e r n a t i n g 
potent ia ls a p p l i e d to a l o a d consist ing of a n y c o m b i n a t i o n of p u r e capac i tance , i n d u c t 
ance, a n d (ohmic ) resistance cannot be a p p l i e d to a n ozonizer i n w h i c h discharges 
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occur . T h e fa i lure of m a n y invest igators to recognize th i s has caused m u c h confus ion , 
a n d has i n t r o d u c e d m a n y errors di f f icult to est imate i n t h e i r der ivat ions- of the current 
c a r r i e d b y Za f r o m measurements of the root m e a n square values of potent ia ls a n d 
currents . 

A re lated p r o b l e m arises i n the c h a r a c t e r i z a t i o n of the discharge currents o c c u r r i n g 
i n gas pockets i n the i n s u l a t i o n of h i g h vo l tage a l t e r n a t i n g c u r r e n t power t ransmiss i on 
cables, b u t the emphasis i n those invest igat ions is no longer o n the k inet i cs of chemica l 
change, i n th is case the degenerat ion of the d ie lectr i c . Cons iderab le a t t e n t i o n has been 
p a i d to the e lec tr i ca l c h a r a c t e r i z a t i o n of the discharge, a l t h o u g h the significance of 
these invest igat ions for ozonizer discharges has not been s tud ied . T h e r e is , however , a n 
extensive l i t e r a t u r e w i t h m a n y cross references (2, 8, 68, 61, 62, 70). 

W a r b u r g gave a t h e o r y of ozonizer discharges i n 1903 w h i c h appears never to have 
been reconsidered or re futed (78) ; h is analys is l e d to the ident i f i ca t i on of the m a x i m u m 
p o t e n t i a l across the electrodes, the f requency of reversa l , a n d the t o t a l flow of charge 
t r a n s p o r t e d b y the ion ized gas, as the re levant parameters . F o r a l t e r n a t i n g current 
operat i on th is means t h a t the re levant quant i t ies to measure are the peak vo l tage a n d 
the m e a n c u r r e n t ; such measurements were first c a r r i e d out b y G r a y i n 1904 w o r k i n g 
I n W a r b u r g ' s l a b o r a t o r y (30). G r a y used p e r i o d i c a l l y reversed steady potent ia ls ( d i 
rect c u r r e n t ) a n d measured the flow of charge per cycle b a l l i s t i c a l l y . M u c h la ter , 
W a r b u r g (79) appears to have la rge ly abandoned his 1903 theory , a n d , a l t h o u g h p r o 
v i d i n g exper imenta l evidence f r o m osc i l lograms t h a t the current i n a n ozonizer m a y be 
f a r f r o m s inuso ida l i n f o r m , used the rules for s inuso ida l currents to compute the m e a n 
c u r r e n t f r o m the r .m.s . va lue of the current . W h i l e the ra t i o of the m e a n va lue to the 
r .m.s . va lue of the current car r i ed b y a n ozonizer m a y r e m a i n n e a r l y constant over a 
wide range of electrode vo l tage (45), the absolute va lue of the m e a n current cannot be 
in f e r red w i t h c e r t a i n t y f r o m r .m.s . va lues . B u t even w h e n the ref inement of m e a s u r i n g 
the m e a n current as a f u n c t i o n of the peak vol tage is adopted , there remains the p r o b 
l e m w h i c h no one other t h a n W a r b u r g i n 1903 seems to have been interested to solve ; 
the d e t e r m i n a t i o n of the f r a c t i o n of the t o t a l measured m e a n c u r r e n t associated w i t h 
the t r a n s p o r t of charge b y the i on ized gas, as d is t inc t f r o m the f rac t i on associated 
w i t h die lectr ic d isp lacement . 

A n o t h e r g r o u p of compl i cat ions t h a t has a t t r a c t e d l i t t l e a t t e n t i o n relates to the 
diverse devices used to o b t a i n rate coefficients r e la t ing to oxygen (or a i r ) u n c o n -
t a m i n a t e d b y ozone. W a r b u r g adopted the m e t h o d of progress ive ly increas ing the 
v e l o c i t y of the gas t h r o u g h the discharge to der ive the l i m i t i n g va lue of β, w h i c h he 
also t r e a t e d a n a l y t i c a l l y , t a k i n g in to account the progressive increase i n the concent ra 
t i o n of ozone as the gas moves t h r o u g h the discharge. A n ingenious b u t e m p i r i c a l 
t r e a t m e n t of the values f or η was g iven la ter b y B e c k e r (6). 

B u t w h a t does not appear to have been s tud ied is the change i n the nature of the 
discharge as the v e l o c i t y of the gas t h r o u g h i t is v a r i e d , a n d the a d d i t i o n a l effects as 
sociated w i t h the progressive increase i n the concentrat ion of ozone i n the d i rec t i on of 
&ow. 

T h e choice of another g roup of invest igators has been to use s t a t i o n a r y gas, a n d to 
remove the ozone f o r m e d b y re f r igerat ing the wal l s of the discharge tube . I n e v i t a b l y 
there is t h e n a concentrat i on grad ient , a n d the analys is of t h a t v a r i a t i o n i n concentra 
t i o n has no t been a t t e m p t e d , a l t h o u g h Emeléus a n d B e c k (21, 50) have developed the 
f o r m a l t h e o r y of such di f fusion. I t m a y be t h a t w h e n l i q u i d a i r or n i t rogen is used as 
the re f r igerant the character is t i cs of the discharge are changed f r o m those a t r oom 
t e n i p e r a t u r e . A s B r o i d a a n d his colleagues have s h o w n recent ly (5, 11, 12, 37), i f 
l i q u i d h e l i u m is used as the re fr igerant , a new c h e m i s t r y of f rozen free radica ls appears . 
I n oxygen discharges, i n place of l i q u i d ozone or a so lu t i on of oxygen i n ozone, there is 
depos i ted o n the wal l s of the discharge tube a glassy so l id w h i c h evaporates to a v io le t 
s o l i d (5,11,12). 

T h u s b o t h e x p e r i m e n t a l methods give d a t a for the rate coefficients of ozone s y n -
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thesis t h a t relate to averages over i m p e r f e c t l y de te rm in ed ranges of condi t ions . A n d 
no one has ye t a t t e m p t e d to show h o w f a r these t w o methods a p p l i e d to the same 
f o r m of discharge l e a d to consistent d a t a . 

I n v i e w of a l l these uncerta int ies i t is the m o r e in teres t ing to enquire w h a t meas 
ure of consistency can be t r a c e d b y rev i ewing the m o r e s igni f icant invest igat ions i n 
oxygen. F o r o n l y w h e n t h a t is k n o w n is i t possible to consider w h a t phenomena m u s t 
be expl icable b y a n y t h e o r y of the m e c h a n i s m of ozone synthesis i n discharges. 
I d e a l l y , m a n y d a t a r e la t ing to ozone synthesis b y discharges i n m i x t u r e s of oxygen w i t h 
other gases, especial ly n i t rogen , w a t e r v a p o r , c a r b o n monox ide , c a r b o n diox ide , argon , 
h e l i u m , a n d neon (15) shou ld also be t a k e n in to account . 

O z o n i z e r I n v e s t i g a t i o n s i n O x y g e n . G r a y i n 1904 appears to have been the first 
to invest igate β for ozone f o r m a t i o n i n ozonizer d ischarges ; us ing p e r i o d i c a l l y reversed 
steady potent ia ls a n d oxygen a t a tmospher i c pressure, G r a y f o u n d β = 540 for a wide 
range of values of the charge t r a n s p o r t e d (30). L a t e r (31) he f o u n d t h a t β increased 
f r o m 280 to 450, corresponding to a progressive increase i n the electrode p o t e n t i a l . 
A restatement of G r a y ' s l a t e r d a t a i n t e rms of β, P/p, Xm, a n d η, is g i v e n i n T a b l e I . 
T h e values of Xm, the m e a n field across the gas space, are based o n the values f o u n d 
b y G r a y , us ing W a r b u r g ' s 1903 t h e o r y , for the e x t i n c t i o n vo l tage of the d i s charge ; 
these va lues of Xm m a y be less t h a n the t r u e va lues , a n d consequent ly l ead t o va lues 
of η w h i c h m a y be corresponding ly too h i g h . T h e d a t a show t h a t Xm/p increases 
o n l y s l i g h t l y as the p o t e n t i a l a p p l i e d to the electrodes is increased, b u t P/p a n d η i n 
crease b y a factor of about 1.5. These d a t a are p r o b a b l y the earliest establ ishing the 
a p p r o x i m a t e m a g n i t u d e of P/p a n d η for ozone synthesis i n ozonizer discharges f r o m 
p u r e l y e lec tr i ca l measurements . 

I n T a b l e I a n d the subsequent text β, Ρ, a n d η refer to the n u m b e r of ozone m o l e 
cules f o r m e d , a n d no t to the n u m b e r of reactant molecules changed, b y the discharge ; 
ρ is i n m i l l i m e t e r s of m e r c u r y ; ζ is the w i d t h of the gas space i n ozonizers, or the 
re levant p a r t of the intere lectrode distance , i n cent imeters ; V is the electrode p o t e n t i a l , 
i n v o l t s ; Xm a n d X are i n vo l t s c m . - 1 ; a n d Xm/p a n d X/p are i n vo l t s c m . - 1 

m m . H g - 1 . 

Table I. Restatement of the Data of G ray (31) 

V Xm/p β P/P 77 X 102 * 
7,960 35.4 280 5.8 16.4 
8,590 35.6 306 6.3 17.7 
9,220 36.6 318 6.6 18.1 
9,010 36.8 352 7.3 20.0 

10,400 37.7 368 7.6 20.2 
11,000 38.0 394 8.1 21.3 
11,700 39.3 416 8.6 21.9 
12,200 39.3 450 9.3 23.7 

a Conversion to practical units is given very closely by: 180 grams per kw.-hr. = 
10 Χ 10-"2 molecule per e.v. 

Invest igat ions at about the same t i m e b y P o h l (60) l e d to P/p va lues of about 1.6; 
b u t he measured the r .m.s . v a l u e of the ozonizer c u r r e n t , w h i c h m a y be cons iderably i n 
excess of the m e a n va lue , a n d th i s m a y e x p l a i n w h y his values of P/p are m u c h less 
t h a n those f o u n d b y G r a y . 

W a r b u r g , P o h l , a n d L i n d (Ιβ) were impressed b y the analogy between β a n d the 
e lectrochemical equ iva lent i n electrolysis , b u t o n l y K i r k b y a t th i s t i m e (39) seems to 
have perce ived t h a t the n u m e r i c a l va lues of β f or discharge reac t i on m a y be expected 
to be m u c h the larger because, as he c l ear ly d e m o n s t r a t e d for the synthesis of water 
f r o m e lec tro lyt i c gas, β increases as the electrode separat i on is increased, c u r r e n t a n d 
gas pressure be ing k e p t constant . A b o u t 20 years l a t e r W a r b u r g (82), a p p a r e n t l y 
unaware of K i r k b y ' s p ioneer w o r k , inves t iga ted the dependence of β for the synthesis of 
ozone o n the w i d t h of the discharge space z, a n d o n t h e pressure , i n concentr ic al l -g lass 
ozonizers us ing l o w frequency a l t e r n a t i n g potent ia l s t o excite the discharge. H i s 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
03

9

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



292 ADVANCES IN CHEMISTRY SERIES 

measurements were based on a modification of his 1903 theory by St. Sachs (65), and, 
although not free from uncertainties, attempted to derive values of the mean discharge 
current and the corresponding mean field across the gas space Xm from measurements 
of r.m.s. values. A restatement of his data in terms of P/p, Xm/p, and η, considered as 
functions of pz and jm, the mean current density, is given in Table II. The values of 

Table II. Restatement of the Data of Warburg and Rump (82) 

Frequency of electrode potential: 50 cycles per second 
jm = mean current density. μ&. per sq. cm. 
pz = mm. Hg X cm. 

Xm = apparent mean field strength, volts c m . - 1 

Ρ pz jm 
52 5.2 7.6 

101 10.1 7.4 
152 15.2 7.1 
198 19.8 6.9 

760 76 3.5 
5.0 
7.2 

760 1 4 2.7 
3.8 
5.1 
7.9 

24» 
53* 

760 117 3.8 
6.6 
7.2 

760 226 4.7 
8.0 

a Frequency of electrode potential: 500 cycles per second. 

P/P Xm/P η X 10« 
3.6 74 4.9 
3.8 51 7.4 
4.0 42 9.5 
4.0 39 10.1 

3.6 29 12.3 
4.0 29 13.7 
4.2 29 14 2 

3.8 32 12.2 
3.8 32 12.2 
4.2 32 13.5 
4.2 32 13.1 
3.1 — — 3.1 — — 
3.2 — 3.2 — — 3.3 — — 
3.8 17 22 
3.7 17 21 

P/p for atmospheric pressure in Table II are about half those found by Gray (Table 
I) ; the apparent discrepancy is probably attributable to erroneously large values of 
the mean current, which were derived from measurements of the r.m.s. values. Never
theless, the use of the parameter pz appears to coordinate the data relating to widely 
different conditions in terms of P/p. Warburg's choice of r.m.s. values for measure
ment of voltage probably also largely accounts for the differences between the values 
of η derived from his data and those of Gray as given in Table I ; nevertheless for 
atmospheric pressure the two sets of values of η are of about the same magnitude. 

O z o n i z e r P o w e r M e a s u r e m e n t . Warburg and Leithâuser (80) sought to measure 
the power consumed in the discharge by using the electrometer wattmeter method. 
Although in principle this method may be used when the current (and voltage) wave 
form is far from sinusoidal, these investigators did not recognize that large errors are 
likely to occur when, as in their procedure, the voltage applied to the electrometer 
needle is only a small fraction (ca. 0 .01) of the potential across the electrodes and is 
derived from a resistance shunting the ozonizer. Consequently their values for η 
(for high streaming velocities) ranging up to about 9 Χ 1 0 - 2 are suspect; they are 
somewhat smaller than the values that can be derived from Gray's data (Table I) and 
those of Warburg and Rump (Table II) for atmospheric pressure. 

Stark (68) appears to have been the first to prefer calorimetry to avoid the pitfalls 
of measuring the power consumed in the discharge by electrical methods. His data for 
low concentrations of ozone correspond to η = 7.85 Χ 10~~ 2 , irrespective of the fre
quency of the potential applied to the ozonizer electrodes in the range 50 to 1 0 4 cycles 
per second. 

A calorimetric method was also used by Susz (69), but was so tedious that he 
abandoned it for the three ammeter method without, however, citing data to compare 
the results of the two methods. The data he cites for ozone synthesis appear to relate 
to power measured by the latter method, which gives erroneous values for any load of 
variable impedance such as an ozonizer discharge; for the most part they relate to 
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r o o m t e m p e r a t u r e a n d atmospher i c pressure, a n d correspond to values of η l y i n g i n the 
range of 4 X 1 0 - 2 t o 10 X 1 0 ~ 2 , b u t one observat ion for a n ozonizer re fr igerated to 
—180° a n d for ρ = 200 gave η — 13.8 X 1 0 ~ 2 . L a t e r ca l o r imetr i c de terminat ions of 
the ozonizer power b y the G e n e v a school of B r i n e r (9) have g iven y ie lds corresponding 
to values of η of about 16 Χ 1 0 - 2 ; the t r u e values are p r o b a b l y h igher , because no 
al lowance appears to have been m a d e for losses b y leakage a n d i n the glass d ie lectr ic . 

These ca l o r imetr i c de terminat ions l ead ing to values of η p r o v i d e no useful d a t a 
about the discharge unless t h e y are c o m b i n e d w i t h measurements of the peak electrode 
voltage a n d the m e a n c u r r e n t ; consequent ly the d a t a for η cannot be re la ted to those 
for β a n d P/p p r o v i d e d b y G r a y , W a r b u r g , a n d D e v i n s . T h e technique is tedious a n d 
i t is m o r e convenient to use e i ther the electrostat ic w a t t m e t e r m e t h o d i n w h i c h the 
needle is operated a t the l ine vo l tage , or d irect e v a l u a t i o n of J VI dt b y the osc i l lo 
graph i c m e t h o d . T h e errors i n th is v a r i a n t of the electrometer m e t h o d w h e n used o n 
ozonizer discharges exc i ted b y a l t e r n a t i n g potent ia ls of frequencies f r o m 50 to 400 cycles 
per second is no t m o r e t h a n ± 2 % , a n d the errors i n the osc i l lographic m e t h o d m a y be 
comparab le (44)· 

T h e recent invest igat ions of D e v i n s (18) on ozonizer discharges i n oxygen are 
p a r t i c u l a r l y in teres t ing because a n a t t e m p t is made to l i n k the d a t a w i t h those for the 
kinet i cs of the photosynthes is of ozone. T h e m e a n current meter used to measure the 
ozonizer current was shunted b y a large capac i tance , so t h a t u n c e r t a i n errors are pres 
ent i n the measurements ; a n d no al lowance was made for the d isp lacement current . 
D a t a w h i c h are g i v e n i n d iagrams t h a t are dif f icult to scale accurate ly are c i ted to show 
t h a t the reac t ion rate is p r o p o r t i o n a l to the c u r r e n t at a g i v e n pressure, b u t a care fu l 
s c r u t i n y suggests t h a t the phenomena are m o r e c o m p l i c a t e d ; a restatement of the 
d a t a i n te rms of β, P/p, a n d η is g iven i n T a b l e I I I a f ter a l l o w i n g for the facts t h a t 

Table III. Restatement of the Data of Devins's Figures 1, 2, and 6 (7 8) 

Mm. 
dpoz/dt, I, j β Ρ P/p η Χ 102 Fig. 

Mm. Mm. Sec.-i Ma. 
β P/p 

No. 
69 0.368 0.3 3.0 51.5 257 3.73 18.7 1 

ICO 0.56 0.3 3.0 78.5 392 3.92 19.6 1 
200 1.08 0.30 3.0 151 755 3.78 18.9 1 
300 0.45 0.06 0.6 158 1580 5.27 26.4 6 
300 0.952 0.14 1.4 143 1430 4.77 23.8 6 
300 2.04 0.30 3.0 143 1430 4.77 23.8 6 
300 0.40 0.06 0.6 280 1400 4.67 23.4 2 
300 0.80 0.14 1.4 240 1200 4.00 20.0 2 
300 1.69 0.30 3.0 237 1185 3.98 19.9 2 
300 1.87 0.30 3.0 262 1310 4.28 21.4 1 
500 2.54 0.30 3.0 356 1780 3.56 17.8 1 

Av. 4.14 20.7 
dpoz/dt = initial rate derived by scaling graphs. 
/ = current, ma. 
jm = mean current density, /za. cm." 2 . 
Xm/p assumed to be 20 volt c m . - 1 mm. H g . - 1 . 

D e v i n s ' s F i g u r e 6 relates to 301 m m . of m e r c u r y a n d t h a t the scale f or dpoz/dt shou ld 
be doub led (19). D e v i n s ' s v i ew , however , is t h a t a l l h is e x p e r i m e n t a l d a t a for the 
i n i t i a l rate of reac t ion are consistent w i t h his F i g u r e 4, corresponding to w h i c h P/p — 
4.55 (19), the d e r i v a t i o n be ing g i v e n be low. 

Because D e v i n s cites no measurements of the electrode p o t e n t i a l or f requency , to 
der ive values of η f r o m his d a t a i t is necessary to est imate the va lue of Xm i n the d i s 
charge space for w h i c h ζ = 02 c m . 

R e c e n t d a t a for the electric s t rength of oxygen appear to be l a c k i n g . A t l o w 
pressures i t is o n l y s l i g h t l y greater t h a n t h a t of a i r (14, 23) a n d for a i r ( u n i f o r m field) 
i n the range of present interest , pz = 20 to 200 m m . H g X cm. , i t is g i v e n 
a p p r o x i m a t e l y b y Xb/p = 50 + l(fi/pz (66) ; a n d i t is probab le t h a t values of Xh/p 
c o m p u t e d i n th i s w a y are a n u p p e r l i m i t t o the values Xm/p i n D e v i n s ' s exper iments , 
because the vo l tage necessary to s t a r t a discharge is o f ten cons iderab ly greater t h a n to 
susta in i t . F r o m determinat ions for oxygen of the ra t i o of the ozonizer power to the 
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m e a n current i n ozonizers comparab le i n size to t h a t of D e v i n s , Xm/p is about 20 v o l t 
c m . - 1 m m . H g - 1 (46), a n d th i s va lue has therefore been used i n T a b l e I I I 
i n c on junc t i on w i t h D e v i n s ' s d a t a to der ive values of η = (P/p)/(Xm/p). 

D e v i n s ' s F i g u r e 4 corresponds to the r e l a t i o n 

dp„/dt = 0.65 Χ ΙΟ" 2 ρ 

where poz is the p a r t i a l pressure of ozone a n d ρ is the i n i t i a l oxygen pressure. F r o m 
the v o l u m e of the discharge space, 8.07 c m . 3 , a n d the t e m p e r a t u r e 298° K , i t fol lows 
t h a t , w h e n / = 0.31 m a . 

β = 1.40 Χ 102 (dp0Jdt) 

since ζ = 0.2 cm . , i t fol lows t h a t , i r respect ive of the current , 

P/p = 5 β/ρ = 4.55 

F o r Xm/p = 20, the correspond ing constant v a l u e for η is about 23 Χ 1 0 - 2 ; a l t e r 
n a t i v e l y , i f the d a t a for the electr ic s t r eng th are used, η rises f r o m about 3.8 X 1 0 _ 2 

to about 4.1 X 1 0 - 2 as the t o t a l pressure is increased f r o m 70 to 500 m m . of H g . F o r 
the same ozonizer i t was f o u n d la te r t h a t , at a tmospher i c pressure, the i n i t i a l rate of 
ozone f o r m a t i o n corresponds to a va lue η = 14.7 X 10~ 2 (19) ; th is w o u l d correspond 
to a va lue of Xm/p = 31, somewhat h igher t h a n has been assumed. 

D e v i n s ' s i n t e r p r e t a t i o n of his i n i t i a l reac t ion rates (dpoz/dt) is t h a t t h e y relate to 
a neg l i g ib ly s m a l l , or zero, c oncentra t i on of ozone. H i s va lue P/p = 4.55 i s , however , 
cons iderab ly l ower t h a n a n y f o u n d b y G r a y ( T a b l e I ) , a l t h o u g h the corresponding 
v a l u e η = 23 X 10~ 2 is close to the highest values f o u n d b y G r a y . T h e a p p a r e n t d i s 
c repancy i n the values for P/p obv ious ly cannot be a t t r i b u t a b l e to the fact t h a t D e v i n s 
measured o n l y p a r t of the t o t a l cur rent . U n t i l a l l such discrepancies i n the d a t a f o r 
ozonizer discharges are resolved, i t seems d o u b t f u l whether a n y deta i led i n t e r p r e t a t i o n 
can be a t t e m p t e d . 

Glow Discharge Investigations in Oxygen. I t is next of interest to consider d a t a 
for ozone synthesis i n d irect c u r r e n t g low discharges at l o w pressures, r e f r igera t i on of 
the discharge tube to —180° C . be ing used to ensure t h a t the p a r t i a l pressure of ozone 
was r e l a t i v e l y l o w . 

T h e d a t a of H e n r y (34) are the s implest to a n a l y z e : t h e y relate to i n i t i a l rates 
of ozone synthesis at ρ = 2.4 m m . H g a n d m a i n l y to pos i t ive c o l u m n react ion 
because the rate of synthesis i n the negative zones (cathode surface to F a r a d a y d a r k 
space -pos i t i ve c o l u m n b o u n d a r y ) was r e l a t i v e l y negl igible . T h e cross sect ion of the 
tube was about 0.8 c m . 2 , a n d hence the current dens i ty was about 1.25 / m a . c m . - 2 . 
J u d g e d b y the r o u g h ske t ch g iven , the pos i t ive c o l u m n was about 10 c m . l ong . 

H e n r y ' s d a t a are restated i n T a b l e I V i n t e rms of β, P/p, X/p, a n d η. T h e values 
of Ρ a n d X reflect the uncerta int ies i n the l e n g t h of the pos i t ive c o l u m n , b u t the values 
of η are unaffected. T h e va lue for VPC, the vo l tage a long the pos i t ive c o l u m n , has been 
t a k e n to be the t o t a l vo l tage d i m i n i s h e d b y the cathode f a l l , assumed to be 400 vo l t s . 
T h e va lue of ρ was t a k e n to be t h a t recorded, b u t P/p a n d X/p shou ld i n v o l v e values 
of the reduced pressure, t h a t equ iva lent to the gas d e n s i t y ; t h u s i f the average gas 
t e m p e r a t u r e were not m u c h greater t h a n t h a t of the re f r igerat ing l i q u i d a i r , the t r u e 
values of P/p a n d X/p w o u l d be smal ler t h a n those l i s ted i n T a b l e I V b y a factor 
of about 3. T h e power s u p p l i e d per u n i t l e n g t h of the pos i t ive c o l u m n Wa = XI m w . 
p e r cm. , increases progress ive ly a n d r a p i d l y . T h i s s t rong ly suggests t h a t i f for / = 0.1 
m a . the equ iva lent pressure s h o u l d be t a k e n to be about three t imes the a c t u a l pres 
sure, for / = 4.0 m a . w h e n Wa is about 13 t imes larger , the equiva lent pressure m a y be 
m u c h closer to the a c t u a l pressure because of the m u c h greater heat ing of the gas. 
A p laus ib le est imate is t h a t X/p fa l ls f r o m about 17 to about 10 as Wa increases f r o m 
120 t o 1600 m w . per c m . S u c h a t r e n d i n X/p w o u l d no t be inconsistent w i t h other 
d a t a (25) i n respect of the tube rad ius a n d the es t imated values of the reduced 
pressure . 
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Table IV. Restatement of the Data of Henry (34) 

Reaction assumed to occur only in positive column of estimated length ζ = 10 cm. 
I = total current, ma. 

pz = 24 mm. Hg X cm. 
Vpc = voltage across positive column assuming cathode fall to be 400 volts 
Wa = power supplied to positive column = XI mw. per cm. 

I β Ρ P/P VPC X Wa X/p 77 X 10« 
0.1 144 14.4 6.0» 1200 120 120 50» 12.0 
0.251» 70 7.0 2.9 1100 110 280 46 6.4 
0.50 82 8.2 3.4 800 80 400 33 10.3 
0.75 73 7.3 3.0 700 70 530 29 10.4 
1.0 69 6.9 2.9ο 600 60 600 25° 11.5 
2.0 63 6.3 2.6 500 50 1000 21 12.6 
3.0 44 4.4 1.8 450 45 1350 19 10.0 
4.0 40 4.0 1.7* 400 40 1600 l 7 d 10.0 

* Estimated corrected values after allowing for temperature not much above —180°: pz = 74, P/p = ca. 2.0, 
X/p = ca. 17. 

b Values of β, hence of P/p and η, are anomalously small, probably because of adventitious error. 
c Estimated corrected values after allowing for gas temperature of about —160° C : pz = 55, P/p — 1.25, 

X/p = 11. 
d Estimated corrected values after allowing for gas temperature of about —120° C : pz = 40, P/p = 1.0 

X/p = 10. 

I f some such ad jus tment were a d m i t t e d , i t is p laus ib le to in fer t h a t the corre 
spond ing t r e n d i n P/p is f r o m about 2.0 to 1.0; t h a t w o u l d be r o u g h l y consistent w i t h 
the r e l a t i v e l y s m a l l decrease observed i n η f r o m about 12 χ 1 0 - 2 to 10 Χ 1 0 - 2 . S u c h 
trends i n P/p a n d i n η w o u l d be expected i f the m e a n electron energy were to f a l l 
c o r responding ly w i t h X/p, as i t is k n o w n to do at m u c h l ower c u r r e n t densities (33). 

T h e d a t a w o u l d also t h e n be a p p a r e n t l y consistent i n te rms of X/p w i t h the some
w h a t h igher values of P/p a n d η i n T a b l e I I I a n d w i t h the es t imated va lue Xm/p — 20, 
for w h i c h i n other ozonizer discharges values of η about 11.5 X 10 - 2 were f o u n d for 
h i g h s t reaming velocit ies at r o o m t e m p e r a t u r e a n d atmospher i c pressure (47). 

T h e s l i g h t l y earl ier inves t i ga t i on of B r e w e r a n d W e s t h a v e r (8) relates to a glow 
discharge between m e t a l electrodes i n a tube 3.5 c m . i n d iameter a n d i m m e r s e d i n l i q u i d 
a i r for a distance of 13.5 c m . f r o m the anode ; f r o m the cross section of the tube , the 
m e a n current dens i ty is about 0.1 / m a . per sq . c m . N o synthesis was observed except 
i n the pos i t ive c o l u m n , a n d as i n H e n r y ' s exper iments , there are no d a t a for the effect 
of v a r y i n g the electrode spac ing at constant pressure. T h e d a t a f r o m B r e w e r and 
W e s t h a v e r ' s T a b l e I a n d others der ived f r o m the i r F i g u r e s 1 a n d 2 are restated i n te rms 
of P/p, X/p, a n d v i n T a b l e V . 

Table V. Restatement of the Data of Brewer and Westhaver (8) 

ζ = 13.5 cm., extension of refrigerated positive column. 
Wa = power input to the positive column = 10~3 XI watt c m . - 1 

J ,Ma. Ρ pz β Ρ P/P Vpc X X/P η X 102 Wa Ref. (5) 
20 0.5 6.75 6.0 4.45 8.9 215 15.9 31.8 2.8 0.32 Tab. 1 

2 1.0 13.5 62.9 4.66 4.66 750 55.5 55.5 8.4 0.11 Fig. 2 
15 1.0 13.5 33.8 2.50 2.50 400 29.7 29.7 8.4 0.45 Fig. 2 
20 1.0 13.5 20.2 1.50 1.50 315 23.4 23.4 6.4 0.47 Tab. 1 

55 3.5 47.3 23.6 1.76 0.50 540 40 11.4 6.4 0.20 Fig. 2 
20 3.5 47.3 20.3 1.50 0.43 Fig. 1 
50 3.5 47.3 4.9 0.36 0.10 230 16 4.57 2.1 0.80 Fig. 2 

20 5.0 67.5 19.9 1.48 0.30 350 25.9 5.18 5.7 0.52 Tab. 1 

20 9.0 122. 18.3 1.37 0.15 420 31.1 3.46 4.4 0.62 Tab. 1 

10 12.0 162 18.2 1.35 0.11 570 42.0 3.5 3.2 0.42 Fig. 2 
20 12.0 162 16.9 1.25 0.10 430 31.8 2.5 3.9 0.64 Fig. 1 
40 12.0 162 6.2 0.46 0.04 310 23.0 1.9 2.0 0.92 Fig. 2 

20 13 175 16.4 1.22 0.09 440 32.6 2.52 3.7 0.65 Tab. 1 

A s i n H e n r y ' s exper iments , there is considerable u n c e r t a i n t y about the m e a n t e m 
perature of the gas. T h e range of power i n p u t per cent imeter of pos i t ive c o l u m n over 
laps t h a t i n H e n r y ' s exper iments , b u t a l t h o u g h i t is d i s t r i b u t e d over a larger cross-
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sect ional area , the cool ing area per u n i t v o l u m e is smal ler . H e n c e i t is p laus ib le to 
assume t h a t the lowest a n d highest values of Wa i n T a b l e V are associated w i t h average 
gas temperatures not great ly different f r o m the lowest a n d highest , respect ive ly , e s t i 
m a t e d for H e n r y ' s exper iments (see footnotes to T a b l e I V ) . W h i l e the values of η 
r e m a i n unchanged , these rough estimates w o u l d change the highest va lue of X/p to 
about 18.5, a n d the associated va lue of P/p to about 1.55; a n d they w o u l d change the 
corresponding d a t a associated w i t h the highest values of Wa to P/p = 0.06 for X/p = 
2.7 (/ = 50) a n d to P/p = 0.025 for X/p = 1.2 (/ = 40 ) . 

A l t h o u g h no great rel iance can be p laced on these ad justed values , some ad jus tment 
i n the sense made is i n e v i t a b l y r equ i red . T h e p r i n c i p a l conclusions t h a t emerge f r o m 
these ad justed values are the f o l l owing . 

F i r s t , the va lue η = 8Αχ 1 0 ~ 2 for X/p = 18.5 lies close to the va lues der ived 
f r o m other invest igat ions ; a n d as th is va lue relates to a gas i n w h i c h ozone ( v a p o r 
pressure about 0.11 m m . H g a t —180° C. ) f orms about one t e n t h of the t o t a l 
concentrat ion , i t m a y be regarded as not inconsistent w i t h the h igher values a l ready 
c i ted , w h i c h relate to v e r y m u c h lower f r a c t i o n a l concentrat ions of ozone. Secondly , 
η has the r e l a t i v e l y h i g h va lue of about 2 X 10 ~ 2 w h e n X/p l ies i n the range 1 to 2. 

Qu i te a p a r t f r o m these ad jus ted values , the d a t a show c lear ly t h a t , at constant 
pressure i n the range 1 to 2 m m . of m e r c u r y , b o t h P/p a n d η f a l l more or less r a p i d l y 
as the c u r r e n t or current dens i ty is increased ; o n l y for ρ = 1 m m . a n d / = 2 to 15 m a . 
is η constant (8, F i g u r e 2 ) , a n d i n no case was the react ion rate p r o p o r t i o n a l to the 
c u r r e n t , b u t increased more s lowly . T h i s seems to be a n i n d i c a t i o n of some destruct ive 
m e c h a n i s m , the t o t a l rate of w h i c h increases w i t h the cur rent . T h e corresponding 
increase of the m e a n gas t e m p e r a t u r e does not appear to account for the whole effect, 
for a t ρ = 1 m m . , P/p a n d η d i m i n i s h m a r k e d l y as / is increased f r o m 15 to 20 m a . , 
a l t h o u g h Wa is p r a c t i c a l l y unchanged . 

T h e r e seems to be l i t t l e d irect exper imenta l evidence on the rate coefficient for the 
decompos i t i on of ozone i n a discharge, βα. I n the Warburg-Leithâuser t h e o r y of 1909 
(81), the rate coefficient, βα, for ozone decompos i t i on was assumed to be independent 
of the c u r r e n t (at constant pressure ) , as is ( a p p r o x i m a t e l y ) β for ozone synthesis . 
H o w e v e r , M o e l l e r (58, p . 112) w h e n descr ib ing the Warburg-Leithâuser t h e o r y makes 
the f o l l owing u n d o c u m e n t e d s ta tement : T h e ozone y i e l d , βΐ, for zero ozone concent ra 
t i o n increases m o r e r a p i d l y t h a n the current , a n d the same holds i n a more m a r k e d 
degree for the corresponding y i e l d of oxygen f r o m ozone, βαΙ. 

B r e w e r a n d W e s t h a v e r suggest t h a t βα m a y be cons iderably larger t h a n β i n the 
same a p p a r a t u s . O n the other h a n d H e n r y describes the decompos i t ion as not oc
c u r r i n g i n the gas, a n d on ly on the re f r igerated tube surfaces w h e n the pressure is close 
to the steady-state pressure. H e f o u n d t h a t the rate decompos i t ion of ozone on the 
w a l l of a discharge tube is v e r y sensit ive to the state of the sur face ; his observat ions 
are consistent w i t h those of o ther invest igators w o r k i n g w i t h u n - i o n i z e d gas (57). 

C o n c e r n i n g the s t a t i o n a r y state i n a discharge, there is also l i t t l e unambiguous 
evidence about the condit ions i n the discharge re lat ive to those a t t a i n e d when the ozone 
concentrat i on is negl ig ible . W a r b u r g a n d L e i t h a u s e r c la imed to have shown t h a t the 
ozone concentrat i on i n the s t a t i o n a r y state of an ozonizer discharge decreases s l owly as 
the c u r r e n t is increased ; th is appears to be at var iance w i t h the d a t a represented i n 
D e v i n s ' s F i g u r e 2. W a r b u r g seems to have thought t h a t his demons t ra t i on t h a t the 
character is t i cs of a p o i n t - t o - p l a n e discharge i n oxygen depends on the ozone concen
t r a t i o n (75) impl ies t h a t the same holds for ozonizer d ischarges ; evidence for the l a t t e r 
was p r o v i d e d b y the invest igat ions of S t . Sachs (65). 

F o r —73° C . , the d a t a of B e i l l (7) at a tmospher i c pressure correspond to a va lue 
of 780 for the ra t i o p0e>

2/p0z used b y D e v i n s i n his analys is of the k inet i cs , whi le for 
20° C . the va lue is about 8300 ; these values are two a n d three orders of magn i tude 
larger t h a n those c i ted b y D e v i n s i n his T a b l e I for the pressure range 70 to 400 m m . 
H g . T h e ear ly d a t a of B r i n e r a n d D u r a n d (10) show t h a t at —180° C , the rat io 
m u s t have been of the order u n i t y i n an ozonizer discharge, a n d the same holds 
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for a g low discharge at —180° C , as is shown b y the d a t a of H e n r y a n d of B r e w e r a n d 
W e s t h a v e r . 

Formal Theory of Discharge Reaction a n d Mechan i sms of O z o n e Synthesis 

T h e state of affairs i n a p p r o a c h i n g the ident i f i ca t i on of the m e c h a n i s m of ozone 
synthesis i n discharges is perhaps t i d i e r t h a n the e x p e r i m e n t a l results rev iewed above, 
b u t m o r e f r u s t r a t i n g , because so m a n y d a t a are l a c k i n g about the deta i led state 
of a p a r t l y i on ized gas i n a discharge, the k i n d s of species present, a n d the k i n d s of c o l 
l is ions t h e y can m a k e . F u r t h e r m o r e , one m a i n g r o u p of e x p e r i m e n t a l d a t a relates to 
the r e la t i ve ly we l l charac ter i zed condit ions i n the pos i t ive c o l u m n of a l o w pressure co ld 
cathode g low d ischarge ; b u t the other relates to ozonizer discharges i n a m u c h h igher 
range of pressure, a discharge f o r m w h i c h , a l t h o u g h k n o w n for a c e n t u r y , has a t t r a c t e d 
few p h y s i c a l invest igat ions . 

T h e f o r m a l t h e o r y of exc i ta t i on a n d chemica l react ion i n the co ld cathode glow 
discharge was g i v e n b y Emeléus a n d L u n t (22) i n 1936 i n a f o r m convenient f o r d i s 
cussing the phenomena i n the negat ive zones a n d the more or less i dea l p l a s m a of a 
u n i f o r m pos i t ive c o l u m n , the discharge be ing envisaged as t h a t a t ta inab le i n a c y l i n d r i c a l 
tube between p lane electrodes; there are, however , c o n t e m p o r a r y statements r e la t ing 
to exc i ta t i on (59). F o r u n i f o r m pos i t ive c o l u m n condit ions L u n t (48) has g iven a 
revised a n d ampl i f i ed account . 

I d e a l l y , the ana lys i s of Emeléus a n d L u n t enables c o m p u t a t i o n of the reac t i on rate 

coefficients, P/p, β = \p (P/p)dz where Z i a n d z2 correspond to a n y t w o planes per -
Jzi 

pend i cu lar to the d i r e c t i o n of charge t ranspor t , a n d η = P/X = (P/p)/(X/p) = β/V 

where V = Xdz, X b e i n g the field m a i n t a i n i n g the measured charge t r a n s p o r t . 
F o r the condit ions i n a u n i f o r m pos i t ive c o l u m n , w h i c h appears to be the i m p o r t a n t 

zone for ozone synthesis , S, the rate coefficient of a n y specified k i n d of e lec tron-reactant 
co l l i s ion o c c u r r i n g a t the rate 

S ne nr collisions per cc. per second 

where ne a n d nr denote the concentrat ions of electrons a n d reactants , respect ive ly , is 
g i v e n b y 

JVe 
V°> Q(V)f(V)dV (1) 

I n th is r e la t i on Q(V) is the cross sect ion for the react ion as effected b y electrons of 
energy V a n d is zero for V < Ve, the c r i t i c a l energy ; f(V) is the e lectron energy d i s 
t r i b u t i o n f u n c t i o n , a n d k is a n u m e r i c a l factor e q u a l to 1.87 Χ 1 0 8 w h e n V is expressed 
i n e lectron vo l t s a n d w h e n Q(V) is i n un i t s of πα0

2. 
I f W is the e lectron d r i f t v e l o c i t y i n the d i re c t i on of the electric field, the current 

dens i ty or a m o u n t of (un i t ) charge t r a n s p o r t per square cent imeter per second is neW. 
Since Ρ is defined as the react ion rate coefficient per u n i t charge t r a n s p o r t , i t fol lows 
t h a t 

Ρ = φ 8 η ^ = φ 8 nr/W (2) 
neW 

where φ is a factor analogous to the pho to chemica l q u a n t u m y i e l d a n d takes in to 
account the special c i rcumstances d e t e r m i n i n g the y i e l d t h a t m a y arise i n discharges 
(22). S ince nr = 3.54 Χ 1 0 1 6 pr, where pr is the p a r t i a l pressure of the reactant c o n 
cerned i n m i l l i m e t e r s of m e r c u r y , i t fol lows t h a t 

P/p = 3.54 Χ 10!6 φ (S/W) (3) 
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I f more t h a n one k i n d of e lec tron-reactant reac t ion is i n v o l v e d s imul taneous ly , as 
is p r o b a b l y the case for the oxygen-ozone react ion , Ρ m u s t be rep laced b y the s u m of 
a l l the P ' s concerned, a n d i n d e r i v i n g these l a t t e r f r o m t h e o r y , corresponding ly , S m u s t 
be rep laced b y the s u m of the >S's concerned. 

W h e n the c u r r e n t dens i ty is so l o w t h a t the gas consists a lmost exc lus ive ly of 
molecules unchanged b y the discharge, so t h a t p, the t o t a l pressure, is sensibly the same 
as pr, the p a r t i a l pressure of the reactant , a spec ia l case arises w h e n W, a n d V, the 
m e a n e lectron energy, are funct ions of X/p as i n the e x p e r i m e n t a l condit ions adopted 
b y the T o w n s e n d school f or the i r measurements (78). F o r t h e n S is a f u n c t i o n of X/p 
on ly , a n d is c o m p u t a b l e w h e n f(V) a n d Q(V) are also k n o w n . R e l a t i o n 3 t h e n be 
comes 

P/p = 3.54 Χ ΙΟ1 6 φ/ι (X/p) (4) 

a n d correspond ing ly 

η = Ρ/χ = 3.54 χ ί ο " φ / 2 (x/p) (5) 

a n d i n th i s case w h e n φ is also independent of the c u r r e n t dens i ty f o r a n y g i v e n va lue 
of X/p, i t fol lows t h a t 

P/p = a (6) 

T h e c i rcumstances are different w h e n the species engendering the observed reac t ion 
can be s imul taneous ly generated b y a n a d d i t i o n a l two-stage e lectron i m p a c t process t h a t 
invo lves as the in termed ia te stage the generat ion of a metastab le species. F o r the 
s implest condi t ions t h e o r y t h e n leads to a r e l a t i o n of the f o r m , for X/p c ons tant : 

P/p = a + bj (7) 

where a a n d b are constant factors a n d ; is the c u r r e n t dens i ty . W h a t appears to be 
the first ident i f ied case of th is k i n d relates to the exc i ta t i on of the 7 3 P state i n a 
discharge t h r o u g h m e r c u r y v a p o r (26, 55, p . 7 1 ) , 6 3 Λ ) , ι , 2 be ing the metastab le i n 
termediate state . 

W h e n contrar iwise , the e x p e r i m e n t a l d a t a for constant X/p c an be represented b y 
a r e l a t i o n of the f o r m 

P/p = α - cj - df - · · · (8) 

there is a s t rong i n d i c a t i o n t h a t one or m o r e unsuspected d e a c t i v a t i n g processes are 
operat ive for the i m m e d i a t e p r o d u c t of a two-stage process, or for the final p r o d u c t . 
A n example of each k i n d is af forded b y the exper imenta l d a t a for the i n t e n s i t y of 
emission per u n i t c u r r e n t dens i ty of the V e g a r d - K a p l a n a n d second pos i t ive bands , 
respect ive ly , f r o m a u n i f o r m pos i t ive c o l u m n discharge t h r o u g h mo lecu lar n i t rogen (85). 

T h e r e are some l i m i t a t i o n s to the c o m p u t a t i o n of P/p a n d η f r o m R e l a t i o n s 3, 4, 
a n d 5. 

I n p r i n c i p l e , f(V) f o r oxygen can be de te rmined as S m i t has done for h e l i u m (67), 
b u t the necessary a u x i l i a r y d a t a are l a c k i n g , a n d no a p p r o x i m a t e so lu t i on appears to 
have been a t t e m p t e d . I n the absence of e x p e r i m e n t a l d a t a for pos i t ive c o l u m n d i s 
charges, i t is necessary t o assume a f o r m for f(V), the M a x w e l l i a n f o r m be ing u s u a l l y 
regarded as a good a p p r o x i m a t i o n . V a n d W are k n o w n funct ions of X/p (33), b u t 
the i r v a l i d i t y for the m u c h h igher c u r r e n t densities associated w i t h the d a t a of Tab les 
I V a n d V is u n c e r t a i n . F o r the f o r m a n d a m p l i t u d e of Q(V) for each e lectron i m p a c t 
reac t ion l i k e l y to c o n t r i b u t e t o the observed synthesis of ozone, i t is necessary to re ly 
m a i n l y on the ind i ca t i ons f r o m t h e o r y . B u t the m a x i m u m va lue of φ, the n u m b e r 
of ozone molecules f o r m e d p e r oxygen molecule excited b y e lectron i m p a c t , m a y be 
t a k e n as 2 i n accordance w i t h the pho to chemica l d a t a . 

D e s p i t e these l i m i t a t i o n s a n d uncerta int ies , some success has a t tended th is q u a n t i 
t a t i v e theore t i ca l a p p r o a c h to the i n t e r p r e t a t i o n of e x p e r i m e n t a l d a t a i n u n i f o r m field 
condi t ions w h e n the p h e n o m e n a a p p e a r to be concerned w i t h a single i m m e d i a t e 
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p r o d u c t of e lec tron-reactant col l is ions, a l t h o u g h i n no case have the e x p e r i m e n t a l d a t a 
been extensive enough t o p r o v i d e a s tr ingent test of the t h e o r y . I n a l l cases the 
M a x w e l l i a n f o r m has been assumed to be a v a l i d a p p r o x i m a t i o n to f(V), f or w h i c h 
there is some jus t i f i ca t i on for u n i f o r m pos i t ive c o l u m n discharges i n mo le cu lar gases. 
I n a d d i t i o n t o the results r ev i ewed (22), th i s a p p r o a c h gives reasonably good agree
m e n t w i t h m o r e recent e x p e r i m e n t a l d a t a (28, 29, 32) f or the T o w n s e n d coefficient 
of i o n i z a t i o n , a n d f or the f o r m a t i o n of negat ive ions (47). 

T o m a k e such compar isons i n te rms of P/p or η, i t is pre ferable t o select e x p e r i 
m e n t a l d a t a r e la t ing to condit ions for w h i c h pr/p does not differ s ign i f i cant ly f r o m 
u n i t y , for 7 a n d W are k n o w n as funct ions of X/p o n l y for the reactant gas. U s u a l l y 
i t is n o t di f f icult to choose such e x p e r i m e n t a l condi t ions , a n d t h e y are o f ten those i n 
w h i c h φ m a y be expected to a t t a i n i t s m a x i m u m v a l u e . I d e a l l y th i s r e s t r i c t i o n o n 
pr/p is u n i m p o r t a n t , b u t the fact t h a t no d a t a are ava i lab le for V a n d W f o r e i ther 
ozone or ozone-oxygen m i x t u r e s is a deterrent t o the m o r e c o m p l i c a t e d task of m a k i n g 
such compar isons for the s t a t i o n a r y state , a n d i t is consequent ly d o u b t f u l whether 
D e v i n s ' s use of R e l a t i o n 1 i n t h a t connect ion (18) c a n l ead to use fu l conclusions. 

I n oxygen the v e r t i c a l t r a n s i t i o n t h a t can account for the low-pressure p h o t o 
chemica l synthesis of ozone is 3 S ^ ~ 3 2 w ~ ~ , a n d a t h i g h pressures i t appears t h a t the 
t r a n s i t i o n of l o w p r o b a b i l i t y 3 5 ^ ~ 3 S M

+ also p l a y s a p a r t . A s these t rans i t i ons can 
also be effected b y e lectron i m p a c t , t h e y are the first choice i n f o r m u l a t i n g a m e c h a n i s m 
l i k e l y to account for the synthesis o c c u r r i n g i n discharges. T h e first is a n a l l owed 
t r a n s i t i o n i n v o l v i n g a n energy absorp t i on of about 8 e.v., so t h a t the exc i ted molecule 
i m m e d i a t e l y dissociates i n t o 1 D a n d 3 P a t o m s ; w h e n effected b y e lec tron i m p a c t , the 
m a x i m u m va lue of Q(V) is es t imated to be about 1 πα0

2 a n d to occur f or V = 40 ± 5 
e.v. (41, 54). T h e v e r t i c a l exc i ta t i on energy for the d isa l lowed t r a n s i t i o n to the 3 S M

+ 

state is about 6 e.v., so t h a t d issoc iat ion fol lows at once, i n th i s case i n t o t w o 3 P atoms . 
T h e m a x i m u m va lue of Q(V) is es t imated to be about 0.2 ττα 0

2 a n c * to occur for 
V = ca . 9 e.v. (28, 29, 32). F o r φ = 2 i t fo l lows t h a t the u p p e r l i m i t to the v a l u e of η 
for ozone generated i n each of these w a y s is about 25 X 1 0 ~ 2 a n d 33 X 1 0 ~ 2 molecule 
per e.v., respect ive ly . 

T h u s i n a u n i f o r m pos i t ive c o l u m n discharge, the s imultaneous occurrence of these 
two exc i ta t i on processes b y e lectron i m p a c t to a n extent t h a t w o u l d leave a considerable 
m a r g i n for energy absorp t i on i n other processes prov ides a m e c h a n i s m t h a t c o u l d 
account for the highest observed values g iven i n T a b l e s I V a n d V . B u t the c r u c i a l 
quest ion is whether th is m e c h a n i s m can account for the t r e n d of P/p a n d η w i t h X/p 
a n d w i t h the current dens i ty a n d can also account for the absolute magni tudes 
observed. 

T h e d a t a i n Tab les I V a n d V show t h a t P/p a n d η increase r a p i d l y as X/p is 
increased, b u t these increases are also associated w i t h a progressive decrease i n T h e 
m e c h a n i s m envisaged invo lves two s imultaneous processes, for each of w h i c h P/p m a y 
be expected to c o n f o r m w i t h R e l a t i o n 6 a n d thus to be independent of C o n s e q u e n t l y 
a n increase of V w i t h X/p, for w h i c h there is a m p l e independent evidence for other 
discharges, prov ides a q u a l i t a t i v e e x p l a n a t i o n of the t r e n d of the observed values of 
P/p a n d η w i t h X/p. B u t as there are no d a t a re la t ing to a range of ; w h e n X/p is 
constant , no conclus ion can be d r a w n as to whether the e x p e r i m e n t a l d a t a c o n f o r m 
w i t h R e l a t i o n 6, or w i t h R e l a t i o n s 7 or 8 w h i c h are character i s t i c of a m e c h a n i s m 
different f r o m t h a t envisaged. 

W h i l e there is no i m p o r t a n t u n c e r t a i n t y about the va lue for η, va lues for P/p a n d 
X/p m a y be smal ler t h a n those t a b u l a t e d b y a fac tor between 1 a n d 3, depending on 
the a c t u a l t e m p e r a t u r e of the gas i n the discharge (Tab les I V a n d V ) . Un less t h a t 
t e m p e r a t u r e , a n d hence the reduced values of X/p, are de termined or es t imated , the 
e x p e r i m e n t a l values for P/p a n d η cannot be c o m p a r e d w i t h the values ca l cu la ted f r o m 
t h e o r y for the m e c h a n i s m envisaged. I f the p r o v i s i o n a l r o u g h estimates of the gas 
t e m p e r a t u r e g iven i n the discussion of T a b l e s I V a n d V are to be accepted , i t c a n be 
sa id t h a t the agreement between the ca l cu lated a n d the exper imenta l values is w i t h i n 
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a n order of m a g n i t u d e . B u t th is diffuse agreement cou ld scarcely be he ld to establ ish 
the v a l i d i t y of the react ion m e c h a n i s m pos tu la ted . 

T h e ear l ier analys is b y Deegan a n d Emeléus (17) is based o n somewhat different 
cons iderat ions : i t s tarts b y equat ing R&y, a n average v o l u m e rate of ozone generat ion, 
w i t h φ ne nr 2 ( S ) (cf. R e l a t i o n s 1 a n d 2) where the s u m m a t i o n extends to a n u m b e r 
of e lectron i m p a c t react ions l i k e l y to generate oxygen atoms, i n c l u d i n g v e r t i c a l t r a n 
sit ions to the 3 S W + a n d 3 2 w - states, a n d t h e n seeks the range of V t h a t is consistent 
w i t h p laus ib le extreme values for ne nr w i t h φ = 2. T h e y selected B r e w e r a n d W e s t -
haver ' s d a t a for 7 = 20 m a . ( T a b l e V ) to c o m p u t e R&y = 1.7 Χ 1 0 1 6 molecules p e r cc. 
per second for the (nomina l ) pressure range 2.8 to 14, or p a v = 8.4, i g n o r i n g the fact 
t h a t b o t h R a n d X/p change g r e a t l y ; a n d i t was assumed t h a t the gas t e m p e r a t u r e 
was —180° C . T h i s procedure is equ iva lent to cons ider ing the rate , R, f o r the reduced 
pressure ρ = 25.2 or nr = 8.7 Χ 1 0 1 7 , a n d to a reduced v a l u e P/p = 0.052, p r a c t i c a l l y 
the same va lue as t h a t g iven i n T a b l e V for ρ = 9 w h e n the gas t e m p e r a t u r e is t a k e n 
to be —180° C . T h e free var iab les thus become i n effect o n l y ne a n d V. F o r the 
c o m p u t a t i o n of i t was assumed t h a t Q(V) i n R e l a t i o n 1 h a d the constant va lue 
0.8 7Γ#Ο2 f ° r 6.0 < V < 6.2 e.v. a n d for V > 7 e.v. B y assuming t h a t ne l ies between 
10 9 a n d 1 0 1 1 c m . - 3 , i t was f o u n d t h a t V m u s t l ie i n the range 0.75 to 1.4 e.v. 

T h i s conc lus ion , a l t h o u g h v a l u a b l e , prov ides no more t h a n a n agreement i n order 
of m a g n i t u d e between the observed a n d ca l cu la ted rates, w h e n i t is apprec ia ted t h a t 
th i s a p p a r e n t l y n a r r o w range of V corresponds t o a n increase i n 5 (S) b y a factor 
about 250. I f the m e a n gas t e m p e r a t u r e is assumed to be somewhat h igher , so t h a t 
nr = 5x 1 0 1 7 c m . - 3 , a n d V is assumed to be 1.0 e.v., ne is f o u n d to be 7.5 X 10°, 
correspond ing t o w h i c h W = 1.7 Χ 1 0 6 c m . p e r second. These values g ive a j n u c h 
closer agreement w i t h the d a t a for l o w c u r r e n t densities (33) : the values f or V a n d 
W c o rrespond v e r y closely to X/p = 1.5, wh i l e the correspond ing reduced va lue f r o m 
exper iment is about 2. A n d a g a i n because of the l a c k of d a t a a t constant X/p, i t 
cannot be sa id t h a t the e x p e r i m e n t a l d a t a are character i s t i c of the m e c h a n i s m p o s t u 
l a t e d . 

Emeléus a n d D e e g a n suggested t h a t a closer agreement between the e x p e r i m e n t a l 
a n d ca l cu la ted values m i g h t be reached i f , i n a d d i t i o n , i t were supposed t h a t stepwise ex
c i t a t i o n resu l t ing i n dissoc iat ion occurred v i a the h i g h l y metastab le 1 Δ < 7 a n d 1 ^ < 7 + states. 
I n t h i s case, unless d e a c t i v a t i o n takes place to a large extent , P/p w o u l d be expected to 
v a r y w i t h ; a c cord ing to R e l a t i o n 7 ; a n d i f these a d d i t i o n a l react ions were to p l a y a 
p r e d o m i n a n t role , i t m i g h t account f o r the fact t h a t the observed values of η are so 
large w h e n the reduced v a l u e of X/p is 1.5 or less. 

H o w e v e r , o ther factors m a y need to be t a k e n in to cons iderat ion i n f o r m u l a t i n g a 
p laus ib le reac t i on m e c h a n i s m . A s the c u r r e n t dens i ty is increased i n a c t u a l e x p e r i 
m e n t a l condi t ions , there is u s u a l l y a correspond ing progressive increase i n the t e m p e r 
a ture of the gas, so t h a t there is a corresponding decrease i n pr/p, the f r a c t i o n a l 
c oncentra t i on of the reactant species, w h i c h has been i m p l i c i t l y assumed to be oxygen 
molecules i n the zero v i b r a t i o n a l l eve l , s $ g - , v = 0. W h i l e the effect of t e m p e r a t u r e 
m a y be s m a l l i n increas ing the f r a c t i o n a l concentrat i on of the h igher v i b r a t i o n a l levels , 
a l l of w h i c h are h i g h l y metastable , d i rec t exc i ta t i on b y e lectron i m p a c t m i g h t be 
responsible for a m u c h larger effect. These considerat ions i l lus t ra te the need for 
c a u t i o n i n selecting e x p e r i m e n t a l condi t ions , a n d i n us ing the theoret i ca l R e l a t i o n s 1 to 
8 w h e n i t is assumed t h a t pr/p is v e r y close to u n i t y ; a n d t h e y are i m p o r t a n t i n a n y 
analys is of the s t a t i o n a r y state i n discharges w h e n pr/p is less t h a n u n i t y for b o t h 
ozone a n d unchanged oxygen molecules , a n d m a y no t be negl igible for other species 
present . 

T h e poss ib i l i t y t h a t a signif icant f r a c t i o n of the reactant gas m a y be converted 
in to v i b r a t i o n a l l y exc i ted molecules i n the g r o u n d electronic state is associated w i t h a 
f u r t h e r c o m p l i c a t i o n of the react ion m e c h a n i s m w h i c h requires to be exp lored . F o r a n y 
va lue of ν i n excess of some c r i t i c a l va lue , w h i c h appears to about 2, v e r t i c a l t r a n 
sit ions f r o m the 3 S ^ " " state generate molecules i n the 3 2 t * ~ state t h a t do no t dissociate 
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but spontaneously radiate, emitting bands of the Schumann-Runge system; and there 
can be no corresponding generation of ozone. Nondissociating molecules in the 3 S M

+ 

state may be generated in a similar way, but because these are metastable some may 
be dissociated by electron impact. The occurrence of such processes which involve 
as the initial step the generation of vibrationally excited reactant molecules in the 
ground electronic state may be regarded, in terms of the mechanisms previously 
postulated, as equivalent to φ having a value less than 2, and possibly also to negative 
values of άφ/dj in which case P/p would vary according to Relation 8. 

Unti l the nature of ozonizer discharges is more clearly determined, it is doubtful 
whether the statistical theory of electron-reactant collisions for positive column condi
tions remains applicable although Devins (18) has recently assumed that it does. The 
early data of Gray (Table I) and the possibly less certain data of Warburg and Rump 
(Table II) yield values of P/p that are not very sensitive to the current density for 
ozonizer discharges; this holds also for the recent data of Devins (Table III). This is 
in marked contrast with the data of Henry (Table IV) and of Brewer and Westhaver 
(Table V ) . There is also a large difference between the highest attained values for 
η: despite uncertainties in the values for ozonizer discharges, they appear to be about 
twice those for the uniform positive column. 

Thus these two forms of the discharge appear to differ considerably in their 
potency to effect the synthesis of ozone ; possibly also the reaction mechanisms involved 
are different. 

The kind of reaction mechanism that may occur in uniform positive column dis
charges can be perceived in broad outline, but many auxiliary data are lacking to 
present a quantitative expression in forms convenient and precise for comparison with 
experiment ; and the experimental data for ozone synthesis in discharges are inadequate 
to describe correspondingly precisely the electrical state of the gas in which synthesis 
has been observed. 

These gaps in knowledge hinder the identification of the reaction mechanism in 
discharges; and until they can be filled it is doubtful whether the present data for 
the synthesis by discharges can be linked coherently with those for the photosynthesis 
and for other reactions in un-ionized gases. 
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Effect of Gaseous Diluents on Energy Yield 
of Ozone Generation from Oxygen 

W. E. CROMWELL and T. C. MANLEY 

The Welsbach Corp., Philadelphia, Pa. 

The effect of various diluent gases on the energy yield 
of ozone generation from oxygen in commercial 
ozonators is discussed. The greatest loss in energy 
yield is noted for the presence of less than 1% of 
hydrogen, water, or Freon 12 (dichlorodifluoro-
methane). Up to 50% of carbon dioxide or argon 
reduces the energy yield to about 85% of that 
expected with pure oxygen. Carbon monoxide or 
nitrogen, in amounts of less than 1 0 % , apparently 
increases the energy yield of ozone generation. In 
greater amounts, it gradually but steadily reduces 
the energy yield. 

The object of th is inves t iga t i on was to s t u d y ozone generat ion i n c o m m e r c i a l ozonators . 
P r i m a r y concern has been p laced on ozonators us ing oxygen feed. T h e effect of cer 
t a i n fore ign substances i n the oxygen has been s tud ied w i t h respect to the energy y i e l d 
of ozone generat ion . 

These studies are considered i m p o r t a n t because ozone is a compet i t i ve chemica l . I t 
m u s t be p r o d u c e d at the lowest possible cost. Some contaminants i n oxygen were 
k n o w n to decrease energy y i e l d ; others were questionable or even u n k n o w n . 

C o m m e r c i a l ozonators m a y use either a i r or oxygen as a feed gas. A s l o n g as the 
components of these gases are w i t h i n k n o w n l i m i t s , ozonator per formance c a n be p r e 
d i c ted w i t h reasonable c e r t a i n t y . R e c e n t l y , however , the size of some ozone p l a n t s has 
increased to a p o i n t where i t is economica l ly feasible to recycle the oxygen b a c k to the 
ozonators . T h i s means t h a t the ozone-oxygen m i x t u r e is passed in to a react ion of 
some k i n d . T h e ozone is used u p i n the process, b u t the oxygen is recovered f r o m 
the react ion a n d r e t u r n e d to the ozonator . I n t r i n s i c a l l y , this oxygen w h i c h is r e t u r n e d 
to the ozonator m a y be c o n t a m i n a t e d ; a n d the contaminants m a y be mater ia l s no t 
n o r m a l l y f o u n d i n c o m m e r c i a l oxygen. 

I n th is inves t iga t i on , var i ous d i luent gases were added to the oxygen to see the i r 
effect on the energy y i e l d of ozone generat ion a n d on the t o t a l p r o d u c t i o n of ozone. 

T h e results i n some cases ind i ca te t h a t o n l y trace amounts of the i m p u r i t y can be 
to lerated . I n other cases, s m a l l amounts even increase the energy y i e l d of ozone 
generat ion . 

P u b l i s h e d references were s tud ied care fu l ly (1-7). U n f o r t u n a t e l y , these earl ier 
invest igat ions were se ldom conducted i n such a w a y t h a t v a l i d compar isons c o u l d be 
m a d e to present -day c o m m e r c i a l ozonator operat i on . Severa l var iab les are considered 
i m p o r t a n t i n ozonator per formance . 
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F is the gas flow rate i n pounds per h o u r of d r y gas. 
W is the electric power i n wat t s . 
a is the energy i n p u t p e r u n i t mass of gas t rea ted , a ra t i o of W/F, expressed as 

w a t t - h o u r s per p o u n d . 
c is the ozone concentra t i on expressed as weight f r a c t i o n . 
Β is the energy y i e l d of ozone generat ion expressed as pounds of ozone per k i l o w a t t -

h o u r of power . 

T h e measure of ozonator per formance selected was the energy y i e l d of ozone gen
erat i on , B. I t is a parameter of the p r o d u c t . T h e energy i n p u t l eve l of ozonator 
operat ion , a, is also considered a most i m p o r t a n t independent v a r i a b l e . W i t h these two 
points i n m i n d , i t is more signif icant to po in t out the inconsistencies encountered i n the 
references of other invest igators . 

T h e gas flow rate , F> i f measured , was not a lways k e p t constant . T h e measure 
m e n t of electric power , W, was often neglected. O b v i o u s l y , the energy i n p u t , a, c a n be 
ca l cu lated o n l y i n those cases i n w h i c h electric power was measured . N o t w i t h s t a n d i n g 
these omissions, the range of o p e r a t i n g condit ions was not a lways comparab le to 
present -day ozonators . C o m m e r c i a l ozonators are operated i n the range of 50 to 100 
w a t t - h o u r s per p o u n d of gas t reated . H o w e v e r , i t was not u n c o m m o n to find i n these 
prev ious invest igat ions , ozonators operated between 300 a n d 400 w a t t - h o u r s per p o u n d 
of gas. C o n c e n t r a t i o n , c, was the one p a r a m e t e r of ozonator per formance w h i c h 
served as a c o m m o n denominator . 

F e w of the earliest exper imenters were concerned w i t h the opera t i on of ozonators 
at o p t i m u m energy y ie lds . T h i s c o u l d exp la in the e x p e r i m e n t a l results o f ten repor ted . 
T h e d e m a n d of i n d u s t r y for ozone at a pr i ce w h i c h c o u l d be c o m p e t i t i v e m a d e i t 
necessary to res tudy the effects of c e r t a i n gaseous contaminants i n oxygen w i t h respect 
to the energy y i e l d of ozone generat ion . W i t h these th ings i n m i n d , exper iments were 
p l a n n e d a n d conducted w i t h a f u l l scale u n i t ozonator designed a n d furn i shed b y T h e 
W e l s b a c h C o r p . 

Equipment 

A schematic d i a g r a m of the ozonator a n d associated equ ipment is shown i n F i g 
ure 1. 

A v i a t o r ' s b r e a t h i n g grade oxygen, used because of i t s l o w mo is ture content , was 
de l ivered to the ozonator t h r o u g h a pressure regulator , a n i r o n case meter , a n d a n 
orifice manom eter . Su i tab le connections were p r o v i d e d for m e a s u r i n g the frost p o i n t , 
pressure, a n d t e m p e r a t u r e . 

I n a s i m i l a r m a n n e r the d i luent gas was de l ivered to a T - c o n n e c t i o n u p s t r e a m of 
the ozonator . T h e gas flow rate was measured b y a n orifice manometer , w i t h sui table 
connections for pressure a n d t e m p e r a t u r e measurement . A l l flowmeters h a d been 
p r e v i o u s l y c a l i b r a t e d accord ing to accepted s t a n d a r d procedures . 

A s a m p l i n g po in t was p r o v i d e d for analys is of the m i x e d gases. T h i s served as 
a check on the rat io of gases as de termined b y the flow rate measurements . 

T h e ozonator was constructed of stainless steel. T e m p e r e d glass windows were 
bo l ted o n each end of the assembled ozonator , us ing steel r ings . C o o l i n g w a t e r was s u p 
p l i ed a n d w i t h d r a w n at connectors located on t o p of the ozonators . T h e dimensions 
were : 

A s t a n d a r d W e l s b a c h ozonator die lectr ic c o m p r i s i n g a 3 - inch boros i l i cate glass tube 
w i t h a w r i n k l e d open end was used. A n i n t e r n a l conduct ive coat ing of m e t a l l i c 
a l u m i n u m served as a n inner electrode. E l e c t r i c a l contact was establ ished b v means 

Jacket length 
Length of corona space 
Inside diameter S.S. tube 
Volume of ozonator and associated connections 

42.75 inches 
41.00 inches 
3.122 inches 
0.685 cu. ft. 
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of a n a l u m i n u m w i r e s p r i n g bent t o bear on the ins ide of the tube a n d fastened t o the 
h i g h vo l tage connector . 

Pressure was cont ro l l ed b y the regulator , a n d the t o t a l t h r o u g h p u t of gases was 
cont ro l l ed b y a t h r o t t l e v a l v e a t the out le t . A sample t r a p was p r o v i d e d for deter 
m i n a t i o n of ozone concentra t i on b y the n e u t r a l p o t a s s i u m iod ide m e t h o d . 

T h e electr ic power s u p p l y a n d m e t e r i n g sys tem are s h o w n s chemat i ca l l y i n F i g u r e 
2. P o w e r was s u p p l i e d t o the ozonator f r o m a h i g h vo l tage t r a n s f o r m e r w h i c h was 
s u p p l i e d b y a S o l a constant vo l tage t r a n s f o r m e r a n d a v a r i a b l e ra t i o t r a n s f o r m e r . A 

Figure 1. Schematic diagram of apparatus 

P. Pressure 
T. Temperature 

W. Water 
S. Sample 

P.P. Frost point 

v o l t m e t e r , ammeter , a n d w a t t m e t e r were connected i n the p r i m a r y of the m a i n t r a n s 
f o rmer . A n electrostat ic v o l t m e t e r was used to measure the secondary p o t e n t i a l . 

I n a t y p i c a l exper iment the ozonator was operated a t some energy i n p u t l eve l 
w h i c h w o u l d be expected i n n o r m a l ins ta l la t i ons . A t least 30 m i n u t e s were a l l owed to 
establ ish s teady-state condi t ions . T h e readings of f low rate meters , associated pres 
sures, a n d temperatures as w e l l as e lec tr i ca l meters were recorded . T h e samples of 
the in le t ozonator gases were a n a l y z e d for c o m p o s i t i o n ; samples of ozonator o u t p u t 
gases were a n a l y z e d for ozone concentrat i on . 

T h e results have been ca l cu la ted i n te rms of energy y i e l d of ozone generat ion ex
pressed as pounds of ozone per k i l o w a t t - h o u r of e lectr ic power , a n d p l o t t e d against the 
weight per cent of d i luent gas i n the oxygen as s u p p l i e d to the ozonator . 
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OZONATOR-

115-VOLT 
60^j LINE 

SOLA CONSTANT 
VOLTAGE TRANS. ELECTROSTATIC 

VOLTMETER-

Figure 2. Schematic diagram of electrical apparatus and meters 

/. Ammeter 
E. Voltmeter 

W. Wattmeter 

Effect of Hydrogen 

T h e results of m i x i n g h y d r o g e n w i t h oxygen are s h o w n g r a p h i c a l l y i n F i g u r e 3. 
I t is a p p a r e n t t h a t even amounts of h y d r o g e n as l o w as a few h u n d r e d t h s of 1 % w i l l 
adverse ly affect the energy y i e l d of ozone generat ion. One e x p l a n a t i o n is t h a t the 
h y d r o g e n r e a d i l y combines w i t h oxygen to f o r m water . T h e presence of w a t e r i n the 
oxygen c o u l d account for such a r e d u c t i o n i n energy y i e l d . A n o t h e r e x p l a n a t i o n is 
t h a t the h y d r o g e n per se is responsible for the change as repor ted . A n a t t e m p t was 
m a d e to di f ferentiate between these t w o possible exp lanat ions . 

I n th is exper iment , where h y d r o g e n was a d m i x e d w i t h the oxygen, the a m o u n t o f 
water p r o d u c e d i n the ozonator was de termined b y the frost p o i n t m e t h o d . T h e 
difference between in le t a n d out let m o i s t u r e content was t a k e n as the a m o u n t p r o d u c e d 
b y the reac t i on . O n l y about 4 % of the h y d r o g e n a d d e d was conver ted to w a t e r . T h e 
reduc t i on i n energy y i e l d of ozone generat ion was greater t h a n w o u l d be p r o d u c e d b y 
this a m o u n t of water added as such . 

I t is conc luded t h a t h y d r o g e n i tsel f is i n p a r t responsible f or the r e d u c t i o n i n 

0.30r 1 . 1 

0.28 

0.26 

o.24i $ : ι ι 
0 0.04 0.08 0.12 

P E R C E N T H 2 

Figure 3. Effect of hydrogen 

F. 1.47 lb./hr. 
W. 99 watts 

σ. 68 watt-hr./lb. 
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energy y i e l d . Some of the h y d r o g e n — i n th is case at least 4 % — i s conver ted to water 
i n the presence of oxygen i n the discharge. T h e presence of th i s water w i l l a d m i t t e d l y 
reduce the energy y i e l d , b u t fai ls to account for a l l of the loss as shown. 

Effect of Moisture 

T h e results shown i n F i g u r e 4 are t a k e n f r o m the weighted average of several 

0.30 

F R O S T POINT °C. 

I 1 1 1 1 
0 100 2 0 0 3 0 0 4 0 0 

W A T E R , P P M . BY WEIGHT 

Figure 4. Effect of moisture in oxygen 

F. 0.8 to 1.8 lb./hr. 
W. 105 to 109 watts 
a. 59 to 128 watt-hr./lb. 

exper iments . F o r th is reason, the energy i n p u t s are g i v e n as a range, ins tead 
of specific values . These results show t h a t the presence of mo i s ture is to be 
avo ided , i f h i g h energy y ie lds of ozone are des ired . F r o m such a s t u d y as th i s , i t was 
possible to ca lculate the water p r o d u c e d i n the react ion of h y d r o g e n a n d oxygen i n 
the discharge. T h e results here are p u r p o s e l y shown i n te rms of t w o independent 
v a r i a b l e s : frost p o i n t , a n d weight of water i n oxygen . I t is t r u e t h a t —60° C . frost 
p o i n t is no t equa l to 0 p . p . m . of water . H o w e v e r , the frost p o i n t of the gas was the 
v a r i a b l e t h a t was measured e x p e r i m e n t a l l y . T h e weight of water , as s h o w n here, is a 
ca l cu la ted va lue , a n d is correct except for the range v e r y close to 0 p . p . m . T h e means 
of presentat ion i n F i g u r e 4 do not a l l ow a m o r e accurate c ompar i son of the two v a r i 
ables. 

I t is conc luded t h a t for o p t i m u m ozonator operat i on , the oxygen feed shou ld be 
d r i e d to a frost p o i n t of at least —60° C , a n d t h a t i n t r o d u c t i o n of water to the oxygen 
shou ld be avo ided i n a l l cases. 

Effect of Freon 

I n F i g u r e 5 are s h o w n the results of a d d i n g F r e o n 12, d i ch lorod i f luoromethane , to 
oxygen. T h i s p a r t i c u l a r s t u d y was u n d e r t a k e n because i n s t a l l a t i o n of c o m m e r c i a l 
ozonators , leak test ing of a l l j o ints , flanges, etc., are often p e r f o r m e d b y a d d i n g some 
F r e o n 12 to the sys tem. T h e presence of trace amounts of F r e o n i n a propane flame 
renders i t a v i v i d green. T h e quest ion w a s : H o w i m p o r t a n t is the complete r e m o v a l 
of F r e o n af ter a leak test ing o p e r a t i o n ? I t appears t h a t as l i t t l e as trace amounts w i l l 
cause serious r e d u c t i o n i n the energy y i e l d of a n ozonator . 

Effect of A r g o n 

I n F i g u r e 6 are shown the results of a d d i n g argon to oxygen. L i t t l e change is 
no ted i n the energy y i e l d for increments of a r g o n u p to about 1 0 % . F o r larger 
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0 0 2 0.4 0.6 

P E R C E N T C C I 2 F 2 

Figure 5. Effect of Freon 12 

F. 1.14 lb./hr. 
W. 98 watts 
a. 86 watt-hr./lb. 

amounts , a g r a d u a l reduct i on i n the energy y i e l d is noted . A t 5 0 % argon , the observed 
y i e l d is 8 8 % of t h a t ob ta ined w i t h p u r e oxygen. One purpose i n the s t u d y of argon 
was to use i t as a n iner t d i luent to reduce the poss ib i l i t y of f lame a n d explos ion i n 
ozon izat i on react ions. F r o m th is s t u d y i t is possible to pred i c t the expected loss i n 
ozone p r o d u c t i o n as a result of the use of argon i n such a n a p p l i c a t i o n . A n o t h e r p u r 
pose of th i s s t u d y was to find the effect of amounts of argon t h a t w o u l d be expected 
n o r m a l l y i n c o m m e r c i a l oxygen. A s th i s a m o u n t is less t h a n 1%, i t is conc luded t h a t 
no adverse effect shou ld be expected. 

Effect of Carbon Dioxide 

I n F i g u r e 7 are s h o w n the results of a d d i n g c a r b o n dioxide to oxygen before ozo
n i z i n g . H e r e aga in , as i n the case of argon , i t is possible to reduce the h a z a r d of flame 
a n d explos ion i n ozon izat ion reactions b y us ing c a r b o n d iox ide as a n i n e r t d i luent . I n 
the p r i m a r y purpose of th i s inves t iga t i on , however , the amounts of c a r b o n dioxide 
expected were the result of ox idat i on of organic const i tuents i n the oxygen—no more 
t h a n several h u n d r e d p a r t s per m i l l i o n . I t is a p p a r e n t t h a t l i t t l e loss i n energy y i e l d is 
expected for c a r b o n dioxide u p to 1 0 % . U s i n g 5 0 % c a r b o n d iox ide w i l l reduce the 
energy y i e l d to about 8 5 % of t h a t expected w i t h p u r e oxygen. I n the prev ious 

0.201 I I I 
0 25 5 0 75 

P E R C E N T A 

Figure 6. Effect of argon 

F. 1.23 lb./hr. 
W. 81 watts 
a. 66 watt-hr./lb. 
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example i t was s h o w n t h a t 5 0 % argon w o u l d g ive a n energy y i e l d of 8 8 % of t h a t 
expected w i t h pure oxygen. T h e poss ib i l i t y of react ions w i t h i n the discharge are 
unders tandab le w i t h c a r b o n d iox ide , b u t not w i t h a rgon . J u s t w h a t i t is t h a t produces 
the same decrease i n energy w i t h t w o different d i luents is no t exp la ined b y these results . 
F u t u r e exper iments w i l l be necessary to answer these questions. 

0.30, , . , 

0.26 

0.24 _ 
20 40 

PER CENT C 0 2 

Figure 7. Effect of carbon dioxide 

F. 1.52 lb./hr. 
W. 100 watts 
a. 66 watt-hr./lb. 

Effect of N i trogen 

I n F i g u r e 8 are shown the results of m i x i n g n i t rogen w i t h oxygen. T h e most s u r 
p r i s i n g t h i n g is t h a t energy y i e l d is increased w h e n n i t r o g e n is e m p l o y e d i n the range 
f r o m 1 u p to about 1 0 % . W h e n above 1 0 % n i t r o g e n is present i n oxygen, the energy 
y i e l d shows a g r a d u a l b u t s teady decrease. One i m p o r t a n t conc lus ion is t h a t c o m m e r 
c i a l oxygen for ozonators need no t be 9 9 . 5 % p u r e . T h e 96 to 9 7 % p u r i t y w o u l d no t 
o n l y g ive a h igher energy y i e l d of ozone b u t also be m o r e economica l to produce . 

T h e shape of the c u r v e as d r a w n m i g h t leave reasonable d o u b t as to the expected 
m a x i m u m . O t h e r exper iments were conducted for increments of n i t r o g e n less t h a n 6 % 
a n d the results are s h o w n i n F i g u r e 9. I t is conc luded t h a t the a d d i t i o n of even s m a l l 

0.30 

0.28 

0. 26 

0.24 
10 20 

PER CENT N 2 

Figure 8. Effect of nitrogen 

F. 2.10 lb./hr. 
W. 98 watts 
a. 47 watt-hr./lb. 
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0.24 

0.22 

0.20 

0.18 
2 4 

PER CENT No 

Figure 9. Effect of nitrogen 

F. 0.7 to 1.2 lb./hr. 
W. 85 to 105 watts 
a. 87 to 93 watt-hr./lb. 

amounts of n i t rogen , of the order of 1 to 2%, is sufficient to produce these unexpected 
results . T h e c o n t r o l of n i t rogen to w i t h i n o p t i m u m values is i m p o r t a n t i n c o m m e r c i a l 
ozonator operat i on . 

Effect of Ca rbon Monox ide 

I n F i g u r e 10 are shown the results of m i x i n g carbon monox ide w i t h oxygen. 
T h i s is another d i luent w h i c h gives a s u r p r i s i n g a n d unexpected increase i n the energy 
y i e l d . S o m e w h a t less c a r b o n monox ide t h a n n i t rogen is necessary to produce th is i n 
crease. T h e presence of carbon monox ide can be expected i n the produc ts of the 
recyc led oxygen sys tem. I f the organic c ontaminants are b u r n e d , c a r b o n d iox ide a n d 
water are expected ; b u t i t is not unreasonable to expect some incomple te o x i d a t i o n 
produc ts , i n c l u d i n g carbon monox ide . I t is conceivable t h a t the c o n t r o l of a n o p t i m u m 
carbon monox ide content w i l l be a factor that some ozone p lants cannot af ford to 
ignore. 

0.34i 

0.281 I I I 
0 2 4 6 

PER CENT CO 

Figure 10. Effect of carbon monox
ide 

F. 1.52 lb./hr. 
W. 90 watts 
a. 59 watt-hr./lb. 
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Conclusions 

Of the seven d i luents s tud ied , the greatest loss i n energy y i e l d resulted f r o m the 
presence of less t h a n 1 % of h y d r o g e n , water , or F r e o n 12. 

A g r a d u a l decrease i n energy y i e l d resulted f r o m a d d i t i o n of e i ther c a r b o n dioxide 
or argon to o x y g e n ; amounts u p to 5 0 % reduced the energy y i e l d to o n l y 8 5 % of 
t h a t expected w i t h p u r e oxygen. 

F i n a l l y , the presence of e i ther c a r b o n monox ide or n i t rogen i n amounts u p to 1 0 % 
a p p a r e n t l y increased the energy y i e l d of ozone generat ion i n oxygen. I n amounts 
greater t h a n 1 0 % , a g r a d u a l decrease i n energy y i e l d resul ted . 
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Inhibiting Action of Hydrocarbons 
on Ozone Formation by Silent 
Electrical Discharge 

EIICHI INOUE and KIICHIRO SUGINO 

Tokyo Institute of Technology, Tokyo, Japan 

The reaction mechanism of ozone formation was 
studied to clarify the inhibiting action of hydrocar
bons. The rate of ozone formation varies linearly 
with the hydrocarbon concentration, regardless of 
the type of hydrocarbon. 

Ozone f o r m a t i o n b y si lent e lec tr i ca l discharge is i n h i b i t e d per fec t ly b y a d m i x i n g 
h y d r o c a r b o n s i n a i r (1). T h i s was the m a i n reason for the success of the s low o x i d a 
t i o n of h y d r o c a r b o n s b y si lent e lec tr i ca l discharge. I t also caused the great d i f f i cu l ty 
i n p r e p a r i n g ozone b y the same process. 

A n inves t iga t i on was made to c l a r i f y the m e c h a n i s m of the i n h i b i t i n g a c t i o n . 

Reaction Mechan i sm 

Ozone f o r m a t i o n p r o b a b l y consists of the f o l l owing e lementary reactions (8). 

0 2 + e* 4 Ο + Ο* + e (8.3 ev.) (1) 

ta 
Ο + 0 2 + M - » 0 3 + M (24.1 kcal.) (2) 

0 + 0 + Μ - 4 θ 2 + Μ (116.4 kcal.) (3) 

0 3 + e* -> Ο + 0 2 + e (4) 

R e a c t i o n 4 can be neglected, as i t s rate is too s low to compare w i t h the others . 
T h e slow o x i d a t i o n of hydrocarbons proceeds b y the f o l l owing c h a i n react ion , the 

so-cal led peroxide process, as described p r e v i o u s l y (1-7) : 

0 2 + e * i Ο + Ο* + e (1) 

R H + Ο + M % R - + O H + M (5) 

R H + O H + M —» R · + H 2 0 + M (6) 

R - + 0 2 - > R 0 2 . (7) 

R 0 2 · + R H -+ R 0 2 H - f R · (8) 

I n the o x y g e n - h y d r o c a r b o n m i x t u r e , Reac t i ons 2, 3, a n d 5 are m u t u a l l y c ompet i t i ve , 
313 
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3 1 4 A D V A N C E S IN C H E M I S T R Y S E R I E S 

so ozone f o r m a t i o n m a y be i n h i b i t e d w h e n the rate of R e a c t i o n 5 is greater t h a n t h a t 
of R e a c t i o n 2. 

Inoue (2-7) f o u n d t h a t the r a t e - d e t e r m i n i n g step of the h y d r o c a r b o n ox ida t i on is 
R e a c t i o n 1 a n d t h a t a l l react ions take place i n a s t a t i o n a r y state . 

T h e n 

= 2fc1[02][e] - fc2[0][02][M] - fc3[0]2[M] - fc4[RH][0][M] (9) 

= 0 

There fore , [ 0 ] is constant . 

T h e n the rate of ozone f o r m a t i o n is 

- fe[0][o,][M] ( io) 

F r o m E q u a t i o n s 9 a n d 10 

= 2fc1[0,][e] - /c 3[0] 2[M] - fc4[RH][0][M] (11) 

W h e n the oxygen concentra t i on is constant , b o t h the f irst a n d second terms i n 
E q u a t i o n 11 become constant . T h e rate of ozone f o r m a t i o n , a c cord ing ly , can be 
expressed b y the first-order f u n c t i o n of the h y d r o c a r b o n concentrat i on . 

W h e n 

dm n 

dt υ 

À; 4[RH][0][M] = 2/d[02][e] - Α· 3[0] 2[Μ] (12) 

T h e n the c r i t i c a l c oncentra t i on of h y d r o c a r b o n for the perfect i n h i b i t i o n of ozone 
f o r m a t i o n is 

rpTTi . 2fct[02][e] - /b 3 [Q] 2 [M] 

There fore , [ R H ] c r i t i c a l becomes constant w h e n b o t h [ 0 2 ] a n d the discharge c u r 
rent are def inite . 

Exper imenta l Work 

T o i d e n t i f y E q u a t i o n 11 e x p e r i m e n t a l l y , the rates of ozone f o r m a t i o n f r o m a i r 
were observed b y changing the concentra t i on of a d m i x e d hydrocarbons . T h e e x p e r i 
m e n t was p e r f o r m e d b y us ing the a p p a r a t u s s h o w n i n F i g u r e 1. 

U n d e r e x p e r i m e n t a l condi t ions i n T a b l e I , the m a x i m u m ozone concentra t i on 

Table I. Experimental Conditions 

Discharge tube 
Effective length 12.0 cm. 
Space gap 3.0 mm. 
Outer diameter of inner tube 3.80 cm. 
Effective volume 42.5 cc. 

Discharge voltage 15.0 kv. 
Discharge current 1.45 ma. 
Reaction temp. 200° C. 
Total pressure 760.0 mm. of Hg 
Flow rate 11.0 l.air/hour 
Space velocity 4.15 min . - 1 

reached about 1.0 v o l u m e % , so t h a t the v a r i a t i o n of oxygen concentra t i on cou ld be 
neglected. T h e amounts of hydrocarbons a d m i x e d were measured b y we igh ing the 
change of the weight of e v a p o r a t i o n i n the feeder i n F i g u r e 1. T h e q u a n t i t a t i v e a n a l y -
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50ru 
100 V. 

Figure 1. Apparatus 

1. Blower 
2. Silica gel tube 
3. Flowmeter 
4. Manometer 
5. Hydrocarbon evaporator 
6. Discharge tube 
7. Cooled trap 
8. Potassium iodide solution 
9. Transformer 

sis of ozone was car r i ed out b y the iodine m e t h o d . T h e t o t a l error of the exper iment 
was w i t h i n ± 3 % . T h e results are shown i n T a b l e I I . 

Hydrocarbon 
Cyclohexane 

n-Hexane 

n-Heptane 

Table II. Experimental Results 

Concn. of Hydro-
G./Hour carbon, Vol. % Mm. Hg 

0.000 0.000 0.00 
0.092 0.223 1.69 
0.227 0.549 4.18 
0.290 0.702 5.34 
0.550 1.331 10.12 
0.850 2.051 15.64 

0.164 0.388 2.96 
0.250 0.589 4.50 
0.304 0.740 5.49 
0.335 0.792 6.03 
0.509 1.201 9.23 

0.056 0.114 0.87 
0.120 0.245 1.86 
0.160 0.326 2.48 
0.264 0.538 4.10 
0.311 0.633 4.82 
0.749 1.502 11.50 

Rate of O 3 Formation, 
Mole/Hour X 10s 

5.89 
4.61 
2.67 
1.98 
0.12 
0.09 

3.58 
2.38 
1.82 
1.50 
0.13 

5.22 
4.53 
4.04 
3.05 
1.99 
0.08 

I n F i g u r e 2, the amounts of ozone f o rmed d u r i n g a 10-minute p e r i o d are p l o t t e d 
against the concentrat ions of n-hexane, cyclohexane, a n d η-heptane. T h e rate of 
ozone f o r m a t i o n changes l i n e a r l y w i t h the h y d r o c a r b o n concentrat i on ( E q u a t i o n 11) . 
A n d [ R H ] c r i t i c a l was about 1.1 v o l u m e % (8.5 m m . of m e r c u r y ) for a i r . 

N o m a r k e d difference i n i n h i b i t i n g ac t i on was observed on changing the t y p e of 
h y d r o c a r b o n . 
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6, 

5 

4 

\ 3 

ο 
ε 

O CYCLOHEXANE 
• Π-ΗΕΧΑΝΕ 
X n-HEPTANE 

, Ο 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

t CONCENTRATION, HYDROCARBON,VOL.% 
0 ' 2 ' 4 ' 6 ' 8 ' 10 ' 12 

PRESSURE, HYDROCARBON, mmH3 

Figure 2. Effect of hydrocarbon concentration on ozone 
formation 
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Origin of Secondary Electrons 
in Ozonizer Discharge 

N. A. RAMAIAH 

Department of Physical Chemistry, Indian Institute of Sugar Technology, Kanpur, India 

The potential width of the photosensitive non-self
-maintained region and the onset potentials of the 
self-maintained region of discharge in chlorine, bro
mine, iodine, oxygen, nitrogen, and water vapor en
closed in ozonizer tubes were measured. The data 
were elucidated by a mechanism suggested for the 
origin of secondary electrons for ozonizer discharge, 
indicating that gas particles adsorbed on the elec
trode surface ionize under positive ionic (or photon) 
bombardment and contribute to the secondary emis
sion. 

Depending upon the origin of the electrons, the electric discharge in gases may be 
divided into two classes: non-self-maintained and self-maintained discharge. 

I n the first, the primary electrons responsible for the production of electron 
avalanches are generated by some external agencies like radioactive or light rays. T h e 
discharge exists as long as these rays are in operation. T h i s may be illustrated by the 
phenomenon involved in the Ge iger region of the counters. T h e potential applied to 
the wire and cylinder of the counters is only sufficient to energize electrons to cause 
ionization by collision; this will happen only when an electron is introduced into the 
system by external agencies. 

I n the self-maintained discharge, the gas-intensified photoelectric or ionization cur
rent develops a mechanism by which new electrons can be generated in sufficient 
number by secondary processes in a sensitive portion of the discharge, to replace ex
ternally imposed ionization. T h a t is, in the case of a self-maintained discharge, the 
agencies developed in the discharge space—e.g., photons, positive ions, etc.—produce 
electrons which in turn cause avalanches and their generators ; a cyclic operation takes 
place. T h i s will happen when the externally applied voltage is larger than a minimum 
value which is often referred to as the threshold potential, Vm, of the self-maintained 
discharge. T h e varied secondary processes responsible for the maintenance of the 
discharge are as follows: 

A. In the gas phase 
1. Ionization and excitation by electron impact 
2. Ionization by positive ion impact 
3. Photoelectric action in the gas 
4. Action of metastables in the gas 

317 
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B . A t the cathode 
1. E l e c t r o n bombardment 
2. Pos i t ive ionic bombardment 
3. Photoelectric effects 
4. Impact of metastable atoms 
5. F i e l d currents 

Secondary Emission in Discharges with Metal l ic Electrodes 

Cons iderab le exper imenta l evidence is ava i lab le to show t h a t i n discharges i n G e i s -
sler tubes a n d other systems i n v o l v i n g meta l l i c electrodes, the secondary emission f r o m 
the cathode b y b o m b a r d m e n t b y pos i t ive ions (Process B l ) a n d photons ( B 3 ) are 
signi f icant . These secondary electrons or ig inate f r o m the free electrons f o r m i n g the 
F e r m i gas i n a m e t a l . I t is k n o w n t h a t the highest l eve l occupied b y a n e lectron i n a 
m e t a l at absolute zero is re ferred to as the F e r m i l eve l , μ e lectron vo l t s above f r o m 
the lowest . T h e emission of secondary electrons f r o m the meta l l i c cathode is r e l a t i v e l y 
v e r y s imple a n d refers to the same process as is i n v o l v e d i n the photoe lectr ic emission. 
W h e n the energy, E, i m p a r t e d to a meta l l i c e lectron b y a n inc ident p h o t o n is greater 
t h a n μ + φ (where φ is the w o r k f u n c t i o n of the sur face ) , i t is l i bera ted i n t o the free 
space, possessing the energy difference Ε — (μ + φ) e.v. 

T h e processes i n v o l v e d i n the b o m b a r d m e n t of a so l id surface b y pos i t ive ions 
are, however , v e r y c ompl i ca ted a n d give rise to v a r i e d p h e n o m e n a ; the most i m 
p o r t a n t a n d signi f icant one for the p o i n t u n d e r cons iderat ion is the l i b e r a t i o n of 
secondary electrons. E v e n i n th is process, the essential requis i te is t h a t sufficient 
energy be s u p p l i e d to the m e t a l e lec tron to enable i t to leave the m e t a l . T h e r e appear 
to be two ways i n w h i c h a pos i t ive i o n can s u p p l y energy to a n electron i n the m e t a l . 
I n the first, the energy comes f r o m the k ine t i c energy of t r a n s l a t i o n of the i on re lat ive 
to the m e t a l ; i n the second, i t is m a d e ava i lab le b y changes i n the electronic s t ruc ture 
of the i o n (1). A s emphas ized b y M a s s e y a n d B u r h o p ( i ) , a large p a r t of the e lectron 
emission appears to be due to the first process. 

Secondary Emission in Ozon izer Discharges with Glass Electrodes 

T h e r e exist no free or F e r m i electrons i n glass, w h i c h is considered to be a s e m i 
conductor w i t h a v e r y l o w specific c o n d u c t i v i t y ( 1 0 - 5 t o 1 0 _ 3 o h m - 1 c m . - 1 ) . T h e 
quest ion then arises : W h e r e do the secondary electrons or ig inate i n ozonizer tubes w h e n 
the discharge enters the se l f -ma inta ined reg ion? 

I t has been suggested (6) t h a t i n discharges w i t h glass electrodes, the gas layers 
adsorbed o n the glass surface f o r m the source of the secondary electrons. T h i s is 
a r r i v e d at f r o m a v e r y interest ing finding t h a t the discharge i n m e r c u r y v a p o r , e n 
closed i n a n ozonizer f r o m w h i c h the adsorbed water v a p o r layers were removed , 
c ou ld be s t r u c k a n d m a i n t a i n e d o n l y at v e r y large fields of the order of 1 0 4 vo l t s per 
cm. , whi le the se l f -ma inta ined discharge cou ld be i n i t i a t e d at 900 vo l ts per c m . i n the 
same vessel w h e n i t conta ined the preadsorbed water v a p o r layers . T h u s the existence 
of the adsorbed gas layers on the surface of a n electrode fac i l i tates the l i b e r a t i o n of 
secondary electrons at c o m p a r a t i v e l y m u c h lower a p p l i e d fields. I t is therefore s u g 
gested (6) t h a t on receipt of sufficient energy b y photonic or pos i t ive ionic b o m b a r d 
ment , the adsorbed part i c les ionize a n d contr ibute to the l i b e r a t i o n of secondary elec
trons . 

Deductions from Hypothesis for Or ig in of 
Secondary Emission in Ozon izer Discharges 

I t is a p p a r e n t t h a t the thresho ld p o t e n t i a l , Vm, of the se l f -mainta ined region of 
the ozonizer discharge is p r i m a r i l y dependent u p o n the n a t u r e , especial ly the i o n i z a 
t i o n p o t e n t i a l , Vi, of the adsorbed gas m e d i u m . A deduct i on f r o m th is is t h a t for a 
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g iven geometry of the ozonizer tubes, the thresho ld p o t e n t i a l , Vm, shou ld be less i n 
b r o m i n e ( V i = 11.8 e.v.) , iodine (Vi = 10.4 e.v. ) , etc., t h a n i n water v a p o r (Vi = 13.0 
e.v.) . O r , for a g iven pressure of b r o m i n e or iod ine enclosed i n a k n o w n ozonizer , ν m 
shou ld be less w h e n the adsorbed layers conta ined o n l y b romine or iodine t h a n when 
the electrode wal ls c o n t a i n water v a p o r as adsorbed layers . 

O v e r a definite vo l tage region be low the t h r e s h o l d p o t e n t i a l , Vm, the discharge is 
non - se l f -ma in ta ined a n d exists whenever a n y ex terna l i o n i z i n g r a d i a t i o n is inc ident . 
T h e l i m i t of th is non - se l f -ma in ta ined reg ion is Vn a n d t h a t of the se l f -ma inta ined 
region is Vm. T h e p o t e n t i a l w i d t h of the n o n - s e l f - m a i n t a i n e d region is thus g iven b y 
Vm — Vn. Vn corresponds r o u g h l y to the beg inn ing of the p r o p o r t i o n a l reg ion of the 
counter , at w h i c h the f ield across one m e a n free p a t h is sufficient to cause i o n i z a t i o n 
b y co l l i s ion of the gas part i c les , is a f u n c t i o n of the i o n i z a t i o n p o t e n t i a l of the gas 
m e d i u m , a n d is r e la t i ve ly unaffected b y the changes of the electrode surface . F u r t h e r , 
as envisaged i n the above hypothes is , the field at Vm is sufficient to i m p a r t energy 
corresponding to the i o n i z a t i o n p o t e n t i a l of the adsorbed m e d i u m . I f Vi is designated 
as the i o n i z a t i o n p o t e n t i a l of the gaseous m e d i u m a n d Vs t as t h a t of the adsorbed phase, 
the f o l l owing s imple f o r m of a q u a n t i t a t i v e expression can be w r i t t e n : 

Vm~Vn = U ( 7 , i + 0 ) - / 2 (Vi) 

where / x a n d / 2 represent the f u n c t i o n a l a b b r e v i a t i o n . F u r t h e r , i f i t is assumed t h a t fx 

a n d f2 are s i m i l a r , we get 

Vm -Vn = f (Vsi-Vi + φ) 

T h i s expression is o n l y a p p r o x i m a t e a n d poss ib ly a crude f o r m re la t ing the i o n i z a t i o n 
p o t e n t i a l of the gas phase a n d t h a t of the adsorbed m e d i u m w i t h the p o t e n t i a l w i d t h 
of the n o n - s e l f - m a i n t a i n e d region w h i c h can be observed e x p e r i m e n t a l l y . I f a l lowance 
is m a d e for the possible incorrectness of the a s s u m p t i o n t h a t / x a n d f2 are s i m i l a r f u n c 
t ions , i t w o u l d a p p e a r f r o m the above expression t h a t the n o n - s e l f - m a i n t a i n e d reg ion 
shou ld be apprec iab le i n systems i n w h i c h Vsi — Vi is m a r k e d . 

Exper imental Verif icat ion of Deductions 

T h e thresho ld potent ia ls Vm, of the se l f -ma inta ined region, a n d the p o t e n t i a l w i d t h 
(Vm — Vn) of the n o n - s e l f - m a i n t a i n e d reg ion were invest igated i n b r o m i n e , m e t h a n o l , 
iodine , oxygen, a n d n i t r o g e n i n t r o d u c e d i n nondegassed vessels w h i c h conta ined a d 
sorbed w a t e r v a p o r layers a n d i n degassed vessels i n w h i c h the adsorbed layers were 
r e m o v e d p r i o r to i n t r o d u c t i o n of the gas or v a p o r u n d e r inves t i ga t i on . T h e e x p e r i 
m e n t a l detai ls of th is inves t i ga t i on w i l l be g i v e n elsewhere. U n l i k e i t s behav io r i n 
Ge is l e r tubes a n d G e i g e r - M u l l e r counters , the n o n - s e l f - m a i n t a i n e d reg ion i n ozonizer 
discharge i n iod ine , b r o m i n e , etc., is ex t remely photosensi t ive , i n the sense t h a t even 
v is ib le l i g h t produces pulses or in i t ia tes the discharge w h i c h exists o n l y as l ong as the 
r a d i a t i o n is i n operat i on . 

T a b l e I gives a t y p i c a l series of results on the v a r i a t i o n of Vm of pressure of 

Table I. Variation of Threshold Potential with Pressure of 
Bromine Vapor in Degassed and Nondegassed Ozonizers 

Pressure, Vm, in kv. 
Mm. Hg Degassed Nondegassed 

0.0028 0.54G 0.92 
0.23 1.15 1.22 
1.07 1.775 
4.59 3.58 4.09 

b r o m i n e i n t r o d u c e d i n t o degassed a n d nondegassed ozonizers. I n accord w i t h the de
d u c t i o n f r o m the above hypothes is on the o r i g i n of the secondary electrons i n ozonizer 
discharges, Vm was larger i n nondegassed vessels i n w h i c h the electrode surface c o n -
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t a i n e d chief ly a water v a p o r (Vsi = 13.6 e.v.) l a y e r t h a n i n degassed vessels i n w h i c h 
the adsorbed layers conta ined b r o m i n e (V*i = 11.8 e .v . ) . T h e difference i n the i o n i z a 
t i o n p o t e n t i a l of a n a t o m adsorbed o n the surface a n d of the same a t o m exist ing i n 
the free state is no t k n o w n . 

T a b l e I I gives the d a t a o n the p o t e n t i a l w i d t h of the photosensi t ive n o n - s e l f - m a i n -

Table II. Potential Width of Photosensitive Non-Self-Maintained 

Region [Vm - Vn) in Various Media 
Ionization Potential 

Of adsorbed Of gas phase 
Homogeneous Pressure of medium, V,%, employed Vi, V «· - Vi + Φ», Vm - Vn, Volts 

(R.M.S.) Medium Vapor, Mm. Hg e.v. e.v. E .V . 
Vm - Vn, Volts 

(R.M.S.) Referenc( 
Iodine vapor 0.45 13.0b 10.4 2.6+0 1500 c(9,10) Iodine vapor 

0.45 10.4<* 10.4 Φ 10 
Bromine 0.0028 13.0b 11.8 1.2+* 374 0 

0.23 13.0b 11.8 1.2+φ 476 
0.0026 11.8d 11.8 Φ 5 c 

Methanol 17.8 13.0b 10.8 2.2+φ 100 c 
20.5 13.0b 10.8 2.2+φ 82 c 
21.4 10.8d 10.8 Φ 120 c 

Chlorine 20.0 13.0b 12.9 0.1+φ Undetectable •<S) 
Nitrogen 26.0 13.0b 14.5 - 1 . 5 + φ Undetectable '(4,7) 
Oxygen 10.0 13.0b 13.6 - 0 . 6 + φ Undetectable 0 Oxygen 

330 13.0b 13.6 - 0 . 6 + φ 400 ? (2,3) 
Water 13.5 13.0b 13.0 Φ Undetectable *(δ) 

a Work function of surface under discharge not known. 
b In nondegassed vessels—i.e., adsorbed vapor layers (V» = 13.0 e.v.) present on electrode surface. 
c Present investigations. 
d In degassed vessels—adsorbed phase on electrode surface was same as in homogeneous gas phase—V»% = Vi. 

ta ined region (Vm — Vn) i n a n u m b e r of m e d i a inves t igated . T h e ex terna l source of 
l i g h t e m p l o y e d was a 200-watt b u l b . I t is a p p a r e n t f r o m the d a t a i n a lmost a l l gases 
or v a p o r s t h a t Vm — Vn is re lated to the difference i n the i o n i z a t i o n potent ia ls of the 
part i c les ex ist ing i n the homogeneous a n d the adsorbed phase, w h i c h c a n be fo l l owed 
f r o m the above hypothes is . T h e d a t a c lear ly p o i n t out the significance of the a d 
sorbed v a p o r i n c o n t r o l l i n g the p o t e n t i a l w i d t h Vm — Vn. 
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Effect of External Light on Ozonizer Discharge 

N. A. RAMAIAH 

Department of Physical Chemistry, Indian Institute of Sugar Technology, Kanpur, India 

Current, passing through an ozonizer containing an 
electronegative gas and excited by alternating cur
rent fields, is decreased in magnitude by external 
light. This photoreduction (Joshi effect, —Δi) was 
markedly susceptible to changes in the nature of elec
trode surface by deposition of films and/or by aging. 
Adsorbed layers, held on the electrode surface by 
van der Waals forces, were responsible for —Δi. 
Under light, adsorbed molecules dissociate to give 
electronegative atoms and/or radicals; these inhibit 
by processes of electron capture the secondary emis
sion, which results in the loss of electron avalanche 
production and, therefore, in the reduction in current. 

D u r i n g inves t i ga t i on of the k inet i cs of the f a m i l i a r reac t ion between h y d r o g e n a n d 
chlor ine exc i ted b y e lec tr i ca l fields i n ozonizer tubes, J o s h i (11,22) of B a n a r a s observed 
i n 1938 t h a t the current , i, flowing t h r o u g h the sys tem decreased m a r k e d l y o n exposure 
of the discharge tube to externa l l i g h t . T h i s p h o t o r e d u c t i o n of i, re ferred to as the 
J o s h i effect, —Ai, is c o n t r a r y to theore t i ca l considerat ions of p h o t o - a n d thermoelec tr i c 
effects a n d of electric discharge i n gases a n d has been observed i n a lmost a l l e lectro 
negat ive gases a n d v a p o r s (21). I t has been establ ished t h a t —Ai is d i s t inc t f r o m 
the w e l l k n o w n photoelectr ic effect: whi le the l a t t e r increases l i n e a r l y w i t h m i l l i o n f o l d 
increase of l i g h t i n t e n s i t y , / , the effect —Ai a t ta ins s a t u r a t i o n a t large / . 

U n l i k e the B u d d e effect w h i c h is observed i n unexc i ted halogens, — Ai is no t i c ed 
under a l l f requency ranges f r o m extreme red (7070 A . ) to x - r a y s . I t has been s h o w n 
(21, 22) t h a t —Ai is not analogous to the P e n n i n g effect w h i c h invo lves a rise i n the 
s p a r k i n g p o t e n t i a l ( fo l lowed b y a decrease i n the discharge current ) of a m i x t u r e of 
g a s e s — p a r t i c u l a r l y h e l i u m a n d n e o n — d u e to pho todes t ruc t i on of the i r metastables . 
T h e new phenomenon — h a s evoked m u c h interest i n v i e w of the w o r k done b y 
T h o m s o n , T o w n s e n d , L o e b , a n d others, w h i c h reveals t h a t externa l r a d i a t i o n is a n 
indispensable fac tor for the i n c e p t i o n of a discharge (32). 

Experimental Technique 

T h e exper imenta l technique e m p l o y e d i n the inves t iga t i on of —Ai is v e r y s imple 
a n d invo lves measurement of ozonizer c u r r e n t i n a n electronegative gas or v a p o r , i n the 
d a r k a n d l i ght (4, 23). Ozonizer tubes made of soft soda, h a r d a n d boros i l i cate glasses, 
a n d fused s i l i ca were employed . These were evacuated b y sui table v a c u u m p u m p s a n d 
filled w i t h pur i f i ed gases l i k e oxygen, ch lor ine , b r o m i n e , iodine , a n d water v a p o r , at a 
desired pressure. T h e y were exc i ted b y h i g h a l t e r n a t i n g potent ia ls of 50, 100, a n d 500 
cycles per second obta ined b y sui table s tep -up t rans formers (see F i g u r e 1 ) . 

321 
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Figure 1. Experimental setup for investigation of 
effect of external light on ozonizer discharge 

V. J. = Cambridge vacuo-junction 

T h e a l t e r n a t i n g current flowing t h r o u g h the sys tem was measured b y a m i c r o -
a m m e t e r or a sensit ive ga lvanometer coup led w i t h a sui table rect i f ier . T h e c u r r e n t was 
also inves t igated b y a cathode r a y osc i l l ograph . T h e c u r r e n t measurements were 
made w h e n the exc i ted sys tem was i n the d a r k a n d w h e n exposed to l i g h t of a k n o w n 
wave l e n g t h obta ined f r o m the c o m b i n a t i o n of m e r c u r y arc l a m p a n d a sui table filter 
or to the cont inuous r a d i a t i o n f r o m a 200 -wat t b u l b (v is ib le ) or h y d r o g e n discharge 
tube (u l t r av i o l e t ) (36). T h e observed values of the current i n the d a r k a n d u n d e r l i g h t 
were re ferred to , respect ive ly , as idar* a n d iugnt. T h e difference between these values 
gave the absolute va lue of — Ai; the re la t ive va lue w h i c h appeared su i tab le f or c o m 
p a r a t i v e purposes was g iven b y 100(—Ai) A 'dark. 

Dependence of Phenomenon on Electrode Surface 

Soon after the d iscovery of the phenomenon , the significance of the n a t u r e of the 
electrode surface as d i s t inc t f r o m the homogeneous gas phase, i n c o n t r o l l i n g the 
m a g n i t u d e of —Ai, was recognized. E x p e r i m e n t a l findings of the influence on — Ai 
of surface films, presorbed gases, ag ing u n d e r discharge, etc., c o n t r i b u t e d m u c h to 
u n d e r s t a n d i n g the o r i g i n of the phenomenon . 

I n f l u e n c e o f S u r f a c e F i l m s . T h a t the electrode surface of the discharge tubes 
does not r e m a i n i n a c t i v e b u t p l a y s a s ignif icant role i n the p r o d u c t i o n of — Ai has been 
i n f e r r e d f r o m the p r o n o u n c e d influence o n the m a g n i t u d e of — Ai of the change i n 
the n a t u r e of the exc i ted surface, b r o u g h t about b y depos i t ion of c e r t a i n films o n the 
electrode surface . C h e r y a n (2) s tud ied the v a r i a t i o n i n the m a g n i t u d e of —Ai b y 
coat ing the ozonizer wal l s w i t h about 50 substances. 
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F i g u r e 2 gives a t y p i c a l series of results o n — Ai i n a i r w i t h different w a l l m a t e r i a l s 
(37). A t a pressure of 140 m m . of m e r c u r y a n d at 0.9 k v . , the effect — %Ai was 3 

i n b l a n k (glass) vessels wh i l e i t was 17 w i t h s o d i u m h y d r o x i d e , 38 w i t h b a r i u m ch lor ide , 
a n d 43 w i t h p o t a s s i u m chlor ide coat ing o n the a n n u l a r wal l s of the discharge t u b e . 
E s s e n t i a l l y s i m i l a r augmentat ive influence of p o t a s s i u m chlor ide o n — Ai was also 
no t i ced i n w a t e r v a p o r (25). T h i s c a t a l y t i c a c t i o n of p o t a s s i u m chlor ide o n — Ai was 
u t i l i z e d to demonstrate the surface s e n s i t i v i t y of — Ai. I t was observed t h a t the 
m a g n i t u d e of —Ai i n w a t e r v a p o r increased l i n e a r l y w i t h the l e n g t h of the ozonizer 
i r r a d i a t e d w i t h e i ther b l a n k or p o t a s s i u m ch lor ide -coated surface . T h e slope of the 
l ine appeared to g ive a n exact measure of the influence o n — Ai of the n a t u r e of the 
sur face ; a n d was t w o t imes greater w i t h p o t a s s i u m chlor ide t h a n w i t h a b l a n k surface 
(see F i g u r e 3 ) . T h e m a r k e d v a r i a t i o n i n the v a l u e of the slope due to a change i n 

15 

Figure 3. Influence of potassium chloride on variation of 
phenomenon —Ai in the electrode surface 
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the n a t u r e of the surface revealed the signif icance of the l a t t e r i n d e t e r m i n i n g the 
m a g n i t u d e of — Ai. 

Influence of Presorbed Gases. T h e influence o n — Ai of the preadsorbed gases 
on the electrode surface was inves t igated b y R a o (27). P u r e , d r i e d ch lor ine was 
i n t r o d u c e d in to a vessel u n d e r a pressure of 300 m m . of m e r c u r y a n d was subjected to 
discharge i n t e r m i t t e n t l y for about 14 hours . L a t e r , the gas was comple te ly p u m p e d 
o u t ; the discharge tube was not degassed de l iberate ly . I t was filled w i t h d r i e d a i r at 
a fixed pressure. T h e sys tem i n th i s c o n d i t i o n showed a pronounced —Ai c o r re 
s p o n d i n g to 8 8 % p h o t o d i m i n u t i o n of the c u r r e n t . W h e n d r i e d a i r was i n t r o d u c e d at 
the same pressure in to a fresh vessel a n d tested, no effect c o u l d be not i ced . These 
results emphas ized the m a r k e d significance as a d e t e r m i n a n t of — Ai, of traces of 
i m p u r i t i e s , especial ly the adsorbed gases o r / a n d the changes p r o d u c e d o n the electrode 
surface b y the a p p l i e d fields. 

ϋί 0.5 0.7 0.9 I.I KV. 

APPLIED POTENTIAL 

Figure 4. Influence of removal of surface alkali on phe
nomenon — Δ / in water vapor 

Influence of A c i d Treatment. T h e presence of free a l k a l i on the surface of glass 
a n d i t s influence on a d s o r p t i o n a n d a l l i ed phenomena are w e l l k n o w n . M c B a i n (17) 
p o i n t e d out the significance of a c i d t r e a t m e n t of glass vessels to remove the a l k a l i i n 
q u a n t i t a t i v e t r e a t m e n t of the phenomenon m e n t i o n e d . T h e r e m o v a l of surface a l k a l i 
caused a m a r k e d change i n the p r o d u c t i o n of — Ai (20). T h i s last effect was s tud ied 
i n S iemens - type vessels, some of w h i c h were pre washed w i t h chromic a c i d a n d bo i l ing 
d i s t i l l ed water a n d d r i e d under v a c u u m for 24 h o u r s ; others were used as t h e y were 
p r e p a r e d f r o m fresh glass. 

F i g u r e 4 gives a t y p i c a l series of results on —Ai i n water v a p o r enclosed i n a c i d -
washed a n d u n t r e a t e d ozonizers. I n u n t r e a t e d discharge tubes, apprec iab le effect cor 
respond ing to 2 5 % current suppress ion under l i g h t was observed ; u n d e r the same 
condit ions of pressure a n d exc i t ing p o t e n t i a l , no — Ai c ou ld be not i ced i n ac id - t reated 
vessels. T h e n a t u r e a n d the v o l u m e of the gas were the same i n the t w o series of 
exper iments . T h e o n l y difference was t h a t the surface of one vessel was freed f r o m 
surface a l k a l i b y t r e a t i n g the discharge tube w i t h a c i d so lut i on , whi l e the other was 
not . T h e m a r k e d influence o n the p r o d u c t i o n of — Ai of surface a l k a l i offered fur ther 
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evidence for the dependence of the phenomenon on the electrode m a t e r i a l r a t h e r t h a n 
o n the homogeneous gas phase. 

Influence of Aging. T h e d a t a i n F i g u r e 5 show the effect o n — Δί of aging—-viz . , 
c ont inued exposure to discharge at a fixed p o t e n t i a l . T h e sys tem was exc i ted a t a 
constant a p p l i e d field a n d the m a g n i t u d e of — Ai was no t i ced at increas ing i n t e r v a l s 
of t i m e . T h e effect — Ai increased progress ive ly w i t h t i m e t, t e n d i n g t o a t t a i n a 
m a x i m u m va lue at large values of t. I n general , the rate of increase of — Ai obeyed 
a re la t i onsh ip 

~%M = kt1/m (1) 

where k a n d m are constants , as i n d i c a t e d b y the l inear graphs ob ta ined w h e n l o g 
(—%Ai) was p l o t t e d against l og t (see curve 2, F i g u r e 5) (20, 83). E q u a t i o n 1 is 
s i m i l a r to B a n g h a m a n d B u r t ' s equat ion for the rate of s o r p t i o n of a n u m b e r of gases 

40i 

on glass (1). F u r t h e r , the rate of increase of — Ai d u r i n g aging appeared to obey a 
first-order l a w (26). 

T h i s t i m e deve lopment of — Ai w i t h ag ing a p p e a r e d to be permanent , i n the sense 
t h a t w h e n the discharge was d iscont inued a n d tested after a rest p e r i o d of 10 hours , 
the same m a g n i t u d e of — Ai was not i ced . T h i s i r revers ib le a u g m e n t a t i o n of —Ai w i t h 
t ime of exposiure to discharge i n e lementary gases l i k e ch lor ine a n d iodine is i n c o m 
prehensible o n the basis of the possible react ions i n the homogeneous gas phase. D i s 
soc iat ion of chlor ine a n d iodine in to atoms a n d the i r l a ter convers ion in to negat ive ions 
b y c a p t u r e of electrons seem to be the probab le changes to be expected u n d e r d i s 
charge ; these are, however , sensibly revers ib le : W h e n the exc i t ing m e c h a n i s m ceases 
to operate , the charged part i c les are lost b y a n u m b e r of processes l i k e r e c o m b i n a t i o n 
a n d di f fusion. T h e observed influence of aging on the m a g n i t u d e of — Ai gave a clear 
i n d i c a t i o n t h a t the processes o c curr ing under discharge, p r e s u m a b l y changes chemica l 
i n n a t u r e , at o r / a n d o n the electrode surface, were of f u n d a m e n t a l i m p o r t a n c e i n 
govern ing the m e c h a n i s m for the occurrence of —Ai. 

Influence of Longitudinal and Transverse Irradiation. E m p l o y i n g ozonizers of 
s l i ght ly different design f r o m the f a m i l i a r Siemens t y p e ( F i g u r e 6 ) , D e o (β) a n d R a o 
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I t t t t t I t t t t t I 
T R A N S V E R S E IRRADIATION 

• ILLUMINATION OF 
E L E C T R O D E A L O N E 

Figure 6. Schematic representation of irradiation 
ozonizer wall and homogeneous gas phase 

of 

(27) inves t igated the v a r i a t i o n of —Ai i n ch lor ine a n d iodine v a p o r , respect ive ly , w i t h 
the sys tem i r r a d i a t e d l o n g i t u d i n a l l y , on the end -on p o s i t i o n — a n d t r a n s v e r s e l y — i n the 
b r o a d s ide -on pos i t i on (see F i g u r e 6,a) . O t h e r condi t ions be ing equal the re lat ive effect 
—%Ai i n iod ine v a p o r was f o u n d to be 20 i n the f o r m e r mode of i r r a d i a t i o n a n d about 
three t imes th i s v a l u e — i . e . , 6 0 % — i n the l a t t e r . S i m i l a r results were ob ta ined i n 
ch lor ine . I n b o t h types of i r r a d i a t i o n the ent ire gas b u l k was exposed to l i g h t , b u t i n 
the f o r m e r case, o n l y a p a r t of the surface was exposed to l i g h t (due to m u l t i p l e 
reflection) ; a n d i n the transverse i l l u m i n a t i o n , a c o m p a r a t i v e l y large q u a n t i t y of the 
electrode surface was exposed to l i g h t . T h e observed d i s p a r i t y i n the m a g n i t u d e of 
—Ai i n d i c a t e d the signif icance of the electrode surface as a d e t e r m i n a n t of —Ai. 
H a r r i e s a n d v o n E n g e l (6) e m p l o y e d essent ia l ly the same m e t h o d of s c a n n i n g ; 
c y l i n d r i c a l tubes filled w i t h ch lor ine were used ( F i g u r e 6 ,6) . W h e n the pos i t i on near 
the electrodes was i l l u m i n a t e d , the pulses c o n s t i t u t i n g the c u r r e n t , i, were i n h i b i t e d ; 
w h e n the center of the discharge tube was i r r a d i a t e d , no d i m i n u t i o n i n the pulse height 
was recorded . 

Joshi 's Hypothesis 

I n agreement w i t h the above d a t a emphas i z ing the significance of the electrode 
surface i n c o n t r o l l i n g the m a g n i t u d e of —Ai, J o s h i (10) suggested for the first 
t i m e t h a t an adsorp t i on l ike l a y e r charac ter i zed b y a l ow w o r k f u n c t i o n f o r m e d 
o n the electrode surface was responsible for —Ai. H e f u r t h e r pos tu la ted t h a t l i g h t 
releases electrons f r o m the above b o u n d a r y l a y e r ; these photoelectrons are c a p t u r e d 
b y exc i ted part i c l es , a toms, o r / a n d radica ls w i t h large e lectron af f ini ty , to f o r m s l ow-
m o v i n g negat ive ions w h i c h reduce i as a space charge effect. 

A d s o r p t i o n a n d the P h e n o m e n o n . T h e concept of a n adsorp t i on l ike l ayer 
v i sua l i zed b y J o s h i as be ing responsible for — Ai appeared h e l p f u l i n e luc idat ing a large 
n u m b e r of observed facts i n c l u d i n g those i n d i c a t e d above, especial ly the influence on 
—Ai of ag ing . Because the l a t t e r t w o stages v i sua l i zed i n the hypothes is are instantané-
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ous a n d reversible , the change i n the m a g n i t u d e of — Ai d u r i n g ag ing , accord ing to the 
above hypothes is , was de termined a lmost en t i r e ly b y the extent to w h i c h the a d s o r p t i o n 
l i k e l a y e r was f o r m e d . 

T h e observat ions t h a t a n equat i on s i m i l a r to t h a t pos tu la ted b y B a n g h a m a n d 
B u r t , app l i cab le to a d s o r p t i o n processes, is fo l lowed b y a n increase of — Ai d u r i n g 
a g i n g ; a n d t h a t a first-order equat i on is obeyed, i n d i c a t e d t h a t the adsorbed l a y e r 
v i sua l i zed b y J o s h i was perhaps a k i n to chemisorp t i on , d i s t inc t f r o m v a n der W a a l s 
a d s o r p t i o n . W h e n a gas is i n t r o d u c e d i n t o a nude vessel, a k n o w n q u a n t i t y , depending 
u p o n the pressure a n d t e m p e r a t u r e of the gas, is t a k e n u p ins tantaneous ly b y the so l id 
i n the f o r m of mo lecu lar layers due to nonspecif ic v a n der W a a l s forces ; th is is fo l lowed 
b y s low u p t a k e of gas b y the L a n g m u i r sites a f ter acqu is i t i on of the necessary a c t i v a 
t i o n energy. T h i s last is ob ta ined b y b o m b a r d m e n t b y molecules a r r i v i n g f r o m the gas 
phase w i t h exc i ta t i on energy a c q u i r e d b y k i n e t i c co l l i s ions ; th is is contro l l ed b y a 
p r o b a b i l i t y fac tor w h i c h is v e r y s m a l l under n o r m a l condit ions , account ing for the 
slow rate of s o r p t i o n , a n d is a p p a r e n t l y apprec iab le under condi t ions of e lec tr i ca l 
discharge, as evidenced b y the observat i on t h a t u n d e r discharge the rate of s o r p t i o n 
of h y d r o g e n a n d other gases on glass is r e l a t i v e l y v e r y fast (9, 35, 38). 

Predischarge Adsorption as a Determinant of the Phenomenon. T h e finding t h a t 
E q u a t i o n 1 was app l i cab le to the deve lopment of —Ai d u r i n g ag ing a p p a r e n t l y 
s u p p o r t e d the hypothes is t h a t a n adsorp t i on l ike l a y e r f o r m e d o n the electrode w a l l 
d u r i n g ag ing was f u n d a m e n t a l to — Ai. A c c o r d i n g to Joshi ' s t h e o r y , the l ines l og 
(—Ai) vs. l og t shou ld pass t h r o u g h the o r i g i n ; the graphs represent ing the d a t a i n 
water , ch lor ine , iodine , a n d oxygen i n u n t r e a t e d discharge tubes gave a F - a x i s in tercept . 
I t fol lows s i m p l y f r o m the hypothes is t h a t the F - a x i s in tercept m i g h t be due to the 
predischarge chemisorp t i on . T h i s suggests t h a t the m a g n i t u d e of — Ai observed i n a 
gas i n t r o d u c e d in to a nude or degassed vessel f r o m w h i c h the preadsorbed gases have 
been removed , should increase w i t h increase i n the predischarge i n t e r v a l . 

Experimental Data on Influence of the Predischarge Interval on — Δ ί 

T h e above deduct i on was examined i n t w o m e d i a — w a t e r a n d iodine v a p o r . 
S iemens ' ozonizers made of soft soda glass were e m p l o y e d . These were degassed 
fo l l owing the m e t h o d of R a z o u k a n d S a l e m (28), a n d were filled at a desired pressure 
w i t h water or iod ine v a p o r . 

T a b l e I gives a t y p i c a l series of results on the dependence of — Ai i n w a t e r v a p o r 

Table I. Influence of Predischarge Interval on the 
Phenomenon — Δι in Water Vapor 

PH2 0 = 31.8 mm. H g (30° C ) ; applied potential = 0.66 kv. 
Predischarge 

Interval, Minutes t'dark, Ma. iiight, μη. —%Δί 
0.5 98.0 85.5 12.8 

30 87.0 76.0 12.6 
120 65.0 56.0 13.8 
300 41.0 36.0 12.2 

on the predischarge i n t e r v a l ; a n d T a b l e I I refers to the p o t e n t i a l v a r i a t i o n of — Ai i n 
iodine v a p o r observed i m m e d i a t e l y a f ter the i n t r o d u c t i o n of the v a p o r in to the degassed 
vessel a n d after ag ing at 0.45 k v . for 1 hour . 

A p p r e c i a b l e —Ai was recorded b o t h i n water a n d iodine v a p o r enclosed i n a de 
gassed vessel. F u r t h e r , the d a t a i n T a b l e I show t h a t the m a g n i t u d e of — Δί, c o n t r a r y 
to the d ed uc t i on f r o m Josh i ' s hypothes is , was unaffected b y increase i n the predischarge 
i n t e r v a l , i n d i c a t i n g t h a t the m a g n i t u d e of — Ai was not rea l l y c ont ro l l ed b y the a m o u n t 
of predischarge a d s o r p t i o n a n d t h a t the increase i n — Ai d u r i n g aging was also a p 
p a r e n t l y not due to the increase i n c h e m i s o r p t i o n . 
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Table II. Potential Variation of the Joshi Effect in Iodine Vapor 
in a Degassed Vessel 

Pressure of iodine vapor, mm. Hg. 0.47 
Temperature of system, 0 C. 31 
Detector Vacuo-j unction 
Source of irradiation 200-watt bulb 
Ozonizer 2 

K v . t'dark night 
Before aging 

-Ai -%Ai 

0.22 26 0.5 25.5 94 
0.28 39 1.5 37.5 96 
0.33 32 3.6 28.4 89 
0.39 27.1 6.9 20.2 75 
0.44 24.6 10.5 14.1 57 
0.50 20.3 16.9 3.4 17 
0.55 22.4 21.9 0.5 2.2 
0.61 24.9 24.8 0.1 0.4 
0.66 27.3 27.3 
0.72 29.5 29.5 
0.77 32.5 32.5 

After aging 
0.22 23 23 100 
0.28 32.5 32.5 100 
0.33 29.8 0.2 29.6 99.3 
0.39 26.9 1.3 25.6 95.1 
0.44 23.8 4.5 19.3 81.1 
0.50 21.0 7.3 13.7 65.2 
0.55 18.5 10.8 7.7 41.6 
0.61 17.0 14.1 2.9 17.0 
0.66 16.5 15.0 1.5 9.9 
0.71 18.2 17.9 0.3 1.0 
0.77 21.0 21.0 

Genera l Mechan i sm of the Phenomenon 

O n the basis of the above f indings a n d on osc i l lographic d a t a presented elsewhere 
(19, 81), it has been suggested (13, 19, 22, 81) t h a t the instantaneous a d s o r p t i o n or 
v a n der W a a l s a d s o r p t i o n on the L a n g m u i r l a y e r o n the electrodes is the chief seat of 
—Δι. I n the d a r k , u n d e r a p p l i e d fields, ionic b o m b a r d m e n t causes exc i ta t i on , l ead ing 
to d issoc iat ion of surface-adsorbed molecules . I r r a d i a t i o n enhances the dissoc iat ion of 
surface molecules l ead ing to the p r o d u c t i o n of e lectronegative atoms a n d radica ls w h i c h 
capture the secondary electrons to f o r m negat ive ions . 

I t can be shown t h a t the instantaneous current i n a discharge is p r i m a r i l y c o n 
t r o l l e d b y the n u m b e r of avalanches created b y the so-cal led secondary electrons 
released f r o m the cathode b y a n y possible process—e.g. , the pos i t ive i on i c b o m b a r d 
m e n t . I n discharges w i t h ozonizer tubes, the c i rcumstances are s l i g h t l y c o m p l i c a t e d 
b y the fact t h a t the glass electrode surface u s u a l l y holds gases a n d v a p o r s adsorbed 
i n the f o r m of mo lecu lar layers o n firmly h e l d atoms a n d molecules on L a n g m u i r sites. 
T h e v a n der W a a l s a d s o r p t i o n invo lves e v a p o r a t i o n a n d condensat ion processes. I n 
the d a r k , a n e q u i l i b r i u m exists w i t h the release of a c e r ta in n u m b e r of electrons, 
negat ive ions f o r m e d b y the capture of a few secondary electrons w i t h a toms a n d / o r 
radica ls obta ined b y dissoc iat ion d u r i n g pos i t ive ionic b o m b a r d m e n t of surface adsorbed 
molecules , a n d also undissoc iated part i c les . I n these, the electrons o n l y produce 
avalanches a n d c o n t r i b u t e to the c u r r e n t . T h i s m e c h a n i s m i m p l i e s t h a t ex te rna l l i g h t 
enhances the dissoc iat ion of adsorbed molecules to produce a n increased n u m b e r of 
a toms a n d / o r r a d i c a l s ; these, on account of t h e i r large e lectron af f ini ty , cap ture the 
secondary electrons to f o r m negat ive ions. T h i s amounts to a r e d u c t i o n u n d e r l i ght 
of the secondary emission a n d therefore the discharge cur rent . T h e augmentat ive 
influence o n —Ai of the cont inued exposure to discharge m a y be a t t r i b u t e d , o n the 
above hypothes is , to the p r o d u c t i o n of compounds l i k e s o d i u m iodide , s o d i u m h y d r o x i d e , 
etc. T h i s is no t u n l i k e l y . R o d e b u s h a n d Kl inge lhoe f fer (29) observed a wh i te deposit 
on glass wal l s of a n electrodeless discharge tube c o n t a i n i n g ch lor ine . K e l l n e r (12) 
f o u n d a y e l l o w substance f o r m e d o n glass wal l s w h e n b r o m i n e was subjected t o ozonizer 
discharge. L u d e k i n g (16) e s t imated the a m o u n t of N a I / N a I 0 3 f o r m e d w h e n iodine 
was exposed to s p a r k discharge. These results fo l l ow f r o m the e lec tro lyt i c n a t u r e of 
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conduc t i on of e l e c t r i c i ty t h r o u g h glass. T h i s is i n accord w i t h the f ind ing t h a t the 
influence on — Ai of ag ing is apprec iab le i n soft soda glass a n d no t not i ced i n boros i l i cate 
glass a n d fused s i l i ca vessels (30). I t is a p p a r e n t , therefore , t h a t the t i m e deve lopment 
of — Ai d u r i n g aging u n d e r discharge is p r i m a r i l y due to the p r o d u c t i o n o n the electrode 
surface of compounds l i k e s o d i u m chlor ide , s o d i u m b r o m i d e , a n d s o d i u m h y d r o x i d e . 

T h e influence of the surface f i lms seems to be t w o f o l d i n f a v o r i n g — Ai. F i r s t , 
these substances enhance the a m o u n t of v a n der W a a l s a d s o r p t i o n . F a r a d a y (5) a n d 
la te r I m h o r i (8) a n d H a r r i s a n d S c h u m a c h e r (7) showed t h a t large a d s o r p t i o n of water 
v a p o r on a glass surface c o u l d be t raced to the presence of free a l k a l i , L e n n a r d - J o n e s 
a n d D e n t (15) have a n a l y z e d the v a r i o u s forces ava i lab le at the surface of a po lar 
substance l i k e po tass ium c h l o r i d e ; of these, v a n der W a a l s t y p e appeared s igni f icant . 
T h e favorab le influence on — Ai of these surface films l i k e p o t a s s i u m chlor ide a n d 
s o d i u m chlor ide p r o d u c e d d u r i n g aging or b y depos i t ion o n the electrode wal ls is 
p r e s u m a b l y connected w i t h the p o l a r n a t u r e of these substances. T h e effect — Ai i n 
water v a p o r is i n the o r d e r : K C 1 > b l a n k > A 1 2 0 3 (14) ; p o t a s s i u m chlor ide is h i g h l y 
p o l a r ; glass is k n o w n to be s e m i p o l a r ; a n d a l u m i n u m oxide is n o n p o l a r . B a s e d o n 
the d a t a on a n u m b e r of chemica l react ions, N o r r i s h (18) a t t r i b u t e d the observed 
c a t a l y t i c a c t i v i t y of p o l a r substances to the electrostat ic forces t h a t exist on the surface 
of a p o l a r substance ; " t h e y m a k e the reac tant molecules v u l n e r a b l e for a t t a c k or 
d i s soc ia t i on " thereof i n t o atoms a n d / o r radica ls w h i c h combine w i t h other const i tuents 
to give the resul tants . 

N o d a t a are ava i lab le on the energy requirements for the dissoc iat ion of a molecule 
adsorbed o n the surface of a so l id substance, as d i s t inc t f r o m one exist ing i n the 
homogeneous gas phase. Neverthe less , i f we assume t h a t the photod issoc iat ion of 
water occurs as i n homogeneous phase, t h e n water dissociates a t λ = 2250 Α . ; however , 
i t has been observed t h a t — Ai i n w a t e r v a p o r is apprec iab le over the range 6600 to 
2537 A . a n d is l i n e a r l y v a r i a n t w i t h the f requency of the r a d i a t i o n (24). T h e d i s 
soc iat ion of sur face -adsorbed water at longer wave lengths to give — Ai is a p p a r e n t l y 
due to the existence o n the electrode surface of p o l a r substances w h i c h , as i n d i c a t e d 
above, m a k e the molecules vu lnerab le to dissoc iat ion. T h e m a r k e d v a r i a t i o n of — Ai 
w i t h the r e m o v a l of surface a l k a l i b y a c i d t r e a t m e n t a n d w i t h the p r o d u c t i o n of the 
effect d u r i n g aging u n d e r discharge or depos i t ion of films l i k e po tass ium chlor ide , 
s o d i u m chlor ide , etc., f o l l ow s i m p l y f r o m the above m e c h a n i s m . 
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Chemical Reaction in Silent Discharge 

MOMOTARO SUZUKI, SATIKO OKAZAKI, and TATSUO YAMAMOTO 

Defense Academy, Obaradai, Yokosuka, Japan 

The high frequency oscillatory current during the silent 
electrical discharge in an ozonizer affects the chemi
cal reaction in some way. A parallel relation exists 
between the high frequency current and the yield of 
hydrogen peroxide from hydrogen and oxygen, but 
not between the low frequency base current and the 
yield. 

The s i lent e lec tr i ca l discharge i n a n ozonizer is a lways ac companied b y some sort of 
h i g h f requency e lec tr i ca l osc i l lat ions . T h e phenomenon has been p o i n t e d out b y 
var ious authors (1-3, 6, 7). T h e r e is a n osc i l la t i on w i t h a f requency of severa l 
h u n d r e d k i locyc les w h i c h can easi ly be detected b y a n o r d i n a r y wave meter or w i t h a n 
oscil loscope. A c c o r d i n g to the above authors , the osc i l la t ion has been exp la ined as 
d isp lacement current , w h i c h is p r o d u c e d i n the ozonizer c i r c u i t i n accordance w i t h 
the t i m e constant of the c i r c u i t i tsel f . T h i s h i g h f requency c u r r e n t , t h o u g h i t s a m p l i 
tude is considerable , supposedly does not have a n y apprec iab le effect on chemica l reac 
t ions w h i c h m a y occur i n the discharge. T h e reac t ion is contro l l ed r a t h e r b y the 
energy consumed w h e n l o w f requency current of 50 or 60 cycles is used for the i n i t i a 
t i o n of the e lec tr i ca l discharge. T h e most d irect measure of the process of chemica l 
react ion is furn i shed b y the energy c o n s u m p t i o n i n a n ozon izer ; th i s energy is 
s i m p l y t h a t measured b y a l ow f requency w a t t m e t e r or s i m i l a r equ ipment . 

Neverthe less , the series of invest igat ions u n d e r t a k e n i n th is i n s t i t u t e shows t h a t 
the h i g h f requency osc i l la tory c u r r e n t affects i n some w a y the chemica l react ions i n 
the s i lent discharge. T h e h i g h f requency current of several h u n d r e d k i locyc les p l a y s 
a m o r e i m p o r t a n t role t h a n the l o w frequency base c u r r e n t . 

W i t h a w a v e m e t e r i t is possible to detect general ly t w o sorts of h i g h f requency 
osc i l la t i on—one of several h u n d r e d k i locyc les , m e n t i o n e d above, a n d another of several 
k i locyc les , w h i c h corresponds to the n u m b e r s of pulses of discharges t a k i n g p lace o n 
the surface of the ozonizer electrode d u r i n g a p e r i o d of one cycle of l o w f requency base 
current . T h e l a t t e r osc i l la t ion has n o t h i n g to do w i t h the chemica l reac t i on (4). 

Results a n d Conclusions 

A h y d r o g e n - r i c h gas m i x t u r e of h y d r o g e n a n d oxygen w i l l produce h y d r o g e n 
peroxide under si lent e lectr i ca l d ischarge i n a n ozonizer (4). I n th i s case i f the y i e l d 
of h y d r o g e n peroxide is p l o t t e d against the v o l u m e per cent of oxygen i n the gas 
m i x t u r e , a curve is ob ta ined w i t h a m i n i m u m y i e l d a t 3 . 5 % of oxygen . O n the other 
h a n d , i f the values of h i g h f requency osc i l la tory c u r r e n t a n d of l o w f requency base 
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current , are p l o t t e d against the v o l u m e per cent of oxygen, t h e n at 3 . 5 % of oxygen 
there is a m i n i m u m i n the h i g h f requency curve a n d a m a x i m u m i n the l o w f requency 
curve , respect ive ly . T h u s , a p a r a l l e l r e la t i on is obta ined between the y i e l d of h y d r o g e n 
peroxide a n d the h igh frequency current , b u t not between the y i e l d a n d l o w frequency 
cur rent . 

I n a n osc i l l ogram of cur rent of a si lent discharge i n a n ozonizer , there is a h a i r l i k e 
pulse current image o n the wave f o r m of 50-cycle base current w h i c h we m a y ca l l 
" h a i r " (5). I n a n exper iment of ozone f o r m a t i o n i n a n ozonizer , the m e a n square 
l ength , V s ô 2 , where a is the l e n g t h of each h a i r i n the osc i l l ogram, corresponds to 
the m e a n h i g h f requency current w h i c h accompanies the pulse i n a n ozonizer . B y 
means of a n a p p r o p r i a t e wave f i l ter c i r cu i t i t was possible to separate the current 
whose f requency was more t h a n 200 k c . T h i s h i g h f requency current was measured 
w i t h a he lp of thermocoup le - type a m m e t e r . T h e e x p e r i m e n t a l results ( F i g u r e 1) show 

x Ο 20 40 60 80 100 
CD 
X / Σ α 2 (ARBITRARY UNITS) 
Figure 1. Relation of high frequency current to 

t h a t the h i g h f requency current is re lated l i n e a r l y to V%a2. T h e t o t a l q u a n t i t y of elec
t r i c i t y t ran s f e r red f r o m one electrode to the other d u r i n g one p e r i o d of 50-cycle a l t e r n a t 
i n g c u r r e n t is expressed b y the t o t a l l ength of the hairs i n the osc i l l ogram. 

I f the y i e l d of ozone is p l o t t e d against the t o t a l l ength of the ha i rs , a l inear curve 
is o b t a i n e d ( F i g u r e 2 ) . These exper imenta l results show good agreement w i t h the 
p r e v i o u s l y developed theory . 

T h o u g h the m e c h a n i s m of the influence of h i g h f requency current o n chemica l 
react ions is not ye t f u l l y e luc idated , i t is possible to perceive some sort of effect of the 
h i g h l y osc i l lat ing current a c c o m p a n y i n g the s i lent discharge on the discharge react ion . 
F u r t h e r research is i n progress i n th is l a b o r a t o r y . 

P a r t of th is exper iment was c a r r i e d out i n the chemica l l a b o r a t o r y of T o k y o M e t r o 
p o l i t a n U n i v e r s i t y , Setagaya , T o k y o , J a p a n . 
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50 

0 200 4 0 0 6 0 0 800 

Σ α (ARBITRARY UNITS) 

Figure 2. Relation of hair length to ozone 
yield 
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Electrical Characteristics of the Ozonizer 

SACHIO FUJI and NAOSHI TAKEMURA 

Electrotechnical Laboratory, Ministry of International Trade and Industry, Tokyo, Japan 

Extensive studies (1, 4) have been made on the chemi
cal reaction involved in silent electric discharge. 
Also, studies have been undertaken to explain the 
characteristics of silent electric discharge purely on 
the basis of electrotechniques (2, 3, 5, 6). The au
thors have studied the electrical characteristics of an 
ozonizer to find relations between the gaseous reac
tion occurring in the silent discharge and the electri
cal conditions governing it. 

The c h e m i c a l reac t i on a n d the e lectr i ca l character is t i cs of s i lent electric d ischarge have 
been corre la ted b y studies on a n ozonizer . U s u a l l y , the space i n si lent discharge is 
t e r m i n a t e d b y die lectr ics w h i c h act as the s t a b i l i z i n g resistance w i t h a l i t t l e loss a n d 
p r e v e n t concentra t i on of the discharge. A n a l t e r n a t i n g c u r r e n t m u s t be used. 

Exper imenta l Equipment a n d Condit ions 

T h e s i lent discharge tube is a c y l i n d r i c a l tube of h a r d glass. T h e cons t ruc t i on 
a n d dimensions are g iven i n F i g u r e 1. T h e a i r gap a n d thickness of the glass tube are 

I 42.21 

,Cu ELECTRODE 

Τ7Ά πττλ Vtrnf/n 

ELECTROLYTIC-
SOLUTION 

ÏÏ7T 

260 

185mm. 

Figure 1. Silent discharge tube 
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1.6 a n d 1.4 m m . , respect ive ly . B o t h inside a n d outside th i s double glass tube there 
is a n e lec tro ly t i c s o lu t i on ( copper sul fate so lut ion) w h i c h is used as the electrodes. 

T h e exper iments were c a r r i e d out at a tmospher i c pressure. T h e a i r went t h r o u g h 
the discharge tube at the rate of 0 to 5.5 l i ters per m i n u t e , a n d a 10,000-volt a l t e r n a t 
ing current was a p p l i e d across the electrodes. A s the discharge was sometimes u n 
stable a n d l o c a l l y concentrated i m m e d i a t e l y after a p p l i c a t i o n of the vo l tage , measure 
ments were begun after the discharge spread u n i f o r m l y t h r o u g h o u t the a i r gap of the 
discharge tube . 

T h e m e a s u r i n g c i r c u i t is shown i n F i g u r e 2. A condenser, CP, is inser ted to r e 
m o v e influences resu l t ing f r o m the impedance of the electr ic power source. R is a 
shunt resistance used to measure the c u r r e n t wave f o r m . T h e vo l tage wave f o r m was 
measured b y a ca thode - ray p o t e n t i a l d i v i d e r . 

rr-JOSO 

T777T 

Figure 2 . Measuring circuit 

T o observe the whole wave f o r m , a n o r d i n a r y ca thode - ray oscilloscope, operated 
w i t h the saw- too th t i m e base, was used . A single sweep ca thode - ray oscilloscope, w h i c h 
cou ld s tar t sweeping at a n y desired phase of the a p p l i e d vo l tage , was used to measure 
the detai ls of a desired p a r t of the current wave f o r m . 

Character of the Discharge 

T h e discharge appears to occur as t h o u g h i n n u m e r a b l e fine threads were s tretched 
i n the discharge space of the tube . T h e c u r r e n t w a v e f o r m was observed w i t h the 
o r d i n a r y ca thode - ray oscil loscope. T h e f u n d a m e n t a l wave leads the vo l tage wave 
b y about 90° as s h o w n i n F i g u r e 3, a n d h i g h f requency p u l s a t i n g currents superpose 

Current wave 
form 

Applied voltage 
wave form 

Figure 3. Fundamental and voltage wave of discharge 

A. R = 172 Κ Ω B. R = 50 Κ Ω 

on the f u n d a m e n t a l one near the k n o b (at m a x i m u m of current wave f o r m as shown i n 
F igure 3, A). T h u s , the discharge consists of i n n u m e r a b l e l o ca l ones. T o observe these 
h i g h f requency l o ca l discharges i n de ta i l , the single sweep ca thode - ray oscilloscope is 
used. F i g u r e 4 shows a n example of the osc i l lograms o b t a i n e d : A n i n d i v i d u a l p u l s a t i n g 
current is a n i m p u l s i v e wave t h a t recedes exponent ia l l y , a n d the t a i l l ength of the wave 
depends o n the resistance, R, inser ted i n the c i r cu i t to measure the current . Increase i n 
the va lue of R results i n a n increase i n t a i l l eng th . 

I n s e r t i n g a n inductance co i l ins tead of the resistance, the authors measured the 
t e r m i n a l vol tage of the co i l a n d obta ined repeat ing h i g h f requency d a m p e d osci l lat ions 
as shown i n F i g u r e 5. 
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C U R R E N T WAVE 
F O R M O F T H E 

S I L E N T D I S C H A R G E 

Figure 4. Oscillogram by single sweep oscilloscope 

Figure 5. Terminal volt
age of the inductance coil 
instead of the resistance 

M e a s u r e m e n t s of the f requency of the osc i l lat ion i n d i c a t e d t h a t the decrease i n 
induc tance resulted i n the increase i n f requency . A s these phenomena are s i m i l a r 
to the discharge of a condenser charge t h r o u g h the resistance or the inductance , the 
c a p a c i t y of the condenser was eva luated f r o m the values of the resistance, the t a i l 
l ength , a n d the inductance to be about 200 μμΐ., i r respect ive of the values of the 
resistance a n d the inductance . 

F i g u r e 6 shows the osc i l l ogram w h i c h was p h o t o g r a p h e d b y the r a p i d t i m e sweep 
to s t u d y the detai ls of the w a v e f r ont of the w a v e f o r m shown i n F i g u r e 4. Severa l 

steps are observed at the wave f r o n t ; these ind i cate t h a t the discharges of v e r y steep 
f r ont waves occur successively a t such short t i m e i n t e r v a l s as about 0.2 to 0.3 
/^second. T h i s wave has a n appearance of a single p u l s a t i o n w h e n observed us ing 
the s low t i m e sweep. F r o m F i g u r e 6, i t seems t h a t one discharge in i t ia tes successive 
discharges i n the ne ighbor ing space. H e n c e , one p u l s a t i o n does not correspond to a 
single discharge, b u t to a series of discharges. 

F r o m these considerat ions o n the loca l discharges, the equ iva lent c i r c u i t for a 
single discharge is proposed i n F i g u r e 7, where Ca a n d Cg c o rrespond to the capacit ies 
of the a i r gap a n d glass of the discharge tube per u n i t area , Cs is the s t r a y c a p a c i t y 
of the vessel to the e a r t h , a n d C0 is the c a p a c i t y of por t i ons where the a i r gap be 
comes so wide t h a t the discharge does not occur . A s s u m i n g t h a t the t o t a l discharge 
area of the tube is S, the capac i ty , C , between the electrodes of the discharge tube is 

T a b l e I shows values of these capacit ies measured w i t h the c a p a c i t y meter . 
A s s u m i n g i n th is equ iva lent c i r cu i t t h a t the discharge occurs w h e n the a p p l i e d vo l tage 

Figure 6. Current wave 
form of discharge; tim

ing, 500 kc. 

C = CaCgS/(Ca + C0) + ( (1) 
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DISCHARGE 
PART 

C 3 ( S - * S 0 ) 

C A ( S -AS 0 ) 

NON D I SCHARGE 
PART 

Figure 7. Proposed equivalent circuit for a single dis
charge 

T. Transformer 

Table I. Capacities Measured between Electrodes 
of Discharge Tube 

Measured 
Capacity, μμΐ. 

Ca 0.77 
Ca 3.1 
Co 15.0 
C 115.0 
C. 90.0 
CP 1000.0 
d 30000.0 

across the a i r gap i n the discharge space reaches the b r e a k d o w n vol tage , V8, t h a t the 
discharge ceases w h e n the vol tage recedes to Vd, a n d t h a t the change i n a p 
p l i e d vo l tage d u r i n g the t i m e of a single discharge is neg l i g ib ly s m a l l because the t i m e 
i n t e r v a l of the single discharge is v e r y s m a l l i n c o m p a r i s o n w i t h the impressed 
a l t e r n a t i n g c u r r e n t p e r i o d , t h e n the equ iva lent c i r c u i t for a single discharge is as 
s h o w n i n F i g u r e 8. T h e resistance of the discharge p a t h a n d t h a t of the e lec tro ly t i c 
so lu t i on are o m i t t e d ; t h e y are neg l ig ib ly s m a l l because the f ront of the i m p u l s i v e w a v e 
is v e r y steep. 

osc' 

(^(S-AS,,) 

-r-Ca(S-aSo) 

(Vs-Va)1 

C A A S 0 

" C 5 A S e 

Figure 8. Revised equivalent circuit for a single 
discharge 

T h e authors eva luated the current at the i n s t a n t the discharge occurred i n the 
c i r c u i t . I f Δ $ 0 is the area of a discharge space, t h e n 

AS0CaCg/(Ca + Cg) 

is neg l ig ib ly s m a l l i n compar i son w i t h C, as Δ S0 is v e r y s m a l l . T h e current , Id, is 
expressed b y the fo l l owing e q u a t i o n : 

(Ca.+ QR 
(2) 

where t is the t im e d u r a t i o n of the i m p u l s e . 
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A s s h o w n i n T a b l e I , C a n d Cs are 115 a n d 90 μμΐ., r e spec t i ve ly ; hence, C8 + C 
— 205 μμΐ. T h i s va lue agrees w i t h the measured va lue , 200 μμί., w i t h i n e x p e r i m e n t a l 
e r ror . 

T h e wave forms produced w h e n the inductance co i l is inserted are exp la ined b y th is 
equ iva lent c i r c u i t . T h e current f o r m of the discharge tube is exp la ined b y cons idera 
t ions on the l o ca l discharges. A s shown i n F i g u r e 3, A, no pu l sa t i on of c u r r e n t is 
observed i n a ce r ta in region of the ha l f cycle a f ter the m a x i m u m va lue . I t is c o n 
sidered t h a t the discharge does not occur i n this region. I n a deta i led e x a m i n a t i o n 
in to a p a r t of the discharges, i t is assumed t h a t the discharge i n the a i r gap occurs 
w h e n the vol tage across the a i r gap reaches the s p a r k i n g p o t e n t i a l Vs a t the t i m e 
denoted b y p o i n t 1 i n F i g u r e 9 a n d t h a t the discharge ceases i n a v e r y short t i m e . 

DISCHARGE PART 

PART 

Figure 9. Details of discharge to deter
mine rate of occurrence 

T h e n the a p p l i e d vo l tage increases b y Ea — (1 + Ca/Cg) (Vs — Vd) a n d reaches 
p o i n t 2 i n F i g u r e 9. T h e vol tage across the a i r gap becomes V8 aga in , a n d the d i s 
charge occurs. T h u s , w h e n the a p p l i e d vo l tage is h igh enough, the discharges occur 
one af ter another every t i m e the vo l tage increases b y Ea. I f the voltage across the 
a i r gap does not rise h i g h enough for discharge even at the peak va lue of the a p p l i e d 
vo l tage , the next discharge occurs w h e n the vo l tage decreases a f ter pass ing i ts m a x i 
m u m v a l u e . D u r i n g the fo l l owing ha l f cycle , the voltage becomes l ower t h a n the 
last discharge vo l tage , g iven b y p o i n t 2, b y Eh = (1 + Ca/Cg) (Vs 4- Vd). A 
s i m i l a r discharge takes place i n the f o l l owing ha l f cycle . H e n c e , the f irst discharge 
a f ter the m a x i m u m of the vo l tage w a v e occurs w h e n the vo l tage decreases b y Eb 

f r o m the m a x i m u m va lue , a n d no discharge occurs i n regions denoted b y fat l ines i n 
F i g u r e 9. T h i s expla ins w h y the observed wave f o r m has no p u l s a t i o n i n these 
regions. There fore , Eb does not depend u p o n the a p p l i e d voltage u n d e r ce r ta in 
opera t i ng condit ions of the discharge tube . E x p e r i m e n t a l results also show t h a t Eb 

does not change w i t h the a p p l i e d vo l tage . I n the tube test, Eb = 12 k v . C o n s e q u e n t l y , 
Vs + V d = 9.6 k v . is obta ined . 

T h e rate of occurrence of the discharge was considered, to o b t a i n the c u r r e n t i n 
the discharge p e r i o d . F r o m considerat ions s i m i l a r to those above, the discharge takes 
place i n the area Δ θ d u r i n g a change ΔΕ i n the a p p l i e d vo l tage w h e n the a p p l i e d 
vo l tage is higher t h a n the preced ing discharge b y Eb or lower b y Ea; hence AS/ΔΕ 
is constant at por t i ons shown as 1, 2, a n d 3 i n F i g u r e 10. A l t h o u g h Δβ/ΔΕ 
cannot be considered constant at every p a r t of the a p p l i e d vol tage , i t is accepted 
t h a t Δ&/ΔΕ is a lmost constant t h r o u g h o u t the whole discharge reg ion . A c t u a l l y 
the discharge occurs i n t e r m i t t e n t l y , a n d the area of the discharge space increases 
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Figure 10. Details of 
discharge to determine 

current 

stepwise as shown b y the so l id l ine i n F i g u r e 11. B u t the above a s s u m p t i o n means 
t h a t the area of discharge, S, increases l i n e a r l y w i t h Ε as shown b y the b r o k e n l ine , 
a n d t h a t dS/dE is constant . T h i s was ver i f ied b y e lectr i ca l power d iagrams ob ta ined 
w i t h the ca thode - ray w a t t m e t e r . 

A s s u m i n g t h a t AS/ΔΕ is a lmost constant i n the whole discharge region, the 
average t e r m i n a l vo l tage of the condenser is p r o p o r t i o n a l to the a p p l i e d v o l t a g e ; i n 
fact , the t e r m i n a l vo l tage of the condenser increases stepwise. T h e power d i a g r a m 
should have a para l l e l ogramic feature , because the slope of the d i a g r a m differs, 
depending on whether discharge is t a k i n g place or not . T h e power d i a g r a m obta ined 
exper imenta l l y is on the whole a p a r a l l e l o g r a m w i t h fine fluctuations i n the discharge 
region ( F i g u r e 12) . 

T h e va lue of dS/dE was considered. I f the a p p l i e d vo l tage changes b y Ea, 
the whole discharge space m u s t reach the s p a r k i n g p o t e n t i a l once. A c c o r d i n g l y , the 
discharge also occurs once. H e n c e , dS/dE = S/Ea is obta ined , where S is the t o t a l 
discharge area . 

B y these re lat ions , the authors eva luated the average discharge current , IdMt 

w h e n the voltage Emsmwt is a p p l i e d . W h e n (C8 + C)R«1, the effect of the 

TOTAL AREA OF 

ELECTRIC 

DISCHARGE 

Figure 11. Area of discharge space 

Actual 
Assumed 
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Figure 12. Experimental 
power diagram 

preced ing ha l f w a v e is negl igible , a n d f r o m E q u a t i o n s 2 to 4, E q u a t i o n 5 is obta ined . 

dE/dt = o>Em cos ωί (3) 
dS/dE = S/Ea = 5 /(1 + Ca/Cg)(Vs - Vd) (4) 

X ^ # 7 7 7 cos ,r Χ e " ^ ^ e*r (5) L(Cs + C)R~ 1 + Ca/Ct 

where ωί0 = s i n - 1 (Eb — Em)/Em 

T h i s equat i on means t h a t t h e wave t a i l of each discharge c u r r e n t is superposed 
on each other a n d the average current , Idm, goes t h r o u g h the discharge t u b e . 

E v a l u a t i n g E q u a t i o n 5, the authors obta ined 

hm = n ° f n X œ C ° E m = cos [a>t - tan-* u>(Cs + C)R] 
Ca + Ca V l + C02(C., + C)2R2 

- e ~(C«+Of l ( ' " ' o ) cos [ω/0 - tan" 1 ω X (Cs + C)/2] (6) 

W h e n ( C s + C)7^ < < 1, the e t e r m is negl igible except where t is close to t0, 
a n d E q u a t i o n 6 becomes 

Idm Φ r
 Cf*r 0}CgEm COS œt (7) 

T h e current t h r o u g h the discharge tube is the s u m of the average discharge c u r 
rent a n d the charg ing current , Ic, of the c a p a c i t y between the discharge tube a n d 
the l ead w i r e , where 

= œCEm c o g [ ω ί _ t a n _ l w ( c ( 8 ) 

V l + ω2(Οβ + cyR* 
φ œCEm COS (9) 

There fore , the t o t a l cur rent , / , is represented b y 

Ic φ wCEm cos in nondischarge region (10) 

/ = Ic + Idm Φ o>(CVS + C0)J& t o cos ωί in discharge region (11) 

I f the average va lue of the discharge current consists of the wave t a i l l e n g t h of 
each discharge current superposed on each other , the f o r m of the k n o b a p p e a r i n g at 
the discharge p a r t of the current w a v e f o r m i n F i g u r e 3 is caused b y superpos i t i on of 
the w a v e ta i ls of impu l se waves . Because the wave t a i l l e n g t h of each i m p u l s e wave 
changes, depending o n the va lue of inser ted resistance, the f o r m of the k n o b also 
changes accord ing to the va lue of the inserted resistance. I n fact , w h e n the current 
wave f o r m is observed whi le the va lue of the inserted resistance is v a r i e d , there is a 
change i n the f o r m of the peak as seen b y c o m p a r i n g F i g u r e 3, A, w i t h F i g u r e 3, B. 
T h e m e a n va lue , 7 m , of the current t h r o u g h the discharge tube is obta ined as fo l l ows : 
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Ε = Em/V2 = effective value of voltage 

Im =~oCEm = \V2fCE 

where/ = frequency of electric source, and 2Em < Eb. 

OûCEm cos ù)t dt + 

2 

where 

L 2ω 

7Γ 

^ 2 ω œ(C0S + C0)#m cos id d i j 

o(Cff£ + C0)£w + - (C - C0S - C0)Eb 

/ι X 

= 4V2/ (C„-S + C„)B - 2fCgS{V, + Vd) 

2Em > Eh. 

lOOOr 

5 10 

APPLIED VOLTAGE, Κ v. 

Figure 13. Effect of applied voltage on 
mean current 

(12) 

(13) 

(14) 

(Ifi) 

(16) 

Experimental 
Calculated 

F i g u r e 13 shows the re la t i on of the m e a n c u r r e n t vs. the a p p l i e d vo l tage , b o t h 
the one ob ta ined e x p e r i m e n t a l l y a n d the one ca l cu la ted b y the above equat i on . 
T h e r e is good agreement between the t w o . 

F o r the power , P , d i ss ipated i n the discharge tube , e v a l u a t i o n of the power for 
the discharge current o n l y is sufficient. H e n c e , 

Ρ = 0 (17) 

where 2Em < Eb 

ω /*2ω o>Cg2SEm2 

sin œt X cos ωί dt 

where 

Jto Ca H~ Cg 

= fCBS(V, + Va)[2V2 Ε - (1 + Ca/Cg)(Va + Vd)] 

2Em > Eb 

(18) 
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T h e power is measured b y the ca thode - ray w a t t m e t e r m e t h o d . L e t the deflecting 
sens ib i l i ty of each p a i r of deflection plates be D± a n d D2, r e spec t i ve ly ; is the 
c a p a c i t y of the c u r r e n t c a l c u l a t i n g condenser, w h i c h is inser ted i n p lace of the 
resistance, R, to measure the c u r r e n t . T h e n the area of the d i a g r a m , A, is g i v e n b y 

A=f 'DtEdfâ (Ί-dt) = ^ - 2 [ fEIdt (19) 
Jt=o \Ci Jo ) Ci Jt=o 

= ^ - 2 P (20) 

a n d the electric power is g i v e n b y 

Ρ = CifA/DiD* (21) 

F i g u r e 14 shows the electric power , b o t h the e x p e r i m e n t a l a n d ca l cu la ted values . 
T h e electric power increases i n p r o p o r t i o n to the increase i n a p p l i e d vo l tage after 

APPLIE0 VOLTAOE, KV. 

Figure 14. Effect of applied voltage on elec
tric power 

Experimental 
Calculated 

the discharge begins, a n d there is good agreement between the e x p e r i m e n t a l a n d 
ca l cu la ted values . 

Conclus ion 

T h e current wave f o r m i n the si lent discharge is exp la ined , a n d the vo l tage - current 
character is t i cs ob ta ined show good agreement w i t h e x p e r i m e n t a l results . 

F r o m these facts , the v e r y h i g h f requency p u l s a t i o n is the basic p r o b l e m of the 
s i lent discharge. T h e authors suppose t h a t the chemica l reac t ion is affected b y the 
average va lue of the cur rent . 

T o c l a r i f y f u r t h e r the re lat ions between the si lent discharge a n d chemica l reac 
t ions , the discharge s t a r t i n g vo l tage , Vs, i n the s i lent discharge a n d the ex t ingu ish ing 
vo l tage , Vd, shou ld be measured . T h e wave f o r m a n d dens i ty of the c u r r e n t a long 
the discharge p a t h also shou ld be examined . 
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Toxicity of Ozone 

SIDNEY MITTLER, MAURICE KING, AND BETTY BURKHARDT 

Biological Research Section, Armour Research Foundation, Chicago, Ill. 

Repeated exposures to 2.4 p.p.m. by volume of ozone 
induced some hemorrhage and edema in lungs of 
rats. Adaptation to ozone was noted after 32 hours 
of accumulated exposure. Twenty per cent of 102 
mice died after continuous exposure to 2.4 p.p.m. 
by volume of ozone for 24 hours. Chronic exposure 
to ozone decreased the weight gain of young rats, 
and concentrations greater than 1.2 p.p.m. by volume 
and longer than 7 hours per day significantly 
affected their growth. The 0.1. p.p.m. values as the 
maximum allowable concentration of ozone for an 
8-hour work day appears reasonable. Ozone did 
not reach or react with the blood of chronically ex
posed animals. There was no change in hematocrit 
or hemoglobin values. 

W i t h the increas ing use of ozone i n i n d u s t r y , the presence of a n ozone l a y e r above 
50,000 feet, a n d the occurrence of ozone i n smog condit ions as i n the L o s Angeles 
area , the chronic t o x i c i t y of th is gas has become a n i m p o r t a n t p r o b l e m . 

C o n f l i c t i n g reports (5, 7) have appeared as to the a c t u a l t o x i c i t y of ozone. These 
discrepancies are p r o b a b l y due to the use of crude ozonizers w i t h h i g h c u r r e n t densities, 
mo i s t a i r , the use of unre l iab le methods of analys is , a n d organic m a t e r i a l s r e a d i l y 
a t t a c k e d b y ozone. 

I n a n a t t e m p t to c l a r i f y these discrepancies , M i t t l e r a n d coworkers have c o n 
d u c t e d a n e x p e r i m e n t a l p r o g r a m (8). T h e y f o u n d t h a t the LD50 of ozone for a 
3-hour exposure was 12.6 p . p . m . b y v o l u m e for mice , 13.1 p . p . m . for rats , a n d 24.7 
p . p . m . for guinea pigs . A s a c o n t i n u a t i o n of th i s p r o g r a m , exper iments were c o n 
d u c t e d to determine the phys io l og i ca l effects of ozone a n d the chron i c t o x i c i t y of th is 
gas. 

T h e ozone chamber used for these exper iments is 4 feet wide , 7 feet h i g h , a n d 
6 feet l o n g ( F i g u r e 1 ) . I t was designed to h o l d a 50-cage a n i m a l r a c k a n d can be 
easi ly a d a p t e d for use w i t h larger an ima ls . T h e chamber is l i n e d w i t h a l u m i n u m 
sheet to p r e v e n t u n d u e decompos i t ion of ozone a n d has three w indows o n each side 
a n d a s t a n d a r d a l u m i n u m glass door for observat i ona l purposes . 

Ozone is m a d e b y d r a w i n g r o o m a i r i n t h r o u g h a C u n e o M i c r o K l e e n filter to a 
L e a r - R o m e e o i l p u m p w h i c h compresses the a i r t o 10 p.s . i . T h e a i r is t h e n passed 
t h r o u g h a L e c t r o d r y e r ( P i t t s b u r g h L e c t r o d r y e r C o r p . , P i t t s b u r g h , P a . ) to be d r i e d . 
T h i s c lean d r y a i r enters the W e l s b a c h Ozonator T - 2 3 ( W e l s b a c h C o r p . , P h i l a d e l p h i a , 
P a . ) , where the ozone is generated at a concentrat i on near 6000 p . p . m . T h e c o n 
centrated ozone is m i x e d w i t h i n c o m i n g room a i r at the duc t shown i n the. l ower 
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Figure 1. Ozone chamber for chronic toxicity studies 

l e f t - h a n d corner of F i g u r e 1. A n exhaust f a n pu l l s the a i r i n t o , t h r o u g h , a n d out of 
the chamber , w i t h a complete change about once every m i n u t e . T h e ozone concen
t r a t i o n is s a m p l e d at s ix posit ions i n the chamber b y means of the a l u m i n u m tubes 
seen at the r i g h t - h a n d side of F i g u r e 1. 

T h e concentra t i on of 2.4 p . p . m . of ozone was first selected for the s t u d y , because 
the acute studies h a d shown t h a t definite l u n g damage occurs a t concentrat ions 
greater t h a n 2.4 p . p . m . O n the other h a n d , no damage was a p p a r e n t at c oncentra 
t ions less t h a n 2.4 p . p . m . i n a single exposure for per iods u p to 24 hours . 

Effects of Chronic Exposure to O z o n e on Lungs of Rats 

T w o 100 -an imal groups of 2 - to 3 - m o n t h - o l d a lb ino W i s t a r rats were used i n the 
chronic t o x i c i t y tests. G r o u p A was exposed to 2.4 p . p . m . of ozone for 4 hours per 
d a y for 5 days a week, whi l e g roup Β was exposed to 2.4 p . p . m . for 16 hours per day 
for 4 days a week. A 10 -an imal sample f r o m each group was sacri f iced after a c c u m u 
l a t e d exposures of 32, 48, 64, 80, 96, 112, 144, 160, a n d 176 hours . T h e lungs were 
examined v i s u a l l y for t y p i c a l ozone- induced hemorrhages . E d e m a was assessed b y 
the Joffe (6) mod i f i ca t i on of the R a h n m e t h o d , based on the ra t i o of the weight of 
the lungs as r e m o v e d f r o m the a n i m a l before a n d after d r y i n g ( T a b l e I ) . 

E x p o s u r e to 2.4 p . p . m . for 16 hours per d a y 4 days per week i n d u c e d l u n g 
damage. T h e an imals w h i c h rece ived th is exposure showed severe l u n g damage at 
the end of 32 hours . H o w e v e r , a f ter the t h i r d exposure t h e y began to recover 
s l i gh t l y , a p p a r e n t l y a d a p t i n g themselves to ozone. W h e n the an imals h a d received 
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Table I. Chronic Toxicity of Ozone for Albino Rats a 

Lungs 

ί Exposure 
îe, Hours 

No. of Animals 
Examined 

Gross Appearance15 

Day of 
Autopsy 

ί Exposure 
îe, Hours 

No. of Animals 
Examined ^Vet/dry weight 

ratio Hemorrhagic Edematous 
Day of 

Autopsy 
16-Hour Exposures to 2.4 P .P .M. by Volume of Ozone , 4 Days per Week 

0 
32 

25 
10 

4.53° 
4.69 1 SI 

1 M 
8S 

ίό SI We'd. 

48 10 4.65 1 Ν 
5 SI 
4 M 

10 SI Thurs. 

64 10 4.73 3 Ν 
7 SI 
3 M 

10 SI Fri . 

80 10 4.84 3 Ν 
7 SI 

7 SI 
3 M 

Tues. 

96 10 4.69 2 Ν 
7 SI 
1 M 

10 SI Wed. 

112 10 4.65 1 Ν 
7 SI 
1 M 

10 SI Thurs. 

128 10 4.81 1 Ν 
8 SI 
1 M 

8 SI 
2 M 

Fri . 

144 10 4.70 1 Ν 
9 SI 

7 SI 
2 M 
1 S 

Tues. 

160 7 4.72 7 SI 1 Ν 
5 SI 
1 M 

Wed. 

176 6 4.58 2 Ν 
4SI 

6 SI Thurs. 

4-Hour Exposures to 2Λ P .P .M. by Volume of Ozone, 5 Days per Weekd 

0 
32 

25 
10 

4.53 
4.76 10 Ν 10 Ν Mon. 

48 10 4.78 9 Ν 
1 SI 

10 Ν Fri . 

64 10 4.75 9 Ν 
1 SI 

8 Ν 
2 S1 

Thurs. 

80 10 4.G8 9 Ν 
1 SI 

7 Ν 
3 S1 

Wed. 

96 10 4.74 10 Ν 6 Ν 
3 S1 
1 S 

Tues. 

112 10 4.63 9 Ν 
1 S1 

9 Ν 
1 S1 

Mon. 

128 10 4.62 9 Ν 
1 S1 

8 Ν 
2 S1 

Fri . 

144 10 4.64 10 Ν 9 Ν 
1 S1 

Thurs. 

160 7 4.59 7 Ν 6 Ν 
1 S1 

a Some deaths occurred during exposure: 1 after 64 hours, 3 during 80- to 96-hour exposure, 1 after 128 hours, 
1 during 128- to 144-hour exposure. 

b Ν Normal, SI slight, M moderate, S severe. 
c Standard deviation for controls 0.104. 
d Some deaths occurred during experiment: 1 after 64 hours, 1 after 92 hours, 1 after 108 hours, and 1 after 

132 hours. 

a t o t a l of 64 hours of exposure, t h e y h a d reached a p l a t e a u of the extent of l u n g 
damage w h i c h was m a i n t a i n e d u n t i l the end of the exper iment . I t is possible t h a t 
the 3 -day nonexposure p e r i o d p lus the a c c l i m a t i z a t i o n to repeated ozone exposure 
p r e v e n t e d f u r t h e r increase i n l u n g damage. These results agree w i t h those of 
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Stok inger , W a g n e r , a n d W r i g h t (10), who repor ted t h a t a 4- to 6-week to lerance to 
ozone was developed f r o m a single 6-hour exposure to 1 p . p . m . of ozone. 

I n the exper iment w i t h repeated 4 -hour exposures a t 2.4 p . p . m . damage to the 
r e s p i r a t o r y sys tem was not v is ib le u n t i l after 64 hours of c u m u l a t i v e exposure. E v e n 
after the c u m u l a t i v e exposure to ozone of 144 hours i n the 4 -hour i n t e r v a l exper iment , 
there was less damage t h a n at the 4 8 - or 64-hour p e r i o d i n the 16-hour exposure series. 
T h e a n i m a l s w h i c h s u r v i v e d i n the 4 -hour exposure exper iment appeared to become 
resistant a n d showed o n l y s l ight damage to the r e s p i r a t o r y t r a c t . One of the c o n 
clusions reached was t h a t the w e t - d r y ra t i o of the lungs is no t s igni f icant as a m e t h o d 
for assessing l u n g damage i n an imals exposed to l o w concentrat ions of ozone. D u r i n g 
the exposure to 2.4 p . p . m . the gross appearance gave m o r e i n f o r m a t i o n t h a n the 
edema m e t h o d of Joffe. 

Effects of Continuous Exposure to Ozone on Surviva l of M ice 

T h e d a t a o n cont inuous exposure of 102 mice to 2.4 p . p . m . of ozone for 241 hours 
ind icate t h a t at th is l eve l the exposure was f a t a l to 2 0 % of the t o t a l n u m b e r of 
exposed an ima l s ( T a b l e I ) . A t the end of 96 hours , 8 . 8 % of the a n i m a l s exposed were 

Table II. Survival of 102 Mice during Continuous 
Exposure to 2.4 P.P.M. by Volume of Ozone 

Exposure, Hr. No. of Survivals Dead, % 
98 93 8.8 

124 92 9.8 
146 91 10.8 
170 90 11.8 
241 87 14.7 
241* 81 20.6a 

a Total dead 7 days after exposure. 

dead. These d a t a do no t appear to agree w i t h the report of S tok inger a n d associates 
(10) t h a t the L D 5 0 f or mice is 4.8 p . p . m . of ozone for 4 hours . R e c e n t l y , D i g g l e 
a n d Gage (3) r epor ted t h a t the LD50 for ozone for mice at a 4 -hour exposure is 10 
to 12 p . p . m . b y v o l u m e . 

T h e d a t a agree somewhat w i t h the results r e p o r t e d b y M i t t l e r a n d associates 
(8), i n w h i c h the LD50 was f o u n d to be 12.6 p . p . m . f or a 3-hour exposure. These 
differences m a y be a t t r i b u t e d to the a n a l y t i c a l methods used i n d e t e r m i n a t i o n of the 
ozone. S t o k i n g e r a n d his colleagues used a mod i f i ca t i on (2) of the S m i t h - D i a m o n d 
m e t h o d (9) ; D i g g l e a n d Gage used the n e u t r a l p o t a s s i u m iodide m e t h o d of G l u c k a u f 
a n d associates (4). T h e a l u m i n u m chlor ide mod i f i ca t i on of the p o t a s s i u m iodide 
m e t h o d of T h o r p (11) was u t i l i z e d t h r o u g h o u t th i s s t u d y . I f i t c a n be assumed t h a t 
the ozone p r o d u c e d b y each i n v e s t i g a t i o n is u n c o n t a m i n a t e d a n d i f the LD50 is t h e n 
used as a y a r d s t i c k , one can conclude t h a t the S m i t h - D i a m o n d m e t h o d i n w h i c h the 
spec t rophotometr i c d e t e r m i n a t i o n is m a d e of the iodine released af ter ac id i f i cat ion 
y ie lds a n ozone analys is 2 % t imes l ower t h a n the n e u t r a l or ac id-buf fered po tass ium 
i od ide - sod ium th iosu l fa te m e t h o d . 

Effect of Repeated Dai ly Exposure to Low Concentrat ion 
of O z o n e on Weight G a i n of Y o u n g Rats 

Y o u n g male a lb ino W i s t a r s t r a i n rats (averag ing about 50 grams) were exposed 
to ozone 5 days a week for v a r i o u s lengths of t i m e per d a y for 4 weeks. T h e 
an imals were weighed a t w e e k l y i n t e r v a l s a n d at the end of the 4-week p e r i o d the 
t o t a l ga in i n weight of the an imals was de te rmined . T a b l e I I I summar izes the 
results of the e x p e r i m e n t a l d a t a a n d the s ta t i s t i ca l t r e a t m e n t . T o character ize f u l l y 
the d a t a , a n e m p i r i c a l equat ion was der ived to relate the difference i n weight ga in to 
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Table III. Summary of Statistical Analysis of Weight Gain of Rats Exposed to Ozone 

5 Days/Week, Resid
4-Week No. ual Stand 95% 

Ί reatment of Mean Resid Stand ard Confi
Ani Weight ual ard Error of dence 

Expt. Group P.P .M. Hr./day mals Gain, G . Variance Deviation Mean Limits yc-y»* t 
I 1 1.2 7 46 178.00 245.26 15.66 2.31 ±4.66 13.00 3.91h 

2 0.6 16 45 176.73 368.74 19.19 2.88 ±5.81 14.27 3.68b 

3 Control A 48 191.00 282.72 16.80 2.43 ±4.86 
II 4 1.2 3 43 181.40 271.57 16.47 2.51 ±5.70 2.66 0.96 

δ 2.4 3 51 151.39 425.76 20.62 2.89 ±5.78 32.67 7.90b 

6 Control Β 49 184.06 372.35 19.29 2.75 ±5.50 
11.08b III 7 1.2 16 47 150.87 436.39 20.89 3.05 ±6.10 42.11 11.08b 

8 Control C 43 192.98 230.66 15.17 2.31 ±4.66 
6.46b IV 9 1.8 7 20 196.55 146.89 12.12 2.56 ±5.35 20.80 6.46b 

10 1.8 3 20 207.85 75.61 8.70 1.93 ±4.03 9.50 3.60h 

11 1.2 11.5 20 198.00 168.32 12.97 2.90 ±6.06 19.35 5.77b 
12 Control D 20 217.35 70.76 8.41 1.88 ±3.92 

2.74b V 13 0.6 10 29 184.00 279.96 16.70 3.12 ±6.39 13.60 2.74b 
14 Control Ε 21 197.60 387.19 19.70 4.30 ±8.96 

a Mean gain of controls minus mean gain of exposed in grains. 
b Significance at 99% level. 

the ozone concentrat ion a n d the n u m b e r of hours of exposure per day . T h e equat ion 
u t i l i z e d the fact t h a t w h e n either the t i m e of ozone exposure or the ozone concentrat ion 
is zero, the weight difference is also zero 

Υ = ΧΛΧΙ (bo + bixi + te2) (I) 

where Y is the difference i n weight ga in between the c o n t r o l group a n d t reated 
group , x± is the ozone concentrat ion , x2 is the t ime of exposure, a n d b0) bly a n d b2 

are constants . T h e m e t h o d of least squares was used to est imate the va lue of the 
constants f r o m the e x p e r i m e n t a l results of the first 12 groups 

Y = X1X2 (-1.126488 + 0.6887692 xl + 0.06514642 .τ2) (2) 

F r o m E q u a t i o n 2 a series of values of Y for var ious combinat ions of ozone c o n 
centrat ions a n d exposures rang ing f r o m 1 to 20 hours a n d 0 to 3 p . p . m . was de termined 
w i t h the d i g i t a l c o m p u t e r . F i g u r e 2 is a g r a p h of the difference i n weight ga in p l o t t e d 
against exposure t i m e for a series of constant ozone concentrat ions a n d F i g u r e 3 
shows the weight g a i n difference p l o t t e d against ozone concentrat i on for a series of 
constant exposures. 

F r o m the e x p e r i m e n t a l a n d ca l cu la ted results the tolerance l i m i t s of exposure of 
rats to ozone m i g h t be de termined , as shown b y the fo l l owing two examples . 

1. I f a difference i n weight g a i n of c o n t r o l a n d treated rats of 10 grams is t a k e n as 
the p o i n t where i n j u r y occurs, w i t h reference to F i g u r e 2, the fo l l owing combinat ions 
for a 5 days per week exposure for 4 weeks are o b t a i n e d : 2.4 p . p . m . for 1.5 hours , 1.8 
p . p . m . for 3 hours , 1.2 p . p . m . for 7 hours , a n d 0.6 p . p . m . for 16 hours . 

2. I f a 15 -gram difference is used as the po int where i n j u r y occurs, the f o l l owing 
combinat ions are o b t a i n e d : 2.4 p . p . m . for 2 hours , 1.8 p .p .m. for 4 hours , 1.2 p . p . m . for 
9 hours , a n d 1 p . p . m . for 19 hours . 

B e l o w these l i m i t s i t m i g h t be assumed t h a t a y o u n g g r o w i n g rat cou ld r e m a i n 
i n ozone atmosphere w i t h o u t deleterious effects. 

These e x p e r i m e n t a l results concur w i t h m a x i m u m al lowable concentrat ion va lue of 
ozone of 0.1 p . p . m . for a n 8-hour day , adopted b y the A m e r i c a n Conference of G o v e r n 
m e n t a l I n d u s t r i a l H y g i e n i s t s i n 1955 (1). H o w e v e r , i t is v e r y dif f icult to determine 
ozone r e l i a b l y below 1 p . p . m . A s the odor of ozone can be r e a d i l y detected be low 0.1 
p .p .m . (12), the ru le u t i l i z e d i n these laborator ies is to m a i n t a i n v e n t i l a t i o n so t h a t the 
odor of ozone cannot be perce ived . 

T o determine whether the amounts of food consumed b y ozonized a n d cont ro l 
an imals were different, t w o groups of y o u n g rats were used. One group was p laced 
i n the ozone chamber a n d g i v e n a n exposure of 2.4 p . p . m . for 3 hours d a i l y for 4 
weeks. T h e other g r o u p was m e r e l y p laced i n the chamber a n d exposed to a i r for 
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φ Calculated values 
0 / Δ , O , • Experimental data 

* Weight gain of control rats minus weight gain of exposed rats 

the same per i od of t i m e . T h e food c o n s u m p t i o n a n d weight g a i n were t a b u l a t e d for 
b o t h g r o u p s ; a n analys is of var iance of the d a t a f r o m the t w o groups is presented i n 
T a b l e I V . 

Table IV. 

Group 
Exposed*1 

Control 

Relationship between Food Intake and Adjusted Weight Gain 

Mean Weight Gain, G. Dev. from 
No. of Mean Food Exptl. Mean 
Rats Intake, G. Intake, G. 

17 468.1 -29.0 
18 524.4 27.3 

132.8 
101.0 

Adjusted* 
139.90 
154.51 

Variance 
Ratio, F 

37.71 

Experimental mean food intake = 497.1 grams 
Regression coefficient = 0.2451 gram per gram of food 

* y = y — bx, where y = adjusted mean gain, b = regression coefficient, and χ = mean food 
intake. 

b 2.4 p.p.m. or 3 hr. per day for 5 days per week, for 4 weeks. 

W h e n the m e a n g a i n i n weight of b o t h groups is ad justed to a c o m m o n food 
i n t a k e , a h i g h l y s igni f icant F va lue of 37.7 is obta ined , w h i c h indicates t h a t the 
q u a n t i t y of food consumed does not e x p l a i n the difference i n weight g a i n of the t w o 
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OZONE CONCENTRATION, PÇM 

Figure 3 . Effect of ozone concentration upon the weight 
gain of young rats with exposure time constant 

φ Calculated values 
A / • / 0 / Ο Experimental data 

* Weight gain of control rats minus the weight gain of ex
posed rats 

groups . I t appears t h a t an imals exposed to ozone d i d not u t i l i z e the food eaten as 
eff iciently as the contro ls . 

Effect of O z o n e on B lood 

T h e p r o b l e m of whether ozone itself reaches a n d reacts w i t h the b l o o d was 
s tud ied . E a r l i e r i n v i t r o studies h a d s h o w n t h a t ozone does not oxidize the ferrous 
i o n of o x y h e m o g l o b i n to the ferr ic i o n to produce m e t h o m o g l o b i n w h e n 39.6 p . p . m . is 
b u b b l e d at a rate of 150 m l . per m i n u t e d i r e c t l y i n t o whole b l o o d . Ozon ized p l a s m a , 
on the o ther h a n d , showed a definite increase i n absorbance at 250, 280, a n d 350 
πΐμ ( T a b l e V ) . C o n s e q u e n t l y , b l o o d p l a s m a f r o m 27 y o u n g rats exposed to 2.4 
p . p . m . of ozone for 3 hours per d a y , 5 days per week for 8 weeks, a n d t w o an imals 
exposed to a n acute dose of 40 p . p . m . of ozone for 3 hours a n d 20 m i n u t e s was 
examined spec t ropho tometr i ca l l y . T h e absorbances ob ta ined d i d not differ s igni f i cant ly 
f r o m those ob ta ined for p l a s m a for 30 c o n t r o l a n i m a l s . 

T h e hemog lob in content a n d h e m a t o c r i t values were de te rmined o n the b l o o d 
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Table Y. Effect of Ozonization on Absorbance 
of Rat Blood Plasma 

Wave Length, Μμ 

Plasma* 250 280 
Ozonized* 0.57 0.71 
Control 0.29 0.53 

350 
0.155 
0.031 

» 1:100 0.066 M phosphate buffer. 
b 30.10 p.p.m. Oa for 15 min. at 250 ml./min. 

f r o m 31 y o u n g rats exposed to 2.4 p . p . m . of ozone for 3 hours p e r d a y , 5 days per 
week for 8 weeks. T h e average hemog lob in content f o r 27 c o n t r o l rats was 14.6 a n d 
14.9 grams p e r 100 m l . f or the exposed ra ts . T h e average h e m a t o c r i t was 4 6 . 8 % 
for the controls a n d 4 7 . 8 % for the exposed ra ts . B o t h sets of values f a l l w i t h i n 
the n o r m a l ranges for ra ts . There fore , i t is conc luded t h a t ozone does n o t reach the 
b l o o d of an ima l s t h a t have been c h r o n i c a l l y exposed to ozone. I t appears t h a t the 
ozone reacts w i t h the i n n e r surface of the r e s p i r a t o r y t r a c t a n d decompos i t ion occurs 
before i t c a n enter the b l o o d s t r e a m . 
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Toxicity of Ozone in High Altitude Flight 

H. G. CLAMANN and R. W. BANCROFT 

School of Aviation Medicine, U.S. Air Force, 
Department of Physiology-Biophysics, Randolph Air Force Base, Tex. 

Ozone is found at high altitudes in such concentration 
that, pressurized in a cabin to ground level or near 
ground level pressure, it could exhibit harmful effects 
on man and material. Protecting factors, such as 
heating in the compressor, decomposition in contact 
with various substances, and use of oxygen masks, 
lessen such harmful effects considerably. But the 
existence of such a hazard has to be known. Studies 
on the toxic effect of ozone on man indicate that such 
effect is restricted to the respiratory tract. Man 
seems to be more sensitive than the usual laboratory 
animals. In sensitive persons, concentrations as low 
as 2 p.p.m. may cause severe irritation within less 
than 1 hour. 

The presence of ozone i n the atmosphere , k n o w n since ozone was first detected a n d 
n a m e d b y Schoenbein i n 1840, has been inves t iga ted w i t h ever - increas ing interest . 
T h e deve lopment of spec ia l spectrophotometers , c a r r i e d aloft b y bal loons a n d i n recent 
years b y rockets , has m a d e i t possible to s t u d y no t o n l y i t s t o t a l a m o u n t b u t also i ts 
v e r t i c a l d i s t r i b u t i o n i n the atmosphere . C l a s s i c a l studies are those of G o e t z , M e e t h a m , 
a n d D o b s o n (8). I n the past t e n years measurements were c a r r i e d out b y Regener 
(IS), J o h n s o n , P u r c e l l , a n d T o u s e y (10), a n d P a e t z o l d (13), a m o n g others . A s these 
are a l l bas i ca l l y measurements of u l t r a v i o l e t a b s o r p t i o n of layers of a c e r ta in th ickness , 
the ozone concentra t i on is u s u a l l y expressed as th ickness of a l a y e r of a i r — f o r example , 
cent imeters of ozone per k i l o m e t e r of a i r . U s u a l l y these va lues are re ferred to as 
u n d e r condi t ions of s t a n d a r d pressure a n d t e m p e r a t u r e . T o conver t these u n i t s in to 
u n i t s t h a t are m o r e m e a n i n g f u l to the toxicologist , such as p a r t s per m i l l i o n b y v o l u m e , 
t h e y have to be m u l t i p l i e d b y the p r o p e r dens i ty r a t i o , cons ider ing t e m p e r a t u r e a n d 
pressure at specific a l t i tudes . S u c h values for var i ous geographica l la t i tudes are 
ava i lab le i n the f o r m of tables (9). 

W h e n the values for ozone f r o m the above -ment ioned studies are averaged , the 
ozone concentra t i on is smal ler t h a n 1 p . p . m . be low 33,000 feet, reaches a peak of 6 
p . p . m . at 80,000 feet, a n d fal ls be low 1 p . p . m . aga in above 114,000 feet. B o t h the 
l o c a t i o n of the peak a n d the concentra t i on are subject to considerable fluctuation, so 
t h a t m u c h greater peak concentrat i on m a y occur at var ious a l t i tudes depending o n 
l a t i t u d e , season, a n d weather condi t ions . 

C o m m e r c i a l a i rp lanes beg in to pressurize the i r cabins at a l t i tudes below 10,000 
feet. A b o v e th i s a l t i t u d e cabins have to be pressur ized , i f the passengers do no t use 
a d d i t i o n a l oxygen s u p p l y . W i t h o u t oxygen, a pressure of about 10 p.s. i . , corresponding 
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to 10,000 feet of a l t i t u d e , has to be m a i n t a i n e d i n the c a b i n regardless of flying a l t i t u de , 
to m a i n t a i n to lerable r e s p i r a t o r y condi t ions . 

Because the compressor not o n l y pressurizes b u t also vent i la tes the c a b i n , there 
is a l i m i t on a l t i t u d e for the pressur ized c a b i n . A b o v e 80,000 feet a compressor 
becomes inef fect ive ; i t is not able to m a i n t a i n pressure a n d v e n t i l a t i o n at the l o w 
dens i ty of the atmosphere . A b o v e th is a l t i t u d e lies the r e a l m of the sealed c a b i n (17). 

W e do no t k n o w how m u c h ozone m a y a c t u a l l y be present i n a pressur ized cab in 
of fu ture a i r c r a f t , as other factors , such as heat ing of the a i r pass ing the compressor 
or contact w i t h var i ous substances, m a y destroy p a r t of the ozone a n d use of oxygen 
masks w o u l d prevent i n h a l i n g of a m b i e n t a i r e n t i r e l y ; s t i l l , the p o s s i b i l i t y of i n h a l i n g 
ozone exists. T h e use of ozone as a rocket ox id izer (H) m a y a d d to such a poss i 
b i l i t y . 

T h e second factor t h a t m u s t be k n o w n is the t o x i c i t y of ozone to m a n at g r o u n d 
l eve l condi t ions . F r o m such values the t o x i c i t y of ozone at other t h a n g r o u n d l eve l 
condit ions can easi ly be d e r i v e d . 

A l t h o u g h the t o x i c i t y of ozone to an imals has been s tud ied r e l a t i v e l y o f ten, studies 
on h u m a n s are few. E x t e n d e d reviews of such t o x i c i t y studies have been c o m p i l e d b y 
T h o r p (19) a n d S t o k i n g e r (16). T h o r p (20) also suggested t h a t the presence of 
n i t r o g e n oxides, w h i c h m a y be generated i n c e r t a i n ozonizers, m a y aggravate the 
t o x i c i t y of ozone. 

W h i l e studies on the influence of other gases o n the t o x i c i t y of ozone are most 
interes t ing , the t o x i c i t y of pure ozone m u s t be k n o w n first. N i t r o g e n oxides do not 
seem to exist i n the atmosphere w i t h ozone, b u t r a t h e r are present at cons iderab ly 
h igher a l t i tudes i n the so-cal led D l a y e r (S). 

A s there is m u c h confus ion i n the l i t e r a t u r e o n the a c t u a l t o x i c i t y of ozone, 
exper iments on an ima l s were conducted at A r m o u r R e s e a r c h F o u n d a t i o n u n d e r 
contract w i t h Schoo l of A v i a t i o n M e d i c i n e , U S A i r F o r c e . T h e results of these studies 
on acute a n d chronic exposure to ozone are r e p o r t e d here a n d b y M i t t l e r a n d co
workers (12). 

T h e results ind i ca te great differences i n the LD50 ra te f or v a r i o u s l a b o r a t o r y 
an ima ls . O n the basis of these results i t was dec ided t h a t o n l y studies o n m a n c o u l d 
produce re l iable i n f o r m a t i o n on the t o x i c i t y of ozone to m a n . S u c h studies were 
conducted b y the Schoo l of A v i a t i o n M e d i c i n e , u t i l i z i n g the ex is t ing fac i l i t ies of A r m o u r 
R e s e a r c h F o u n d a t i o n . 

Procedure a n d Methods 

A group of five subjects was selected, r a n g i n g i n age f r o m 19 to 54 years . C h e s t 
x - r a y p i c tures a n d E C G recordings were t a k e n before a n d after the 2-week p e r i o d 
of exper iments . Be fore a n d after the exposure to ozone, the fo l l owing r e c o r d 
ings were car r i ed out : 

Circulation. B l o o d pressure, pulse rate (pulse rate recorded also during exposure at 
15-minute intervals ) . 

Blood. R e d b lood cell count, hematocrit , hemoglobin i n grams per 100 m l . of b lood, 
white cell count, differential count, t o ta l serum prote in . 

Respiration. Resp i ra t i on rate (recorded also dur ing exposure at 15-minute intervals ) . 
Resp irat ion funct ional test : t i d a l vo lume, v i t a l capacity, m a x i m a l breathing capacity, res id
u a l capacity, and diffusion coefficient for oxygen ( D 0 2 ) expressed i n cubic centimeters of 
oxygen per minute per pressure of oxvgen at 1 m m . of mercury. 

Tests of Taste and Smell. 
Subjective Symptoms. 

U s u a l c l i n i c a l l a b o r a t o r y methods were used for c i r c u l a t i o n a n d b lood . W i t h a 
n o r m a l sp i rometer for the d e t e r m i n a t i o n of the res idua l c a p a c i t y , the m e t h o d of F e n n , 
Ot is , a n d R a h n (6) was used for r e s p i r a t i o n . N i t r o g e n concentrat i on was de termined 
w i t h the L i l l y - A n d e r s o n n i t rogen meter , w h i c h was c a l i b r a t e d w i t h correc t ion for 
discharge current , pressure, a n d c a r b o n dioxide ( 1 ). 
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T h e p u l m o n a r y di f fusion coefficient was de termined b y the c a r b o n monox ide 
m e t h o d of K r o g h (5, 11). D e v i a t i n g f r o m the o r i g i n a l m e t h o d , a m u c h smal ler 
concentra t i on of c a r b o n monox ide was used, 0 .004% instead of 1.0%. T h i s m a d e i t 
possible, a f ter f u r t h e r d i l u t i o n , to determine the c a r b o n monox ide concentra t i on b y 
means of i n d i c a t o r tubes ( M i n e Sa fe ty A p p l i a n c e s C o . ) , the color of w h i c h was 
c o m p a r e d w i t h c a l i b r a t e d s tandards (4,21). 

T a s t e was tested b y offering the subject aqueous solutions of sucrose (2 to 1 6 % 
i n steps of 2 .0%) a n d s o d i u m ch lor ide (1 t o 4 % i n steps of 0 . 5 % ) , i n a n i r r e g u l a r 
p a t t e r n of concentrat ions , i n w h i c h the subject h a d to say i f the taste was the same, 
stronger , or weaker t h a n t h a t of the sample offered before. 

F o r tes t ing the sense of sme l l a t h r e s h o l d m e t h o d was a d o p t e d . T h r e e solut ions 
were p r e p a r e d — A , B , a n d M . A l l three so lut ions h a d 7 0 % aqueous e t h y l a l coho l as 
c a r r i e r . A was a b l a n k ; Β conta ined 0 . 0 2 % of a m y l acetate (p leasant o d o r ) ; a n d 
M conta ined the same a m o u n t of l a u r y l m e r c a p t a n (unpleasant o d o r ) . T h e subject 
h a d t o d i s t ingu i sh between the f a i n t sme l l of a l coho l a n d the a d d i t i o n a l sme l l of the 
pleasant or unpleasant substances. T h e concentrat ions were chosen so t h a t u n d e r 
n o r m a l condi t ions a l l subjects m a d e not m o r e t h a n t w o errors i n 15 presentat ions . 

T h e subject ive s y m p t o m s were a r b i t r a r i l y classified somewhat a long the c lassi f ica
t i o n of T h o r p (19) as s y m p t o m a t i c , i r r i t a n t , a n d severe i r r i t a n t . S y m p t o m s are 
n a m e d s y m p t o m a t i c w h e n the subject experiences the first sensations, such as i r r i t a t i o n 
of the t h r o a t a n d t i c k l i n g i n the nose. W h e n the s y m p t o m s become p e r m a n e n t a n d 
unpleasant , t h e y are n a m e d i r r i t a n t , as we l l as w h e n occasional coughing is observed. 
T h e s y m p t o m s are labe led severe i r r i t a n t w h e n coughing is p r o d u c e d b y deep i n s p i r a 
t i o n , pressure or p a i n i n the chest appears , b r e a t h i n g becomes labor ious a n d m o r e 
f requent , a n d a constant sharp p a i n i n the t h r o a t is fe lt . 

F o r exposure to ozone, a spec ia l chamber , 4 feet wide , 7 feet h i g h , a n d 6 feet 
l ong , c ons t ruc ted b y A r m o u r R e s e a r c h F o u n d a t i o n , was used . U s u a l l y one, b u t 
sometimes t w o , subjects were p laced s imul taneous ly i n th i s chamber . A n exhaust 
f a n p r o v i d e d a complete a i r change i n the chamber about once every m i n u t e , t h u s 
a v o i d i n g a n y a c c u m u l a t i o n of c a r b o n d iox ide a n d water v a p o r . C o n t r o l w i t h a 
t h e r m o m e t e r a n d a n A s s m a n n p s y c h r o m e t e r showed t h a t average r o o m t e m p e r a t u r e 
a n d h u m i d i t y were never exceeded. 

T h e highest ozone concentra t i on a p p l i e d was 6 p . p . m . for 1 hour , a n d the longest 
exposure t i m e was 2.5 hours a t 1.2 p . p . m . 

T o determine i n d i v i d u a l s e n s i t i v i t y , a l l subjects were first exposed t o about 1.2 
p . p . m . for a m a x i m u m of 2.5 hours . Subjects w h o exh ib i t ed i r r i t a n t s y m p t o m s were 
not a d m i t t e d to h igher concentrat ions b u t were exposed repeated ly to about the same 
concentrat i on . 

U n l e s s s tated otherwise , concentrat ions of ozone are presented i n par t s per m i l l i o n 
b y v o l u m e . 

Results 

T h e findings o n a s m a l l g roup of five people do no t have the conclusive significance 
of a s t a t i s t i c a l e v a l u a t i o n of a large g r o u p . H o w e v e r , as each subject served as i ts o w n 
c o n t r o l a n d a l l subjects were exposed repeated ly , the results ind i ca te the general t e n d 
encies of the phys io l og i ca l effects of ozone o n m a n . B e g i n n i n g w i t h the subject ive 
s y m p t o m s , the results are presented i n F i g u r e 1. T h e s y m p t o m s are i n d i c a t e d as 
fo l l ows : A n e m p t y figure means s y m p t o m a t i c ; a figure filled h a l f b l a c k means i r r i t a n t ; 
a n d a t o t a l l y b l a c k figure indicates severe i r r i t a n t . These figures are p laced i n a 
d i a g r a m p l o t t i n g ozone concentra t i on against exposure t i m e i n a double l o g a r i t h m i c 
c a l i b r a t i o n . 

T h e s u b d i v i s i o n of the d i a g r a m i n regions of var i ous degrees of t o x i c i t y is t h a t used 
b y T h o r p (19). 

I n general , the d a t a correspond to T h o r p ' s d i a g r a m . H o w e v e r , the m e a s u r i n g 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
04

7

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



CL AM AN Ν AND BAN C RO FT—TOXICITY IN HIGH ALTITUDE FLIGHT 355 

PPM. WT PP|M. V O L 

IRREVERSIBLE 
TOXIC 

LDB < 

100 

•CATS, RABBITS 
• MICE, RATS 

n o 
J0XIC 

- — I R R I T A N T 
Π mm SYMPTOMATIC 

0.17 1 2 3 4 5 
E X P O S U R E T I M E (HOURS) 

Figure 1. Sensitivity of five subjects to ozone of various 
concentrations at various exposure times 

Subject. Δ V 0 • Ο 
Age, years 54 40 40 21 19 
Black fillings indicate degrees of toxic reaction 

po ints are scattered over a wide area , i n d i c a t i n g great i n d i v i d u a l differences i n sens i t i v 
i t y to ozone. M a n y values are located be low the s y m p t o m a t i c l ine i n the n o n s y m p -
t o m a t i c region, even some i r r i t a n t a n d severe i r r i t a n t va lues . A s th i s holds t r u e for 
three out of five i n d i v i d u a l s , i t m a y be conc luded t h a t the sens i t i v i ty of h u m a n s is 
somewhat h igher t h a n t h a t of the c o m m o n l a b o r a t o r y an ima ls . 

A re la t i onsh ip between age a n d sens i t i v i ty cannot be observed. I t is no t s u r p r i s 
i n g t h a t severe i r r i t a t i o n fol lows i r r i t a t i o n i n a shorter i n t e r v a l a t h igher concentrat ions 
t h a n at l ower ones. 

N o effect of ozone o n the c i r c u l a t i o n or b l ood c o u l d be detected w h i c h differed 
f r o m the n o r m a l fluctuation of such va lues . There fore , no d a t a are presented. 

T h e effect of ozone on the r e s p i r a t o r y sys tem is i l l u s t r a t e d i n F i g u r e 2, p l o t t e d as 

160 

150 

"RESIDUAL VOLUME 

•DIFFUSING CAPACITY e " 

VITAL CAPACITY 

*M. B.I 

"MAXIMAL BREATHING CAPACITY 

OZONE PARTS PER MILLION BY VOLUME 

Figure 2 . Results of lung function tests expressed as per cent deviation 
from normal in relationship to concentration of ozone 
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50 100 150 200 250 300 350 4 0 0 
OZONE CONCENTRATION (ppm by vol.) X TIME (mirU 

Figure 3. Results of lung function tests expressed as per cent devi
ation from normal in relationship from product concentration X time 

d e v i a t i o n f r o m n o r m a l i n p e r cent against concentrat i on . T w o m e a s u r e m e n t s — 
res idua l v o l u m e a n d dif fusing c a p a c i t y — r a n g e above n o r m a l at about 1 p .p .m. , whi le 
t o t a l l u n g v o l u m e , m a x i m a l b r e a t h i n g c a p a c i t y , a n d v i t a l c a p a c i t y are below n o r m a l a n d 
decrease f u r t h e r w i t h increas ing concentra t i on . I n F i g u r e 3, s i m i l a r l y p l o t t e d , b u t w i t h 
the abscissa i n un i t s of c oncentra t i on t imes t i m e ins tead of concentrat ion , th is tendency 
seems even m o r e pronounced . B o t h figures ind i ca te t h a t the di f fusing c a p a c i t y even 
t u a l l y becomes s u b n o r m a l . I n re la t i on to concentrat i on , a sharp b e n d t o w a r d sub
n o r m a l values occurs between 4.5 a n d 5 p . p . m . 

F i g u r e 4 shows how the a m o u n t of a i r n o r m a l l y i n h a l e d a n d exhaled, the so-cal led 

T C 

3.97 INSPIRATORY 
CAPACITY 

0.99 EXPIRATORY 
CAPACITY 

_ 4 

v n V , T A L 

Ν Υ CAPACITY 

1.19 DW RESIDUAL 
V CAPACITY 

6.70 

MEASUREMENT CONTROL OZONE DIFF. 

INDIRECT RV = 1730 2 5 7 0 + 8 4 0 cc 
DIRECT VC « 5035 2905 - 2130 cc 

TC=6765 5475 - 1290 cc 

RESIDUAL VOLUME INCREASE : 

BRONCHIAL OBSTRUCTION OF AIRFLOW 

VITAL CAPACITY PLUS 
TOTAL CAPACITY DECREASE : 
DECREASED ALVEOLAR SPACE! 

(EDEMA) 

Figure 4. Characteristic effects of ozone on some respiratory quantities 
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t i d a l v o l u m e , can be enlarged b y a d d i n g the i n s p i r a t o r y a n d the somewhat smal ler 
e x p i r a t o r y capac i ty . T h i s happens n o r m a l l y i n var i ous degrees accord ing to m u s c u l a r 
exercise. T h e largest v o l u m e w h i c h can be reached is the v i t a l c a p a c i t y . B u t the l u n g 
cannot be e m p t i e d comple te ly ; even at the deepest e x p i r a t i o n a c e r ta in v o l u m e remains , 
the res idua l c a p a c i t y . 

F i g u r e 4 contains d a t a f r o m a subject exposed 1 h o u r to 6 p . p . m . of ozone, w h i c h 
m a y be regarded as a t y p i c a l example of the effects of ozone above 5 p . p . m . F i r s t , the 
v i t a l c a p a c i t y is d i m i n i s h e d f r o m 5030 cc. d o w n to 2905 cc. or to 5 7 . 7 % of i t s o r i g i n a l 
v a l u e . A t the same t i m e , the res idua l c a p a c i t y is increased f r o m 1730 to 2570 cc. 
T h e smal ler v i t a l c a p a c i t y can easi ly be f e l t ; sub je c t ive ly one is unab le to expire v e r y 
deeply . I t shou ld be assumed t h a t the increase of res idua l c a p a c i t y is n o t h i n g more 
t h a n the decrease of v i t a l c a p a c i t y . B u t i n s u m m i n g u p b o t h to the t o t a l c a p a c i t y , 
t h e y do no t compensate each o t h e r ; the t o t a l c a p a c i t y is smal ler a f ter ozone exposure. 
T h e r e is one possible e x p l a n a t i o n : T h e decrease of the v i t a l c a p a c i t y is caused b y 
edematous f l u i d , the increase of the res idua l c a p a c i t y b y a b r o n c h i a l o b s t r u c t i o n w h i c h 
w i l l no t p e r m i t a complete opening of entries i n t o the a lveo l i . H i s t o l o g i c a l studies on 
an imals a f ter ozone exposure show t h a t the a lveo l i m a y be filled w i t h edematous fluid, 
b u t a rea l obs t ruc t i on has not been observed. 

So the decrease of the v i t a l c a p a c i t y seems to be rea l . F i g u r e s 2 a n d 3 show h o w 
the v i t a l c a p a c i t y decreases more a n d m o r e w i t h increas ing concentra t i on a n d a lmost 
l i n e a r l y w i t h the concentra t i on - t ime p r o d u c t . 

T h e soft tissues of the r e s p i r a t o r y t r a c t seem to be the o n l y tissues a t t a c k e d b y 
ozone. A n effect on the c o n j u n c t i v a of the eyes was ne i ther felt sub jec t ive ly n o r ob 
served b y inspec t i on to a n y r e m a r k a b l e degree i n these studies , b u t i t has been de 
scr ibed b y others . 

I n the tests of taste , no clear effect c ou ld be f o u n d on a b i l i t y to d i s t ingu i sh between 
concentrat ions of s o d i u m chlor ide a n d sucrose. H o w e v e r , the sense of smel l was 
affected. T a b l e I shows the results obta ined f r o m a subject first exposed to 2.41 p . p . m . 

Table I. Effect of Ozone Concentration on Smell 

Ozone Concn., 4 P.P.M. Wt. Ozone Concn., 6.9 P .P .M. Wt. 
Expos. Time, 1 Hr. 30 Min. Expos. Time, 22 Min. 

Substance Control 0 3 Substance Control 0» 
1. A + + Β + + 
2. Β + + A + + 
3. A M + - ( A ) 
4. M + - (B) M + + 
5. Β + + Β + - ( A ) 
6. A - ( B ) + Β + + (?.) 
7. M + - ( A ) A + - ( B ) 
8. Β + + A + + 
9. A + + M + - ( A ) 

10. M + + M + - ( B ) 
11. A + - (M) A - ( M ) - ( M ) 
12. A — (M) + A + + 
13. M + B + + 
14. A + - ( M ) i B + + + 
15. Β + + M + - ( B ) 

Errors 2 5 1 7 

(4 p . p . m . b y weight ) for 1 hour , 30 minutes , a n d on another day , to 4.16 p . p . m . (6.9 
p . p . m . b y weight ) for 22 m i n u t e s . A m i n u s sign indicates i n a b i l i t y to recognize the 
sme l l p r o p e r l y ; i n parenthesis the smel l is i n d i c a t e d w i t h w h i c h the sample was c o n 
fused. A f t e r exposure to ozone, the n u m b e r of errors is h igher t h a n i n the contro ls , a n d 
a c e r t a i n p i l i n g of errors , especial ly at the h igher concentrat ion , can be observed. 
W h i l e the errors m a d e i n the contro ls consist of a confus ion of a b l a n k A w i t h a 
p r e v i o u s l y offered pleasant or unp leasant sme l l , the errors a f ter exposure especial ly to 
the h igher concentra t i on consist of m i s j u d g i n g a sme l l , w h i c h indicates a t r u e i n j u r y to 
the sense of smel l . 
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Discussion a n d Conclusions 

The impact of ozone on man as an animal is directed on the soft tissues of the 
respiratory tract. Beginning at the throat, longer exposure time and higher concentra
tions tend to carry the injury to the tissues deeper toward the alveoli. Edema, ob
served on animals histologically, seems to begin in men at concentrations above 4 to 5 
p.p.m. at exposure times in the range of an hour, as recorded by lung function tests. 
A t this, or still higher concentrations and exposure times, the permeability of the alveo
lar wall may be injured according to a decreasing diffusing coefficient for oxygen. 
However, the difficulties of such measurements do not permit a definite statement at 
the present time. A definite impairment of the sense of smell was found. N o effects 
on blood pressure, pulse rate, and blood itself could be observed. 

Subjective symptoms, such as burning in the throat, feeling of oppression of the 
chest, and difficulty in breathing, are subject to a large individual variety. Burning 
of the eyes was not observed. 

It can be concluded that ozone acts only very superficially on wet soft tissues. 
It is not able to penetrate deeply. This is confirmed by studies of Bohr and Mear (2), 
who transfused blood of rabbits, poisoned by ozone, into normal rabbits without any 
harmful effect. These authors also ventilated only one lung of an animal (turtle or 
rabbit) with air containing ozone without harmful effects on the normal lung. 

In two experiments on inhaling air with 4.8 p.p.m. of ozone, the exhaled air con
tained practically no ozone, as determined by the starch-iodine method of Thorp (18). 
This suggests that ozone decomposes completely in the respiratory tissues. 

Usually the effect of ozone is described as that of a "very strong oxidizing agent." 
Though this is not deniable, a more detailed explanation of its action is very desirable. 
While the third atom of ozone, split off first, may have the properties of nascent oxygen, 
it seems likely that ozone produces certain radicals which exhibit "chain reactions." 
In this respect, ozone may have some factors in common with pure oxygen at high 
pressure ( 7 ) . 
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Factors Modifying Toxicity of Ozone 

HERBERT E. STOKINGER 

Occupational Health Program, Public Health Service, 
U. S. Department of Health, Education, and Welfare, 
1014 Broadway, Cincinnati, Ohio 

Ozone in single, acute exposure is a highly poisonous 
substance to laboratory animals. No experimental 
evidence was found that this toxicity is modified to 
a significant degree by the presence of nitrogen 
oxides that may accompany ozone production. 
Seven factors have been experimentally found that 
may modify the toxicity of ozone. Four of these— 
youth, physical exertion, alcohol, and respiratory 
infection—tend to augment the injurious response or 
act to the detriment of the host; intermittent expo
sure, premedication, and pre-exposure either reduce or 
eliminate the injurious effects of ozone. Considera
tion has been given these factors in the evaluation of 
possible hazards to populations from ozone-contain
ing smogs. 

^ ) z o n e has been establ ished w i t h o u t quest ion to be a component of L o s Angeles smog 
{6, lJf). A s a n agent of distress a n d p o t e n t i a l disease, ozone has been w e l l documented 
(IS). W h e t h e r ozone of itself is capable of becoming a h e a l t h h a z a r d i n u r b a n a t 

mospheres is less c e r ta in , however . N e w i n f o r m a t i o n der ived f r o m a n i m a l e x p e r i m e n t a 
t i o n o n ozone atmospheres a n d n i t r o g e n ox ide -ozone atmospheres under v a r y i n g c o n d i 
t i o n is presented here i n the hope t h a t i t w i l l p e r m i t a m o r e exact e v a l u a t i o n of the 
p o t e n t i a l hazards to u r b a n a n d w o r k i n g popu la t i ons exposed to ozone. T h i s becomes 
espec ia l ly i m p o r t a n t i n the l i g h t of the recent r epor t of K l e i n f e l d (8) o n ozone i n j u r y 
of the lungs a m o n g welders us ing the new i n e r t gas -sh ie lded arc process. These r e p r e 
sent the f irst instances of h u m a n i n j u r y f r o m ozone ever repor ted . 

Lethal Doses 

A m p l e evidence has been presented (15) t o show t h a t ozone i n acute exposures is 
a h i g h l y tox i c a n d l e t h a l substance. T h e LD50 va lues for three rodent species are g iven 
i n T a b l e I . T h e LD50 va lue is the dose of a substance t h a t w i l l on the average k i l l 5 0 % 
of a s igni f icant n u m b e r of an imals exposed u n d e r specif ied condi t ions . S e v e r a l e x p e r i 
m e n t a l l y s imple a n d s ta t i s t i ca l l y sound methods of o b t a i n i n g LD50 va lues are ava i lab le ; 
the one used i n th i s w o r k is t h a t of W e i l (19). T h e suscep t ib i l i t y or n a t u r a l to lerance 
var ies cons iderab ly w i t h the species, the hamster be ing the least susceptible of the 
species tested. A l t h o u g h insufficient n u m b e r s of o ther species have been exposed to 
ozone to determine accurate LD50 va lues , the dog w o u l d appear to resemble the h a m -
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ster i n n a t u r a l to lerance to ozone o n the basis of the evidence at h a n d ; the r a b b i t 
has a to lerance between t h a t of the r a t a n d the hamster . 

Table I. Lethal Ozone Doses for Small Animals 
(Duration of exposure, 4 hours) 

Av. Body Ozone LDw* Range,a 

Animal Species Wt., G. P.p.m. by Vol. P.p.m. by Vol. 
Mouse, albino, male 22 3.8 3.6-4.1 
Rat, albino, male 250 4.8 3.6-6.4 
Hamster (Cricetus 

auratus), male 75 10.5 9.1-12.1 
a Determined by method of Weil (19). 

C o m p a r i s o n of the LD50 values for ozone w i t h those for the i n d u s t r i a l l y we l l k n o w n 
a n d h i g h l y toxic gas, phosphine , shows a va lue for phosphine (10) of 60 p . p . m . for the 
ra t under s i m i l a r condi t ions of exposure, i n d i c a t i n g ozone to be a p p r o x i m a t e l y 12 
t imes more toxic i n single acute doses. T h e h i g h t o x i c i t y of ozone is a l l the more 
r e m a r k a b l e when i t is no ted t h a t b u t one quar ter of the i n h a l e d ozone reaches the 
lungs (7 ) , where i t produces p u l m o n a r y edema, hemorrhage , a n d eventua l death . 
T a k i n g th is in to account , the absolute a m o u n t of ozone k i l l i n g the r a t is b u t 0.025 m l . 
of pure ozone gas at s t a n d a r d t e m p e r a t u r e a n d pressure, or 50 γ ; a s i m i l a r va lue for 
the mouse is 4 γ of ozone. T h i s assumes a r e s p i r a t o r y m i n u t e v o l u m e (vo lume of a i r 
i n s p i r e d d u r i n g 1 m i n u t e b y a n a n i m a l whi le at rest) of 100 m l . for the r a t a n d 10 
m l . for the mouse. T h e order of 1000 γ of phosphine is r equ i red to k i l l the r a t , a s s u m 
i n g t h a t 5 0 % of the i n h a l e d gas reaches the lungs . These figures p r o v i d e s t r i k i n g 
evidence of the h i g h l y l e t h a l character of ozone. 

I n a l l exper iments repor ted here ozone was de termined b y the a l k a l i n e - p o t a s s i u m 
iodide m e t h o d of S m i t h a n d D i a m o n d (13) as modi f i ed b y B y e r s , S a l t z m a n , a n d 
H y s l o p (2). T h e t o t a l oxides of n i t r o g e n were de termined b y the phenold isu l fon ic a c i d 
m e t h o d ; n i t rogen dioxide b y the specific m e t h o d of S a l t z m a n (11). T h e accuracy of 
the ozone m e t h o d is s t i l l u n d e r e x p e r i m e n t a l s c r u t i n y . I t is possible t h a t some f a c t o r i a l 
u p w a r d rev i s i on of the ozone values r epor ted here m a y have to be made at a fu ture 
date . A correc t ion factor of a p p r o x i m a t e l y 2 appears probab le at th is date . T h e 
m e t h o d , however , was the best ava i lab le at the t ime these exper iments were p e r f o r m e d . 

Toxicity of Ozone Prepared f rom A i r a n d O x y g e n 

Because of the poss ib i l i t y t h a t ozone p r e p a r e d b y electric discharge ( V i t a a i r ozo
nizer , V i t a A i r e Process C o . , M i l w a u k e e , W i s . ) f r o m l a b o r a t o r y , o i l - compressed a i r 
m i g h t have tox ic qual i t ies different f r o m t h a t p r e p a r e d f r o m oxygen, a series of t o x i c i t y 
tests i n mice was made at v a r y i n g concentrat ions of ozone a n d periods of exposure 
u t i l i z i n g the four possible combinat ions of a i r , oxygen, a n d a i r c leaned b y s c r u b b i n g 
w i t h c h r o m i c a c i d a n d s o d i u m h y d r o x i d e ( T a b l e I I ) . N o conspicuous difference i n 
t o x i c i t y to mice o ccurred f r o m a n y of the different means of p r e p a r a t i o n of ozone w h e n 
tested at concentrat ions between 4 a n d 10 p . p . m . ; i f a n y tendency was ev ident , the 
ozone p r e p a r e d f r o m oxygen a n d scrubbed d i l u t i n g a i r was s l i gh t ly less tox ic t h a n t h a t 
f r o m a i r a n d d i l u t e d w i t h unwashed a i r . 

Effect of Concentration and Time . A s t u d y was made i n mice to determine 
whether ozone obeyed the toxico logic ru le t h a t the p r o d u c t of the concentrat ion a n d 
t i m e of exposure p r o d u c e d a constant , toxicologic response, CT = K, over a c o n c e n t r a 
t i o n range of f r o m 1 to 50 p . p . m . I f a pos i t ive cor re la t i on is f ound , such i n f o r m a t i o n 
permi ts i n t e r p o l a t i o n a n d e x t r a p o l a t i o n of the var iab les of exposure w i t h o u t the l a b o r 
of exper imenta l d e t e r m i n a t i o n . A p l o t of the values i n T a b l e I I f r o m 2.5 to 50 p . p . m . 
of ozone shows reasonably good l i n e a r i t y , w i t h the except ion of the single response t o 
4 p . p . m . of ozone p r e p a r e d f r o m a i r . W h e n the ent ire experience of the other three 
tests at th is l eve l was used, however , close agreement to l i n e a r i t y was f o u n d . N o f a t a l 
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Table II. Mortality of Mice Following Exposure to Ozone at Varying 
Concentrations and Times and Prepared by Different Means 

Ozone from Air Ozone from Oxygen 
Exposure Diluted with Diluted with 
Concn. X 

Ozone Time, Washed 
Concn., CT Value Unwashed air or Unwashed Washed 
P.p.m. P.p.m.-Hr. air oxygen air air 

1 15 0/10» 
1 1200b 0/25 
2.5 6 0/5 

10 3/10 
37 4/5 

4 16 6/10 2/10 5/10 2/20 
6 24 12/20 8/10 
8 48 10/10 

10 20 5/10 6/10 5/10 4/10 
72 10/10 

24 72 10/10 
50 25 10/20 

a Numerator: Number of animals that died. Denominator: Number of animals exposed. 
b Discontinuous exposure for 6 hours daily, 5 days per week. 

response to quiescent exposure to ozone at 1 p . p . m . was observed, no m a t t e r w h a t the 
d u r a t i o n (cf. T a b l e V I I ) . 

Negative Role of Nitrogen Oxides in Ozone Toxicity. T h e r e is a n erroneous 
impress i on , u n f o r t u n a t e l y w idespread , ga ined f r o m the m i s i n t e r p r e t a t i o n of c e r t a i n 
studies (16, 17) t h a t " t h e c o n t a m i n a t i o n of ozone w i t h oxides of n i t r o g e n has been 
p a r t l y responsible for the observed t o x i c i t y a n d t h a t ozone is no t n e a r l y so tox ic as i t 
has been thought to b e " (1). T h e r e are a t least t w o reasons for th is m i s i m p r e s s i o n . 

1. T h e repor ted a n i m a l t o x i c i t y d a t a were insuff icient to p e r m i t the conc lus ion t h a t 
n i t rogen oxides associated w i t h ozone p r o d u c t i o n c o n t r i b u t e d to the o v e r - a l l t o x i c i t y . 

2. T h e repor ted exper iments dealt w i t h a b n o r m a l l y h i g h concentrat ions of n i t rogen 
oxides ( a p p r o x i m a t e l y 5 0 % of the ozone c o n c e n t r a t i o n ) . 

I n a l l o r d i n a r y methods of ozone p r o d u c t i o n b y electr ic discharge the a m o u n t s 
of n i t rogen oxides are r e l a t i v e l y ins igni f i cant (12). T h e evidence s u r r o u n d i n g th i s 
quest ion (15) weighed h e a v i l y against the conc lus ion t h a t n i t r o g e n oxides c o n t r i b u t e d 
s ign i f i cant ly to the t o x i c i t y of ozone, b u t left the m a t t e r open to f u r t h e r e x p e r i m e n t a 
t i o n . T h e quest ion was finally reso lved i n f u r t h e r exper iments i n w h i c h mice were 
subjected to v a r i o u s m i x t u r e s of ozone a n d oxides of n i t rogen , a n d the resu l tant t o x i c i t y 
was c o m p a r e d w i t h t h a t f r o m ozone alone ( T a b l e I I I ) . A l t h o u g h a u n i f o r m l y increas 
i n g degree of m o r t a l i t y i n mice is observed w i t h a n increas ing concentra t i on of ozone 
alone, no such increase was demonst ra ted i n mice exposed to increas ing concentrat ions 
of n i t r o g e n oxides m i x e d w i t h ozone. N o t u n t i l the t o t a l c oncentra t i on of i r r i t a n t gases 
f a r exceeded the LD50 for ozone alone (4 p .p .m.) were c o m p a r a b l e l e t h a l effects p r o 
duced b y the m i x t u r e (10 p . p . m . of n i t r o g e n oxides a n d 4 p . p . m . of ozone) . O t h e r s i m i 
l a r exper iments have been p e r f o r m e d o n several occasions w i t h s i m i l a r results . T h u s , 
c o n t r a r y to past assertions, no evidence was f o u n d for asc r ib ing the tox ic effects of 
ozone to n i t r o g e n oxides. 

Indeed no basis for s u c h a v i e w is k n o w n , i f one considers the t o x i c i t y of the i n d i 
v i d u a l n i t r o g e n oxides i n re la t i on to t h a t of ozone. T h e e x p e r i m e n t a l evidence is the 
f o l l owing : 

1. P u r e ozone, p r e p a r e d f r o m p u r e t a n k oxygen a n d m i x e d w i t h a i r p u r i f i e d b y 
care fu l s c r u b b i n g , is of i tsel f h i g h l y tox i c . 

2. T h e lower n i t r o g e n oxides, N 2 0 a n d N O , are not s ign i f i cant ly tox ic (18) n o r 
w o u l d t h e y be l i k e l y c o n t a m i n a n t s i n ozone-generating sources. 

3. N 0 2 has a n L D 5 0 va lue for rats of 65 to 75 p . p . m . for a 4-hour exposure (4), 
a t o x i c i t y of a l ower order of m a g n i t u d e t h a n ozone. 

4. N i t r o g e n pentox ide , the reac t i on p r o d u c t of N O a n d N 0 2 i n the presence of 
ozone, is far less tox i c t h a n ozone, as shown b y the l o w t o x i c i t y g iven i n T a b l e I I I 
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Table III. Mortality of Mice Following Single Exposures to Ozone 
and Ozone-Nitrogen Oxide Mixtures 

(4-hour exposures. Numerator, number of animals dead. Denominator number of animals exposed) 

Total Nitrogen Ozone Concentration, P .P .M. by Volume 
Oxides Concn., 
P.p.m. by Vol. <0.5 1 2.5 4 6 8 

<0.2 . . . 0/10 3/10 6/10 7/10 20/20 
1-2 . . . . . . . . . 5/10 
4-5 . . . . . . . . . 2/10 . . . 10/10 

10 . . . . . . . . . 8/10 
17b 0/10 
35° 0/10 

500d 2/6 (rats) 
» Mortality of other species at this ozone concentration. Rat, 6/6; rabbit, 2/3; dog, 0/1. 
b Containing 4 p.p.m. NO2. 
c Containing 5.5 p.p.m. NO2. 
d Nitric acid vapor containing 65 p.p.m. NO2, 6-hr. exposure. 

f o l l owing exposures of an ima l s to m i x t u r e s of N 0 2 a n d ozone. M o r e o v e r , p r e l i m i n a r y 
t o x i c i t y measurements of r e l a t i v e l y p u r e so l id N 2 0 5 m a d e b y the ac t i on of ozone o n 
phosphorus p e n t o x i d e - d e h y d r a t e d , f u m i n g n i t r i c a c i d showed no deaths u p o n exposures 
to at least 42 p . p . m . of N 2 0 5 . T h i s N 2 0 5 p r e p a r a t i o n conta ined at the t i m e of the 
exposure tests a m a x i m u m of 30 p . p . m . of N 0 2 ( p r e s u m a b l y due to the spontaneous 
decompos i t ion i n the an imal -exposure a t m o s p h e r e ) , accord ing to the new a n d sensit ive 
m e t h o d of S a l t z m a n (11). I n the o p i n i o n of the present w r i t e r , the c la ims D i g g l e a n d 
Gage (3) m a k e for the h i g h t o x i c i t y of N 2 0 5 are not s u p p o r t e d b y the i r r epor ted d a t a . 

5. N i t r i c a c id v a p o r requires concentrat ions a r o u n d 500 p . p . m . to produce l e t h a l 
effects i n s m a l l an ima ls , as shown i n T a b l e I I I . 

T h e ent ire quest ion of n i t rogen oxide i m p u r i t i e s associated w i t h the generat ion of 
ozone b y electric d ischarge i n a i r has been discussed b y S a l t z m a n , B y e r s , a n d H y s l o p 
(12). M a x i m a l a m o u n t s of n i t rogen oxide i m p u r i t i e s were 8 . 5 % of the ozone generated, 
b u t less t h a n 5 % was the rule u n d e r n o r m a l opera t i ng condi t ions of a t y p i c a l c o m 
m e r c i a l ozone generator whose o u t p u t was s tud ied i n d e t a i l . B a r r i n g the poss ib i l i t y of 
the presence of some u n k n o w n fac tor of ex t remely h i g h t o x i c i t y such as free r a d i c a l N 0 3 

t h a t m i g h t f o r m i n greater quant i t i es t h a n f o u n d i n these exper iments u n d e r spec ia l 
or u n u s u a l condi t ions , there a p p e a r to be no reasonable grounds for the c la ims t h a t 
n i t rogen oxides c ont r ibute s ign i f i cant ly to the t o x i c i t y of ozone e lec t r i ca l ly generated i n 
present -day devices. 

I r r i t a t i o n a n d O d o r L e v e l s . I t is character i s t i c of the phys io log ic a c t i o n of ozone 
to cause d i s comfor t ing react ions i n m a n other t h a n the severely acute responses m e n 
t i oned above for a n i m a l s . I t is c o m m o n a m o n g i n d i v i d u a l s to experience headache 
a n d dryness of the t h r o a t , r e s p i r a t o r y passages, a n d eyes u p o n cont inued exposure 
to concentrat ions above 0.1 p . p . m . F o r th i s reason as w e l l as others m e n t i o n e d below, 
the t h r e s h o l d l i m i t for ozone was recent ly rev ised d o w n w a r d f r o m 1 to 0.1 p . p . m . b y 
the T h r e s h o l d L i m i t s C o m m i t t e e of the A m e r i c a n Conference of G o v e r n m e n t a l 
I n d u s t r i a l H y g i e n i s t s . C o n c e n t r a t i o n s be low 0.1 p . p . m . are d i s c o m f o r t i n g to some 
i n d i v i d u a l s because of the disagreeable odor of ozone. Cons iderab le v a r i a t i o n i n odor 
t h r e s h o l d , as w e l l as i n s u s c e p t i b i l i t y to headache a n d eye a n d t h r o a t i r r i t a t i o n , is 
c o m m o n a m o n g i n d i v i d u a l s , b u t most can detect the odor of ozone at a few h u n d r e d t h s 
of 1 p .p .m. , a l eve l w e l l be low the t h r e s h o l d l i m i t for general comfor t . 

E f f e c t s o f A g e . T h e age of the a n i m a l has been repeated ly f o u n d to have a n 
i m p o r t a n t effect o n the acute tox ic response to ozone exposures. R e s u l t s of represen
t a t i v e exper iments i n mice ( T a b l e I V ) show t h a t 4 p . p . m . of ozone for 4 hours was at 
least a n L D 5 0 for y o u n g , 19 -gram, w h i t e mice , whereas the same exposure i n o l d mice 
p r o d u c e d a lmost no m o r t a l i t y i n groups of equal n u m b e r s of an ima l s . A s i m i l a r effect 
has been repor ted for the r e s p i r a t o r y i r r i t a n t su l fur d iox ide (5) ; 1- to 2 - m o n t h - o l d 
guinea pigs d i ed a f ter 8 -hour exposure to 18 m g . per c u . meter , b u t 50 m g . per c u . 
meter were r equ i red to k i l l 1- to 1.5-year-old an ima ls . 
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Table IV. Effect of Age on Susceptibility 
to Ozone Toxicity 

(Male mice, 4-hr. exposures)a 

Mortality1' 

Young mice, 19-g. Old mice, 35-g. 
Expt. I 6/8 0/8 
Expt. II 5/10 1/10 

a Nitrogen oxide concentration averaged 0.1 p.p.m. 
Ozone concentration, 4 p.p.m. by vol. 

b Numerator: no. of animals dead. Denominator: 
No. of animals exposed. 

Respiratory Infection. I t is a c o m m o n f ind ing t h a t exposures to ozone b r i n g out 
or a c t i va te la tent , subc l in i ca l r e s p i r a t o r y infect ions i n an imals , resu l t ing i n a f u l l - b l o w n 
r e s p i r a t o r y disease t h a t often ends f a t a l l y . T h e concentrat ions of ozone responsible 
for th i s exacerbat ion were a r o u n d 1 p .p .m. , concentrat ions incapable i n themselves of 
p r o d u c i n g f a t a l r e s p i r a t o r y i n j u r y . T h i s character i s t i c associated w i t h ozone has been 
observed i n the rodent species o n a u t o p s y f o l l owing ozone exposure. 

Intermittent Exposures. I n a n effort to discover means of reduc ing the u n f a v o r 
able responses to ozone, the effect of i n t e r m i t t e n t exposure to ozone was invest igated . 
A d u l t m a l e wh i te mice were subjected to i n h a l a t i o n of ozone at 4 p . p . m . for 30 
m i n u t e s , a l t e rnated w i t h 20 -minute exposures to a i r . T h e t o t a l t i m e of exposure to 
ozone was 4 hours , a n exposure capable of k i l l i n g at least 5 0 % of the an imals i f a d 
m i n i s t e r e d w i t h o u t i n t e r r u p t i o n for 4 hours . T h e results of a representat ive e x p e r i 
m e n t ( T a b l e V ) show t h a t i n t e r r u p t e d exposure to ozone reduces the f a t a l effects of 
ozone i n mice a n d ind i cate a means of reduc ing the effects of th is hazardous substance. 

Table V. Effect on Animal Toxicity of Interrupted 
Ozone Exposures 

Male mice, 20-g. 

Ozone Concn., 
P.p.m. by Vol. Mortality 8 

4 2/10 30 min. ozone, 20-min. air. 
Total 4-hr. exposure to ozone 

4 G/10 Continuous 4-hr. exposure to ozone 

•Numerator: No. of animals dead. Denominator: No. o'animals 
exposed. 

Prophylaxis of Ozone Toxicity. P u r s u i n g the s t u d y of the means of reduc ing or 
p r e v e n t i n g the tox ic effects of ozone, v a r i o u s reduc ing agents were tested on the h y 
pothesis t h a t t h e y m i g h t combat a po tent o x i d i z i n g agent, ozone. T a b l e V I shows t h a t 
w h e n v i t a m i n C is admin i s te red p r i o r to , b u t not after , exposures to l e t h a l c o n c e n t r a 
t ions of ozone, i t is effective to a measurable degree i n reduc ing m o r t a l i t y of exposed 
mice . T h e v i t a m i n C was a d m i n i s t e r e d i n t r a p e r i t o n e a l l y i n sal ine i n a m o u n t s of 10 
m g . per mouse. M e r c a p t o e t h y l a m i n e , a reagent of c l a i m e d efficacy i n r a d i a t i o n i n j u r y 
a n d i n h igh-pressure oxygen t o x i c i t y , increased the m o r t a l i t y f r o m ozone exposure. 
O n the other h a n d , f o r t i f y i n g the v i t a m i n C w i t h other v i t a m i n s a n d reduc ing agents 
such as panto thenate , cysteine g lycuronate , g lyc ine , a n d g lu tamate resulted i n a lmost 
complete pro te c t i on against f a t a l ozone exposures. T h e occasional an imals t h a t d i d 
not s u r v i v e the t r e a t m e n t d i ed u n c h a r a c t e r i s t i c a l l y several days f o l l owing the ozone 
exposure, i n d i c a t i n g d e a t h was due to causes other t h a n ozone i n j u r y , p r e s u m a b l y 
in fec t i on , t h a t c o u l d be p r e v e n t e d b y a d m i n i s t r a t i o n of sui table a n t i b i o t i c s ; s m a l l 
an ima ls , s u c c u m b i n g to the effects of ozone exposure, r e g u l a r l y die w i t h i n 24 hours after 
the s tar t of exposure. T h e p r o p h y l a c t i c effect of v i t a m i n C has been independent ly 
conf i rmed b y another inves t igator i n these laborator ies . 

T h e c a p a c i t y of the reduc ing m i x t u r e to p r e v e n t the effects of n i t rogen d iox ide was 
less t h a n t h a t for ozone, i n d i c a t i n g a different mode of ac t i on of n i t rogen d iox ide o n 
the l u n g . 
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Table VI. Effect on Mice of Reducing Agents on Ozone 
and Nitrogen Dioxide 

Reducing Agent 

Before After 
ozone ozone Saline CT Vali 

Agent exposure exposure Control P.p.m.-I 
Ozone 

Vitamin C 
Expt. I 5/10 8/10 8/10 50 
Expt. II 1/10 4/10 30 

j3-Thiolaminea 

1/10 4/10 

Expt. I 10/10 2/10 24 
Expt. II 10/10 5/10 26 

Reducing mixt.b 3/10° 9/10 42 
Nitrogen Dioxide 

Reducing mixt. 3/10 7/10 540 
5/10 10/10 600 

a β-Mercaptoethylamine, courtesy Squibb Institute, New Brunswick, N . J . 
b Courtesy J . B. Roerig & Co., Chicago, 111., consisting of vitamin C, cysteine, 

potassium glycuronate, calcium pantothenate, glycine, and sodium glutamate. 
c Deaths of these animals were believed not due to ozone but to respiratory in

fection, as they occurred atypically several days after usual time and are presumably 
preventable by antibiotic treatment. 

In teres t ing as the foregoing findings are, they scarcely compare i n signif icance w i t h 
the f o l l ow ing t w o aspects of ozone t o x i c i t y : effects of p h y s i c a l stress, a n d the m a r k e d 
tolerance a c q u i r e d i n an imals f o l l owing s h o r t l y after br ie f exposures to non in jur i ous 
levels of ozone. 

E n h a n c e m e n t of T o x i c i t y f r o m P h y s i c a l A c t i v i t y . W h e n rodents were subjected 
to the p h y s i c a l a c t i v i t y imposed o n t h e m b y be ing i n a m o t o r - d r i v e n r o t a t i n g cage, 
whi le at the same t i m e be ing exposed to otherwise non in jur i ous concentrat ions of ozone, 
the an imals d ied of the c ombined effects, w i t h a t y p i c a l ozone t o x i c i t y response of 
p u l m o n a r y edema a n d hemorrhage . A t m o s p h e r e s c onta in ing 1 p . p . m . of ozone caused 
death of an ima l s be ing exercised i n a r o t a t i n g cage at 7 r . p . m . for 15 minutes each 
h o u r for 6 hours ' t o t a l exposure ( T a b l e V I I ) . ( T h e ozone used i n exper iments p e r 
f o r m e d at 1 p . p . m . of ozone was generated i n a U . S. a i r ozonizer , Scot tda le Ozone 

Table VII. Increase of Ozone Toxicity from Superimposed Exercise 
(Ozone concentration 1 p.p.m. by volume. Exercise. 15 niin./hr., 7 r.p.m.) 

Treatment 

No. of Av. Body Concurrent 
Animals Wt., G. Ozone exercise Mortality"1 

25 230-380 200 days, 6 hr. daily No None (0/25) 
10 144 6 hr. Yes 6/10 
10 264 6 hr. Yes 5/10 
10 250 No Yes None (0/10) 

a Numerator: No. animals dead. Denominator: No. animals tested. 

C o . , Scot tda le , P a . ) N o a m o u n t of repeated d a i l y 6 -hour exposure to th is c oncentra t i on 
of ozone u p to 200 days w i t h o u t exercise p r o d u c e d a n y m o r t a l i t y or a n y observable 
change i n the exposed rats (da ta l ine 1) . O n the other h a n d , sub jec t ing the an imals 
to exercise whi l e i n h a l i n g ozone gave a n LD50 w i t h i n 6 hours for exposed a d u l t rats of 
different ages (data l ines 2 a n d 3 ) . Exerc i se alone i n r o t a t i n g cage was w i t h o u t effect, 
as s h o w n i n the last d a t a l ine i n T a b l e V I I . M i c e responded s i m i l a r l y . 

Tolerance 

P e r h a p s the most s t r i k i n g a n d u n u s u a l feature of ozone t o x i c i t y is the m a r k e d 
tolerance to m u l t i l e t h a l doses of ozone t h a t develops i n rodents a f ter br ie f exposures 
to ozone. Increased to lerance to ozone was first observed i n rats t h a t h a d been p r e v i 
ously exposed for m a n y days to 1 p . p . m . of ozone a n d t h e n chal lenged i n the r o t a t i n g 
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cage whi l e be ing exposed to ozone as descr ibed a b o v e ; the a n t i c i p a t e d n u m b e r of 
deaths d i d not occur . These results are s h o w n i n T a b l e V I I I , d a t a l ines 1 a n d 2. T h e 
longer the an imals were g i v e n p r e v i o u s exposure t o 1 p . p . m . o n l y , the longer the s u r 
v i v a l on repeated chal lenging exposures to ozone w i t h exercise. 

Table VIII. Development of Tolerance to Ozone as Shown by Pre-exposure 
to Ozone Followed by Exercise during Ozone Exposure 

(All ozone concentrations 1 p.p.m. by volume. Exercise: 15 min. per hr. 7 r.p.m. Exposure: 6 hr. daily, 
unless otherwise indicated) 

Mortality* 
_Av. Pre-exposure, on Subsequent Days of Exposure to Ozone with Exercise 
Body to Ozone 

No. of Wt., (without Days 
Animals G. Exercise) 

Hr. 1 2 3 4 5 6 
9 236 90 0/9 0/9 0/9 3/9 0/6 3/6 

10 304 150 0/10 0/10 0/10 0/10 0/10 1/10 
10 258 18 0/10 0/10 0/10 
3 240 — 2/3 0/1 0/1 

10 248 6 0/10 0/10 1/10 
3 245 — 2/3 0/1 0/1 

10 251 3 0/10 2/10 
2 245 — 1/2 0/1 

10 212 1 1/10 1/9 1/8 
3 210 — 1/3 0/2 0/2 

» Numerator: No. of animals dead. Denominator: No. of animals tested. 

I n a n effort to determine the m i n i m a l t i m e of ozone exposure r e q u i r e d for the 
rats to develop s igni f icant to lerance , successively shorter per iods of ozone pre -exposure 
were tested, f r o m 18 hours to 1 h o u r . To l e rance t o ozone is successively decreased i n 
degree w h e n pre-exposure is thus shortened, a l t h o u g h some to lerance is demonst ra ted 
w i t h as l i t t l e as 1-hour pre -exposure to 1 p . p . m . of ozone ( d a t a l ines 9 a n d 10) . Tes ts 
for to lerance were m a d e 24 hours a f ter the s t a r t of the i n i t i a l exposure, t h u s d e m o n 
s t r a t i n g the v e r y r a p i d deve lopment of ozone to lerance . Because the 6 -hour exposure 
to 1 p . p . m . of ozone deve loped a reproduc ib le to lerance of s igni f icant degree, 6 hours 
was t a k e n as a convenient pre -exposure t i m e for subsequent studies to determine the 
d u r a t i o n of to lerance to ozone f r o m a single exposure. 

Duration of Tolerance to Ozone. To l e rance t o ozone l a s t i n g f o r 4 t o 6 weeks was 
deve loped i n rats f r o m a single 6 -hour exposure t o 1 p . p . m . of ozone. F o r th i s d e m o n 
s t r a t i o n a large g r o u p of a d u l t m a l e a lb ino ra ts was g i v e n a single, 6 -hour exposure 
to 1 p . p . m . of ozone. F r o m th i s g r o u p , sma l l e r groups of 10 ra ts each were subse
q u e n t l y tested for to lerance , as descr ibed above , a f ter 1 d a y a n d 1, 2, 3, 4, a n d 6 weeks. 

A l l the rats g i v e n a s ingle , 6 -hour exposure to ozone showed to lerance to o t h e r 
wise l e t h a l exposures whether chal lenged o n the d a y f o l l ow ing the 6 -hour exposure, 
or 1 week, 2, 3, o r 4 weeks l a te r . R a t s chal lenged on the 6 t h week, however , d i ed 
(7 of 10 exposed) , showing t h a t ozone to lerance m a y ex tend f r o m 4 to 6 weeks. 
C o n t r o l s no t p r e v i o u s l y exposed to ozone, w h e n p laced i n the same a c t i v i t y cage 
w i t h ozone-exposed an imals , d i ed e i ther d u r i n g ozone exposure i n the a c t i v i t y cage—i.e. , 
w i t h i n 6 h o u r s — o r s h o r t l y thereaf ter . R a t s exposed 6 hours t o 1 p . p . m . of ozone a n d 
t h e n subjected the next d a y to exercise o n l y i n the a c t i v i t y cage w i t h no ozone showed 
no m o r t a l i t y a n d no u n t o w a r d effects ascr ibable to e i ther the exercise or the p r e v i o u s 
day ' s exposure t o ozone. 

T o m a k e f u r t h e r assurance t h a t the to lerance observed i n the a c t i v i t y cage 
exper iments was rea l a n d no t the resul t of some unsuspected or advent i t i ous finding 
associated w i t h the condi t ions of the exper iment , rats w i t h a prev ious exposure t o 
ozone were l a te r chal lenged b y exposure t o ozone alone at m u l t i l e t h a l doses (7 t o 11 
p . p . m . of ozone) . N o p r e v i o u s l y exposed r a t succumbed t o a 4 -hour exposure , 
whereas a l l rats w i t h no prev ious exposure to ozone d i ed . O n autopsy , the t o l e rant 
ra ts showed no p u l m o n a r y edema a n d hemorrhage , whereas th i s was t h e cause of 
d e a t h i n the n o n t o l e r a n t ra ts . T h e character i s t i c spasmodic b r e a t h i n g of a n i m a l s 
exposed to l e t h a l concentrat ions of ozone was s t i l l present i n the t o l e rant an imals 
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I n p r e l i m i n a r y exper iments no " s p r e a d " of to lerance t o ozone a p p e a r e d t o 
occur a m o n g rats t h a t h a d p r e v i o u s l y been exposed to e i ther n i t r o g e n pentox ide or 
h y d r o g e n perox ide a n d t h e n chal lenged i n the u s u a l w a y to ozone c o m b i n e d w i t h 
exercise. F u r t h e r w o r k w i l l have to be done, however , to con f i rm these p r e l i m i n a r y 
observat ions . 

N o to lerance i n rats was a c q u i r e d f r o m single i n t r a p e r i t o n e a l exposures t o 
ozone, p o i n t i n g to a reac t i on character i s t i c of l u n g tissue i n the deve lopment of 
ozone to lerance . 

Effect of Alcohol on Tolerance. A most in teres t ing effect of a lcohol ic ingest ion 
o n the deve lopment of to lerance to ozone was demonst ra ted i n the f o l l owing w a y . 
R a t s g i v e n water c o n t a i n i n g 1 0 % e t h y l a l coho l b y v o l u m e as the sole l i q u i d i n t a k e 
for 6 weeks were exposed to 1 p . p . m . of ozone for 6 hours b y the u s u a l procedure 
for the deve lopment of to lerance . W h e n subsequent ly tested for to lerance 2 weeks 
l a t e r b y quiescent exposure to 8 p.ρ . m . of ozone, a l l five of five rats tested succumbed , 
showing no to lerance to ozone a t th i s t i m e . A s i m i l a r g roup of five contro ls w i t h no 
p r i o r exposure to ozone d ied as expected. T h i s in teres t ing finding is be ing exp lored 
f u r t h e r . 

Discussion 

F r o m evidence i n t r o d u c e d here ( T a b l e I ) a n d elsewhere (8, 15) ozone c a n no 
longer be ser iously denied t o be one of the m o r e h i g h l y poisonous gases. T h e r a p i d l y 
l e t h a l effects i n s m a l l an imals f r o m exposure to a few p a r t s per m i l l i o n b y v o l u m e of 
p u r e ozone, the a g g r a v a t i o n of the ozone effects i n exercised a n i m a l s , a n d the p u l 
m o n a r y i n v o l v e m e n t i n shie lded arc welders to r e l a t i v e l y l o w concentrat ions of ozone, 
a l l attest to i t s h i g h l y i n j u r i o u s character . Oxides of n i t r o g e n have been s h o w n to 
be associated c o n t a m i n a n t s , b o t h i n c e r t a i n types of smogs a n d i n ozone i n d u s t r i a l l y 
p r o d u c e d f r o m a i r b y means of e lectr ic d ischarge, a n d thus m u s t enter i n t o a n y 
cons iderat ion of the t o x i c i t y of ozone t h a t is f o u n d i n e i ther of these instances . A 
c r i t i c a l r ev i ew of the toxic i t ies of n i t r o g e n oxides w i t h regard for the a m o u n t s t h a t 
m a y a c c o m p a n y the p r o d u c t i o n of ozone, however , reveals no c o n v i n c i n g evidence 
t h a t t h e oxides of n i t r o g e n cont r ibute s ign i f i cant ly t o the tox i c effects of ozone 
( T a b l e I I ) . T h e most in teres t ing a n d i m p o r t a n t findings r e p o r t e d here are the m a n y 
ways i n w h i c h the h i g h l y in jur i ous effects of ozone m a y be increased, reduced , o r even 
abol ished . T h e increased suscept ib i l i t y to the l e t h a l effects of ozone of the v e r y 
y o u n g of several species of an imals , c o m p a r e d w i t h the aged of the species, is r e a d i l y 
demonstrable , a n d is apprec iab le ( T a b l e I V ) . T h e increased response to p u l m o n a r y 
i r r i t a t i o n f o u n d i n ear ly age is not u n i q u e for ozone, b u t is w e l l documented for the 
u p p e r r e s p i r a t o r y i r r i t a n t , s u l f u r d ioxide (5 ) . 

T h e enhancement of ozone i n j u r y i n an imals b y a c t i v i t y d u r i n g exposure to ozone 
has been the most s t r i k i n g d e m o n s t r a t i o n of a l l . T h e l e t h a l outcome of otherwise 
n o n i n j u r i o u s concentrat ions of ozone results u n d o u b t e d l y f r o m a m u l t i p l i c i t y of 
factors i n a d d i t i o n to t h a t of the more obvious react ions associated w i t h a c t i v i t y 
such as increased r e s p i r a t i o n a n d c i r c u l a t i o n rates . H o r m o n a l releases, f or example , 
i n the f o r m of catechol amines , ep inephr ine , a n d norep inephr ine , as w e l l as i n c e r t a i n 
adrenocort icostero ids ( compounds Β a n d F ) have been r e p o r t e d i n t u m b l e d rats 
(9), a c o n d i t i o n not comple te ly u n r e l a t e d to t h a t i n cage -act ivated rats , especial ly 
d u r i n g the t e r m i n a l phases on the exposure. H o w m u c h of a role these hormones p l a y 
i n these exper iments , however , s t i l l r emains to be de te rmined . 

M e t h o d s of reduc ing or abo l i sh ing the f a t a l effects of ozone were also numerous . 
P u l m o n a r y changes associated w i t h ag ing increased the c a p a c i t y of the host to resist 
otherwise f a t a l doses of ozone. W h e t h e r th i s is due to increased t h i c k e n i n g of the 
a lveo lar septa w i t h age, reduced metabo l i c rate , o r other factors is u n d e r s t u d y i n 
these laborator ies . I n t e r r u p t e d exposure t o ozone acts to the advantage of the host 
a n d , a l t h o u g h not p a r t i c u l a r l y s t r i k i n g i n the m a n n e r demonstrated i n these e x p e r i -
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merits, the interrupted exposure technique could be utilized to decisive advantage i n 
protecting individuals against injurious ozone exposures. During interruptions pre
sumably tolerance t o ozone would be developing. 

I t is interesting t h a t the grave effects of pulmonary edema and hemorrhage from 
acute exposure of ozone may be prevented in animals by so simple a procedure as a 
combination of vitamins a n d reducing agents prior to ozone exposure ( T a b l e V I ) . 
The clues furnished by s u c h substances on the mechanism of action of ozone, and 
related oxidative pulmonary irritants such as nitrogen dioxide, are considerable; from 
such information a definitive hypothesis of action of these pulmonary irritants may 
be formulated and tested. 

The finding of marked tolerance in animals to ozone, developing rapidly and 
enduring long, m a y have considerable bearing on responses of populations to ozone-
containing smogs. Several factors indicate this. N o human symptoms referable to 
ozone action have been n o t e d i n L o s Angeles-type smog, despite reports of significant 
ozone levels. Ozone tolerance of measurable degree was noted in animals exposed 
for but 1 hour t o 1 p.p.m. Ozone is a rather ideal substance for epitomizing the 
toxicologic concept, CT — Κ—i.e., equal mortalities resulted in animals exposed to 
4 p.p.m. of ozone for 6 hours (CT = 24 p.p.m.-hours) or to 50 p.p.m. for 0.5 hour 
( C T = 25 p.p.m.-hours). 

Thus it would not seem to represent too great an extrapolation of the data to 
assume that if tolerance develops at 1 p.p.m. for 1 hour, some tolerance could 
conceivably develop at 0.1 p.p.m. for 10 hours. Further, if the response of the 
human lung to ozone may be assumed to be similar to that of the animals tested in 
these studies, one might reasonably conclude that no severe effects on human popula
tions would result from ozone exposures occurring in Los Angeles-type smog, owing 
to the often repeated exposures to very low-grade ozone concentrations, of the order 
of a few tenths part per million. 
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Bactericidal Activity of Ozone and Chlorine 
against Escherichia coli at 1° C. 

R. H. FETNER and R. S. INGOLS 

Engineering Experiment Station, Georgia Institute of Technology, Atlanta, Ga. 

The bactericidal effects of ozone solutions were tested 
against E. coli suspensions at 1° C., and the lethal 
dose was determined as that quantity of ozone neces
sary to produce a detectable residual in solution. 
Under the conditions of the experiments this was 0.4 
to 0.5 mg. per liter. A comparison of the bacteri
cidal activity of chlorine under similar conditions 
emphasized the different mode of action of the two 
agents. 

Q u a n t i t a t i v e studies on the b a c t e r i c i d a l a c t i v i t y of ozone are dif f icult because of the 
i n s t a b i l i t y of ozone so lut ions . T h e decompos i t i on of ozone i n so lut ion is descr ibed 
as o c c u r r i n g i n a stepwise fashion , p r o d u c i n g h y d r o p e r o x y l a n d h y d r o x y l r a d i c a l (1), 
b o t h of w h i c h exh ib i t considerable b io log ica l a c t i v i t y . T h e decompos i t i on process is 
temperature -dependent a n d is c a t a l y z e d b y h y d r o x y l i o n concentra t i on [1, 6). 

T h e usua l process of b u b b l i n g ozone t h r o u g h a b a c t e r i a l suspension a n d t h e n meas 
u r i n g the o x i d i z i n g res idua l i o d o m e t r i c a l l y fai ls to give a n accurate i n t e r p r e t a t i o n of 
the ozone present. A d l e r a n d H i l l (1) have p o i n t e d out , for example , t h a t p o t a s s i u m 
iodide solutions measure t o t a l ox id izab le c a p a c i t y r a t h e r t h a n ozone itself . 

P r e l i m i n a r y to b io log i ca l invest igat ions , a s t u d y was needed on the c h e m i s t r y a n d 
k ine t i c s of ozone so lut ions a n d a n e v a l u a t i o n of the a n a l y t i c a l techniques of ozone m e n 
s u r a t i o n u n d e r condi t ions a p p r o p r i a t e to th i s p r o b l e m . T h e deta i led results of these 
studies have been presented (4). Ozone solut ions a t 1° C . a n d p H 2(0 .01iV su l fur i c 
ac id ) are r e l a t i v e l y stable , d e m o n s t r a t i n g l i t t l e decompos i t i on over a p e r i o d of 8 hours . 
T h e a n a l y t i c a l m e t h o d of choice for ozone d e t e r m i n a t i o n i n such so lut ion was the f e r 
rous i o n m e t h o d of analys is , i n w h i c h the ferrous i o n , as F e ( N H 4 ) 2 ( S 0 4 ) 2 · 6 H 2 0 , is 
ox id ized to the ferr i c state a n d t h e n the excess is b a c k - t i t r a t e d w i t h p o t a s s i u m p e r 
manganate . 

I t was dec ided t h a t b y dos ing b a c t e r i a l suspensions b y d i l u t i o n f r o m such stable 
so lut ions of ozone (at 1° C . a n d p H 2 ) , a m o r e def in i t ive i n t e r p r e t a t i o n of ozone a c t i v 
i t y c ou ld be made . 

T o o b t a i n a d d i t i o n a l i n f o r m a t i o n about ozone a c t i v i t y a t the concentrat ions of 
greatest b io log i ca l interest , o x i d a t i o n - r e d u c t i o n ( O R ) potent ia ls of buffered b a c t e r i a l 
suspensions were de termined a f ter a d d i t i o n of v a r i o u s a m o u n t s of ozone. 

Methods 

B a c t e r i a were g r o w n i n n u t r i e n t b r o t h ( D i f c o ) a t 37° for 18 hours . T e s t suspen
sions were d i l u t e d to a p p r o x i m a t e l y 5 Χ 1 0 4 cells per m l . i n 0 . 1 M phosphate buffer 
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( p H 6.8), ch i l l ed to 1° (30 to 45 m i n u t e s ) , a n d chal lenged w i t h the ozone or ch lor ine 
(Zoni te ) f r o m stock so lut ions . A f t e r the desired contact i n t e r v a l , the reac t i on was 
s t o p p e d b y a d d i t i o n of excess s o d i u m th iosu l fa te , the so lut ions were r e t u r n e d to r o o m 
t e m p e r a t u r e , a n d p la te counts were m a d e b y s t a n d a r d procedures (2). T h e ozone 
was generated i n a l a b o r a t o r y ozonator ( W e l s b a c h C o . , M o d e l T - 2 3 ) us ing oxygen 
( c o m m e r c i a l sources) as the gas s u p p l y . T h e ozone-oxygen m i x t u r e was b u b b l e d 
t h r o u g h a O.OliV su l fur i c a c i d ( p H 2) so lu t i on i n a gas scrubber . T h e ozonator oxygen 
gas t a n k a n d w a t e r cooler for the ozonator were l ocated i n a large w a l k - i n re f r igerator , 
where a l l the l o w t e m p e r a t u r e w o r k was p e r f o r m e d . G l a s s - d i s t i l l e d a n d deionized 
water (specific conductance at 25° = 0.94 Χ 1 0 - 6 r e c iproca l o h m ) was used i n a l l ex
p e r i m e n t a l w o r k . 

T h e ferrous - ferr i c i o n a n a l y t i c a l technique was used to determine the ozone c o n 
c e n t r a t i o n of the s tock so lut i on . E n o u g h ferrous a m m o n i u m sul fate was added to a n 
a l iquot of ozone to b r i n g 100 m l . of the so lu t i on to about 0.005iV a n d the n o n o x i d i z e d 
ferrous ions were t h e n b a c k - t i t r a t e d w i t h 0.1N po tass ium permanganate . T h e ch lor ine 
concentra t i on was de te rmined i o d o m e t r i c a l l y (2). 

O x i d a t i o n - r e d u c t i o n p o t e n t i a l measurements were m a d e w i t h a p l a t i n u m - c a l o m e l 
electrode sys tem connected to a B e c k m a n M o d e l H - 2 p H meter . T h e buf fered b a c 
t e r i a l suspensions were s i m i l a r to those i n the dose-contact t i m e exper iments . T o these 
suspensions, successive equa l a l iquots of a n ozone so lu t i on were added at 1° , a n d the 
o x i d a t i o n - r e d u c t i o n p o t e n t i a l was measured i n m i l l i v o l t s . 

Results 

T a b l e I summar izes the i n f o r m a t i o n ob ta ined o n the b a c t e r i c i d a l propert ies of 

Table I. Bactericidal Properties of Ozone 
% Surviving after Various Contact Times 

Date 
6/30 
7/6 
7/12 
7/14 
7/18 
8/2 
8/9 

Initial Oe Concn. 
M g . / L . 1 min. 2 min. 4 min. 8 min. 16 min. 32 min. 

1.00 <1 <1 <1 <1 .. . 0.75 <1 <1 <1 <1 <1 <1 
0.63 <1 <1 <1 <1 <1 <1 
0.53 <1 <1 <1 <1 <1 <1 
0.42 75 <1 71 <1 73 46 
0.31 96 97 74 70 92 
0.21 33 82 99 99 79 *69 

ozone. T h e b a c t e r i c i d a l dose of ozone for E. coli u n d e r these e x p e r i m e n t a l cond i t i ons 
( 1 % s u r v i v o r s ) is between 0.4 a n d 0.5 m g . per l i t e r . T h e dose of ozone necessary to 
effect th i s k i l l is c r i t i c a l . A t the l e t h a l dose, a contact t i m e greater t h a n 1 m i n u t e is 
no t necessary. A t ozone concentrat ions near or i m m e d i a t e l y less t h a n the l e t h a l dose, 
the b a c t e r i c i d a l a c t i o n is i r r e g u l a r , p r o b a b l y a n expression of the i n s t a b i l i t y of ozone 
so lut ions . 

T a b l e I I presents the results of the c h l o r i n a t i o n studies . C h l o r i n e (as C l 2 ) at a 

Table II. Results of Chlorination Studies 
% Surviving 

Initial CI Concn., -—; — ; — : — : ——; ——; ——; M g . / L . 1 min. 2 min. 4 min. 8 min. 16 min. 32 min. 64 min. 
1.10 <1 <1 <1 <1 <1 <1 <1 
0.52 <1 <1 <1 <1 <1 <1 <1 
0.35 1.5 <1 <1 <1 <1 <1 <1 
0.27 2.0 1.5 1.6 1.2 1.0 <1 <1 
0.25 24 19 12 13 8 7 5 
0.17 70 53 39 24 15 4 <1 
0.10 87 06 64 46 46 45 40 

concentrat i on of 0.25 to 0.30 m g . per l i t e r is effective a t 1° C . a n d p H 6.8 i n reduc ing 
the b a c t e r i a count to 1 % of the c o n t r o l i n 1 to 10 m i n u t e s . 

F i g u r e 1 emphasizes the difference i n the b a c t e r i c i d a l a c t i v i t y of ozone a n d ch lor ine . 
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CHLORINE OR OZONE,Mg./Liter 

Figure 1. Bactericidal activity of ozone and chlorine 

W h e n the s u r v i v i n g f r a c t i o n of b a c t e r i a l cells are p l o t t e d against concentrat ion , w i t h 
a c o m m o n contact i n t e r v a l , the c h l o r i n a t i o n studies present a t y p i c a l l og i s t i c - type 
c u r v e ; ozone produces a n i m m e d i a t e k i l l at the c r i t i c a l concentrat i on . 

T o o b t a i n a d d i t i o n a l i n f o r m a t i o n about ozone a c t i v i t y at the concentrat ions of 
greatest b io log i ca l interest , o x i d a t i o n - r e d u c t i o n potent ia ls of buffered b a c t e r i a l suspen
sions were de te rmined after a d d i t i o n of v a r i o u s amounts of ozone. I t was reasoned 
t h a t the o x i d a t i o n - r e d u c t i o n p o t e n t i a l at or close to the l e t h a l concentrat i on w o u l d 
exh ib i t a demonstrab le change i n d i c a t i v e of the corresponding a c t i v i t y . F i g u r e 2 
presents the results of the e x p e r i m e n t ; there is a s h a r p break i n the redox p o t e n t i a l at 
a n ozone concent ra t i on comparab le to the l eve l f o u n d to represent the l e t h a l dose i n the 
dosage-contact t i m e exper iments . A d i f ferent ia l p l o t of the same d a t a emphasizes th i s 
i n f o r m a t i o n ( F i g u r e 3 ) . 

Discussion 

T h e l e t h a l dose of ozone for E. coli (0.4 to 0.5 m g . per l i t e r ) under these e x p e r i 
m e n t a l condi t ions is h igher t h a n the values ob ta ined b y o ther workers (3, 5), w h o de 
t e r m i n e d the ozone res idua l as t o t a l ox id izable const i tuents r e m a i n i n g a f ter b u b b l i n g 
the ozone t h r o u g h a test s o l u t i o n . T h i s s l i g h t l y h igher ozone v a l u e m a y be the 
resul t of t e m p e r a t u r e dependency or of use of the dose r e q u i r e d r a t h e r t h a n res idual 
a c c u m u l a t e d . E a c h test so lu t i on c a n be assumed to have a c e r t a i n ozone d e m a n d . 

A c o m p a r i s o n of the b a c t e r i c i d a l a c t i v i t y of ozone a n d chlor ine emphasizes the 
different modes of a c t i o n of the t w o agents. T h e s u r v i v i n g f r a c t i o n of c h l o r i n e -
t r e a t e d bac te r ia decreases i n geometric progression as a f u n c t i o n of t i m e or c oncent ra -
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200I 1 1 I I 1 1 1 

0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 

OZONE SOLUTION ADDED (ml) 

I I I I I I I I 

0 0.12 0.25 0.41 0.54 0.68 0.82 0.95 

OZONE CONCENTRATION (mg/l) 

Figure 2. Effect of added ozone on oxidation-reduction potential 

OZONE SOLUTION ADDED, ml.per 100ml.SAMPLE 

Figure 3. Effect of added ozone 
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t i o n ( F i g u r e 1 ) . Ozone on the other h a n d demonstrates a n a l l - o r -none t y p e of effect 
w i t h i n the contact of 1 m i n u t e ; there is no effect u n t i l a c e r t a i n c r i t i c a l concentrat ion 
is ach ieved a n d t h e n there are no detectable s u r v i v o r s . T h i s c r i t i c a l c oncentrat i on is 
t h a t q u a n t i t y of ozone necessary to produce a detectable res idua l i n so lu t i on . 

T h i s i n f o r m a t i o n suppor t s the t h e o r y of B r i n g m a n n (3)} t h a t ozone acts as a 
general p r o t o p l a s m i c ox idant . 
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Sterilization of Empty Containers 

for Food Industry 

ALFRED TORRICELLI 

Falkenplatz 7, 

Berne, Switzerland 

A novel method for sterilizing glass containers with 
ozonized air has been developed. When used to 
replace a sulfur dioxide sterilization process, it re
sulted in substantial operating economies. Opera
tion of a fully automatic soft drink plant is described. 

A process for r a p i d s t e r i l i za t i on of the i n t e r i o r of e m p t y containers , w i t h ozonated 
a i r u n d e r pressure, was tested for the f irst t i m e i n 1952-53. T h e results were sat is fac 
t o r y , a n d a large Swiss f a c t o r y p r e p a r i n g soft d r i n k s w i t h a m i n e r a l w a t e r base has 
since a d o p t e d the n e w process for s te r i l i z ing bott les p r i o r to filling. T h i s is the p l a n t 
of the Société des eaux minérales d ' E p t i n g e n at Sissach, near B a l e , the most m o d e r n 
soft d r i n k f a c t o r y i n S w i t z e r l a n d . 

P r i o r to 1954 the p l a n t was e q u i p p e d w i t h a m o d e r n i n s t a l l a t i o n for s t e r i l i z ing 
bott les w i t h su l fur d iox ide . T h e d r a w b a c k s of th is process, a n d p a r t i c u l a r l y the h i g h 
operat ing costs, i n s p i r e d the c o m p a n y management to look for some other means of 
s t e r i l i za t i on . 

T h e present ozone s te r i l i za t i on i n s t a l l a t i o n at Sissach, the o n l y one of i t s k i n d , 
was preceded b y a p i l o t p l a n t test . F o r over ha l f a year the results of ozone a n d 
su l fur dioxide s ter i l i zat ions were c o m p a r e d . F o r r a p i d i t y of s t e r i l i za t i on a n d the v igor 
of i ts b a c t e r i c i d a l a c t i on , ozone was i n every w a y equa l to s u l f u r d iox ide , even w i t h 
ozone dosages o n l y one h u n d r e d t h as great. T h e opera t ing cost w i t h ozone p r o v e d to 
be o n l y about one t w e n t i e t h the cost w i t h s u l f u r d iox ide . F i g u r e 1 is a schematic 
out l ine of the p lant -sca le process, whose a p p l i c a t i o n has been comple te ly sat i s fac tory 
f r o m the s tar t some 2 % years ago. 

Steri l ization A p p a r a t u s 

F i g u r e 1 is a schematic d i a g r a m of the p lant -sca le process. T h e ozonated a i r for 
the s te r i l i za t i on process is p r o d u c e d as fol lows : C o m p l e t e l y oi l - free a i r is s u p p l i e d b y a 
compressor spec ia l ly equ ipped for the pro ject . T h e compressor operates i n t e r m i t t e n t l y 
a n d a u t o m a t i c a l l y , f u r n i s h i n g a i r as r equ i red . A i r pressure is m a i n t a i n e d at 71 p .s . i . 
(5 k g . per sq . cm.) i n a s u p p l y t a n k w h i c h smooths out s u d d e n changes i n pressure. 
O n l e a v i n g th is t a n k the pur i f i ed a i r is cooled b y w a t e r coils t o a t e m p e r a t u r e of 15° to 
18° C . 

T o d r y the a i r for generat ing ozone, a sys tem of d e h y d r a t i o n b y cool ing was chosen, 
as p u r e a i r compressed to 71 p.s . i . was ava i lab le . I t sufficed, at th i s pressure , to reduce 
the t e m p e r a t u r e of the compressed a i r to —35° C . i n order to reduce the h u m i d i t y t o 
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WATER-COOLED 
REFRIGERATOR 

r-GOMPRESSED AIR 
1 TANK (71 RS.I.) 

AIR 
COMPRESSOR 

REFRIGERATIVE 
AIR DRIERS 

WELSBACH 
C-102 

OZONATOR 

FREON 
COMPRESSOR VALVE REDUCING^ 

PRESSURE TO 16 RSJ-

«FLOW 
@ D R Y AIR TMETER 

OZONE 

a 

- M i 

BOTTLES TO BE 
STERILIZED 

VACUUM OF 26 

EVACUATED AIR 

COMPRESSED OZONE 
DISTRIBUTION TANK-* 

MAXIMUM PRODUCTION CAPACITY: 16,000 1-LITER OR 
25,000 6-DECILITER BOTTLES PER HOUR 

OZONE PRODUCTION: 475 GRAMS PER HOUR 

AVERAGE OZONE CONCENTRATION: 30mg. PER LITER 

NORMAL STERILIZATION PERIOD: 15 TO 20 SECONDS 

ORGANISMS DESTROYED: BACTERIA, MOLDS, AND YEASTS 

Figure 1. Schematic diagram of installation for a 
bottles with ozone 

EVACUATED OZONE 

STERILE AIR 

STERILIZED BOTTLES TO 
THE REFILLING MACHINE 

- M 3 
M2-M3=SEITZ STERILIZING MACHINES 

utomatic sterilization of empty 

about 30 m g . per cubic meter of free a i r , corresponding to a dew p o i n t t e m p e r a t u r e of 
- 5 0 ° C . 

T h e a i r - d r y i n g i n s t a l l a t i o n comprises two i d e n t i c a l d r y i n g towers. E a c h tower 
is sufficient to ensure d r y i n g of the a i r for 1 d a y b y means of a re f r igerat ion m a c h i n e . 
T h e tower used for d r y i n g the a i r the prev ious d a y is defrosted b y the h u m i d a i r be 
fore the a i r passes t h r o u g h the tower on s t ream, i n w h i c h the t e m p e r a t u r e is fur ther 
reduced to less t h a n —35° C . 

T h e pressure of the d r y a i r l e a v i n g the cool ing tower is then reduced b y a v a l v e to 
16 p.s . i . , so t h a t ozone is finally ava i lab le at the s ter i l i z ing m a c h i n e at a pressure of at 
least 14 p.s . i . T h e a i r is ozonized at the desired pressure a n d concentrat i on b y a 
W e l s b a c h C-102 i n d u s t r i a l ozonator . 

T h e s t e r i l i z a t i o n process itsel f is based on the fo l lowing p r i n c i p l e : 

T h e bott les to be s ter i l i zed , h a v i n g been f reshly washed, r insed , a n d d r a i n e d for 
about 30 seconds, are b r o u g h t cont inuous ly on the c h a i n conveyor , ab, to the Seitz 
s te r i l i z ing mach ine , conver ted to the use of ozone. T h e f a c t o r y has three s ter i l i z ing 
machines , designated i n F i g u r e 1 as M1} M2, a n d M 3 . T w o of these machines were 
p r e v i o u s l y used for s t e r i l i za t i on w i t h su l fur d iox ide . T h e y have been conver ted b y 
the m a n u f a c t u r e r . T h e t h i r d is n e w ; i t was spec ia l ly constructed for use w i t h ozone 
i n accordance w i t h exper iments made d u r i n g the tests. 

A s soon as i t arr ives (c) i n the r o t a t i n g s te r i l i z ing mach ine , the bot t le is a u t o 
m a t i c a l l y connected to a p u m p w h i c h induces a v a c u u m i n the bot t l e of about 26 inches 
of m e r c u r y . T h e a i r is evacuated i n about 1 second. D u r i n g the next second the 
v a c u u m p u m p is a u t o m a t i c a l l y d isconnected (at d) to a l l ow the ozonated a i r under 
pressure of 14 p.s . i . to enter the bot t l e . T h e ozonated a i r is fed t h r o u g h a p n e u m a t i c 
storage a n d d i s t r i b u t i o n t a n k w h i c h suppl ies one or several machines . T h e bot t le , r e 
filled w i t h ozonated a i r under pressure, fol lows the r o t a t i o n of the m a c h i n e a long p a t h 
defy designated as the s te r i l i za t i on cyc le . A t / the compressed ozone is freed f r o m the 
bott le a n d escapes t h r o u g h a vent . Ster i le a i r a t atmospher i c pressure replaces the 
ozone. T h e steri le bot t le leaves the s ter i l i z ing m a c h i n e at g on a c h a i n conveyor w h i c h 
br ings i t to the filling m a c h i n e . O n i ts w a y f r o m g to h a pro tec t ive screen of u l t r a 
v io let rays protects the m o u t h of the bot t l e f r o m re infect ion . 
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TORRICELLI—STERILIZATION OF EMPTY CONTAINERS 377 

T h e replacement of the ozonated a i r w i t h steri le a i r at the exit of the s t e r i l i z i n g 
mach ine is desirable to a v o i d the presence of ozone i n the atmosphere of the p l a n t . 

T h e n o r m a l concentra t i on of ozone is about 30 m g . per l i t e r of compressed gas. 
T h i s concentra t i on is sufficient to ensure s t e r i l i za t i on a t the end of the cycle , w h i c h 
lasts 15 to 20 seconds, accord ing to the speed of the m a c h i n e . 

T h e p r o d u c t i o n c a p a c i t y of th i s i n s t a l l a t i o n is 16,000 1-l iter bott les or 25,000 6 - d l . 
bott les per h o u r . A t th is rate of o u t p u t the ozone c o n s u m p t i o n is 475 grams . 

T h e speed of s t e r i l i z a t i o n is a n economica l ly i m p o r t a n t fac tor . T h e same p r o 
d u c t i o n r h y t h m m u s t be m a i n t a i n e d w i t h the s ter i l i z ing machines w h e n ozone is used as 
w h e n su l fur d ioxide is used. A n y undue p r o l o n g a t i o n of the s te r i l i za t i on cycle w o u l d 
require the cons t ruc t i on of larger machines for the same o u t p u t . 

Discussion 

F o r the success of r a p i d s t e r i l i za t i on w i t h ozone, the bott les shou ld c o n t a i n no 
water i n the b o t t o m . T h e inside w a l l of the bot t l e is covered w i t h o n l y a t h i n f i l m of 
water , w h i c h is sufficient to ensure instantaneous h u m i d i f i c a t i o n of the d r y ozonated 
a i r the m o m e n t i t enters the bot t le . Because s t e r i l i za t i on w i t h ozonated w a t e r w o u l d 
be slower, i t is necessary to have the b o t t o m of the bot t l e d r y . T h e f o r m a t i o n of a 
t h i n m i s t i n the bot t le indicates a n adequate h u m i d i f i c a t i o n of the ozonated a i r . 

E v a c u a t i o n of the a i r before i n t r o d u c t i o n of the ozone u n d e r pressure a l lows a 
h i g h concentrat ion of ozone to be reached q u i c k l y i n the bot t le . T h e result is a n a p 
prec iable r e d u c t i o n i n the s ter i l i za t i on cyc le . F i g u r e 2 i l lustrates the difference between 
s te r i l i z ing w i t h o u t first evacuat ing the a i r , a n d s t e r i l i z a t i o n a c cord ing to the m e t h o d 
at present used. C u r v e Β i l lus t rates the process e m p l o y e d at Sissach . I t indicates the 
v a r i a t i o n s of ozone concentrat i on i n the bot t le d u r i n g the s te r i l i za t i on cyc le , expressed 
i n per cent of the m a x i m u m concentra t i on recorded at the end of the operat i on . A t 
the end of the second second of t i m e , the bot t le contains a concent ra t i on equa l to 8 0 % 
of the concentra t i on recorded at the end of the opera t i on . 

W h e n p r e l i m i n a r y evacuat i on does no t t a k e place , the concentra t i on of ozone i n 

Ο I 2 3 4 5 6 7 8 9 ΙΟ II 12 13 

STERILIZATION CYCLE IN THE STERILIZING MACHINE, SECONDS 

Figure 2 . Effect of evacuating air from bottle before introduction of 
ozone 

Relative ozone content of bottles during operation under pressure of 14.7 p.s.i. 
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378 ADVANCES IN CHEMISTRY SERIES 

the bot t l e increases m u c h more s l owly , a n d at the end at ta ins a m a x i m u m of o n l y 8 0 % 
of the concentra t i on ob ta ined b y the p r e l i m i n a r y evacuat ion process ( curve A). T h u s , 
i f the a i r is no t p u m p e d out of the bot t le , a considerable extension of the s t e r i l i z a t i o n 
cyc le is necessary. 

D u r i n g exper iments w h i c h preceded the a d o p t i o n of the new ozone process, the 
results of s t e r i l i z a t i o n w i t h s u l f u r d iox ide were c o m p a r e d w i t h the results of ozone 
s t e r i l i z a t i o n ( w i t h p r e l i m i n a r y e v a c u a t i o n ) . T a b l e I is based o n d a t a f r o m a repor t 

Table I. Comparative Results of Sterilization 
in Two Automatic Sterilizing Machines* 

Processes 

Sulfur dioxide Ozone 
(10-second cycle) (13-second cycle)b 

Maximum Amount of Sterilizing Agent 
in Flask, Mg. per Liter 

Control Flasks 3000 to 3500 35 
+ + + + — — + + + — + + + + — — + + + + — — + + + — — — + + + — — — + + — — — + + + — — — + + + + — — + + 4- — — + + + — — — + + — — — + + + + + — — + + + + — — + + + + + — — 

» + + + = strongly infected (more than 1000 organisms per flask). 
+ + = moderately infected (100 to 1000 organisms per flask). + = 
slightly infected (1 to 100 organisms per flask). — = sterile. 

b Double series. 

b y the l a b o r a t o r y of the I n s t i t u t e of H y g i e n e a n d B a c t e r i o l o g y of the U n i v e r s i t y of 
B e r n e . T h e tab le presents the results of s t e r i l i za t i on ob ta ined w i t h flasks s t r o n g l y 
in fec ted w i t h yeasts , mo lds , s p o r e - f o r m i n g bac te r ia , a n d other c o m m o n b a c t e r i a . M o s t 
of the c o n t r o l flasks conta ined a considerable n u m b e r of bac t e r ia , e s t imated a t several 
t h o u s a n d per flask. O f the 15 flasks t r ea ted w i t h su l fur d iox ide , o n l y s ix came out of 
the m a c h i n e ster i le . I n the t w o batches of 30 flasks t r ea t ed w i t h ozone, o n l y one flask 
s t i l l c on ta ined three l i v e b a c t e r i a . 

T h e s u p e r i o r i t y of ozone over su l fur d iox ide is undeniab le , even cons ider ing the 
dif ferent lengths of the s t e r i l i z a t i o n cycles (10 seconds for s u l f u r d iox ide a n d 13 seconds 
for ozone) . T h e ozone dosage used was o n l y one h u n d r e d t h of t h a t of s u l f u r d iox ide . 

A l t h o u g h excellent results are ob ta ined b y ozone s t e r i l i z a t i o n i n 13 to 15 seconds, 
i t is r e commended t h a t the s t e r i l i z a t i o n cyc le be m a i n t a i n e d i f possible a t n o less t h a n 
18 seconds. 

F i g u r e s 3 a n d 4 show v a r i o u s p a r t s of the Sissach s t e r i l i z a t i o n i n s t a l l a t i o n . F i g u r e 
3, A, shows the a i r compressor i n s t a l l a t i o n , a n d adjacent to i t , the t w o v a c c u m p u m p s 
for e m p t y i n g the bott les . A t the r i g h t is the t a n k h o l d i n g c lean a i r compressed to 71 
p .s . i . F i g u r e 3, B, shows the i n s t a l l a t i o n f o r d r y i n g a i r b y re f r igerat i on . F i g u r e 4, A, 
shows the W e l s b a c h C-102 ozone generator w i t h the i n d i c a t i n g a n d a u t o m a t i c c o n t r o l 
p a n e l f or the ent ire ozone generat ing i n s t a l l a t i o n . O n the le f t is the compressed ozone 
d i s t r i b u t i o n t a n k f r o m w h i c h the ozone is p i p e d t o the three s t e r i l i z ing machines . 
F i g u r e 4, B, is of the Se i tz s t e r i l i z ing m a c h i n e . 

T h i s f irst p l a n t f or d i rec t s t e r i l i z a t i o n of e m p t y bott les w i t h ozonated a i r opens the 
w a y t o n e w i n d u s t r i a l app l i ca t i ons i n the food field. A s t u d y is c u r r e n t l y i n progress 
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Figure 3 . Ozone sterilization installation at Sissach, Switzerland 
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Figure 4. Ozone sterilization installation at Sissach 

to a d a p t the process to the m i l k i n d u s t r y for s t e r i l i z ing bott les w h i c h w i l l be filled w i t h 
abso lute ly steri le m i l k p r e p a r e d b y a new process. A large Swiss m i l k c o m p a n y has 
been opera t ing a p i l o t p l a n t f or m o r e t h a n a y e a r . 

RECEIVED for review June 6,1957. Accepted June 19, 1957. 
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Disinfection and Sterilization of Sewage 
by Ozone 

SOL MILLER, BETTY BURKHARDT, and RICHARD EHRLICH 

Biological Research Section, Armour Research Foundation, Chicago, Ill. 

ROBERT JOHN PETERSON 

Chemical Corps, Fort Detrick, Frederick, Md. 

All microorganisms and toxin in raw sewage can be 
completely killed or inactivated in 30 minutes by 
treatment with ozone. The period of treatment is 
related to the efficiency of contact between ozone and 
the agent. Removal of suspended solids from sew
age by filtration does not significantly decrease the 
time required to sterilize or the quantity of ozone 
used. Between 100 and 200 p.p.m. of ozone pro
duced sterility under the experimental conditions used. 

/ λ research p r o g r a m was conducted b y the A r m o u r R e s e a r c h F o u n d a t i o n for the 
C h e m i c a l C o r p s , F o r t D e t r i c k , F r e d e r i c k , M d . , to s t u d y a n d evaluate methods for 
s ter i l i z ing sewage conta in ing pathogenic microorgan isms . 

I n a n y research i n s t i t u t i o n where infect ious mic roorgan i sms are be ing s tud ied a n d 
m a y be d ischarged in to the sewage, i t is i m p o r t a n t , f r o m a p u b l i c h e a l t h v i e w , to 
ensure the i n a c t i v a t i o n of these infect ious forms before sewage is d ischarged to n o r m a l 
disposal channels . A t present heat is the m e t h o d of s t e r i l i za t i on most c o m m o n l y used 
i n such s i tuat ions . O t h e r possible methods of sewage s te r i l i za t i on were a n a l y z e d . Of 
the methods ava i lab le , t r e a t m e n t w i t h gaseous ozone was selected for f u r t h e r s t u d y . 

T h e t r e a t m e n t of sewage effluents was s tud ied b y b u b b l i n g ozone t h r o u g h u n 
t rea ted or autoc laved sewage samples to w h i c h h a d been added t racer microorgan isms , 
infect ious b a c t e r i a l spores, in f luenza v i r u s , or the t o x i n p r o d u c e d b y Clostridium 
botulinum. 

Review of Literature 

T h e i n i t i a l l i t e r a t u r e s u r v e y disclosed t h a t of the methods of s t e r i l i za t i on , other 
t h a n heat , chemica l s t e r i l i za t i on w i t h ozone appeared to be more p r o m i s i n g . Severa l 
reports ind icate t h a t ozone is be ing successful ly used for water d is in fec t ion i n F r a n c e , 
where 136 m u n i c i p a l water p lants serv ing a p p r o x i m a t e l y 8,000,000 people are i n use. 
O z o n i z a t i o n is accompl i shed b y in j e c t ing a n a i r s t ream conta in ing 2.5 to 5 grams of 
ozone per cubic meter of a i r i n t o water . T h e process of ozon izat i on occurs i n self-
contact co lumns a n d the re tent ion t i m e is 3 to 5 m i n u t e s . P r i o r to ozon izat i on , the 
water is u s u a l l y pre t rea ted b y sed imentat ion , coagulat ion , a n d f i l t r a t i o n t h r o u g h sand . 
A l l the pathogenic a n d s a p r o p h y t i c organisms u s u a l l y f ound i n water are destroyed b y 
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th is c ombined t r e a t m e n t . Ozone is also used i n the U n i t e d States i n water t r e a t m e n t 
p lants at P h i l a d e l p h i a , P a . , a n d W h i t i n g , I n d . P h i l a d e l p h i a uses a res idua l of 0.13 
to 0.2 p . p . m . for d i s in fec t ion (7 ) . 

D i c k e r m a n et al. (4) r epor ted t h a t 1.5 p . p . m . of ozone w i l l reduce a count of 
70,000 spore - f o rming organisms per m l . of water to 0 w i t h i n 5 m i n u t e s . T h e y ind i cate 
t h a t r a w s t ream water w i t h l o w organic content w o u l d require a n ozone res idua l of 2 
p . p . m . a p p l i e d for at least 5 m i n u t e s to give a complete k i l l . W h e n organic contents 
are h i g h , larger concentrat ions a n d longer contact t i m e are needed. 

Ozone has been suggested as a n agent for t r e a t i n g sewage wastes, a n d has been 
used i n l i m i t e d e x p e r i m e n t a l runs as coagulat ing agent a n d to reduce the b io log ica l 
oxygen d e m a n d ( B . O . D . ) i n sewage (5, 6). T h e r e is also i n d i c a t i o n t h a t ozone added to 
the effluent after coagulat ion a n d filtration w i l l reduce the b a c t e r i a l count . T w o patents 
have been granted for t r ea tment a p p a r a t u s w h i c h uses ozone a n d ferrous sul fate for 
flocculation a n d coagulat ion of sewage {2,8). 

A l t h o u g h ozone destroys bac ter ia a n d has been used i n w a t e r d is in fec t ion , no d a t a 
are ava i lab le as to i ts effectiveness as a s ter i l i z ing agent for r a w sewage c o n t a i n i n g 
pathogenic microorgan isms . There fore , studies were i n i t i a t e d to o b t a i n e x p e r i m e n t a l 
d a t a on the bacter io log ica l effectiveness of ozone s t e r i l i z a t i o n . 

Exper imenta l Techniques 

T h e first exper iments were p u r e l y f eas ib i l i ty studies, a n d , therefore , v a r i a t i o n s 
were used i n the techniques . 

F o r ozone p r o d u c t i o n , a W e l s b a c h l a b o r a t o r y ozonator , M o d e l T - 2 3 , was used. 
T h e q u a n t i t y of ozone i n the gas s t r e a m , w h i c h conta ined f r o m 1.0 to 5 % ozone, was 
regulated b y v a r y i n g the vo l tage , b y changing the i n p u t gas f r o m d r y a i r to d r y oxygen, 
or b y v a r y i n g the flow rate of the gas t h r o u g h the ozonator . 

T h e f o l l owing organisms were selected as representat ive of groups for test purposes : 

Bacillus anthracis 
T o x i n of Clostndium botulinum 
Influenza v irus 
Bacillus subtilis var . niger 

Bacillus subtilis v a r . niger was used as the s i m u l a n t for pathogenic mic roorgan i sms . 
P r i o r t o i n o c u l a t i o n i n t o the sewage, the B. subtilis v a r . niger cu l tures were h e a t -
shocked a t 80° C . for 10 m i n u t e s to e l iminate a l l vegetat ive f o rms . K n o w n concen
t ra t i ons of the cu l ture were added to a u t o c l a v e d F o r t D e t r i c k sewage, or d i s t i l l ed water , 
a n d t h e n t r ea ted w i t h ozone. I t was possible to use pathogenic organisms a t F o r t 
D e t r i c k i n place of s imulants as i n o c u l a for the r a w sewage. 

V a r i o u s types of a p p a r a t u s were used to b r i n g ozone a n d l i q u i d i n contact . I n 
the i n i t i a l exper iments , the i n o c u l a t e d sewage was c i r c u l a t e d b y a s m a l l p u m p . L e a k s 
i n the sys tem a n d opera t i ona l dif f iculties caused a change t o b a t c h t r e a t m e n t of the 
sewage i n gas w a s h bott les . T h e sizes of the gas bubbles were reduced b y a t t a c h i n g 
fr i t ted-g lass d isks , cy l inders , a n d tubes to the d e l i v e r y tube i n the gas w a s h bo t t l e . I n 
the final exper iments , the gas bott les were rep laced b y glass co lumns 2 inches i n 
d iameter a n d 2, 4, or 8 feet h i g h . T h e d e l i v e r y tube a t the b o t t o m of the c o l u m n was 
a f r i t ted-g lass c y l i n d e r . T h e 4-foot contact co lumns were u t i l i z e d a t F o r t D e t r i c k a n d 
a l l pathogenic w o r k , i n c l u d i n g a l l e q u i p m e n t w h i c h c o u l d h a v e been c o n t a m i n a t e d , 
was done i n b io log i ca l safety cabinets . F i g u r e 1 i l lustrates the e q u i p m e n t necessary for 
ozonat ing sewage i n the glass co lumns . 

T h e q u a n t i t y of ozone i n the gas s t ream, before a n d after pass ing t h r o u g h the 
sewage, was de te rmined b y the i odometr i c m e t h o d . 

B a c t e r i a l counts o n the inocu la ted sewage a n d the t reated sewage were de te rmined 
b y a p p r o p r i a t e d i l u t i o n a n d p l a t i n g on t r y p t o s e phosphate dextrose agar . T h e plates 
were counted a f ter 24 to 48 hours ' i n c u b a t i o n a t 37° C . I n a d d i t i o n , i n several e x p e r i -
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Determination of Ozone 
in Effluent Stream 

Determination of Ozone 
in Influent Stream 

Figure 1. Equipment for ozonating sewage in glass columns 

ments the most probab le n u m b e r ( M . P . N . ) per 100 m l . was d e t e rm in ed (1). T h e 
s t e r i l i t y of r a w sewage inocu la ted w i t h B. anthracis spores was checked b y i n o c u l a t i n g 
m i c e as w e l l as b y c u l t u r e . T h e i n a c t i v a t i o n of the b o t u l i n u m t o x i n was tested i n 
m i c e ; the i n a c t i v a t i o n of the in f luenza v i r u s was de te rm in ed w i t h e m b r y o n a t e d eggs. 

Results 

T a b l e I shows s u r v i v a l of B. subtilis v a r . nicer spores i n sewage w i t h increas ing 
t i m e of t r e a t m e n t . R e s u l t s of exper iments were i n c l u d e d i n the average, regardless 

Table I. Average Survival of B. Subtilis Var. Niger Spores 
in Sewage after Ozone Treatment a 

Period of No. of Survival, 
Treatment, Min. Samples Log % 

1 2 -0.10 
2 1 -0.66 
5 3 -1.17 

15 6 -1.57 
30 9 -1.88 

a Approximately 250 ml. of sewage treated in 10-inch gas 
wash bottles. Initial count was 1 to 2 Χ 108 spores/ml. 

of v a r i a t i o n s i n f low rate or c oncentra t i on of ozone i n the s t r e a m . T h i s table indicates 
a m a r k e d r e d u c t i o n of organisms. T h i s w o u l d be considered adequate for d i s in fec t ion 
of sewage, b u t does not sat is fy the r i g i d 1 0 0 % s ter i l i za t i on requ i rement for F o r t 
D e t r i c k . 

T h e e x p e r i m e n t a l d a t a were examined to determine whether a n y co r re la t i on exists 
between v a r i a t i o n s i n the e x p e r i m e n t a l procedures a n d the efficiency of the ozone 
s te r i l i za t i on sys tem. I t can be conc luded t h a t there was no definite cor re la t i on a m o n g 
the flow rate of the gas s t r e a m , p e r cent concentra t i on of ozone i n the gas s t r e a m , a n d 
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per cent s u r v i v a l of spores. T h e flow rate v a r i a t i o n s ranged between 0.005 a n d 0.16 
cu . foot p e r m i n u t e , a n d the concent ra t i on of ozone i n the gas s t r e a m was i n the range 
of 1.5 to 5 % . O n the other h a n d , the height of the c o l u m n of l i q u i d be ing t reated 
h a d a m a r k e d effect o n the s u r v i v a l of B. subtilis v a r . niger spores. N o definite s tate 
m e n t o n th i s difference can be made . T h e d a t a obta ined w i t h 2-, 4-, a n d 8-foot 
co lumns are s u m m a r i z e d i n T a b l e I I . 

Table II. Effect of Column Height on Survival of B. Subtilis 
Var. Niger Spores after Ozone Treatment a 

Height of Treatment, No. of Samples, Log Av. 
Column, Ft . Min. Sterile/Total % Survival 

2 15 0/2 -2.00 
2 30 4/10 -3.63 
4 15 0/4 -3.13 
4 30 14/15 -5.00 
8 20 5/5 Sterile 
8 30 5/5 Sterile 

8 Experiments conducted at A R F with autoclaved Fort Detrick 
sewage inoculated with 1 to 2 Χ 108 B. subtilis var. niger spores/ml. 

Increas ing height gives decreasing log average per cent s u r v i v a l . A l t h o u g h the 
t o t a l n u m b e r of samples ozonized i n the 8-foot c o l u m n is smal ler t h a n the n u m b e r i n 
the 2- or 4-foot c o l u m n , the fact t h a t a l l samples i n the 8-foot c o l u m n are steri le after 
20 as w e l l as after 30 m i n u t e s ' t r e a t m e n t indicates t h a t the 8-foot c o l u m n is super ior 
to the 2 - or 4-foot c o l u m n . 

T o determine the effect of suspended solids, samples of sewage were t r ea t ed w i t h 
ozone u n d e r i d e n t i c a l condi t ions , except t h a t a p o r t i o n of each sample was f i l tered 
p r i o r to i n o c u l a t i o n a n d ozon izat ion ( T a b l e I I I ) . 

Table III. Bacteriological Results of Ozone Treatment on 
Filtered and Unfiltered Sewage* 

Log % Survival of B. subtilis var. niger Sporesb 

O3 
Treatment, Min. Filtered Unfiltered 

20 -1.15 -0.16 
30 -1.69 -1.00 
45 -1.85 -1.80 

a Average of 3 lots of sewage in 3 separate experiments. In each experi
ment the same lot of sewage was used to obtain filtered and unfiltered values. 

b Initial count was 108 B. subtilis var. niger spores/ml. 

T h e log of average per cent s u r v i v a l indicates fewer s u r v i v o r s w i t h filtered t h a n 
w i t h unf i l tered sewage w i t h i n the first 30 m i n u t e s of t r e a t m e n t , b u t a f ter 45 m i n u t e s 
the difference is ins igni f i cant . 

Tab les I , I I , a n d I I I show the t r e n d or p a t t e r n of the v a r i o u s parameters ra ther 
t h a n p o r t r a y a n y definite representat ive exper iment . 

T a b l e s I V t h r o u g h V I I show the results of b io log ica l w o r k p e r f o r m e d at F o r t 
D e t r i c k . 

Table IV. Results of Experiments with B. Subtilis 
Var. Niger Spores Inoculum 

B. subtilis var. niger Spores Surviving/100-M1. 
Initial Exposure to O3, Min. 

m . Count, 
Type of Liquid Org. /Ml . 30 60 90 120 
Buffered distilled water 22.1 X 107 >240 7.6 0 — 6.6 X 107 0 10* 240* 0 
Raw sewage count. 

7.3 X 107 8 X 107 >240 >240 <2.2b 0 
a Suspected contamination due to contaminated syringe. 
b Sample contaminated. 
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Table V. Results of Experiments on Raw Sewage 
with B. Anthracis Spores Inoculum 

B. anthracis Spores Surviving/100 Ml . 
Initial Exposure to Os, Min. 
Count, 

10'Org. /Ml. 30 60 90 120 150 
2.5 >240 >240 >240a 0 — 
2.3 >240 >240 0 0 0 
3.7 >240 0 0 b 0 0 

a Contaminated. 
b Sample contaminated with B. anthracis spores. 

Table VI. Results of Experiments on Raw Sewage 
with Botulinum Toxin lnoculuma 

(Initial count.b 6 Χ 105 to 1 Χ 106 mouse minimum lethal doses/ml.) 

No. Dead/No. Inoculated L° 
Dilution Exposure to O3, Min. 

of Treated 
Exposure to O3, Min. 

of Treated 
Liquid 0 30 60 90 120 
None 0/8 0/8 0/8 0/8 

1 X 10-1 0/4 0/4 0/4 0/4 
1 X 10-2 4/4 0/4 0/4 0/4 0/4 
1 X 10-3 0/4 0/4 

0/8 1 X 10-4 4/4 0/4 
0/4 

0/8 
1 X 10-5 3/4 0/4 0/4 0/4 0/8 
2 X 10~5 3/4 

0/4 

0/8 2.5 X 10~5 

3/4 
0/8 0/8 0/8 0/8 

4 X 10-5 0/4 
0/8 0/8 

5 X 10-5 
0/4 

0/8 0/8 0/8 0/8 
1 X 10-6 0/8 0/8 0/8 0/8 
2 Χ ΙΟ" 6 0/8 0/8 0/8 0/8 
4 Χ ΙΟ" 6 0/6 0/6 0/6 0/6 

a Summary of results of three experiments. 
b Number of minimum lethal doses for mice present in 1 ml. 
c Mice inoculated with 0.5 ml. of each dilution of untreated or treated sewage. 

Table VII. Results of Experiment on Raw Sewage 
with Influenza Virus Inoculum 

(Initial count. 1 Χ 10 3· 2 2 EID/ml . ) 

No. Positives/No. Inoculated 
Dilution Exposure to O3, Min. 

of Treated · 
Liquid 0 30 60 90 120 
None 0/10 0/10 0/10 0/10 

1 X 10-1 4/5 0/10 0/10 0/10 0/10 
1 Χ ΙΟ" 2 4/7 0/10 0/10 0/10 0/10 
1 Χ ΙΟ" 3 2/9 0/10 0/10 0/10 0/10 
1 x 10-4 0/8 0/10 0/10 0/10 0/10 
1 χ 10-5 0/9 0/10 0/10 0/10 0/10 
1 X lG-° 0/9 0/10 0/10 0/10 0/10 

A s u m m a r y of the d a t a for ozone used to o b t a i n s t e r i l i t y is presented i n T a b l e 
V I I I . T o ascerta in t h a t complete s t e r i l i za t i on was a t t a i n e d , o n several occasions 
ozonized samples were he ld at r o o m t e m p e r a t u r e for 5 days a n d t h e n c u l t u r e d . S u b 
cul tures were also p r e p a r e d f r o m samples a n d i n c u b a t e d for 5 days . N o g r o w t h was 
f ound after th is h o l d i n g per i od , or on subcu l ture , as de te rmined b y the most probab le 
n u m b e r m e t h o d . T h e t e r m "ozone u s e d " is defined as the ca l cu la ted va lue of the 
difference between the m i l l i g r a m s of ozone enter ing a n d l e a v i n g the reac t ion c o l u m n . 
T h e ozone used i n m i l l i g r a m s is t h e n a p p l i e d to the a m o u n t of the sample be ing 
s ter i l i zed a n d is repor ted as par t s per m i l l i o n b y weight . T h e ozone used p r o b a b l y 
includes ozone dissolved, ozone reacted, a n d ozone decomposed i n the sewage. T h e 
d u r a t i o n of t r e a t m e n t , t y p e of samples, o rgan i sm used, c o l u m n height , a n d ozone used 
are also g i v e n so t h a t the i r re lat ionship m a y be observed. A smal ler n u m b e r of samples 
are l i s t ed i n T a b l e V I I I because d a t a on ozone used were obta ined i n o n l y a p a r t of the 
exper iments . 

H e r e one can observe a m a r k e d difference between the ozone used to ster i l ize 
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Table VIII. Ozone Used to Obtain Sterility in Sewage or Water 

No. of 
Samples 

2 
12 

Type of 
Samples 

Water 
Sewage 

Water 
Raw sewage 
Raw sewage 
Raw sewage 

Period of Column Average O3 Range of O3 
Organism Treatment, 

Used Min. 
Height, Utilized, Utilized, Organism Treatment, 

Used Min. Ft . P .P .M. P .P .M. 
A R F Experiments 

B. subtilis* 45-60 2 98 59-113 
B. subtilis* 30 4 92 59-113 

Fort Detrick Experiments 
B. subtilis* 30-90 4 395 347-728 
B. subtilis* 90 4 425 
Anthrax* 90 4 672 669-675 
Toxin" 30 4 250 210-290 

* Initial count of B. subtilis var. niger spores in experiments at A R F was 1 to 2 X 108/ml., at Fort Detrick 
0.66 to 2.2 X 10*. 

b Initial count of B. anthracis spores was 0.23 to 0.37 X 108/ml. 
0 Initial concentration of botulinum toxin was 1 Χ 106 mouse minimum lethal dose/ml. 

d i s t i l l e d water at A r m o u r R e s e a r c h F o u n d a t i o n a n d at F o r t D e t r i c k . A larger q u a n t i t y 
of ozone was used t o ster i l ize r a w t h a n a u t o c l a v e d sewage, as expected. H o w e v e r , the 
m a g n i t u d e of the difference c a n be exp la ined t h r o u g h the operat i ona l d i f f i cult ies : 
possible leaks i n the l ine l ead ing to the contact c o l u m n a n d i n the c o l u m n itself , possible 
decompos i t i on of ozone i n the l ine used to c a r r y ozone to the co lumns ( l ength of l ine 
1 foot a t the f o u n d a t i o n , 10 to 15 feet at F o r t D e t r i c k ) , a n d finally, possible i n a c c u r a c y 
i n t i t r a t i o n procedure due to d i f f i cu l ty i n w o r k i n g t h r o u g h the gloves i n the b io log i ca l 
safety cabinets . T h u s , for p r a c t i c a l purposes , i t is assumed t h a t the d a t a ob ta ined o n 
ozone used at the f o u n d a t i o n are m o r e re l iab le . 

U n d e r the condi t ions of these exper iments , a l l the microorgan isms i n o c u l a t e d i n t o 
r a w sewage c o u l d be comple te ly s ter i l i zed or i n a c t i v a t e d , as demonstra ted b y b o t h 
c u l t u r a l methods a n d a n i m a l inocu lat ions . B. anthracis a n d B. subtilis v a r . niger spores 
were comple te ly k i l l e d b y 90 m i n u t e s of ozon izat i on a n d p r o b a b l y c o u l d be k i l l e d w i t h i n 
60 m i n u t e s . B o t u l i n u m t o x i n , T y p e A , a n d in f luenza v i r u s , s t r a i n P R 8, were c o m 
p le te ly i n a c t i v a t e d b y 30 minutes of ozon izat i on . T h e results of ozone t r e a t m e n t of 
B. subtilis v a r . niger spores a n d B. anthracis spores i n r a w sewage c o n f i r m the s u i t 
a b i l i t y of B. subtilis v a r . niger spores as a s i m u l a n t f or pathogenic microorgan isms i n 
respect to resistance to ozone t r e a t m e n t . 

Conclusions 

Ozone is a sat i s fac tory means for d is in fec t ion a n d s te r i l i za t i on of sewage. F r o m the 
l o g p e r cent s u r v i v a l , i t is a p p a r e n t t h a t even a f ter 5 m i n u t e s there is be t ter t h a n 9 9 . 9 % 
k i l l . A l l of the microorgan i sms a n d the t o x i n are comple te ly k i l l e d or i n a c t i v a t e d 
w i t h i n a contact p e r i o d of 30 m i n u t e s i n r a w sewage, w i t h a few exceptions, b y t r e a t 
m e n t w i t h ozone. T h e p e r i o d of t r e a t m e n t appears to be re la ted to the efficiency of 
contact between ozone a n d the agent. 

R e m o v a l of suspended solids f r o m sewage b y filtration does not s ign i f i cant ly 
decrease the t i m e r e q u i r e d t o ster i l ize or the q u a n t i t y of ozone used. 

T h e q u a n t i t y of ozone used to produce s t e r i l i t y u n d e r the e x p e r i m e n t a l condi t ions 
at A r m o u r R e s e a r c h F o u n d a t i o n lies between 100 a n d 200 p . p . m . 

T h e ozone u t i l i z e d was inefficient d u r i n g the exper iments , as a p p r o x i m a t e l y 9 0 % 
of the a p p l i e d ozone was recovered. I t is felt t h a t a m u c h h igher ozone u t i l i z a t i o n c a n 
be ach ieved t h r o u g h the use of sui table e q u i p m e n t . H o w e v e r , i n a s m u c h as the objec
t i v e of th i s phase of the inves t i ga t i on was to evaluate the bacter io log i ca l effectiveness 
of the sys tem, no a t t e m p t was m a d e to i m p r o v e the ozone c o n s u m p t i o n b e y o n d t h a t 
necessary for success of the exper iments . 
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Mechanism of Gas Phase Decomposition of 
Ozone. Thermal and Photochemical Reactions 

ARTHUR E. AXWORTHY, Jr.,1 and SIDNEY W. BENSON 

Department of Chemistry, University of Southern California, Los Angeles 7, Calif. 

Most of the known data on the thermal decomposi
tion of ozone can be explained quantitatively in 
terms of the simple atomic mechanism 

in which Reactions 1 and 2 are at their low pressure 
limit. There is no evidence for a direct bimolecular 
reaction or an energy chain mechanism. Surface 
reactions do not appear to be important in this 
system. The relative efficiencies of various gases as 
M in Reactions 1 and 2 are: O3 = 1.00, O2 = 
0.44, N 2 = 0.41, CO2 = 1.06, and He = 0.34. 
Quantitatively reproducible results are difficult to 
achieve. The energy chain mechanism proposed 
previously to account for the high quantum yields in 
the far-ultraviolet photolysis is inconsistent with both 
the photochemical results obtained with red light 
and the postulated thermal mechanism. 

The rate of the gas phase decompos i t i on of ozone has been s tud ied b y m a n y i n 
vest igators under a wide range of condit ions , y e t no comple te ly sat i s fac tory m e c h a n i s m 
has ever been proposed for e i ther the t h e r m a l or pho to chemica l decomposit ions . 

Thermal Decomposit ion 

T h e e a r l y workers (19) inves t igated the p y r o l y s i s of d i lu te ozone a n d a t t e m p t e d 
to e x p l a i n the i r results i n t e rms of the s imple J a h n m e c h a n i s m 

ι 
0 3 ;=± 0 2 + Ο Rapid equilibrium (1,2) 

2 

Ο + 0 3 —» 20 2 Rate determining (3) 

i n w h i c h i t is assumed t h a t the oxygen atoms are at t h e i r e q u i l i b r i u m concentra t i on 
w i t h respect to Reac t i ons 1 a n d 2. T h e r e p r o d u c i b i l i t y of these d i lu te ozone e x p e r i -

1 Present address, She l l O i l Co . , M a r t i n e z , C a l i f . 
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ments was v e r y poor , a n d no conclusive evidence was ever presented t h a t the rate is 
exact ly inverse ly p r o p o r t i o n a l to the oxygen concentrat ion , as requ i red b y th is m e c h a n 
i s m . G a r v i n , however , re invest igated the t h e r m a l decompos i t ion of d i lute ozone, e m 
p l o y i n g a f low technique (6). H e f o u n d the rate to be n e a r l y inverse ly p r o p o r t i o n a l 
to the oxygen concentrat ion a n d independent of the concentrat i on of added n i t rogen . 

Severa l invest igat ions have been c a r r i e d out us ing concentrated ozone obta ined b y 
the f r a c t i o n a l d i s t i l l a t i o n of d i lute ozone (8, 12-14, 17). M o s t of the results were 
represented e m p i r i c a l l y i n terms of s imultaneous f i r s t - a n d second-order react ions. 

T h e most sat i s factory s tudy , w i t h respect to b o t h the e x p e r i m e n t a l methods e m 
p l o y e d a n d the wide range of condi t ions covered, appears to be t h a t of G l i s s m a n n a n d 
S c h u m a c h e r (8). T h e y s tudied the react ion between 70° a n d 110° C . i n vessels v a r y i n g 
i n size f r o m 0.5 to 12 l i ters i n the presence of added oxygen, n i t rogen , h e l i u m , a n d 
c a r b o n dioxide . T h e fo l lowing m e c h a n i s m i n v o l v i n g s imultaneous b imo le cu lar a n d 
atomic reactions as we l l as a n energy c h a i n was p r o p o s e d : 

0 3 + 0 3 -> 30 2 + 69 kcal. Bimolecular (4) 

0 2 + 0 3 —> 0 2 + 0 2 + Ο "J Atomic (5) 

Μ + Ο + 0 2 -> M + 0 3 V (2) 

Ο + 0 3 —» 20% + 93 kcal. J Energy chain (3) 

0% + 0 3 - + 0 2 + 0 2 + 0 J (6) 

Ο* + M —> 0 2 + M (7) 

T h e r e is , however , a n error i n this scheme, because i t m a y be shown (4) t h a t 
R e a c t i o n 5 m u s t have the same f o r m of pressure dependence as R e a c t i o n 2. T h i s error 
does not show u p m a r k e d l y i n t h e i r exper iments on ozone-oxygen m i x t u r e s , because, 
accord ing to the i r m e c h a n i s m , the a tomic reac t ion is i m p o r t a n t o n l y u n d e r condit ions 
where the ozone concentrat ion is s m a l l . T h i s m e c h a n i s m does not account for the 
m a r k e d acce lerat ion w h i c h is observed w h e n i n e r t gases, especial ly carbon d iox ide , are 
added . Schumacher (15) p o i n t e d out t h a t th is m u s t be due to the effect of the iner t 
gases on the rate of R e a c t i o n 5, b u t he was at a loss to e x p l a i n w h y the acce lerat ion is 
the greatest under condi t ions where R e a c t i o n 4 s h o u l d predominate . A n o t h e r d i f f i cul ty 
w i t h th is m e c h a n i s m is , as discussed b y G e i b (7 ) , t h a t the va lue assigned {15) to the 
rate constant of R e a c t i o n 4 y ie lds a steric fac tor of close to 100, w h i c h is h i g h for this 
t y p e of b imo le cu lar reac t i on . 

S u t p h e n (18) measured the rate of the t h e r m a l decompos i t i on between 25° a n d 
115° C . over a wide range of t o t a l pressures f r o m 29 m m . of m e r c u r y to 6 a t m . H e 
conc luded t h a t a l l the steps of the complex m e c h a n i s m proposed b y G l i s s m a n n a n d 
Schumacher are r e q u i r e d to account for his results . T h i s includes the react ions w h i c h 
were proposed to be i n i t i a t e d b y a c t i v a t e d oxygen molecules f o r m e d i n the react ion . 
S u t p h e n also concludes t h a t R e a c t i o n 2 does not reach i ts l o w pressure l i m i t over th is 
range of pressures. 

A re inves t igat ion of the t h e r m a l decompos i t ion was u n d e r t a k e n i n a n effort to 
discover the exact m e c h a n i s m of th is interest ing react ion (2). T h e exper imenta l 
procedure presented here is s i m i l a r to t h a t of G l i s s m a n n a n d S c h u m a c h e r (8). 

Experimental. T w o sources of oxygen were e m p l o y e d : t a n k oxygen passed over 
hot copper oxide a n d oxygen f o rmed b y the p y r o l y s i s of po tass ium permanganate . B o t h 
sources gave equiva lent results a f ter the l a t t e r h a d been d r i e d to remove the large q u a n 
t i t y of w a t e r t h a t was present . 

T h e oxygen was condensed at the t e m p e r a t u r e of l i q u i d n i t rogen , s l owly d i s t i l l ed 
t h r o u g h a glass-wool t r a p cooled i n l i q u i d oxygen, a n d s l owly d i s t i l l ed t h r o u g h a boro -
si l icate glass ozonizer . T h e ozone-oxygen m i x t u r e was condensed at the t e m p e r a t u r e of 
l i q u i d n i t rogen a n d opened to the p u m p s u n t i l n e a r l y a l l of the oxygen was removed . 
T h e ozone was twice t r a p - t o - t r a p v a c u u m - d i s t i l l e d , the f ina l p o r t i o n of the second 
d i s t i l l a t i o n being d iscarded . A f t e r the react ion vessel reached react ion t e m p e r a t u r e , 
the ozone was a l l owed to evaporate in to i t . O x y g e n was t h e n added . A t the la t ter 
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3 9 0 ADVANCES IN CHEMISTRY SERIES 

t w o po ints the danger of explos ion is h i g h . T h e dead space was flushed w i t h oxygen 
a n d the pressure readings were begun . T h e i n i t i a l ozone pressures ranged f r o m 90 to 
230 m m . of m e r c u r y , a n d the decompos i t i on was u s u a l l y f o l l owed t o a final ozone pres 
sure of about 10 m m . of m e r c u r y . 

T h e pressure was measured u s i n g a boros i l i cate glass B o u r d o n gage w h i c h was 
sensit ive to 0.1 m m . of m e r c u r y as a n u l l i n s t r u m e n t t o a m e r c u r y m a n o m e t e r . T h e 
final pressure was measured a f ter the reac t i on vessel h a d been heated above 200° C . 
for 8 hours or longer . T h e m a x i m u m dead space of 14 cc. was eff iciently flushed w i t h 
oxygen at the s tar t of each exper iment a n d was d u l y corrected for i n the ca l cu la t i on 
(2) of the ozone concentrat ions . T h e ho l l ow-bore v a c u u m stopcocks used i n the 
sys tem were l u b r i c a t e d w i t h H a l o c a r b o n (h igh t e m p e r a t u r e grade) s topcock l u b r i c a n t . 
T h e u s u a l precaut ions were t a k e n t o m i n i m i z e the a m o u n t of m e r c u r y v a p o r i n the 
sys tem. 

Quantitative Data . R E S U L T S . F o u r i n i t i a l exper iments were c a r r i e d out a t t e m 
peratures close to 100° C . i n t w o dif ferent reac t ion vessels. T w o of the exper iments , 
one w i t h about 500 m m . of m e r c u r y of oxygen a d d e d i n i t i a l l y , were c a r r i e d out i n a 
537-cc. boros i l i cate glass sphere a n d the other t w o i n a n i r r e g u l a r l y shaped , 461-cc. 
boros i l i cate glass vessel w i t h about 4 5 % greater surface. 

T h e results of these four exper iments are t a b u l a t e d i n T a b l e I . T h e results of six 

Table I. Comparison of Results of Experiments with Proposed Mechanism 

Experiment 1 2 3 4 
Vessel I I II II 
Temperature, ° C. 99.3 99.4 99.9 100.0 
Pressure after total decomposition8 620.2 301.3 207.2 208.1 
k„ Χ 103 at 95 mm. of ozoneb 131 110 104 

(124) (115) ( 99) (101) 
k, Χ 103 at 70 mm. of ozoneb 159 144 126 126 

(135) (135) (120) (122) 
kt Χ 103 at 55 mm. of ozoneb 165 153 148 152 

(143) (150) (139) (141) 
k, Χ 103 at 40 mm. of ozoneb 172 183 172 178 

(153) (180) (170) (173) 
kg Χ 103 at 20 mm. of ozoneb 190 231 258 280 

(169) (243) (255) (258) 
b Values listed are second-order rate constants in liter per mole-second. Values in parentheses are 

predicted by mechanism and rate constants developed here. 

s i m i l a r exper iments of G l i s s m a n n a n d S c h u m a c h e r at n e a r l y the same t e m p e r a t u r e are 
t a b u l a t e d i n T a b l e I I . I n one of t h e i r exper iments 610 m m . of n i t r o g e n was added . 
T h e results are i n q u a l i t a t i v e agreement b u t t h e y cannot be c o m p a r e d exac t ly , except 
i n t e rms of a specific m e c h a n i s m , because the t o t a l pressures were not the same. 

Table II. Comparison of Results of Glissmann and Schumacher (8) 
with Proposed Mechanism 

Experiment 46 45 43 40 39 66^ 
Vessel He II II II II II 
Temperature, ° C. 99.8 99.8 99.8 99.8 99.8 99.8 
Pressure after total decomposition4 767.8 408.8 254.6 120.6 50.7 125.9 Pressure after total decomposition4 

(oxygen) 
k» Χ 103 at 95 mm. of ozoneb 131 113 

(122) (131) (110) 
k, Χ 103 at 70 mm. of ozone 127 145 126 

(131) (149) (131) ('87) (354) 
k, Χ 103 at 55 mm. of ozone 136 160 144 101 415 

(135) (165) (151) (101) (406) 
k, Χ 103 at 40 mm. of ozone 144 178 166 132 475 

(142) (188) (181) (126) (478) 
k, Χ 103 at 20 mm. of ozone 153 197 119 605 

Q52) (229) (257) (203) (114) (641) 
* Mm. of mercury. 
b Values listed are second-order rate constants in liter per mole-second. Values in paren

theses are predicted by mechanism and rate constants developed here. 
0 One-liter spherical vessel. 
d 610 mm. of nitrogen present. 
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E x p e r i m e n t s 3 a n d 4 ( T a b l e I ) represent n e a r l y i d e n t i c a l condi t ions a n d , therefore , 
ind i ca te the order of r e p r o d u c i b i l i t y of present results . 

T h e same general t rends occur i n b o t h sets of exper iments . T h e second-order rate 
constants increase m a r k e d l y d u r i n g a g i v e n r u n , the m a g n i t u d e of th i s effect decreasing 
w i t h increas ing oxygen pressure . These second-order rate constants were o b t a i n e d b y 
t a k i n g tangents a t v a r i o u s po ints on a n inverse 0 3 c oncentra t i on vs. t i m e p l o t . A l l of 
the d a t a of G l i s s m a n n a n d S c h u m a c h e r were p l o t t e d i n th is m a n n e r i n order to o b t a i n 
the best rate constants . A t a g iven ozone pressure, the a d d i t i o n of oxygen accelerates 
the rate a t h i g h ozone pressures a n d i n h i b i t s i t at l ower pressures. 

D I S C U S S I O N . T h e s imple a tomic m e c h a n i s m (React i ons 1 t o 3 ) appears to be 
c ompat ib l e w i t h the q u a l i t a t i v e features of the t h e r m a l decompos i t i on of ozone. A n 
a t t e m p t was m a d e , therefore , t o test q u a n t i t a t i v e l y . 

A l t h o u g h the ra te l a w d e r i v e d f r o m th is m e c h a n i s m is comple te ly integrable , i t was 
s i m p l e r t o test the d a t a i n terms of the d i f ferent ia l rate expression. T h i s expression, 
assuming R e a c t i o n s 1 a n d 2 to be at the l o w pressure l i m i t , m a y be p u t i n the f o l l owing 
f o r m : 

(M)/*.(0,) = (k/2fc,fc,)(M)(02)/(0,) + l/2/f! (8) 
where 

(M) = (03) + α θ 2 ( 0 2 ) + α Ν 2 (Ν 2 ) + aco 2(C0 2) + aH e(He) (9) 

and k8 = - [d (0 8 ) /d t ] / (0 , ) « . (10) 

T o test th i s proposed m e c h a n i s m , (M)/ks(03) was p l o t t e d against ( M ) ( 0 2 ) / ( 0 3 ) . 
T h e best fit was ob ta ined us ing 

(M) = (03) + 0.44(O2) + 0.41(N2) + 1.06(CO2) + 0.34(He) (11) 

A l l 47 exper iments of G l i s s m a n n a n d Schumacher (8) were p l o t t e d i n th is m a n n e r 
except exper iments 31 , 37 , a n d 94 , w h i c h h a d n u m e r i c a l or t y p o g r a p h i c a l errors i n the 
t a b u l a t e d d a t a . T h e i r results y i e lded s t ra ight l ines (2, 5) for a l l exper iments , i n c l u d i n g 
those w i t h added iner t gases w i t h a n average error of less t h a n 5 % , except at v e r y h i g h 
ozone concentrat ions at the h igher temperatures s tud ied . T h i s is excellent agreement, 
cons ider ing t h a t ks m a y v a r y b y a fac tor of more t h a n 6 a t a g i v e n t e m p e r a t u r e 
depending u p o n the condi t ions (see T a b l e s I a n d I I ) . T a b l e I shows t h a t a l l f ou r 
exper iments fit this same m e c h a n i s m w i t h a n average error of less t h a n 1 0 % . 

T h e values of kx a n d k1ks/k2 ob ta ined f r o m the intercepts a n d slopes of these 
graphs y i e l d e d excellent A r r h e n i u s p lots . Because results a r o u n d 99.8° C . w i t h o u t 
a d d e d i n e r t gases agree w e l l w i t h the results of G l i s s m a n n a n d S c h u m a c h e r u n d e r the 
same condit ions i n t e rms of the proposed m e c h a n i s m , it appears t h a t the large b o d y of 
d a t a presented b y t h e m is re l iable . T h e values of the rate constants , a c t i v a t i o n 
energies, a n d a's presented i n this paper were obta ined b y r e i n t e r p r e t a t i o n of the results 
of G l i s s m a n n a n d S c h u m a c h e r . F r o m these are obta ined the values ( for M equa l to 
0 8 ) : 

fa = 4.61 ± 0.25 Χ 1012 exp ( - 2 4 , 0 0 0 / # Τ ) Liter/mole-second 

fafa/k2 = 2.28 ± 0.16 X 1015 exp (-30,600/#T) Second" 1 

T h e values obta ined b y G a r v i n (6) for the q u a n t i t y k1k3/k2 at m u c h h igher 
temperatures are n e a r l y i d e n t i c a l w i t h those obta ined f r o m the above expression. F r o m 
k n o w n t h e r m a l d a t a (11) 

Ke(l = h/k2 = 7.7 X 104 exp (-24,600/#T) Moles/liter 

k2 = 6.00 X 107 exp (+600/Λ7 7 ) Liter 2/mole 2-second 

7?3 = 2.96 X 101 0exp ( -6000/OT) Liter/mole-second 

T h e rates observed b y G l i s s m a n n a n d S c h u m a c h e r are a p p r e c i a b l y h igher t h a n 
those p r e d i c t e d b y the above m e c h a n i s m w h e n the absolute rate of the reac t i on is 
greater t h a n about 1 X 1 0 ~ 6 mo le per l i ter - second . T h r e e possible exp lanat ions of 
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these a b n o r m a l l y h i g h rates have been cons idered : f irst , secondary a c t i v a t i o n of ozone 
b y the a c t i v a t e d oxygen molecules f o r m e d i n R e a c t i o n 3 ; secondly , a d i rec t b imo le cu lar 
r e a c t i o n ; a n d , f ina l l y , the possible existence of t e m p e r a t u r e gradients i n the sys tem. 

T h e i m p o r t a n c e of secondary a c t i v a t i o n (energy chains) w o u l d depend on the 
ra t i o of the ozone concentra t i on to the rate of d e a c t i v a t i o n of the a c t i v a t e d oxygen 
molecules . Because th is rate of d e a c t i v a t i o n shou ld be n e a r l y t e m p e r a t u r e independent , 
the effect of energy chains shou ld be equa l ly i m p o r t a n t at 70° a n d 90° C . for the 
same ozone a n d oxygen concentrat ions . H o w e v e r , the observed rates were n o r m a l a t 
70° C . a n d h i g h at 90° C . at s i m i l a r concentrat ions . I f a d irect b imo le cu lar react ion 
is to compete w i t h R e a c t i o n 1, i t m u s t have a n a c t i v a t i o n energy of less t h a n 24 k c a l . 
because the f requency factor of & x is h igher t h a n w o u l d be expected for a n o r d i n a r y 
b imo le cu lar react ion . O n the other h a n d , unless th is possible d irect b i m o l e c u l a r reac
t i o n to f o r m oxygen has a n a c t i v a t i o n energy a p p r e c i a b l y greater t h a n R e a c t i o n 1, i t 
shou ld compete equa l ly as w e l l at 70° C . as a t 90° C . A g a i n th is is c o n t r a r y to the 
observed results . 

T h e possible existence of t e m p e r a t u r e gradients i n react ing systems has been 
t rea ted theore t i ca l l y (3), a n d i t is p red i c t ed t h a t t h e i r m a g n i t u d e shou ld be p r o 
p o r t i o n a l to the absolute rate of the react ion—i .e . , to the rate of heat e v o l u t i o n in th i s 
case. H a r t e c k a n d D o n d e s (9) have observed a t e m p e r a t u r e rise of a few degrees i n 
the center of a vessel of r a p i d l y decomposing ozone, a n d i t w o u l d seem l i k e l y t h a t 
t e m p e r a t u r e gradients also shou ld exist under some of the condi t ions s tud ied b y G l i s s 
m a n n a n d S c h u m a c h e r . A s i m i l a r effect has been observed b y A l l e n a n d R i c e (1) i n 
the decompos i t ion of azomethane near the explos ion l i m i t . Because the m a g n i t u d e of 
th is rate increase over the p r e d i c t e d rate is a p p a r e n t l y dependent o n l y o n the absolute 
rate of the reac t i on (a l though these increases are i n general no t large c o m p a r e d w i t h 
the average e x p e r i m e n t a l e rror , m a k i n g t h e m dif f icult to t reat q u a n t i t a t i v e l y ) , it 
w o u l d seem t h a t these abnormal i t i e s i n the d a t a can be best exp la ined i n t e rms of the 
existence of s m a l l t e m p e r a t u r e gradients . T h e observed rates are about 2 5 % h i g h , 
corresponding to a n average t e m p e r a t u r e increase of 2.3° C . , w h e n the rate is 6.8 X 
1 0 - 6 mo le per l i t er - second . 

T h e va lue of α θ 2 ( E q u a t i o n 9) is k n o w n o n l y w i t h i n ± 2 0 % . W h e n sufficient 
oxygen is present to c on t r ibute a p p r e c i a b l y to M , the reverse react ion , R e a c t i o n 2, is 
fast enough t h a t the effect of M on the o v e r - a l l rate is l i m i t e d . F o r th is reason α θ 2 

cannot be de termined more ac cura te ly w i t h the d a t a ava i lab le . T h e values obta ined 
for kx a n d , therefore , k2 are n e a r l y independent of the va lue chosen for α θ 2 . T h e va lue 
for ks var ies b y ± 1 0 % w h e n α θ 2 is v a r i e d b y ± 2 0 % . I f accurate d a t a were ava i lab le 
i n the v e r y l o w ozone region where the J a h n m e c h a n i s m preva i l s , k% c o u l d be obta ined 
independent ly of a 0 r T h e values of a f o u n d for the iner t gases are accurate to about 
± 1 0 % , because t h e y m a y be measured under condi t ions where R e a c t i o n 1 is near ly 
r a t e - d e t e r m i n i n g . T h e u n c e r t a i n t y i n the a c t i v a t i o n energies of kx a n d k2 is 0.5 k c a l . , 
a n d of ks i t is a p p r o x i m a t e l y 0.7 k c a l . 

N o t r e n d is observed i n the d a t a w h i c h c a n be a t t r i b u t e d to surface effects even 
t h o u g h the sur face - to -vo lume ra t i o was v a r i e d b y a factor of n e a r l y 6. ( T h e vessels 
used b y G l i s s m a n n a n d Schumacher h a d the f o l l owing vo lume- to -sur face rat ios i n c m . : 
I = 0.85, I I = 2.1, a n d I V = 4.74.) T h i s indicates t h a t surface react ions, i f present 
at a l l , m u s t c ont r ibute to less t h a n 1 0 % of the rate . H a r t e c k a n d D o n d e s (9) f o u n d 
t h a t increas ing the surface b y a factor of 100 increased the rate b y a fac tor of on ly 
4 to 6. T h i s also seems to ind i cate t h a t surface effects are s m a l l i n a n u n p a c k e d vessel. 

T h i s a tomic m e c h a n i s m requires , of course, t h a t the Ο a t o m concentra t i on be less 
t h a n t h a t w h i c h w o u l d be present i f e q u i l i b r i u m p r e v a i l e d w i t h respect t o Reac t i ons 1 
a n d 2. T h e ra t i o of th is s teady-state Ο a t o m concentra t i on to t h a t ca l cu la ted f r o m 
the e q u i l i b r i u m of Reac t i ons 1 a n d 2 depends o n the re la t ive rates of Reac t i ons 2 a n d 
3 a n d , therefore , on the ra t i o ( M ) ( 0 2 ) / ( 0 3 ) . T h e pred i c t ed values for the ra t i o of Ο 
a t o m concentrat ions are g iven i n T a b l e I I I as a f u n c t i o n of ( M ) ( 0 2 ) / ( 0 3 ) a n d of 
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Table III. (0). . / (0) eq as a Function of Temperature and (Μ)(θ2)/ (θ3) 

(M) (00/(00. — 
Mm. Hg 200 130 110 90 70 25 0 

1,000 7.5» 23.4 33.0 45.4 60.0 88.0 95.6 
2,000 13.9 37.9 49.6 62.4 74.9 93.5 97.9 
3,000 19.5 47.8 59.6 71.3 81.7 95.6 95.5 
6,000 32.6 64.6 74.6 83.2 90.0 97.7 99.3 
9,000 42.1 73.1 81.4 88.1 93.0 98.5 99.5 

12,000 49.2 78.5 85.4 90.8 94.6 98.9 99.6 
15,000 54.8 82.0 88.0 92.5 95.8 99.1 99.7 
18,000 59.2 84.5 89.7 93.7 96.5 99.3 99.8 
21,000 62.9 86.5 91.0 94.6 96.9 99.4 99.8 
24,000 65.9 87.9 92.0 95.2 97.3 99.4 99.8 
27,000 68.5 89.0 93.0 95.7 97.5 99.5 99.8 
30,000 70.7 90.0 93.5 96.1 97.8 99.6 99.9 
60,000 82.8 94.9 96.8 98.1 98.9 99.8 

120,000 90.5 97.3 98.4 99.0 99.4 99.9 
240,000 95.0 98.6 99.2 99.5 99.8 
480,000 97.5 99.2 99.5 99.7 99.9 

* Values listed are ( 0 ) „ / ( 0 ) e q X 100. 

t e m p e r a t u r e . T h i s tab le shows t h a t u n d e r the t y p i c a l d i lu te ozone condit ions of 3 % 
ozone i n a n atmosphere of oxygen [ ( M ) ( 0 2 ) / ( 0 3 ) = 1 1 , 1 0 0 m m . of m e r c u r y ] the ox 
ygen a t o m concentra t i on w i l l be o n l y about 7 7 % of i t s e q u i l i b r i u m v a l u e at 1 3 0 ° C . a n d 
about 8 7 % a t 1 0 0 ° C . There fore , even u n d e r these d i lu te condi t ions , the rate s h o u l d 
n o t be exac t ly second-order n o r shou ld i t be exac t ly inverse ly p r o p o r t i o n a l t o the 
oxygen concentrat i on . U n d e r the condi t ions used b y G a r v i n (6) the rate s h o u l d be 
about one ha l f of t h a t p r e d i c t e d b y the J a h n m e c h a n i s m . 

D e t a i l e d ca lculat ions have been m a d e o n the results of a l l prev ious workers t o 
compare these results w i t h the proposed m e c h a n i s m a n d rate constants (2). T h e 
r e p r o d u c i b i l i t y was v e r y poor i n most of these ear l ier invest igat ions b u t i n n e a r l y every 
case the lowest rates observed a p p r o a c h e d closely to those p r e d i c t e d b y th i s s imple 
a tomic m e c h a n i s m , even i n vessels of v e r y large sur face - to -vo lume rat ios . These 
ca lculat ions seem to ind i ca te t h a t a trace ca ta lys t was present i n most of the studies 
a n d w h e n th is was e l i m i n a t e d , the s imple a tomic m e c h a n i s m p r e v a i l e d . A p p a r e n t l y 
G l i s s m a n n a n d S c h u m a c h e r were the o n l y ear ly invest igators w h o were able to e l iminate 
th is t race ca ta lys t comple te ly . N o re l iable evidence was ever presented to ind i ca te 
t h a t the surface p l a y e d a n i m p o r t a n t role even i n those cases where cata lys is was 
occurr ing—e.g . , p a c k i n g the vessel w i t h glass woo l (9) c o u l d easi ly in t roduce a t race 
ca ta lys t w h i c h was a c t u a l l y homogeneous i n i ts ac t i on . 

T h e results of S u t p h e n (18) s u p p o r t the complex m e c h a n i s m proposed b y G l i s s m a n n 
a n d S c h u m a c h e r a n d ind i ca te t h a t the u n i m o l e c u l a r decompos i t i on of ozone is n o t a t 
i ts l o w pressure l i m i t . R e s u l t s of a l l 6 7 of these exper iments have been c o m p a r e d w i t h 
the in tegra ted f o r m of E q u a t i o n 8 ; t y p i c a l d a t a are t a b u l a t e d i n T a b l e I V , where £ o b s d 

is c o m p a r e d w i t h £ c a l c d f r o m th is in tegra ted equat ion . E x c e p t for the exper iments i n 
w h i c h 6 a t m . of oxygen were present , Sutphen ' s results fit the proposed m e c h a n i s m 
w i t h a n average error of 1 0 to 1 5 % w i t h o n l y a few exceptions. E x p e r i m e n t s 2 2 8 , 2 3 3 , 
a n d 2 3 4 , i n w h i c h energy chains are proposed to be i m p o r t a n t , fit the s imple a tomic 
m e c h a n i s m w e l l . ( T h e percentage decompos i t i on was so great i n E x p e r i m e n t 
2 2 8 t h a t a n y error i n the f ina l ozone pressure w o u l d be great ly magni f i ed i n i c a i c d . ) 

E x p e r i m e n t s 2 6 2 a n d 2 7 5 , w h i c h were c i ted as evidence against the s imple a tomic 
m e c h a n i s m , are a c t u a l l y i n agreement w i t h i t . T h e rates observed i n the presence of 6 
a t m . of oxygen were m u c h faster t h a n the pred i c t ed rates. H o w e v e r , th i s cannot be 
due to a homogeneous b imo le cu lar reac t i on as proposed b y S u t p h e n , because the 
authors have observed a l o w t e m p e r a t u r e rate slower b y a fac tor of 5 t h a n the rate 
p r e d i c t e d b y Sutphen ' s b i m o l e c u l a r rate constant . T h e m o s t obvious e x p l a n a t i o n of 
these h i g h rates is the i n t r o d u c t i o n of a trace ca ta lys t w i t h the oxygen or the f o r m a t i o n 
of such a ca ta lys t d u r i n g the discharge w h i c h took place i n the reac t i on vessel . T h e 
first of these m i g h t also e x p l a i n the h i g h rates i n exper iments 2 0 5 a n d 2 1 5 . T h e fast 
rates a t v e r y h i g h oxygen pressures a p p e a r e d to be exac t ly second-order . 
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Table IV. Comparison of Sutphen's (78) Results with Proposed Mechanism 

Temp., P°ov P'o,, P°o2, Pco2, lobed, toalod, loalod 
Expt. ° C . M m . Hg Mm. Hg Mm. Hg Atm. Sec. Sec. tobad 
178 99.5 62.4 42.1 191.8 900 956 1.06 
183 99.5 63.1 28.4 194.1 6.16 900 882 0.98 
186 115.5 62.0 11.3 190.7 1.00 900 890 0.99 
189 115.5 63.0 9.9 192.6 6.13 900 780 0.87 
210 99.5 15.11 6.75 209.0 3000 3423 1.14 
202 115.5 31.12 7.48 228.7 960 918 0.96 
206 99.5 62.37 32.59 387.9 é.'oo 900 1154 1.29 
213 115.5 28.13 8.51 390.4 6.00 1200 1184 0.99 
205A 99.5 20.47 15.22 572.1 1560 2071 1.33 
269 99.5 10.09 5.06 19.07 9000 9807 1.09 
232 99.5 28.49 20.43 2400 2948 1.23 
275 99.5 88.26 46.94 1860 1942 1.04 
273 99.5 86.07 43.88 755.4 1800 2006 1.12 
258 115.5 9.20 6.16 18.68 1500 1530 1.02 
226 115.5 29.00 22.47 600 693 1.16 
262 115.5 87.86 47.86 600 486 0.81 
276 115.5 85.79 34.19 743.1 720 630 0.87 
233 99.5 28.60 16.12 0.262 600 632 1.05 
234 99.5 28.76 7.22 3.88 600 557 0.93 
228 115.5 29.20 3.02 4.05 600 377 0.63 
215 85.5 62.81 44.02 199.3 900 1450 1.61 

212 115.5 15.12 7.74 4612 4800 10180 2.12 
197 115.5 63.61 24.24 4483 1800 4054 2.25 
198 99.5 62.53 48.28 4079 1080 3730 3.46 
208 99.5 14.69 10.00 4322 7200 26437 3.66 
216 85.5 61.08 47.81 4680 2700 20495 7.58 
287 70.0 89.08 53.33 4564 0.15» 2.33» 15.7 
289 70.0 61.36 39.25 4564 0.18» 2.31» 15.5 
280 25.0 88.45 76.71 4540 1.73» 456» 264 
290 25.0 124.9 108.4 4598 2.48» 324» 262 

» X 10». 

R e p r o d u c i b i l i t y . R E S U L T S . T O test the r e p r o d u c i b i l i t y of results , a series of 17 
exper iments was c a r r i e d ou t o n ozone-oxygen m i x t u r e s a t t emperatures between 80° 
a n d 100° C . These a l l gave rates 0 to 1 5 % above the p r e d i c t e d va lues . A l t h o u g h the 
e x p e r i m e n t a l procedure was c o n t i n u a l l y i m p r o v e d , these dev iat ions ( w h i c h a m o u n t e d 
to less t h a n 1 0 % between most of the runs) c o u l d ne i ther be e l i m i n a t e d n o r exp la ined . 
D u r i n g a n y g i v e n exper iment the ra t i o of the a c t u a l rate t o the pred i c t ed rate r e 
m a i n e d a p p r o x i m a t e l y constant . N o difference was observed between the t w o sources 
of oxygen w h i c h were used. H i g h i n i t i a l rates were observed i n those cases where 
t e m p e r a t u r e gradients w o u l d have been p r e d i c t e d f r o m i n t e r p r e t a t i o n of the results 
of G l i s s m a n n a n d S c h u m a c h e r . I n i t i a l s t i r r i n g of the ozone-oxygen m i x t u r e s h a d no 
effect on the rate or the order of r e p r o d u c i b i l i t y . 

F o u r exper iments were c a r r i e d out i n w h i c h 8 t o 20 m m . of water v a p o r was p r e s 
ent i n the ozone-oxygen m i x t u r e s a t 90° a n d 100° C . These gave rates f r o m 12 to 
1 9 % above the p r e d i c t e d rates, a n d there was l i t t l e c o r re la t i on between the a m o u n t 
of w a t e r present a n d the m a g n i t u d e of the rate increase. These rates are considered 
to be s ign i f i cant ly faster t h a n those ob ta ined w i t h the p u r e ozone-oxygen m i x t u r e s . 
A n a t t e m p t was m a d e to in t roduce 0.7 m m . of h y d r o g e n perox ide v a p o r i n t o a vessel 
c o n t a i n i n g a p p r o x i m a t e l y 175 m m . of ozone at 90° C . T h i s resul ted i n a n i m m e d i a t e 
explos ion . H y d r o g e n peroxide (0.2 m m . ) was successfully i n t r o d u c e d i n a s i m i l a r 
exper iment i n w h i c h o n l y about 100 m m . of ozone was present . T h i s gave a n average 
rate o n l y 1 1 % faster t h a n the rate p red i c t ed i n the absence of the perox ide . 

T h e sys tem was t h e n comple te ly r e b u i l t a n d a l l stopcocks were rep laced w i t h 
packless m e t a l va lves i n a n effort to e l iminate a n y source of catalys is w h i c h m i g h t be 
caused b y the stopcock l u b r i c a n t . H o w e v e r , there was no evidence t h a t H a l o c a r b o n 
grease is no t ent i re ly iner t to ozone. Ozone (194 m m . ) a n d oxygen (284 m m . ) were 
sealed off i n the opaque reac t ion vessel w h i c h was t h e r m o s t a t e d at 29.8° C . A f t e r 2 
weeks, 111 m m . of ozone remained i n the vesse l ; th is was heated to 70° C . so t h a t d a t a 
a t t w o dif ferent t emperatures c o u l d be ob ta ined f r o m the same sample . A t 29.8° C . 
a r a p i d loss of ozone was observed d u r i n g the first 5 to 10 hours , a n d t h e n the rate 
became a lmost exac t ly second-order i n ozone over the ent i re 2-week p e r i o d . T h e 
second-order rate constant was 5.81 X 10— 5 l i t e r p e r mole -second w h i c h m a y be c o m 
p a r e d w i t h the v a l u e of 28.9 X 1 0 ~ 5 w h i c h w o u l d be p r e d i c t e d b y Sutphen ' s (18) p r o 
posed b i m o l e c u l a r rate constant a n d the va lue of 1.7 X 10 - 5 w h i c h w o u l d be pred i c t ed 
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b y the proposed a tomic m e c h a n i s m . T h e rate a t 70° C . w i t h th i s same sample was 
n e a r l y 5 0 % faster t h a n the pred i c t ed rate suggesting t h a t some i m p u r i t y h a d been 
i n c l u d e d . A c o n t r o l r u n was made a t 90° C . on a s i m i l a r l y p r e p a r e d sample , a n d th i s 
gave rates 70 to 300 t imes the rate p r e d i c t e d b y our atomic m e c h a n i s m . I t was c o n 
c luded t h a t m e t a l oxides h a d been i n t r o d u c e d i n t o the reac t i on vessel . There fo re , th i s 
sys tem was abandoned . 

A series of exper iments was i n i t i a t e d i n w h i c h the ozone was f o r m e d i n the react ion 
vessel b y a m e t h o d s i m i l a r t o t h a t developed b y S u t p h e n (18). P u r i f i e d t a n k oxygen 
(400 m m . ) was sealed off i n the reac t i on vessel a n d th i s was p a r t i a l l y condensed b y 
coo l ing the lower p o r t i o n of the vessel i n l i q u i d n i t r o g e n . A T e s l a co i l discharge was 
passed t h r o u g h the vessel above the surface of the l i q u i d a n d n e a r l y a l l of the oxygen 
was conver ted to ozone i n th is m a n n e r . A f t e r the ozone h a d e v a p o r a t e d at r o o m t e m 
perature , the vessel was heated to 70° C . a n d the rate was fo l lowed as u s u a l . T h e i n i 
t i a l r u n gave rates f r o m 2 to 4 t imes faster t h a n the p r e d i c t e d rates , a n d a second r u n 
w i t h the same sample of oxygen gave rates w h i c h were even faster b y another fac tor of 
1.5 to 2. Because i t appeared t h a t a cata lys t was be ing f o rmed i n the discharge, t h i s 
procedure was also abandoned . 

D I S C U S S I O N . T h e cause of the 1 0 % deviat ions among the var i ous exper iments 
under s i m i l a r condi t ions was not d iscovered , b u t a possible e x p l a n a t i o n m i g h t be t h e 
inc lus i on of a trace ca ta lys t i n v a r y i n g amounts . T h e results of m o s t of the other 
workers were not so reproduc ib le , a l t h o u g h o n l y i n a v e r y few cases were exper iments 
r e r u n u n d e r n e a r l y i d e n t i c a l condi t ions . O n l y the results of G l i s s m a n n a n d S c h u m a c h e r 
appear to be free of a n y such u n c e r t a i n t y i n the r e p r o d u c i b i l i t y (when c o m p a r e d i n 
te rms of proposed m e c h a n i s m ) , b u t even i n the i r t h o r o u g h i n v e s t i g a t i o n c o n t r o l e x p e r i 
ments were no t car r i ed out . R e p r o d u c i b i l i t y results were close enough to those p r e 
d i c ted b y the proposed a tomic m e c h a n i s m over a wide enough range of condi t ions t o 
l e n d considerable s u p p o r t to the c l a i m t h a t these are the o n l y s igni f icant react ions 
w h i c h occur i n th is sys tem. 

T h e results o b t a i n e d w i t h added w a t e r v a p o r set a n u p p e r l i m i t o n the effect of 
water , b u t i t w o u l d be dif f icult to p r o v e t h a t the observed increase i n the rate was n o t 
due e n t i r e l y to a n i m p u r i t y i n t r o d u c e d w i t h the water v a p o r . T h e results w i t h added 
h y d r o g e n peroxide were somewhat inconc lus ive , because i t decomposes r a p i d l y o n the 
surface of a boros i l i cate glass vessel a t 90° C . D u r i n g the few m i n u t e s w h i c h elapsed 
between the i n t r o d u c t i o n of the perox ide a n d the t a k i n g of the first pressure r ead ing , 
most of the perox ide m a y have decomposed. T h u s the l a c k of a n y large effect of 
h y d r o g e n peroxide (other t h a n the explos ion w h i c h i t a p p a r e n t l y caused) does no t 
prove t h a t i t m a y not have been a n i m p o r t a n t trace ca ta lys t i n some of the earl ier 
w o r k or even i n the present inves t i ga t i on . 

T h e rates ob ta ined at 29.8° C . were s lower b y a fac tor of 5 t h a n the rates w h i c h 
w o u l d be expected f r o m Sutphen ' s (18) b imo le cu lar m e c h a n i s m , even t h o u g h there was 
some t y p e of catalys is t a k i n g place as s h o w n b y the anomalous results ob ta ined at 
70° C . w i t h the same sample . There fore , the l o w t e m p e r a t u r e rates o b t a i n e d b y 
S u t p h e n cannot be exp la ined b y a homogeneous b i m o l e c u l a r reac t i on . These d a t a set 
a n u p p e r l i m i t o n the rate of a possible d irect b imo le cu lar reac t ion , b u t do n o t ru le 
out the s imple a tomic m e c h a n i s m as the o n l y m e c h a n i s m even at l o w temperatures , b e 
cause some catalys is was o b v i o u s l y o c c u r r i n g . T h i s d u a l t e m p e r a t u r e technique w o u l d 
appear to be a n in teres t ing m e t h o d of s t u d y i n g the role of ac c identa l cata lys is i n th i s 
sys tem. T h e results of th is l o w t e m p e r a t u r e r u n p o i n t out the h i g h s t a b i l i t y of ozone 
to t h e r m a l decompos i t ion at r o o m t e m p e r a t u r e . E v e n i n this sys tem where i m p u r i t i e s 
are suspected, e x t r a p o l a t i o n of the observed results w o u l d ind i ca te t h a t a sample 
conta in ing 5 % ozone i n a n atmosphere of oxygen c o u l d be stored at r o o m t e m p e r a t u r e 
for n e a r l y 2 m o n t h s before the ozone concentra t i on w o u l d f a l l be l ow 4 % . I n a sys tem 
where o n l y the homogeneous a tomic m e c h a n i s m is o c c u r r i n g ( i f th i s can be a t t a i n e d ) , 
this storage t i m e c o u l d be over 6 m o n t h s . 

T h e t w o exper iments i n w h i c h the ozone was f o r m e d i n the reac t i on vessel p o i n t 
out some of the prob lems i n v o l v e d i n such a technique . T h e oxygen source a n d e x p e r i -
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mental techniques were identical to most of the previous experiments, in which the 
highest rate ever obtained was only 1.25 times the predicted rate. Therefore, some 
catalyst must have been formed in the discharge. Most of Sutphen's results are in 
accord with the proposed mechanism, even though he used this technique in all his 
experiments. However, in his system the ozone preparation took less than 10 minutes, 
while in the experiments reported here it required 2 to 3 hours. 

Photochemical Decomposit ion 

The photochemical decomposition of ozone has long been cited as an example of 
one of the few systems in which it is necessary to propose an energy chain mechanism. 
This came about from the observation that at very short wave lengths quantum yields 
as high as 6 were observed (10), whereas the primary photochemical process 

0 3 + Κμ > 0 2 + Ο 

followed by Reactions 2 and 3 would give a maximum quantum yield of 2. Therefore, 
Reaction 6 is usually included to account for these high quantum yields. 

This previously proposed photochemical mechanism is not consistent with the 
present interpretation of the thermal decomposition, because there is no evidence that 
Reaction 6 occurs even at very high ozone concentrations. The results obtained with 
visible light (16) also tend to rule out any such energy chain, because they may be 
explained very well in terms of a simple mechanism involving Reactions 12, 2, and 3 
even under conditions where the high quantum yields were observed with ultraviolet 
light. The value of ks/k2 obtained (2) from this simple mechanism was 0.0104 mole 
per liter and may be compared with the value of 0.0053 calculated at 17° C . from the 
proposed rate constants. This difference should not be considered too seriously until 
further data are available, because this original work was rather crude and there was 
some uncertainty in the earlier work as to whether the quantum yield was based on 
ozone or oxygen. A t any rate, the observed quantum yields are definitely a function 
of wave length, and this would not be the case if an energy chain involving Reactions 
3 and 6 were involved. 

T o arrive at a photochemical mechanism which is consistent with all of the 
observed photochemical as well as thermal results, the various possible energy levels or 
excited states of the primary photochemical products should be considered in detail. 
Such a mechanism has been proposed (5 ) , which can account for the high quantum 
yields observed in the far ultraviolet. However, this is somewhat speculative, because 
the experimental difficulties encountered in the photochemical studies appear to be 
even more insurmountable than those encountered in the thermal decomposition. More 
quantitative data are needed on the photochemical system before its mechanism can be 
definitely established. 
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Implications of Data on the Gas Phase 
Decomposition of Ozone 

SIDNEY W. BENSON and ARTHUR E. AXWORTHY,1 Jr. 

Department of Chemistry, University of Southern California, Los Angeles 7, Calif. 

The kinetic data on the decomposition of ozone via 
oxygen atoms are considered in terms of their im
plications for the possible existence of direct bi
molecular reactions of ozone molecules and energy 
chains carried by excited oxygen. A direct bimo
lecular reaction of ozone to form oxygen if it exists 
at all, must have an activation energy of between 
17 and 21 kcal., but not higher. Energy chains car
ried by excited oxygen are unlikely on several theo
retical considerations, in accord with the limits esti
mated for the rate of such reactions from the data. 
The anomalies in the rate constants for the reactions 
O3 + M  O2 + O + M are understandable in 
terms of the theory of unimolecular reactions. In 
the case of ozone it is essentially a unimolecular 
reaction at its low pressure limit. Finally, the proc
esses occurring in an electric discharge through oxy
gen are considered. Oxygen atoms are a very 
rapid catalyst for the synthesis of ozone and the 
limiting yields are probably fixed by the local tem
peratures and the processes causing direct dissocia
tion of ozone rather than oxygen atom attack. 

The decompos i t i on of ozone, perhaps one of the s implest possible systems f r o m a 
c h e m i c a l v i e w p o i n t , has been a n ex t remely complex a n d di f f i cult s t u d y k i n e t i c a l l y . 
T h e reac t i on is enormous ly sensit ive t o homogeneous cata lys is b y traces of halogens, 
l i g h t , oxides of n i t r o g e n , h y d r o c a r b o n s , peroxides , a n d m e r c u r y v a p o r , a n d to hetero 
geneous cata lys is b y metals a n d m e t a l oxides. Because ozone is p r o d u c e d b y pass ing 
electr ic discharges t h r o u g h oxygen , the p r o b l e m of e l i m i n a t i n g these t race ca ta lys ts 
is one of o b t a i n i n g oxygen free f r o m traces of n i t r o g e n , oxides of n i t r o g e n , a n d h y 
drogen - conta in ing compounds such as w a t e r , because u n d e r the influence of the 
discharge a l l w i l l p roduce one or another of the above -ment ioned ca ta lys ts . T h e 
k i n e t i c s t u d y is f u r t h e r c o m p l i c a t e d b y the fact t h a t the reac t i on is s t r o n g l y exo
t h e r m i c (34.5 k c a l . per mole of ozone) , so t h a t t e m p e r a t u r e gradients of measurable 
m a g n i t u d e are q u i c k l y establ ished i n a flask conta in ing decompos ing ozone gas. 
T h i s se l f -heat ing i n fact imposes severe l i m i t s o n the range of e x p e r i m e n t a l c o n d i -

1 Present address, She l l O i l Co . , M a r t i n e z , C a l i f . 
398 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
05

3

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



BENSON AND AXWORTHY-GAS PHASE DECOMPOSITION 399 

tions in which the decomposition may be studied, because the limits of the thermal 
explosion are reached at partial pressures well below 1 atm. 

Mechan i sm of Pyrolysis 

Despite these complexities, or eccentricities, it appears that the homogeneous, 
thermal, gas phase decomposition of ozone can be described by a very simple mecha
nism, which is a modification of the one first proposed by Jahn (8) : 

M + 0 3 ^ 0 2 + 0 + M -24.6 kcal. (1, 2) 
2 

Ο + 0 3 Λ 20 2 + 93 kcal. (3) 

where M represents a suitably weighted sum of all the substances (including ozone) 
present in the gas phase. It has recently been shown (1,4) that a u * °f t n e work 
on dilute ozone (5, 12), most of it not very quantitative, and the more precise and 
very extensive work on concentrated ozone by Glissmann and Schumacher (6) can 
be fitted to the above mechanism with the results (1, 4): 

fci(M = 0 3) = 4.61 X 1012 exp (-24,000/i2T) liter/mole-sec. 
fc,(M = 0 3) = 6.00 X 107 exp (+600/#T) liter2/mole2-sec. (4) 

h = 2.96 X 1010 exp ( -6 ,000 /βΤ 7 ) liter/mole-sec. 

The effects of various "foreign" gases are represented by : 

M = 0 3 + 0.44 0 2 + 0.41 N , + 1.06 C 0 2 + 0.34 He (5) 

where the coefficients represent the efficiency of the respective gas (relative to ozone) 
in both activation and deactivation of ozone. 

If a stationary state for oxygen atoms is assumed, the above mechanism gives: 

( U fe(0,)(M) + *,(0,) w 

and for the rate of decomposition of ozone: 

= 2fe(0)B8(03) 

2huo3y (.() 

w n J , , fa(Q») Ί 
fc2(°2) L 1 + f e ( â ) ( M ) j 

w h i c h differs f r o m the o r i g i n a l J a h n (8) result b y the b r a c k e t e d t e r m i n the de
n o m i n a t o r of E q u a t i o n 7. I n two extreme cases w h i c h are never qui te rea l i zed i n 
l a b o r a t o r y pract i ce , the rate expression reduces t o : 

A . C o n c e n t r a t e d Oo 

[fc.(0,) » /c2(02)(M)] 2fc1(0,)(M) (8) 

-> 2A^(03)2 (9) 
(if M=Oa) 

B . D i l u t e 0 3 

[*,((),) « *2(02)(M)] -=igp - 2-ψ g | (10) 

F r o m the above d a t a , /b 3 / /b 2 = 493 exp ( - 6 6 0 0 / 2 2 Γ ) m o l e / l i t e r , w h i c h has the 
v a l u e 0.187 a t m . a t 30° C . a n d 2.04 a t m . a t 100° C . C a s e A is thus 9 0 % rea l i zed a t 
30° C . o n l y i n m i x t u r e s c onta in ing less t h a n 15 m m . of oxygen a n d more t h a n 90 m m . 
of ozone. A t 100° C , Case A is 9 0 % achieved i n m i x t u r e s w i t h less t h a n 100 m m . of 
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oxygen i f 0 3 > 100 m m . Case Β is easi ly achieved at 30° C , b u t on ly w i t h d i f f i cu l ty a t 
100° C — i . e . , at 1 a t m . of oxygen o n l y i f 0 3 < 0.02 a t m . 

These cases i l lus t ra te some of the observed paradoxes of the ozone decompos i t ion . 
P u r e ozone decomposes at a second-order rate w i t h a n a p p a r e n t a c t i v a t i o n energy w h i c h 
changes as the react ion proceeds, f r o m 24 k c a l . (k^ to about 30 k c a l . (k1k3/k2). 
A d d i n g oxygen to pure ozone accelerates its rate of decompos i t ion , wh i l e a d d i n g oxygen 
to d i lu te ozone i n h i b i t s i ts rate of decompos i t ion . ( C o m p a r e E q u a t i o n 8 w i t h 
M = 0 3 + 0.440 2 against E q u a t i o n 10. A d d i t i o n of foreign gases to pure ozone—e.g., 
N 2 , C 0 2 — a c c e l e r a t e s the rate , whi l e the i r a d d i t i o n to d i lute ozone has no effect.) T h i s 
results i n the w e l l k n o w n behav ior , observed d u r i n g single runs w i t h concentrated ozone, 
t h a t the a p p a r e n t second-order rate constant continues to increase over the course of 
the react ion . 

G l i s s m a n n a n d Schumacher (6) i n t e r p r e t e d the i r d a t a i n terms of a m i x e d m e c h a 
n i s m i n c l u d i n g a d irect b imo lecu lar reac t ion 2 0 3 ® 3 0 2 . I n the r e i n t e r p r e t a t i o n of 
these d a t a , B e n s o n a n d A x w o r t h y (4) decided t h a t there was no evidence for such 
a react ion . [ A reappra i sa l of the more recent w o r k of Ogg a n d S u t p h e n (9) s i m i l a r l y 
shows t h a t t h e i r d a t a do not require the i n t r o d u c t i o n of such a d i rec t b imo lecu lar 
react ion. ] F o r such a react ion to c ont r ibute , let us say 1 0 % to the scheme proposed , 
kB w o u l d have to be about 0.2 kr ( E q u a t i o n 9) over the pressure a n d t e m p e r a t u r e range 
s tud ied . T h e f requency factor of R e a c t i o n Β w o u l d be expected to be about 1 0 - 1 to 
1 0 - 3 t imes the f requency of col l isions w h i c h w o u l d be about 2 Χ 1 0 1 1 l i t e r /mo le - se c . 
I f kB = 0.2 k1 is set at 100° C , EB m u s t be between 18 a n d 21.5 k c a l . per mole , 
depending on the steric factor used . T h e observed rate of decompos i t ion of c o n 
centrated ozone (1) at l ow temperatures , where such a react ion has the best chance of 
being observed, verifies these f requency factors a n d a c t i v a t i o n energies as u p p e r a n d 
lower l i m i t s , respect ive ly , for such a proposed b imo lecu lar p a t h . 

I t is v e r y dif f icult as w e l l as tedious to o b t a i n reproduc ib le rate constants under 
these condit ions , because the slowness of the decompos i t ion is such t h a t even s l ight 
amounts of catalys is can t h r o w the results off b y a considerable a m o u n t . 

Energy Chains a n d Thermal Gradients 

Because R e a c t i o n 3 is exothermic b y 93 k c a l . , a n d requires 6 k c a l . per mole a c t i v a 
t i o n energy, the p r o d u c t oxygen molecules share between t h e m 99 k c a l . of excess energy. 
I f th is is present as t r a n s l a t i o n a l energy, each oxygen p r o d u c t molecule w i l l have 49.5 
k c a l . of excess t r a n s l a t i o n a l energy w h i c h is not expected to be effective i n exc i t ing 
ozone molecules to d issoc iat ion . Because of the requirements for m o m e n t u m con 
servat i on , o n l y 3 / 5 of th is energy is a c t u a l l y ava i lab le for convers ion to i n t e r n a l ex
c i t a t i o n i n a co l l i s ion w i t h a n o r m a l ozone, w h i c h w o u l d be about 20 k c a l . T h i s is 
sufficient for d issoc iat ion of ozone. B u t excess t r a n s l a t i o n a l energy is a lways v e r y 
q u i c k l y degraded, so t h a t t r a n s l a t i o n a l l y exc i ted oxygen molecules w i l l not be ex
pected to be efficient as energy c h a i n carr iers . 

T h e ava i lab le energy is not sufficient to excite a n y b u t the l o w - l y i n g , metastable , 
singlet , e lectronic states of oxygen (7 ) . O n grounds of s p i n conservat ion not m o r e t h a n 
one such state shou ld be expected, so t h a t the r e m a i n i n g energy of f r o m 61 to 76 
k c a l . w o u l d be present as v i b r a t i o n p lus r o t a t i o n of the two oxygen p r o d u c t molecules. 
Of the two electronic states, the lower (τΔς) has insufficient energy (22.5 kca l . ) to 
dissociate ozone. T h e u p p e r state (^g) has enough energy (37.6 k c a l . ) , b u t the 
co l l i s ional t rans fer to ozone vio lates s p i n conservat ion a n d w o u l d be expected to be 
v e r y inefficient. 

V e r y l i t t l e is k n o w n about the t rans fer of v i b r a t i o n a l energy f r o m one molecule to 
another , b u t for d i s s imi la r species such as oxygen a n d ozone i t w o u l d be expected to 
be v e r y inef f ic iently t rans fe r red i n such large amounts as w o u l d be r equ i red for a n 
energy cha in . I t seems m u c h more reasonable to expect v i b r a t i o n a l l y exc i ted oxygen 
molecules to lose the i r energy pre f e rent ia l l y i n co l l i s ion w i t h other oxygen molecules 
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a n d i n steps of 1 or 2 q u a n t a at a t i m e . T h u s the a priori evidence w o u l d oppose the 
existence of energy chains i n th is sys tem. 

T h e k i n e t i c evidence against energy chains has been examined b y B e n s o n a n d 
A x w o r t h y (1,4). I f we look at the m e c h a n i s m for energy chains , the o r ig ina l scheme 
becomes : 

0 3 + M ^ 0 2 + 0 + M 2 
Ο + 0 3 i > 2 0 2 * [ 

0 2 * + 0 3 X 0 2 + 0 2 + O) (chain) (11) 

0 2 * + M ' i o 2 + M (deactivation) 

where M ' is w r i t t e n to p o i n t out the different possible efficiencies of var i ous gases i n 
th i s react ion as opposed to Reac t i ons 1 a n d 2. A p p l y i n g the s t a t i o n a r y state t r e a t m e n t 
to bo th Ο a n d 0 2 * leads to : 

d(Q,) 2fetfc,(M)(Q,)» ( 1 2 ) 

( U 2fc,(02) 

. (0 8) . 

w h i c h differs f r o m the prev ious express ion, E q u a t i o n 7, b y the t e r m i n brackets , i n 
v o l v i n g the rat io k5(M')/k4(03). T h e m a x i m u m expected va lue of th is ra t i o w o u l d 
be ^ 1 i n pure ozone—i.e. , M ' = 0 3 — w h i c h w o u l d i m p l y equa l chances of e x c i t a t i o n or 
deac t i va t i on on co l l is ion of 0 2 * w i t h ozone. Because a va lue of 1 w o u l d i m p l y explos ion 
of p u r e ozone, i t is c e r t a i n t h a t the t r u e va lue is cons iderab ly less t h a n 1. 

T h i s has the net effect of increas ing the s t a t i o n a r y state of oxygen atoms above 
the t h e r m o d y n a m i c a l l y expected l i m i t a n d thus enhanc ing the ra te . H o w e v e r (1, 4)> 
such enhancement w o u l d be expected to depend solely on the ra t i o of ( 0 3 ) / ( M ) a n d 
to be independent of t e m p e r a t u r e . B e n s o n a n d A x w o r t h y have s h o w n t h a t there is 
no evidence to s u p p o r t such a n effect a n d t h a t the enhancements observed are e x p l i c a 
ble o n grounds of the t e m p e r a t u r e gradients p r o d u c e d b y the decompos i t ion . I n terms 
of ava i lab le d a t a , the prec is ion is sufficient to conclude t h a t k5/k4 ^ 15, w h i c h w o u l d 
s u p p o r t the p r e v i o u s l y s ta ted speculat ions o n energy t rans fer . 

Unimolecular Features 

T h e rate constants f o u n d for the i n d i v i d u a l steps 1 a n d 2 show a n u m b e r of 
anomalies . I n the first p lace , the a c t i v a t i o n energy for R e a c t i o n 1 is less t h a n the 
energy change for the process, w h i c h leads to the c o r o l l a r y a n o m a l y t h a t the a c t i v a t i o n 
energy of 2 is negat ive . L a s t l y , the f requency fa c to r of 1 is greater t h a n co l l i s ion 
frequencies b y a fac tor of about 20. R e a c t i o n 3, aside f r o m i t s great e x o t h e r m i c i t y , has 
a n o r m a l f requency factor for such a reac t ion a n d presents no strange features. T h e 
steric fac tor is about 0.1, w h i c h is j u s t about w h a t one w o u l d ca lculate f r o m t r a n s i t i o n 
state theories . 

These anomalies a p p e a r understandable , however , w h e n the decompos i t i on of 
ozone is l ooked u p o n f r o m the p o i n t of v i e w of a u n i m o l e c u l a r reac t ion at i ts l ow 
pressure l i m i t . W i t h three i n t e r n a l v i b r a t i o n s a n d a m a x i m u m of t w o act ive ro tat ions , 
the m e a n l i f e t ime of the average ozone molecule undergo ing decompos i t i on is expected 
to be v e r y short (2) c o m p a r e d to co l l i s ion t imes , even at 1-atm. pressure. I n c o n 
sequence, the s t a t i o n a r y state concentrat ions of c r i t i c a l l y energized 0 3 * molecules, 
w h i c h cont r ibute to the o v e r - a l l decompos i t i on , are far below the concentrat ions c a l 
cu la ted at e q u i l i b r i u m a n d the slow step i n the react ion becomes the rate of a c t i v a t i o n of 
ozone. 

I f we designate b y ( 0 3 ) $ * the s t a t i o n a r y state concentra t i on of ozone m o l e -
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cules h a v i n g i n t e r n a l energy E^£E* = Δ # ι ° , i n excess of t h a t requ ired for decompos i 
t i o n , the deta i led m e c h a n i s m can be w r i t t e n as : 

M + 0 3 1± (0,)»* + M 
bi 

(Ο,),* ^ 0 2 + Ο (13) 

Ο + 0 3 Λ 20-2 

I f we n o w a p p l y s t a t i o n a r y state methods to ( 0 3 ) $ * a n d 0 we f i n d : 

where d — Sc^ a n d : 

< ° > - - * W + M O O ( I 4 ) 

t U i ; s s " δ,·(Μ) + C i
 + b,(M) + a ( L b > 

where , o n s u b s t i t u t i o n a n d rearrangement : 

(Μ)(0 3 )Σ (,-—-) [d(O0 + *»(0,)] 
2c*(O0* = ) aw χ (16) 

( M > ^ ) 2 ( w ^ ) + f e ( a ) 

[ I t i s assumed here t h a t oxygen atoms are a t t h e r m a l e q u i l i b r i u m . T h i s is v a l i d , 
because t h e y are i n v o l v e d o n l y i n second-order or higher react ions (3). T h e sums i n 
these expressions are o v e r - a l l i n t e r n a l energy states whose t o t a l energies are i n excess 
of Δ ^ Λ ] 

T h i s gives f ina l l y , for the rate of decompos i t i on of ozone: 

(17) 

At h i g h pressures where 6 ^ M > ct for a l l energy states of ( 0 3 ) 4 * c o n t r i b u t i n g 
s ign i f i cant ly to the react ion , this reduces to : 

=*m .
 2^Kf) (18) 

dt M ^ O O d(Ot) + h(Ot) 

T h e densities needed for such a cond i t i on to be ful f i l led are satisfied v i r t u a l l y o n l y i n 
so lut i on , not i n the gas phase. 

A t l o w pressures, o n the other h a n d , where the b u l k of ( 0 8 ) 4 * w h i c h are i m 
p o r t a n t decompose m u c h faster t h a n t h e y col l ide (the c o n d i t i o n a c t u a l l y m e t w i t h i n 
the gas phase react ion) : 

-d(Ot) 2Α;,(Μ)(0,)»(Σα,·) 
dt M -

>° (M)(02) (Σ^) + λ ; 3 ( 0 3 ) 
(19) 

I f th is is c o m p a r e d w i t h the prev ious expression ( E q u a t i o n 7) we c a n m a k e the 
fo l l owing ident i f i cat ions : 

hi = Σα* = ΣΚώί 

k 2 = X ^ (20) 
d 

where Kt — ai/bi = the e q u i l i b r i u m constant for the concent ra t i on of ( 0 3 ) 1 * . I f n o w 
it is assumed t h a t bi m a y be rep laced b y \Z = λχ2χ 1 0 1 1 l i t e r / m o l e - s e c . where Ζ 
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is the co l l i s ion f requency of 0 3 * a n d 0 2 (assumed to be 2 Χ 1 0 1 1 ) a n d λ is the p r o b a b i l i t y 
of d e a c t i v a t i o n of 0 3 * o n co l l i s ion , Kt c a n be es t imated as fo l lows. 

T h e e x p e r i m e n t a l a c t i v a t i o n energy gives us the difference between the average 
energy of the states t h a t c o n t r i b u t e to reac t i on , ( 0 3 )^* , a n d n o r m a l ozone. A t 100° C . 
th i s gives 25.3 k c a l . of i n t e r n a l energy for the average ( 0 3 ) 4 * t h a t is responsible for 
reac t i on . T h e v i b r a t i o n frequencies of W i l s o n a n d B a d g e r (11) are used here (705, 
1043, a n d 1110 c m . - 1 ) ; 1.3 k c a l . of the above energy are i n r o t a t i o n . 

I f we n o w compute the n u m b e r of ways of d i s t r i b u t i n g th is energy a m o n g the 
i n t e r n a l modes of ozone, we find a p p r o x i m a t e l y 65 v i b r a t i o n a l states, assuming t h a t 
s m a l l discrepancies m a y be t a k e n u p i n r o t a t i o n a n d b y a n h a r m o n i c i t i e s . F r o m a 
s ta t i s t i ca l p o i n t of v i e w we c a n a p p r o x i m a t e Kt — ^{ο~Έ^Ιητ where gt ^ 65 a n d 

= Kct. = 24 k c a l . 
I f the m o m e n t s of i n e r t i a have changed th is shou ld be i n c l u d e d i n gi} as s h o u l d a n y 

s igni f icant changes i n f requency a n d cont r ibut i ons f r o m a n h a r m o n i c i t y . 
T h i s finally y ie lds for A1} the ρ r e -exponent ia l fac tor of kly the v a l u e 1.3 λ Χ 1 0 1 3 

l i t e r / m o l e - s e c , w h i c h on c ompar i son w i t h the e x p e r i m e n t a l va lue of kt ( for M = 0 2 ) , 
gives λ ο 2 w h i c h seems of reasonable order of m a g n i t u d e . 

B e n s o n a n d A x w o r t h y (4) have shown b y a s i m i l a r ca l cu la t i on t h a t λ ο 2 ^ 1/50, 
a n d f r o m efficiencies of t r i p l e col l isions t h a t λ ο 2 ^ 1/140. T h e t rue va lue is p r o b a b l y 
somewhere near 1 /50, w h i c h is also consistent w i t h o u r deduc t i on o n the efficiency 
of energy chains . 

T h e h i g h pre -exponent ia l fac tor of R e a c t i o n 1 is t h u s due to a v e r y large e n t r o p y 
of a c t i v a t i o n for 0 3 * . S u c h large factors are general ly no t m e t w i t h i n b imo le cu lar 
react ions . T h e y do occur i n this spec ia l t y p e of b imo le cu lar reac t i on , however , w h i c h 
invo lves energy t rans fer . R i c e (10) has discussed s i m i l a r effects i n the closely re lated 
reactions M + X2 -» M + 2X, w h i c h have even h igher f requency factors . 

Compet i t ive Reactions Involving O x y g e n Atoms 

T h e O z o n i z e r . T h e d a t a obta ined p e r m i t us to answer some questions concern ing 
c ompet i t i ve react ions of oxygen atoms a n d i n p a r t i c u l a r the react ions going o n i n a n 
ozonizer , w h i c h are responsible for ozone p r o d u c t i o n . 

T h e r e are three p r i n c i p a l paths for the p r o d u c t i o n of ozone f r o m oxygen i n a n 
ozonizer . These i n v o l v e synthesis f r o m atoms, f r o m m e t a t h e t i c a l react ions of metastab le 
molecules, a n d finally f r o m dissociat ive recombinat ions of ions. I l l u s t r a t i v e examples 
of each m i g h t be : 

C o m p e t i n g w i t h these processes for the des t ruc t i on of b o t h oxygen atoms a n d ozone 
i s : 

F r o m the p o i n t of v i ew of ozone p r o d u c t i o n , i t can be s h o w n f r o m the d a t a t h a t 
R e a c t i o n 3 w i l l not compete ser iously w i t h the s y n t h e t i c R e a c t i o n 2 u n d e r condi t ions 
u s u a l i n ozonizers . T h u s R2/Rs = k2(02) (M ) / f t 8 = 5.3 ( M ) ( 0 2 ) / ( 0 3 ) a t 30° C . a n d 
0 . 2 ( M ) ( 0 2 ) / ( 0 3 ) a t 100° C . W h e n M = 1 a t m . , th is gives f o r the l i m i t i n g s t a t i o n a r y 
concentrat ions of ( 0 3 ) w h e n R2 = R3; ( 0 3 ) / ( 0 2 ) = 5.3 a t 30° C . a n d 0.2 a t 100° C . 
B o t h values are i n excess of ozone y ie lds a c t u a l l y ach ieved i n ozonizers . I f we assume 
t h a t R e a c t i o n 9 proceeds a t every t e rmo lecu lar co l l i s ion , we can show t h a t i t w i l l be 
faster t h a n R e a c t i o n 2 as l ong as the ra t i o 0 / 0 2 < 1/100. 

Ο + 0 2 + M -> 0 3 + M 

0 2*( 3Σ„+) - f 0 2 Λ Ο + 0 3 

O r + 0 2
+ Λ 0 3 + Ο + energy 

(21) 

Ο + 0 3 -> 20 2 

Ο + Ο + ΜΛΟ2 + Μ (22) 
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It thus appears that a possible and fast mechanism for the production of ozone 
is by way of oxygen atoms which act as catalysts for the conversion of 0 2 - * 0 3 . 
Because oxygen atoms are essentially slow in destruction of ozone, the limiting sta
tionary process must be the destruction of ozone via the same type of process which is 
responsible for oxygen destruction—e.g., electron bombardment—or else the increase in 
temperature of the discharge which would finally provoke the thermal decomposition 
of ozone and make Reaction 3 a limiting process. 

This can be rather serious, because the chief mode of removal of oxygen atoms if 
their concentration is 1% of oxygen or greater, is by the exothermic Reaction 9, 
producing 119 kcal. per mole of oxygen. Because the half life under these conditions 
( 0 2 = 1 atm.) will be of the order of 1 to 5 microseconds, rather high instantaneous 
temperatures can be produced, heat diffusion being relatively slow compared to these 
times. 

A n alternative mode of reaction, which is not so fast and which could lead in 
principle at least to the establishment of high ozone concentrations, might be via 
the generation of large concentrations of metastable 0 2 ( 3 2 M + ) . Their long lifetime 
with respect to radiative processes and collision processes could lead to delayed produc
tion of ozone (Reaction 7) outside of the discharge zone and hence to inherently greater 
yields. Unfortunately, nothing appears to be known concerning their reaction. 
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Kinetic Considerations of Efficiency 
of Ozone Production in Gas Discharges 

SIDNEY W. BENSON 

Chemistry Department, University of Southern California, Los Angeles 7, Calif. 

Various schemes for the production of ozone from 
oxygen in an electric discharge are considered. 
There are a number of low energy paths available 
through O-1 ions and at least one excited state of 
O2. Despite the availability of these paths, the 
efficiency of the discharge is very low, partly because 
of the slow thermal dissipation of energy in the dis
charge itself. The remainder results from the rela
tively high gas temperature occurring in the dis
charge, which causes thermal decomposition of the 
ozone. 

The synthesis of a metastable m a t e r i a l f r o m its elements presents conf l i c t ing aspects 
of k i n e t i c , t h e r m o d y n a m i c , a n d p r a c t i c a l interest . Ozone p r o d u c t i o n f r o m oxygen is 
t y p i c a l of m a n y such syntheses, b u t i t is extreme. T h e e n t h a l p y change is v e r y 
large , ΔΗΌ (1 a tm. ) = + 3 4 k c a l . per mole , at the same t i m e t h a t the e n t r o p y change 
is b o t h f a i r l y large a n d un favorab le , AS° (1 a tm. ) = —16.7 c a l . per mole° C . (6). 
T h u s , there is no reasonable set of t emperatures a n d pressures at w h i c h the e q u i l i b r i u m 
constant w o u l d be suff ic iently large to m a k e the use of cata lysts feasible, i f such 
existed. T h e reversible o x i d a t i o n of oxygen i n a n e lectrochemical ce l l m i g h t be the 
most efficient m e t h o d of p r o d u c t i o n , a n d i ts expendi ture of energy m i g h t be closest 
to the theoret i ca l , AF° = + 3 9 k c a l . per mole . H o w e v e r , e lec trochemical methods 
have no t succeeded i n compet ing w i t h gas discharge methods . 

T h e react ion , 

68 kcal. + 30 2 20 3 (1) 

shou ld take place eff iciently i n the gas phase, b u t the requirements are ra ther severe. 
Because of the un favorab le free energy charge, the energy i n p u t of 68 k c a l . cannot 
be made ava i lab le t h e r m a l l y . I t m u s t be p r o v i d e d i n the f o r m of exc i ted states or 
atoms of 0 , w h i c h react to f o r m 0 3 p r e d o m i n a n t l y . T h u s , the sys tem m u s t be c o n 
ver ted to one whose free energy is h igher t h a n 0 3 , so t h a t the convers ion to 0 3 w i l l be 
spontaneous. I f 0 2 molecules cou ld be exc i ted to a metastab le state , 0 2 * , possessing 
about 34 k c a l . per mole , t h e n the reac t i on 

20 2* + 0 2 -> 20 3 (2) 

cou ld occur as a t h e r m o n e u t r a l t e rmo lecu lar (or t w o consecutive b imo le cu lar ) process 
at a reasonable rate . T h e m e t h o d of exc i ta t i on m u s t not destroy 0 3 , a n d the c o m 
pet ing second-order process of co l l i s iona l de -exc i tat ion of 0 2 * m u s t be s low c o m p a r e d 
to R e a c t i o n 2. T h e r e is a metastable state of 0 2 , ( 1 S i ?

+ ) , w h i c h is 37.5 k c a l . per mole 
405 
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40ό ADVANCES IN CHEMISTRY SERIES 

above the g r o u n d state of 0 2 . T h i s shou ld f u l f i l l the requirements , b u t there is no 
evidence t h a t i t c a n p a r t i c i p a t e i n such a react ion . T h e o r e t i c a l l y , R e a c t i o n 2 is n o t 
f a v o r e d , as i t invo lves a change i n s p i n m u l t i p l i c i t y . I t is also i n confl ict w i t h d a t a on 
the decompos i t i on of ozone. I f R e a c t i o n 2 were at a l l measurable , i t s reverse react ion 
s h o u l d be extremely fast . B e n s o n a n d A x w o r t h y {1, 2) have shown, however , t h a t the 
reverse of R e a c t i o n 2 m u s t have a n a c t i v a t i o n energy i n excess of 20 k c a l . i f i t s p r e -
exponent ia l f a c tor is 2 Χ 1 0 9 l i t e r s /mo le - sec . T h u s , k2 w i l l be too s m a l l f or R e a c t i o n 
2 ever to be fast i n the range f r o m 0° to 100° C . H i g h e r t emperatures cannot be c o n 
s idered, because of the increas ing rate of decompos i t i on of 0 3 w i t h t e m p e r a t u r e b y a n 
Ο a t o m m e c h a n s i m . A n y such l o w energy p a t h w o u l d be i n c o m p a t i b l e w i t h the ex is t 
ence of 0 3 at r o o m t e m p e r a t u r e . I n ca l cu la t ing the efficiency of such a process, the 
mode of exc i ta t i on m u s t be considered. T h e p r o d u c t i o n of photons is v e r y inefficient 
energet ical ly , a n d the a b s o r p t i o n intensit ies w o u l d be extremely s m a l l f or the p r o d u c 
t i o n of such metastab le states. 

T h e first k n o w n metastable state , c o m p a t i b l e w i t h the d a t a o n 0 3 decompos i t i on , 
w h i c h c o u l d l ead to 0 3 f o r m a t i o n is 3 2 w

+ a t 103 k c a l . above the g r o u n d state . T h i s 
state c o u l d produce 0 3 b y : 

0 2 ( 3 Σ,+) + 0 2 —> 0 3 + Ο + 10 kcal. (3) 

0 + 0 2 + M—>0 3 + M (4) 

w h i c h s h o u l d be reasonably fast at r o o m t e m p e r a t u r e (1, 2). S u c h a scheme c o u l d 
produce 0 3 a t a cost of 51.5 k c a l . per mole , neglect ing the inefficiency of p r o d u c i n g 
the 3 2 w

+ a n d the losses b y d e a c t i v a t i o n . T h e r e is v e r y l i t t l e i n f o r m a t i o n on the 
c h e m i c a l react ions of th i s state . T h e photochemica l synthesis (7) of 0 3 a t 2537 Α. , 
Ρ ~ 1300 a t m . a n d Φ ( 0 3 ) ̂  1.14, can be exp la ined b y i t . T h e state p r o d u c e d is the 
3 5 w

+ b y a f o r b i d d e n a b s o r p t i o n . 
I n the gas discharge m e t h o d , ozone is p r o d u c e d f r o m Ο atoms, w h i c h were 

p r o d u c e d b y dissoc iat ing 0 2 b y inelast ic col l is ions of electrons. T h e o v e r - a l l reac t ion 
i s : 

10, + e-1 -> e" 1 + Ο - 59 kca l . 

Μ + 0 + 0 2 ^ 4 θ 3 + Μ 
N e g l e c t i n g the energy of p r o d u c i n g exc i ta t i on electrons, the cost is 59 k c a l . per mole . 
C u r r e n t figures (8) of about 410 k c a l . per mole have been g i v e n for large scale c o m 
m e r c i a l ozonizers . T h e t h r e s h o l d energy for these electrons is 118 k c a l . p e r mole 
(5.09 e .v . ) . L o w e r energy processes i n v o l v i n g the a b u n d a n t negat ive ions, O - 1 a n d 
0 2

_ 1 , shou ld be possible i n a gas discharge i n 0 2 . 
A probab le i n i t i a t i o n process r e q u i r i n g o n l y 3.6-e.v. thresho ld electrons is d i s 

soc iat ive a t t a c h m e n t , 

e - 1 + 0 2 —> Ο + Ο - 1 - 83 kcal. (6) 

u s i n g the recent va lues for the e lectron affinities of O - 1 a n d O 2 " 1 of 1.5 e.v. (8) 
a n d 1 e.v. (5 ) , respect ive ly . I f th i s is fo l l owed b y R e a c t i o n 4 p lus 

O " 1 + 0 2 -> 0 3 + e" 1 - 10 kcal. (7) 

w h i c h s h o u l d be r e l a t i v e l y fast even a t 25° C , the t o t a l cost for 0 3 w i l l be o n l y 41.5 
k c a l . per mole . A n exothermic process, c o m p e t i n g w i t h R e a c t i o n 7 at 1 a t m . , w i t h 
v e r y l o w a c t i v a t i o n energy is 

Ο " 1 + 0 2 + 0 2 -> 0 3 + O2-1 + 13 kcal. (8) 

T h i s m a y be faster t h a n R e a c t i o n 7, b u t i t is essential ly waste fu l . T h e t e m p e r a 
t u r e m u s t be suff ic iently h i g h so t h a t the e q u i l i b r i u m 

(9) 
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lies l a rge ly to the l e f t ; otherwise the e lectron is lost . T h i s is p r o b a b l y the case a t 
25° C . a n d the l o w e lectron densities p r e v a l e n t i n gas discharges. R e a c t i o n 9 a n d i t s 
reverse are l i k e l y to be v e r y s low at r o o m t e m p e r a t u r e because t h e y w i l l be co l l i s ion 
contro l l ed—i .e . , M + 0 2 + e-1 -» ( V " 1 + M . 

T h e f o l l owing t e r m o l e c u l a r process is the o n l y one i n the discharge w h i c h does no t 
use 0 atoms to m a k e 0 3 : 

e-1 + 0 2 + 0 2 -> 0 3 + Ο " 1 - 60 kcal. (10) 

I t w o u l d require a t h r e s h o l d e lectron energy near 2.6 e.v. I f th i s reac t i on is f o l l owed 
b y R e a c t i o n 7 or 8, i t w o u l d cost o n l y 30 k c a l . per mole , or less t h a n the prev ious 
m i n i m u m theore t i ca l est imate . T h i s c a n occur o n l y because the cost of p r o d u c i n g the 
2.6-e.v. e lectrons, w h i c h is no t s m a l l , is neglected. T h i s process w o u l d no t be probab le 
unless there were a n exc i ted state of 0 2

- 1 about 4.1 e.v. above the g r o u n d state , w h i c h 
does n o t appear l i k e l y (δ). 

I n a l l these ion ic processes, Ο - 1 a n d e - 1 are 0 3 destroyers . T h e e q u i l i b r i a f o r 
the f o l l o w i n g react ions l i e f a r to the r i g h t : 

O " 1 + 0 3 -^ l 0 2 + 02" 1 + 82 kcal. (11) 

e'1 + 0 3 ™ 0 2 + O " 1 + 10 kcal. (12) 

These react ions p r o b a b l y require no a c t i v a t i o n energy a n d so are v e r y fast . 
A l t h o u g h these r e l a t i v e l y r a p i d , k i n e t i c processes produce 0 3 a t a cost of f r o m 30 

to 59 k c a l . per mole , m o s t i n d u s t r i a l a n d l a b o r a t o r y processes h a v e efficiencies some 
10- fo ld l ower (8). A l l the pos tu la ted mechanisms i n v o l v e electrons of f a i r l y h i g h 
energies. T h e r e is a considerable energy cost i n m a i n t a i n i n g such a h i g h t e m p e r a t u r e 
e lectron gas i n a discharge . E v e n for a pho to chemica l synthesis , the energy cost is 
h i g h for p r o d u c i n g photons of the r e q u i r e d w a v e l e n g t h . A l s o , c h e m i c a l processes i n 
the discharge d iss ipate energy t h e r m a l l y . F o r e v e r y m o l e of 0 3 p r o d u c e d b y R e a c t i o n 
4, 24.5 k c a l . of heat w i l l be l i b e r a t e d . S i m i l a r l y , 0 3 is a t t a c k e d b y O , b y O " " 1 , 
a n d b y e - 1 . T h e reac t i on of 0 + 0 3 - » 2 0 2 l iberates 93 k c a l . of heat , O - 1 

( R e a c t i o n 11) l iberates 82 k c a l . , a n d e _ 1 ( R e a c t i o n 12) l iberates 10 k c a l . I n a d d i t i o n , 
exc i ta t i on a n d i o n i z a t i o n of 0 2 are considered energy -wast ing processes. 

Because a l l heat d i ss ipated i n the gas m u s t e v e n t u a l l y be conducted to the w a l l s , 
the maintenance of a l o w t e m p e r a t u r e i n the discharge requires a n a r r o w gap (wal ls 
close t oge ther ) , l o w currents , a n d l o w space veloc i t ies ( l ow specific rates of 0 3 

p r o d u c t i o n ) . These requirements are opposite to the condi t ions w h i c h w o u l d be 
suggested b y the k n o w n s e n s i t i v i t y of ozone to w a l l cata lys is a n d the enhanced rate 
of des t ruc t i on of such carr iers as Ο, O - 1 , a n d e-1 a t wa l l s . A l l of these c o n t r i b u t e 
t o l o w efficiency 0 3 p r o d u c t i o n . T o the extent t h a t heat is no t successful ly d i ss ipated , 
the m e a n t e m p e r a t u r e rises a n d the t h e r m a l decompos i t i on of 0 3 becomes increas ing ly 
i m p o r t a n t . 

A s impl i f i ed scheme represents m o s t of the i m p o r t a n t processes i n p r o d u c i n g a n d 
des t roy ing 0 3 i n a t y p i c a l gas d i s charge : 

e" 1 + 0 2 - ^ 2 0 - f - e " 1 

E q . 4 
Ο + 0 2 + M --!-> 0 3 + M 

E q . 13 
Ο + 0 8 — — » 2 0 2 

e - i + 0 3 — ^ 0 2 + 0 + e~i) 

(15) 

Processes i n v o l v i n g O2"" 1 a n d O - 1 are m i n o r i n c o m p a r i s o n , a n d t h e i r features are 
essential ly the same. P r o b a b l y h a l f or m o r e of the 0 3 p r o d u c e d comes f r o m R e a c t i o n 
4. 
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T h e react ions Ο + w a l l -> % 0 2 a n d 0 - f O + M - » 0 2 + M m a y be ignored , 
because t h e y w i l l not be i m p o r t a n t u n t i l 0 / 0 2 > 0.01, a n u n l i k e l y r a t i o a t 1 a t m . of 
0 2 . T h e reverse of R e a c t i o n 4 m a y be i n c l u d e d , i n p r i n c i p l e , i n Process 14. A s Ο 
atoms have a ha l f l i fe at 1 a t m . of 0 2 of about 1 0 - 5 second (1, 2) b y R e a c t i o n 4, 
s t a t i o n a r y states are q u i c k l y establ ished i n the discharge even at v e r y h i g h f low 
veloc i t ies . I f the u s u a l s t a t i o n a r y state condi t ions are a p p l i e d to Ο a n d 0 3 , the 
m a x i m u m possible concentrat ion of 0 3 is g iven b y i ts s t a t i o n a r y s ta te : 

T w o l i m i t s are possible for the rat io 0 3 / 0 2 , depending on whether 4 & 1 4 / & ; - is 
v e r y large or s m a l l : 

( O A _ / > L * u h J ( 1 7 ) 

4/CH « kj ki3 

W i t h the u s u a l h i g h vo l tage arc , the e lectron t e m p e r a t u r e is of the order of 20 
to 50 e.v. F o r the b u l k of the electrons, ks shou ld not be too different f r o m k14, 
a l t h o u g h perhaps larger b y a fac tor of about 3 to 10. T h e ra t i o w i l l be independent 
of gas t e m p e r a t u r e . T h e ra t i o & 4 ( M ) / & 1 3 c an be r e a d i l y ca l cu la ted f r o m the d a t a 
of B e n s o n a n d A x w o r t h y (1, 2) a n d , at M = 1 a t m . of 0 2 , has the values 2.3(27° C ) , 
0.20(100° C ) , 0.063(150° C ) , 0.024(200° C ) , a n d 0.006(300° C ) . E v e n i f klé/kj = 

100, m a x i m u m y ie lds of 0 3 of the order of 1 5 % at 27° C . a n d 4 . 5 % at 100° C . shou ld 
be ob ta ined . H o w e v e r , the y ie lds are s t rong ly dependent o n the gas t e m p e r a t u r e . 

T h e t e m p e r a t u r e equat ion i n a n ozonizer is 

â v 2 r + è 0 = f ( 1 8 ) 

where Κ = t h e r m a l c o n d u c t i v i t y , d = dens i ty , Cp = specific heat a t constant pressure, 
Τ = t e m p e r a t u r e , t = t i m e , a n d Q = specific rate of heat p r o d u c t i o n i n the gas. I f 
th i s is idea l i zed as a t h i n l a y e r of gas flowing between in f in i te plates of separat ion 
2x0 c m . , the p r o b l e m simpli f ies to a one -d imens iona l flow. T h e s t a t i o n a r y state 
t e m p e r a t u r e d i s t r i b u t i o n is , assuming Κ = oo at the wal ls a n d Tw = w a l l t e m p e r a t u r e , 

Τ — Tw = Wx[- (19) 

where χ is measured f r o m a p lane ha l f w a y between the wa l l s . 
T h e so lut i on of the t ime-dependent p r o b l e m for a n i n i t i a l u n i f o r m t e m p e r a t u r e 

d i s t r i b u t i o n is k n o w n (4). C o n s t a n t dens i ty is assumed, b u t the correc t i on is no t 
i m p o r t a n t except for large gradients . T h e m e a n t i m e r e q u i r e d to establ ish th is 
d i s t r i b u t i o n is g iven b y 

Ι ι / 2 ^ 2 ψ 0 ρ ( 2 0 ) 

F o r 0 2 a t 1 a t m . , 25° C , a n d 2x0 = 0.3 c m . , ty2 ^ 0.25 second. F o r m u c h shorter 
reac t i on t imes , c o n d u c t i o n is ineffective a n d the reac t ion c a n be considered ad iabat i c . 
A s t emperatures m a y be ex t remely h i g h , th i s prov ides a s h a r p l i m i t o n the rate of 
p r o d u c t i o n . One so lut i on m i g h t be pulse o p e r a t i o n i n w h i c h Ο atoms are p r o d u c e d i n 
less t h a n 10 ju,sec. a n d t h e n react to f o r m 0 3 . U n f o r t u n a t e l y , the heat l i b e r a t e d i n th is 
process w o u l d produce ca tas t roph ic t emperatures , because i t w o u l d be p r o d u c e d i n the 
next 10 jmsec. 
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T h e average t emperatures , T, are obta ined b y i n t e g r a t i n g E q u a t i o n 19 between 
the wal l s . 

φ τ - Τ μ ' T " (21) 

where TM is the m a x i m u m s t a t i o n a r y t e m p e r a t u r e w h i c h occurs at the center of the 
vessel ( E q u a t i o n 19) . I f 5 % p r o d u c t i o n of 0 3 f r o m pure 0 2 is assumed i n a residence 
t ime of 1 second at a n average energy d i s s ipat i on of 350 k c a l . per mole of 0 3 , t h e n 
TM~TW = 150° C , a n d f - T W = 50° C . A l t h o u g h the condi t ions are close to 
those of u s u a l operat ions , the temperatures are r a t h e r h i g h a n d p r o v i d e a s h a r p l i m i t 
on the m a x i m u m possible 0 3 concentrat ions . L o n g e r residence t imes s h o u l d reduce 
these temperatures . I n pract i ce , there w o u l d be a m o r e waste fu l d i s s ipat i on of heat i n 
m a i n t a i n i n g the discharge over large per iods . 
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Kinetics of Photolysis of Low Concentrations 
of Nitrogen Dioxide in Air 

H. W. FORD, G. J. DOYLE, and NOBORU ENDOW 

Stanford Research Institute, Palo Alto, Calif. 

Rate constants obtained at high concentrations are 
valid for estimating the rates of reaction at low 
partial pressures of atmospheric contaminants. 
Kinetic studies may be carried out at trace concen
trations. Results are given for determining the rate 
of reaction of nitrogen dioxide with ozone. 

Photochemical studies us ing trace reactant concentrat ions have been repor ted w i t h 
increas ing f requency i n recent years , l a rge ly because of a r a p i d l y deve lop ing interest 
i n the c h e m i s t r y of p o l l u t e d atmospheres . These studies have been i l l u m i n a t i n g , b u t 
the exac t ing procedures of chemica l k inet i c s necessary to o b t a i n rate constants {1) were 
no t f o l l owed . 

P h o t o c h e m i c a l react ions t h a t occur i n p o l l u t e d atmospheres have been s tud ied . 
Because n i t r o g e n d iox ide shou ld be i m p o r t a n t i n these react ions , inves t i ga t i on was 
d i rec ted to react ions of th i s c o m p o u n d ; i t s photo lys i s a t t race concentrat ions was 
c a r r i e d out i n h i g h l y p u r i f i e d a i r . T h e purpose was to determine whether the p e r 
t i n e n t ra te constants measured i n the u s u a l pressure ranges were v a l i d a t the v e r y 
l o w p a r t i a l pressures of a tmospher i c c o n t a m i n a n t s a n d to determine the feas ib i l i ty of 
c a r r y i n g out k i n e t i c studies a t t race concentrat ions . D e t a i l e d k i n e t i c studies a t c o n 
centrat ions be low 5 p . p . m . i n p u r i f i e d a i r show t h a t rate constants have been v a l i d i n 
th i s range. 

Instruments a n d A p p a r a t u s 

I n s t r u m e n t a t i o n for the research was developed p r i o r to f o r m u l a t i o n of the p r o b 
l e m . T h i s f o r tunate s i t u a t i o n arose because the i n s t r u m e n t s were developed for m o n i 
t o r i n g the lower atmosphere for ozone, n i t r i c oxide, a n d n i t r o g e n d i o x i d e ; these c o m 
pounds are u s u a l l y present i n p o l l u t e d atmospheres a t concentrat ions be low 1 p . p . m . b y 
v o l u m e . O n h a n d were a n a u t o m a t i c record ing n i t rogen d iox ide a n a l y z e r (11), a 
n e u t r a l p o t a s s i u m iodide ox idant recorder (8), a n d a n ozone photometer ( M o d e l 53 
u l t r a v i o l e t , H a r o l d K r u g e r I n s t r u m e n t s , S a n G a b r i e l , C a l i f . ) . E a c h of these i n s t r u 
m e n t s has a sens i t i v i t y of 1 to 2 p . p . h . m . p a r t s of carr i e r gas at a tmospher i c pressure. 
W i t h o u t t h e i r p r i o r deve lopment , the pho to chemica l s t u d y w o u l d have been imposs ib le . 

T h e f low sheet f or the a p p a r a t u s is shown i n F i g u r e 1. A carrier gas, u s u a l l y a i r , 
is b l o w n t h r o u g h the a p p a r a t u s w i t h a s m a l l d i a p h r a g m p u m p . F r o m the p u m p , the 
a i r passes t h r o u g h a p u r i f i c a t i o n t r a i n , a m i x i n g m a n i f o l d , a react ion vessel, a n d a n 
analys i s m a n i f o l d . I n the p u r i f i c a t i o n t r a i n , the a i r passes t h r o u g h a glass woo l p l u g , 
a L e c t r o d r y e r ( P i t t s b u r g h L e c t r o d r y e r C o . , 500 32nd St . , P i t t s b u r g h , P a . ) , a D r i e r i t e 
t ower , a n A s c a r i t e t ower , a n d a second D r i e r i t e tower . I t t h e n passes t h r o u g h a 
M i l l i p o r e f i l ter , a p l a t i n u m ca ta lys t furnace , a n d t w o t r a p s cooled b y l i q u i d oxygen, 
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the second of w h i c h is p a c k e d w i t h a c t i v a t e d charcoa l . T h e a i r t h e n passes t h r o u g h a 
m i x i n g m a n i f o l d consist ing of three V e n t u r i - t y p e m i x e r s . A t the t h r o a t of each m i x e r 
is a side tube for i n t r o d u c i n g the gases t o be s tud ied . ( A D r i e r i t e c o l u m n is s h o w n i n 
F i g u r e 1, b u t th i s was rep laced b y the L e c t r o d r y e r . ) 

BALL ANO SOCKET JOINT 

INLET 

u 
FLOWMETER 

ANNULAR 
TRAP 

Figure 1. Schematic flow sheet of air-purification train, mixing manifold, and re
action vessel 

N i t r o g e n d iox ide , for example , is added b y means of a bleeder b u l b to the t h r o a t of 
one of the mixers . T h e a i r c o n t a i n i n g n i t r o g e n d iox ide enters the 50 - l i t e r reac t i on flask 
t h r o u g h the t h r o a t of a n al l -glass b lower . T h e b lower c i rculates a i r i n the flask a n d 
t h r o u g h a bypass to a K r u g e r ozone photometer . T h e a i r t h e n passes to the a n a l y t i c a l 
sect ion. T h i s sect ion consists of a cont inuous n i t rogen d iox ide ana lyzer , a n e u t r a l 
po tass ium iodide ox idant recorder , a n d , w h e n necessary, a second K r u g e r photometer . 

Exper imenta l 

T h e l i g h t i n t e n s i t y , s tud ied i n the reac t i on flask us ing u r a n y l oxalate as a n a c t i -
nometer , was de termined w i t h considerable ac curacy . R e l a t i v e l i g h t intensit ies are 
shown i n F i g u r e 2 i n a p p r o x i m a t e l y the correct pos i t ions i n the flask cross sections. 
T h e l i g h t i n t e n s i t y i n the center of the flask is set equa l to 1.00. 

T h e a b s o r p t i o n coefficient of n i t r o g e n d iox ide was measured for several m e r c u r y 
l ines b y H o l m e s a n d D a n i e l s (5). T h e resolved spec tra of the n i t r o g e n d iox ide -
n i t rogen te trox ide sys tem were separated b y H a l l a n d B l a c e t (4). T h e va lue t h e y 
f o u n d for the a b s o r p t i o n coefficient at 3660 A . was i n essential agreement w i t h t h a t 
ob ta ined b y H o l m e s a n d D a n i e l s . T h e a b s o r p t i o n cross sect ion of 5.8 Χ 1 0 - 1 9 sq . c m . 
for n i t rogen dioxide at 3660 A . was ca l cu lated f r o m the d a t a of H o l m e s a n d D a n i e l s . 

T h e photo lys i s of n i t r o g e n d iox ide has been s t u d i e d b y N o r r i s h (9), B a x t e r a n d 
D i c k i n s o n (#), H o l m e s a n d D a n i e l s (5), a n d H a l l (3). A recent s t u d y was m a d e b y 
N o r r i s h a n d T h r u s h (10). 
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/ 

Figure 2. Relative light intensities in 50-liter 
flask 

S t a r t i n g near 3660 A . a n d go ing to shorter wave lengths (3130 Α . ) , the photo lys is 
proceeds b y 

Λ* + ΝΟ*-*ΝΟ + 0 (1) 

w i t h a q u a n t u m y i e l d near u n i t y . F o l l o w i n g R e a c t i o n 1, 

0 + 02 + M - » 0 3 + M (2) 

03 + NO-> 02 + N02 (3) 

where M = N 2 a n d / o r 0 2 , m a y be p resumed to occur . A l l quant i t ies are k n o w n for 
c a l c u l a t i n g the rate of p r o d u c t i o n of oxygen atoms, because R e a c t i o n 2 is fast , the rates 
of p r o d u c i n g oxygen a n d ozone are equal . F r o m the rate of f o r m a t i o n of ozone a n d 
the steady-state ozone concentrat ion , the rate of R e a c t i o n 3 c a n be ca l cu lated . 

A p l o t of the ozone levels ob ta ined i n the photo lys is of n i t r o g e n dioxide is shown 
i n F i g u r e 3 together w i t h the theoret i ca l curve a n d least squares fit of the d a t a . F r o m 
th is , k3 was 3.0 Χ 1 0 7 l i t e r m o l e - 1 s e c . - 1 , c o m p a r e d w i t h a va lue of 1 Χ 1 0 7 ob ta ined 
b y e x t r a p o l a t i n g the d a t a of J o h n s t o n a n d C r o s b y (6) f r o m —42° C . to r o o m t e m p e r a 
ture . T h e observed steady-state ozone levels are i n agreement w i t h the rise a n d decay 
t imes of the ozone levels u p o n opening a n d c los ing the shutters . A l t h o u g h R e a c t i o n 3 
is among the fastest measured b y d i rec t observat ion , the decay of ozone u p o n s h u t t e r 
i n g the arcs requires several m i n u t e s . T h i s demonstrates the effectiveness of s t u d y i n g 
fast react ions us ing trace concentrat ions of reactants . 

W h e n concentrat ions of n i t r o g e n dioxide above 1 p . p . m . are p h o t o l y z e d i n a i r at 
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1,000 Ί — 1 M " i i | Ί 1—I I I I I I J "I—I I 1 I 1 LI 

(NO t) o IS THE CONCENTRATION OF NITROGEN 

0IOXI0E IN THE INFLUENT AIR STREAM 

(0,)cer. IS THE OZONE LEVEL CORRECTED FOR 
THE OZONE DECAY OCCURRING DURING 
TRANSIT FROM FLASK TO PHOTOMETER 

' ι ι ι I I I. 

[](NOt)o -(O,)cor] (pphm) 

ipoo 

Figure 3. Calculated and observed ozone levels in photolysis of 
nitrogen dioxide in purified dry air 

atmospheric pressure, a transient ozone peak results. This effect has been ascribed to 
the reaction 

O + N O 2 - » 0 2 + N 0 

At least two additional reactions must be taken into account : 

Μ + 0 + Ν 0 2 - > NO3 + M 

N 0 3 + NO-> 2 N 0 2 

(4) 

(5) 

(6) 

assuming Reaction 6 to be fast and Reaction 5 to be rate-determining. T o separate 
the rate constant for Reaction 4 from that of Reaction 5, nitrogen dioxide was pho-
tolyzed at concentrations below 5 p.p.m. in nitrogen at atmospheric pressure and at a 
nitric oxide-nitrogen dioxide ratio sufficiently low to keep the reaction. 

M + 0 + N O - » N 0 2 + M (7) 

from competing. Under these conditions, the quantum yield of nitrogen dioxide 
disappearance had a value of 0.5. From this 

and the net effect of Reactions 4, 5, and 6 is to lead to the transient ozone peak. As 
the nitric oxide-nitrogen dioxide ratio increases in the photolysis of nitrogen dioxide in 
nitrogen, the quantum yield of nitrogen dioxide disappearance approaches zero. The 
ratio of the rate of Reaction 7 to Reaction 4 plus 5 can be obtained from the relation-
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s h i p of the q u a n t u m y i e l d to th i s r a t i o . I f l o w concentrat ions of oxygen are s u b s t i 
t u t e d for n i t r i c oxide a n d the q u a n t u m y i e l d is measured as a f u n c t i o n of the o x y g e n -
n i t r o g e n d iox ide r a t i o , the ra t i o of the rate of R e a c t i o n 8 to the rates of R e a c t i o n 4 
p lus 5 

0 + 0 2 + M - * 0 3 + M (8) 

can also be obta ined . Because the rate of R e a c t i o n 8 is k n o w n , the rates of R e a c t i o n s 
4, 5, a n d 7 c a n be ob ta ined . W i t h th i s i n f o r m a t i o n , the t rans ient ozone peak m a y be 
descr ibed q u a l i t a t i v e l y a n d a q u a n t i t a t i v e m e c h a n i s m p r o v i d e d for i t s descr ip t i on . 
There fore , several systems are ava i lab l e for m e a s u r i n g the rates of oxygen a t o m reac 
t ions . F o r example , i n the photo lys i s of n i t r o g e n dioxide i n n i t r o g e n at h i g h rat ios of 
n i t r i c oxide to n i t r o g e n d iox ide , the o n l y s ignif icant react ions are 1 a n d 7 : 

N 0 2 + ^ ^ 0 + N 0 (1,7) 

T h i s sys tem is be ing used i n a s t u d y of the rates of reac t i on of a tomic oxygen w i t h 
v a r i o u s m a t e r i a l s . 

A second rate of a reac t ion s tud ied at h i g h p a r t i a l pressures was measured at l o w 
concentrat i ons : I n the react ion of ozone w i t h n i t r o g e n d iox ide , 

0 3 + N 0 2 - > N 0 3 + 0 2 (9) 

N 0 3 + N 0 2 - > N 2 0 5 (10) 

N 2 0 5 + H 2 0 - * 2 H N 0 3 (11) 

Because the 50 - l i ter f lask served as a cont inuous flow s t i r r e d t a n k reactor , the rate c o n 
s tant , kQ was easi ly ob ta ined b y t w o semi - independent methods . 

= -2k, ( Ν 0 2 ) β ( 0 3 ) β = Q/V [ ( N 0 2 ) s - ( N 0 2 ) 0 ] 

^ = -k9 (N0 2 ) 8 (0 3) 3 = Q/V [(0 3) s - (0 3) 0] 

I n these equat ions , ( N 0 2 ) s a n d ( 0 3 ) s are the steady-state concentrat ions of n i t r o 
gen d iox ide a n d ozone, respect ive ly , whi l e ( N 0 2 ) 0 a n d ( 0 3 ) 0 are t h e i r concentrat ions i n 
the in f luent s t r e a m . Q is the a i r flow rate t h r o u g h the reactor , a n d V is the reac t i on 
v o l u m e . T h e results of th is s t u d y are g iven i n T a b l e I . 

Table I. Determination of Rate of Reaction of 
Nitrogen Dioxide with Ozone 

k9, P . P . H . M . - i Min . - i 

Q/V,M'mri (Ν0 2 ) β , P . P . H . M . (03)o, P . P . H . M . From 0 3 From NO2 
0.052 22 52 . . . 3.0 X 10~« 
0.053 37 60 2.2 X 10"« 5.2 
0.053 95 60 5.7 6.4 
0.087 44 36 3.0 3.5 
0.052 67 80 8.7 4.5 
0.053 53 26 7.5 3.4 

T h e m e a n v a l u e of kQ is 48 Χ 1 0 - 5 p . p . h . m . - 1 m i n . - 1 as c o m p a r e d w i t h a v a l u e of 
110 Χ 1 0 - 5 ca l cu la ted f r o m the d a t a of J o h n s t o n a n d Y o s t ( 7 ) . 
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Three Years of Ozone Sterilization of 
Water in Paris 

PIERRE GUINVARC 'H 

Water Department, City of Paris, Paris, France 

Filtered water at Saint-Maur is treated with enough 
ozone so that the residual concentration, at the 
immediate exit of the columns where water and 
ozonized air came into contact, is 0.10 p.p.m. when 
the water temperature is below 10° C., 0.05 p.p.m. 
when it is above 10° C. The treatment is controlled 
by recording equipment at the plant, which measures 
the electric potential produced by the dissolved 
ozone. For average treatment 1.1 p.p.m. are used, 
although dosage actually fluctuates between 0.6 and 
1.5 p.p.m. and is occasionally higher if the river 
accidentally becomes heavily contaminated. The 
treated water never shows E. coli. The amount of 
C. perfringens is reduced by 50% with respect to 
that of the filtered water. Organic matter is re
duced only slightly. The color is reduced by 5 
p.p.m. The basic taste threshold is reduced from 3 
to 0. Phenol in doses of 10-7 is destroyed by 0.1 
p.p.m. of ozone. Preformed chlorophenols can be 
destroyed up to a dose between 1.0 and 1.6 X 10-7. 
Effects upon these taste-producing compounds have 
been studied within the limits of the normal output 
of the plant. 

T h e S a i n t - M a u r ozone p l a n t a t P a r i s , the purpose of w h i c h is to steri l ize f i l tered 
M a r n e r i v e r water , was p u t i n t o operat i on i n F e b r u a r y 1953. T h e design was based 
u p o n i n f o r m a t i o n der ived f r o m the opera t i on of p i l o t p lants d a t i n g f r o m the beg inn ing 
of the c e n t u r y as w e l l as operat i on of a large p l a n t at S a i n t - M a u r , the cons t ruc t i on of 
w h i c h was achieved i n the p e r i o d , 1914 to 1918. 

Be fore W o r l d W a r I, c h l o r i n a t i o n was not w e l l unders tood a n d taste a n d odor 
diff iculties were o f ten associated w i t h the use of ch lor ine . O n the other h a n d , ozone 
left no odor or taste a n d also i m p r o v e d the appearance of the water . T h u s author i t ies 
concentrated the i r a t t e n t i o n on ozone. 

B u t because of economic diff iculties a n d the shortage of e l e c t r i c i ty f o l l owing 
W o r l d W a r I, a p r o v i s i o n a l h y p o c h l o r i t e s t e r i l i za t i on process was ins ta l l ed at S a i n t -
M a u r w h i c h operated u n t i l 1953. M e a n w h i l e , interest i n ozonat ion lagged as c h l o r i n a 
t i o n became better unders tood a n d more w i d e l y used. B u t , w i t h increased i n d u s t r i a l 
a c t i v i t y , p o l l u t i o n of the M a r n e r i v e r became worse, a n d unpleasant tastes were 
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i m p a r t e d to the water . So the ozone p l a n t cons t ruc ted i n 1 9 1 4 r - 1 8 was operated 
e x p e r i m e n t a l l y f r o m 1 9 2 5 to 1 9 3 0 . I t t r ea ted 9 0 , 0 0 0 cubic meters ( 2 4 , 0 0 0 , 0 0 0 

gallons) of water d a i l y . O n the basis of these exper iments , i t was decided to construct 
the present S a i n t - M a u r p l a n t . 

Ozone is the choice, accord ing to the F r e n c h concept , because i t not o n l y steri l izes 
b u t also e l iminates unpleasant odors a n d tastes. I n the w a t e r de l ivered to the c o n 
sumer , no chemica l p r o d u c t remains , such as a ch lor ine d e r i v a t i v e , w h i c h is a lways 
there after ch lor ine s t e r i l i za t i on . C h l o r i n e compounds are a lways suspected of d a m 
aging h e a l t h , i f ingested even i n s m a l l amounts over pro longed periods of t i m e b y 
the h u m a n organ ism. T h i s is different f r o m the U n i t e d States concept , w h i c h is t h a t 
the water shou ld not o n l y be s ter i l i zed b u t pro tec ted i n the d i s t r i b u t i o n s y s t e m b y the 
c a r r y i n g of a res idua l of ch lor ine a l l the w a y to the consumer 's t a p . 

I n P a r i s , w h e n water is c h l o r i n a t e d as at the I v r y p l a n t , i t is a lways dech lor inated 
w i t h s o d i u m hyposul f i te before be ing p u m p e d to the consumer. T h e water -borne 
disease rate since 1 9 3 0 has under these c i rcumstances been less t h a n 1.5 infect ions 
per 1 0 0 , 0 0 0 i n h a b i t a n t s , a n d t o d a y the t r e n d is to less t h a n 1 per 1 0 0 , 0 0 0 . 

A l t h o u g h the new S a i n t - M a u r p l a n t was f irst p u t i n o p e r a t i o n i n 1 9 5 3 , i ts 
o r i g i n a l concept ion a n d design date b a c k some 2 5 years , contracts be ing a w a r d e d i n 
1 9 3 3 . T h e w o r k was t h e n i n t e r r u p t e d b y the w a r a n d p o s t w a r shortages. T h u s , 
some of the i m p r o v e m e n t s i n ozonator design w h i c h m i g h t have been expected i n a 
p l a n t s t a r t i n g u p i n 1 9 5 3 were not i n c o r p o r a t e d i n the S a i n t - M a u r p l a n t . 

M a r n e r i v e r water has the fo l l owing average charac ter i s t i c s : 

p H 7.8 to 8.2 
Turbidity, p.p.m. 3 to 200 (10 cm. — 1.5 meters, Secchi disk) 
Total hardness, p.p.m. 200 to 300 CaCOs 
Alkalinity, p.p.m. 200 to 250 CaCOe 
Organic matter, p.p.m. 1.5 to 4.0 0 2 (alkaline KMnO*) 
Dissolved oxygen 7.0 
Temperature, ° C. 0-25 
Plankton Asterionella, Synedra, Cyclotella (spring to autumn) 

I n d u s t r i a l p o l l u t i o n f r o m sugar refineries, d ist i l ler ies , s t a r c h m a n u f a c t u r i n g p lan t s , 
a n d a p a p e r p l a n t is o n l y moderate . T h e taste thresho ld ( B a y l i s m e t h o d ) var ies 
f r o m 2 to 4 a n d is occas ional ly h igher . 

T h e water is f i l tered t h r o u g h r a p i d a n d slow f i l ters . D u r i n g periods of floods, 
6 to 8 p . p . m . of ferr i c ch lor ide are added for f locculat ion . 

T h e r e are r a p i d f luctuat ions i n water t r e a t m e n t v o l u m e as w e l l as water q u a l i t y . 
T h u s s t e r i l i za t i on equ ipment m u s t be f lexible. 

Design Considerat ions 

B a s e d u p o n the operat i on of the 1914-18 p l a n t , i t was conc luded t h a t every 
effort m u s t be m a d e to reduce e lec tr i ca l energy c o n s u m p t i o n . T o decrease i n s t a l l a 
t i o n costs, i t was decided to use 500-cycle current , thus o b t a i n i n g more ozone f r o m a 
g iven size of a p p a r a t u s . H a l f of the ozonators were c f c ompac t cy l indr i ca l - e lec t rode 
design w h i c h , i n t h e i r d a y , were considered the latest technolog ica l deve lopment . 
T o augment the o u t p u t f u r t h e r , i t was decided to decrease a i r t e m p e r a t u r e a n d 
mois ture content a n d to recover a n d rec i rculate the ozonized a i r l e a v i n g the contact 
co lumns . T h e recovery of ozonized a i r was necessary to prevent odor nuisance . 

T h e ozone dosage for s te r i l i za t i on was selected as 1.2 p . p . m . F o r f l ex ib i l i t y , i t 
was p l a n n e d to have 12 separate ozoniz ing un i t s , each w i t h a c a p a c i t y of 25,000 
cubic meters per d a y (6,600,000 gal lons per d a y ) p lus f our s i m i l a r un i t s i n reserve. 

T h e c r i t e r i a for s t e r i l i za t i on were t h a t there shou ld be a detectable ozone 
res idua l a f ter at least 1 m i n u t e above 20° C , 5 minutes at 10° to 20° C , a n d 10 
minutes between 0° a n d 10° C . 
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Construction Details 

T h e f irst contrac ts were s igned i n 1933; b u t as subsequent studies i n d i c a t e d the 
di f f i cu l ty of hous ing a l l the e q u i p m e n t i n the o ld p l a n t , i t was decided i n 1935 to 
construct a new b u i l d i n g . T h i s s t r u c t u r e is rec tangular i n shape, 55 meters (180 
feet) b y 21 meters (69 feet) b y 22 meters (73 feet) h i g h . I t houses the contact 
co lumns a n d a l l e q u i p m e n t a n d c o n t r o l a p p a r a t u s . 

T h e 16 contact co lumns are of square sect ion , 3.75 meters (12 feet) b y 8 meters 
(26 feet) h i g h w i t h a n effective contact d e p t h of 6.3 meters (20 feet ) . E a c h c o l u m n 
is fed b y a s i p h o n w i t h a n atmospher i c lock w h i c h w h e n u n p r i m e d r a p i d l y i n t e r r u p t s 
the f low of filtered w a t e r a n d guarantees per fec t i n s u l a t i o n between condui ts for 
filtered a n d s ter i l i zed waters . T h e w a t e r flow is d i s t r i b u t e d a m o n g the co lumns b y 
p a r t i a l l y closed sluice gates w h i c h compensate f or the v a r i o u s losses i n head i n the 
co lumns accord ing to t h e i r pos i t i on i n the p l a n t . 

S e r v i n g these contact co lumns are 16 ozonizers , 16 compressors for ozonized a i r , 
a n d eight groups of f requency changers , 50 to 500 cycles. E a c h of the l a t t e r serves 
two groups of ozonizers . T h e r e are cor respond ing e lec t r i ca l c o n t r o l s tat ions a n d 
three groups of a i r condit ioners ( two o p e r a t i n g p lus one spare) each c o m p r i s i n g a 
g r o u p of a m m o n i a compressors , a condenser, a n d a r e f r igera t i on c h a m b e r for water 
r e m o v a l . 

H a l f of the p l a n t uses p late ozonators of the O t t o design a n d h a l f ozonizers of the 
t u b u l a r V a n der M a d e design. T h e ozonized emuls i on is i n t r o d u c e d t h r o u g h eight 
c y l i n d r i c a l , porous diffusers a t the b o t t o m of each c o l u m n i n one h a l f of the p l a n t ; 
i n the o ther , i t is i n t r o d u c e d t h r o u g h 96 nozzles p e r c o l u m n . 

T h e ozonized a i r is conducted t h r o u g h stoneware p ipel ines w i t h p i t c h j o in ts . T h e 
c i r cu i t s are a r r a n g e d so t h a t the pressure runs are as short as possible a n d the negat ive 
pressure sections are longer . T h u s the t o p of each c o l u m n is open t o atmosphere 
a n d the m o i s t a i r col lectors , a i r condi t ioners , d r y a i r col lectors , a n d ozonizers are 
a l l operated u n d e r negat ive pressure . 

T h e o r i g i n a l a i r condit ioners each consisted of f our bundles of p ipes , c onta in ing 
gaseous or l i q u i d a m m o n i a , a n d housed i n f our i n s u l a t e d c o m p a r t m e n t s of a n 
insu la ted l o cker . T h e mo is t a i r passed over the first tube b u n d l e (defrost c y c l e ) , 
m e l t i n g off a c c u m u l a t e d ice , t h e n c i r c u l a t e d over t w o re fr igerated bundles a n d finally 
over the f o u r t h b u n d l e w h i c h conta ined gaseous a m m o n i a . T h e last b u n d l e w a r m e d 
the a i r to about 5 ° C . w h i l e coo l ing the a m m o n i a . T h e first three bundles a l t e rnated 
i n a frost -defrost cyc le . 

T h e compressors f or the ozonized a i r are of a w a t e r r i n g (seal) t y p e constructed 
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Figure 1. Schematic diagram of electrical installation 
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of stainless steel. T h e y d r a w a i r t h r o u g h the a i r condit ioners a n d ozonizers a n d 
force i t t h r o u g h the head of w a t e r i n the co lumns . E a c h u n i t has a c a p a c i t y of 700 
k g . of a i r per h o u r . 

E l e c t r i c a l energy is furn i shed t o the p l a n t a t 5000 vo l t s , 50 cycles, three phase. 
T w o 1300 -kva . t rans formers step the vo l tage d o w n t o 115 vo l t s . T h e 50-cycle power 
is c onver ted to 500 cycles b y a l ternators w i t h a c a p a c i t y of 36 k w . A single m o t o r 
dr ives t w o a l ternators , a n d a s e l f - i n d u c t i o n co i l is used to regulate the power factor 
a n d ensure opera t i ona l s t a b i l i t y . T h e 500-cycle c u r r e n t is s tepped u p to 10,000 vo l t s 
for the t u b u l a r ozonizers a n d 18,000 to 20,000 vo l t s f or the p late t y p e . 

T h e t u b u l a r ozonizers consist of s ix housings, each c o n t a i n i n g 30 electrode-tube 
assemblies. E a c h set of s ix housings is fed b y a single a l t e r n a t o r a n d serves a single 
contact c o l u m n . E a c h e lectrode-tube assembly consists of a glass t u b e s u r r o u n d e d 
b y water w h i c h serves as one electrode ( g r o u n d e d ) . T h e second electrode is a s t a i n 
less steel tube spaced concentr i ca l l y w i t h i n the glass tube . 

T h e p la te ozonizers consist of f our groups each w i t h s ix p a i r s of ho l l ow A l p a x 
(an a l u m i n u m - s i l i c o n a l l oy ) plates t h r o u g h w h i c h coo l ing w a t e r c i rcu lates . A p a i r of 
glass dielectr ics is p laced between each p a i r of plates . T h e m a x i m u m power i n p u t is 
1.5 k w . per ce l l . 

T h e schemat ic d iagrams (F igures 1 a n d 2) show the e lectr i ca l a n d ozone c i r cu i t s . 
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REFRIGERATIVE| 
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j — N — 1 — M — j 

REFRIGERATIVE REFRIGERATIVE 
COOLER COOLER 

HYDROVALVE-

Figure 2. Schematic diagram of ozone circuit 

Initial Opera t i on 

A l t h o u g h the p l a n t was scheduled for c o m p l e t i o n i n 1938, the first t r i a l runs 
c o u l d no t be m a d e u n t i l 1941. I t was a p p a r e n t f r o m these t h a t the a i r - c o n d i t i o n i n g 
i n s t a l l a t i o n was i n a d e q u a t e — t h e frost w h i c h depos i ted was m u c h fluffier t h a n h a d 
been a n t i c i p a t e d a n d i t s t h e r m a l c o n d u c t i v i t y was too l o w . T h e whole sys tem was 
del icate to operate a n d l a c k e d flexibility. A t t e m p t s to i m p r o v e i t s opera t i on were 
not sat i s fac tory a n d i t was e v e n t u a l l y dec ided to a b a n d o n the single-step, d irect 
expans ion a m m o n i a sys tem. Because of w a r a n d p o s t w a r condi t ions , n o t h i n g m o r e 
cou ld be u n d e r t a k e n u n t i l 1949-50. 

T h e new a i r - c o n d i t i o n i n g sys tem is a two-s tep process. T h e f irst , a cont inuous 
one, reduces the t e m p e r a t u r e to about 0 ° C , r e m o v i n g w a t e r b y condensat ion . T h e 
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second step was designed to reduce the t e m p e r a t u r e to —6.5° to —7.5° C , b u t has 
reached —12° to —13° i n a c t u a l r u n s . F o r the f irst step, the tube bundles f r o m the 
ear l ier i n s t a l l a t i o n are used w i t h c a l c i u m chlor ide b r i n e (10° B é . ) . T h e second step 
is accompl i shed i n three pa i rs of t u b u l a r bundles ins ta l l ed i n s ix t i g h t boxes. C a l c i u m 
chlor ide br ine (27° Bé. ) is c i r c u l a t e d i n these. T h e bundles are used d i scont inuous ly , 
be ing defrosted b y a c u r r e n t of w a r m a i r . T h e b r i n e so lut ions are c i r c u l a t e d b y 
p u m p s a n d cooled b y c i r c u l a t i o n t h r o u g h i n s u l a t e d t a n k s i n w h i c h the a m m o n i a coils 
are i m m e r s e d . A s i n the f irst i n s t a l l a t i o n , there are t w o operat ing u n i t s a n d one 
spare u n i t . T h e n e w sys tem has been f o u n d foo lproof a n d f lexible. 

Opera t ion of Plant 

A t the beg inn ing there were serious opera t ing dif f iculties, l a rge ly due to the l ong 
p e r i o d of t i m e w h i c h elapsed between i n i t i a l c ons t ruc t i on a n d e v e n t u a l opera t i on of 
the p l a n t . T o m a k e ce r ta in t h a t the w a t e r de l ivered to the customers was safe, 
weak c h l o r i n a t i o n was c o n t i n u e d for several m o n t h s u n t i l the ozone t r e a t m e n t h a d 
been firmly establ ished b y p r a c t i c a l opera t i on , a f ter w h i c h c h l o r i n a t i o n was abandoned . 

T h e ozone persistence c r i t e r i a for s t e r i l i za t i on , descr ibed above, p r o v e d c u m b e r 
some i n pract i ce a n d i t was soon f o u n d t h a t the des ired s t e r i l i z a t i o n c o u l d be obta ined 
w i t h smal ler dosages of ozone. B r i n e r (1), B r i n g m a n n (#), Buff le (3), a n d K e s s e l , 
A l l i s o n , M o o r e , a n d K a i m e (5) agree on the speed of the b a c t e r i c i d a l a n d a n t i v i r a l 
a c t i on of ozone i n doses of less t h a n 1 p . p . m . T h e ac t i on is m u c h faster t h a n t h a t 
of ch lor ine a n d i ts d e r i v a t i v e s ; i t takes o n l y about 1 m i n u t e . 

T h e contact t i m e i n the S a i n t - M a u r co lumns is 3 minutes at n o r m a l o u t p u t a n d 1 
m i n u t e 45 seconds at the m a x i m u m o u t p u t of 50,000 cubic meters per d a y per 
c o l u m n . T h e l a t t e r va lue is f r equent ly reached i n a c t u a l runs . T h e a u t h o r has t r i e d 
to determine a c e r ta in m i n i m u m ozone dose at the out let of the c o l u m n i m m e d i a t e l y 
a f ter t r e a t m e n t . A t first i t was t h o u g h t t h a t because of i ts r a p i d ac t i on , traces of 
ozone i n the water at the out let of the co lumns w o u l d be a sure s ign of s t e r i l i z a t i o n , as 
the water -ozone contact t ime is a lways between 1 m i n u t e 45 seconds a n d 3 m i n u t e s . 
E x p e r i e n c e p r o v e d th i s to be w r o n g . F i r s t a res idua l ozone va lue of 0.05 p . p . m . was 
adopted a n d no a t t e n t i o n was p a i d to the persistence m e t h o d . H o w e v e r , on different 
occasions 10 E. coli per l i t e r of ozonized water p r i o r to a u x i l i a r y c h l o r i n a t i o n were 
f ound , so the f o l l owing c r i t e r i a were finally a d o p t e d w h i c h for 2.5 years have gu ided 
the p r o d u c t i o n of per f e c t l y s ter i l i zed w a t e r . 

T h e r e m u s t be 0.10 p . p . m . of ozone present as res idua l a t the contact c o l u m n 
exits , i f the t e m p e r a t u r e of the w a t e r is be low 10° C , a n d 0.05 p . p . m . i f the w a t e r 
reaches t emperatures of m o r e t h a n 10° C . 

T h i s c r i t e r i o n has f u r n i s h e d a good m a r g i n of secur i ty , as i n d i c a t e d b y the 
c ons tant ly good results ob ta ined . 

Control Tests 

I n i t i a l l y the ozone residuals were checked b y chemica l tests e v e r y 2 hours . 
E v e n t u a l l y a m o n i t o r i n g device was developed w h i c h registered the difference i n 
p o t e n t i a l between the ozonized a n d filtered w a t e r . T h e a p p a r a t u s is s imple a n d 
foo lproof a n d has been used successful ly for 3 years . One such master device checks 
o n the c ombined f low of ozonized water , a n d e v e n t u a l l y there w i l l be s i m i l a r m o n i t o r i n g 
devices o n the i n d i v i d u a l co lumns . A s the ozone d e m a n d f luctuates w i t h i r regu lar i t i es 
i n w a t e r q u a l i t y a n d w a t e r v o l u m e , the ozone res idua l also changes a n d these changes 
m u s t be compensated for i m m e d i a t e l y . A t y p i c a l reg i s t ra t i on curve , w i t h a n i n d i c a t i o n 
of the causes of v a r i a t i o n s i n res idua l , is shown i n F i g u r e 3. 

I t is probab le t h a t , at w a t e r t emperatures above 20° C , a res idual of less t h a n 
0.05 p . p . m . is safe for perfect d i s i n f e c t i o n ; however , the reg i s t ra t i on device is not 
sensit ive be low 0.05 p . p . m . T h u s to be safe, the l i m i t is set a t 0.05 p . p . m . 
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P.RM OF RESIDUAL OZONE 
•05 QIQ 

-2 COLUMNS BACK IN SERVICE 
-ALARM SOUNDS (LACK OF OZONE) 
-2 COLUMNS OUT OF SERVICE 

-STOPPING ONE COLUMN 
-STARTING ONE COLUMN 

-STOPPING ONE COLUMN 

-STOPPING 2 COLUMNS 

I8L 

-STARTING ONE PUMP 

-STOPPING ONE PUMP AND 2 COLUMNS 

-STOPPING ONE PUMP 

Figure 3. Example of graphs recording 
residual ozone 

Ozone Dosage 

Because ozone is o n l y s l i g h t l y soluble i n water a n d is unstab le i n n a t u r e , r e a d i l y 
decomposing in to o r d i n a r y oxygen, o n l y a p o r t i o n of t h a t a p p l i e d is a c t u a l l y u t i l i z e d 
i n the s te r i l i za t i on process. P a r t of the ozone is no t absorbed b y the w a t e r a n d 
passes off the t o p of the contact co lumns . F o r instance , i n rout ine t r e a t m e n t a t 
S a i n t - M a u r 0.5 g r a m of ozone per k i l o g r a m of a i r is present at the c o l u m n out let i n 
w i n t e r a n d 1 g r a m per k g . i n s u m m e r . T h i s is 20 to 4 0 % of the a m o u n t a p p l i e d ; 
thus , i n 1 d a y u p to 160 k g . of ozone m i g h t be dispersed i n t o the atmosphere a r o u n d 
the p l a n t i f a closed a i r c i r cu i t were not used. 

T h e a c t u a l ozone dosage at S a i n t - M a u r based on 3.5 years ' operat i on , is of the 
order of 1 p . p . m . T h e m i n i m u m is 0.6 p . p . m . T h e a m o u n t a c t u a l l y used or lost i n 
the water is less, however , as these figures inc lude the excess ozone a t the c o l u m n 
outlets . Because the ozonizers cannot be operated be low c e r t a i n l i m i t s , th i s causes 
"excess" dosages, w h e n the ozone d e m a n d of the w a t e r is less t h a n 0.6 p .p .m. , even at 
m a x i m u m c o l u m n o u t p u t of 50,000 cubic meters ( twice r a t e d flow). 

Once or twice a year , for several hours or days , there is a n except i ona l ly h e a v y 
ozone d e m a n d , p r e s u m a b l y caused b y the d u m p i n g of i n d u s t r i a l wastes i n t o the river. 
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A t such t imes the ozone c a p a c i t y of the p l a n t is exceeded b y t h e d e m a n d a n d i t is 
necessary to a d d ch lor ine i n a d d i t i o n to ozone. 

T h e a c t u a l m a x i m u m p r o d u c t i o n of the p l a n t a t such t imes is 450 k g . a d a y , 
p r o d u c i n g a n ozone dosage of 1.6 to 2 p .p .m . , depend ing o n w a t e r f low. T h e m a x i m u m 
guaranteed is 1.2 p . p . m . for 300,000 cub ic meters of water or 360 k g . a d a y . E v e n 
t u a l l y i t shou ld be possible to produce 550 k g . a d a y w i t h 12 of 16 co lumns i n o p e r a 
t i o n , as o r i g i n a l l y c ontempla ted . F i g u r e 4 shows d a i l y ozone dosages for J a n u a r y to 
September 1956. 

1.70 

1.60 

JAN FEB MAR APR MAY JUN JUL AUG SEP 

Figure 4. Proportion of ozone in water treatment (1956) 

Bactericidal Act ion 

Since the a b a n d o n m e n t of c o m p l e m e n t a r y h y p o c h l o r i t e t r e a t m e n t , the ozonized 
w a t e r has never s h o w n the presence of E. coll. T h u s the sa fety of th is m e t h o d of 
d i s in fec t ion seems excellent o n the basis of c lassical c r i t e r i a . I n 1952, w i t h h y p o 
ch lor i te , clostndium perfnngens was reduced f r o m a n average of 40 uni ts to 31 u n i t s 
per l i t e r . I n 1955, w i t h ozone, a n average of 50 u n i t s per l i t e r was reduced to 22. 

T h e c o l i f o r m count for the u n t r e a t e d water var ies f r o m 15,000 to 100,000 un i t s 
per l i t e r , w i t h a n average of 30,000 to 50,000. 

Effect on Organic Matter 

C o m p a r e d to ch lor ine t r e a t m e n t , there is v e r y l i t t l e , i f a n y , difference i n tho 
organic m a t t e r (as measured b y a l k a l i n e permanganate ) a f ter ozone. I n each case 
the r e d u c t i o n is less t h a n 1 0 % . 

Effect on Tastes 

One of the m a i n reasons the S a i n t - M a u r p l a n t was b u i l t was to i m p r o v e water 
taste . C o m p l a i n t s f r o m w a t e r users have p r a c t i c a l l y ceased since 1939. H o w e v e r , i t 
has been de te r min e d t h a t the unp leasant tastes p r i o r to 1939 resulted f r o m wastes 
f r o m a p l a n t w h i c h has since been shut d o w n . A c t u a l l y , greater i n d u s t r i a l i z a t i o n has 
t a k e n place a long the Seine r a t h e r t h a n the M a r n e a n d has created taste p rob l ems at 
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the I v r y p l a n t , where chlor ine dioxide has been used e x p e r i m e n t a l l y to cope w i t h u n 
pleasant tastes. 

A t I v r y , p r o b a b l y for the first t i m e i n F r a n c e , tastes have been s tud ied for 2 
years b y the d i l u t i o n m e t h o d of B a y l i s . B u t , because the p o p u l a t i o n of P a r i s is so 
sensit ive to tastes, a n d floods the water b u r e a u w i t h telephone calls at even the 
sl ightest taste of u n n e u t r a l i z e d ch lor ine , the d i l u t i o n m e t h o d at 30° C . is r u n ra ther 
t h a n the more u s u a l odor d i l u t i o n test at 60° C . 

A t S a i n t - M a u r , taste c o m p l a i n t s have d i sappeared ent i r e ly since ozone equp iment 
was ins ta l l ed , except for t imes w h e n chlor ine was used s imul taneous ly . H o w e v e r , 
30° taste d i l u t i o n tests have recent ly been r u n as a m a t t e r of record . A t 30° C . 
taste thresho ld for r a w water is 2 to 3 ; f i l tered water , 1; ozonized water , 0. 

T o ascer ta in the effects of ozone on i n d u s t r i a l p o l l u t i o n bet ter , several exper iments 
were m a d e w i t h a single c o l u m n t r e a t i n g 25,000 cubic meters a d a y . 

Experimental Runs. 1. A d d i t i o n of pheno l , 2 X 1 0 - 8 ; ozone t r e a t m e n t , 1.6 p . p . m . ; 
contact t ime , 3 m i n u t e s . T h r e s h o l d of u n t r e a t e d water , 3. ( T o m a k e the water taste 
b a d , as the pheno l alone d i d not cause a n y b a d taste , ch lor ine was added to the u n 
trea ted water , a n d to the ozonized water , a n d the excess was neutra l i zed . ) 

T h r e s h o l d of the t rea ted water , tasteless. 
2. A d d i t i o n of pheno l , 1 0 ~ 7 . T h r e s h o l d of u n t r e a t e d water , 15. T h r e s h o l d of 

t rea ted water , 0. Ozone absorbed, 0.2 p . p . m . of r es idua l ozone p r i o r to the a d d i t i o n of 
pheno l a n d 0.1 p . p . m . d u r i n g the a d d i t i o n . 

T h e reg i s t ra t i on equ ipment i m m e d i a t e l y showed the passage of c o n t a m i n a t e d water 
i n the f luc tuat i on of the 0.1 p . p . m . of res idua l ozone. 

3. A d d i t i o n of waste f r o m a coke -oven p l a n t (phenols a n d tars a n d s u l f u r - c o n t a i n 
i n g p r o d u c t s h a v i n g a b a d o d o r ) , 20 l i ters per cubic meter of u n t r e a t e d water . 

T h r e s h o l d of u n t r e a t e d water ( b i t t e r t a s t e ) . T h r e s h o l d of t r ea t ed water , close to 
2 (a m u d d y tas te ) . Ozone absorbed , r o u g h l y 0.1 p . p . m . 

4. A d d i t i o n of pheno l , 1 0 ~ 7 . 
T h r e s h o l d of u n t r e a t e d water , 15. T h r e s h o l d of t rea ted water , 0. 
5. A d d i t i o n of synthet i c ch loropheno l , 1 0 - 7 . 
T h r e s h o l d of u n t r e a t e d , 40. T h r e s h o l d of t r e a t e d water , 0. Ozone absorbed, 

ra ther weak . 
6. A d d i t i o n of synthet i c ch loropheno l , 1.6 X 1 0 ~ 7 . 
T h r e s h o l d of u n t r e a t e d water , 55. T h r e s h o l d af ter t r e a t m e n t var ies accord ing to 

condi t ions f r o m 0 to 4 (taste of ch lorophenol ) ; t h u s the poss ib i l i t y of taste des t ruc t i on 
is i n d i c a t e d for the dosages a c t u a l l y used (1.6 p .p .m. , or the a c t u a l m a x i m u m at the 
p l a n t f or t r e a t i n g large a m o u n t s of water ) for a contact t i m e of 3 minutes ( i n a 
c o l u m n h a v i n g a n o r m a l f low of 25,000 cubic meters p e r d a y ) . 

Effect on Color 

Because the f i l tered water has l i t t l e color , the effect is s m a l l . B u t v i e w e d t h r o u g h 
sufficient d e p t h , the ozonized water has a b l u i s h t i n t , c o m p a r e d w i t h the y e l l o w i s h 
t i n t of c h l o r i n a t e d w a t e r . T h e color of the filtered w a t e r var ies f r o m 4 to 10 ; 
ozonized water , 0 to 5 ; c h l o r i n a t e d , 3 to 8. 

Other Effects 

W h e n the ozone p l a n t first s t a r t e d u p , a large n u m b e r of fish d ied sudden ly at 
the A q u a r i u m of the F r a n c e d ' O u t r e m e r M u s e u m , w h i c h is served w i t h w a t e r f r o m 
S a i n t - M a u r . T h e cause was e v e n t u a l l y t r a c e d to gas e m b o l i s m i n the gi l ls of the 
fish, w h i c h came about t h r o u g h the presence of a i r bubbles i n the water . T h e 
p u m p e d w a t e r is s a t u r a t e d af ter ozone t r e a t m e n t , a n d the bubbles were released as 
the head decreased a n d as the t e m p e r a t u r e of the water increased d u r i n g the l ong r u n 
t h r o u g h the pipel ines i n the m u s e u m . 
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Water Treatment V o l u m e 

I n i t i a l l y (1933) , the m a x i m u m o u t p u t of the filter p l a n t a n d p u m p i n g s ta t i on was 
o n l y 200,000 cubic meters a d a y (53,000,000 gallons per d a y ) . T h e present o u t p u t of 
the ozone p l a n t is 300,000 cubic meters (79,000,000 gal lons per d a y ) , w h i c h has a l ready 
been reached a n d even exceeded for short per iods . A s head losses are l ower t h a n 
a n t i c i p a t e d , i t s h o u l d be possible to double the design o u t p u t to 600,000 cubic meters a 
d a y , i f the ozone p r o d u c t i o n c o u l d be s u i t a b l y increased d u r i n g peak d e m a n d per iods . 

Ozon i zed A i r Circuit 

T h e t a r or p i t c h jo ints i n the stoneware p ipel ines have been a source of f requent 
m i s h a p s a n d leakage, a c count ing for the b u l k of maintenance expenses at S a i n t - M a u r . 

L e a k s at the water seals of the compressors have also been troublesome. One 
compressor has been f i t ted w i t h graphite -s ta in less steel r ings w h i c h seem to have 
so lved the d i f f i cu l ty . 

E v e n traces of ozone i n the atmosphere cause severe d iscomfort to the workers , 
a l t h o u g h i n d i v i d u a l to lerance var ies g reat ly . I f more concentrated ozone is i n h a l e d , 
s y m p t o m s s i m i l a r to those p r o v o k e d b y ch lor ine occur . N e o p r e n e gas masks are 
ava i lab le for p r o t e c t i o n of the w o r k e r s . 

Refrigerat ion Equipment 

T h e n e w two-s tep process has operated w i t h o u t serious t roub le since F e b r u a r y 
1953. I t has u s u a l l y sufficient c a p a c i t y to cool the a i r to —12° or —13° C , a n d 
e x p e r i m e n t a l runs at —18° C . have been made . 

H o w e v e r , m a i n t e n a n c e of the steel tubes of the heat exchangers has been a 
t roublesome p r o b l e m . T h e wet ozonized a i r o n the outside of the tubes is v e r y 
corros ive . Oi l -base p a i n t s w i l l s t a n d u p for o n l y a few m o n t h s . A f t e r a n u m b e r 
of c o m p a r a t i v e t r i a l s , a h i g h - p o l y m e r base p a i n t has been selected, b u t i t w i l l be 
some t i m e before th i s can be f u l l y eva luated . 

T h e r e has also been corros ion f r o m the c a l c i u m chlor ide b r i n e on the ins ide of 
the tubes i n spite of p H cont ro l . I n h i b i t o r s are n o w be ing inves t igated . 

Ozon izer Ma intenance 

T h e r u n n i n g of the ozonizers is beset w i t h maintenance prob lems . T h e t u b u l a r 
stainless steel electrodes corrode a n d g r a d u a l l y become coated w i t h oxides. T h e y 
m u s t t h e n be disassembled a n d c leaned. T h i s corros ion is due ra ther to n i t r i c a c i d , 
w h i c h f o rms w i t h the ozone, t h a n to the ozone itsel f . T h e a m o u n t of n i t r i c a c id 
decreases as the a i r becomes dr i e r a n d cooler. T h u s , the a m o u n t of n i t r i c a c i d , 
expressed as n i t rogen , drops f r o m 20 m g . per k g . of a i r c o n t a i n i n g 2.2 grams of water 
to 10 m g . per k g . for a i r c o n t a i n i n g 0.8 g r a m of water . T h i s s m a l l a m o u n t of n i t r i c 
a c i d has o n l y a negl ig ible effect on the water t r ea ted . 

T h e ho l l ow A l p a x plates of the p late ozonators corrode occasional ly f r o m contact 
w i t h the coo l ing water . T h e y are pro tec ted f r o m scale b y t r e a t i n g the cool ing water 
w i t h 2 p . p . m . of hexametaphosphate . 

T h e flat dielectrics s t a n d u p bet ter t h a n the o r ig ina l tubes, b u t t h e i r replacement 
is d i f f icult a n d t i m e - c o n s u m i n g . D u r i n g the f irst m o n t h s of operat i on , breakage of 
the c y l i n d r i c a l dielectr ics was f requent . I m p r o v e m e n t s i n the coo l ing sys tem a n d 
tube assembly he lped somewhat , b u t not u n t i l borosi l i cate glass tubes were subs t i tu ted 
for the o r i g i n a l soft glass was a n y rea l i m p r o v e m e n t achieved . Occas ional rep lace 
ments are s t i l l necessary a n d th is is a c o n t i n u i n g maintenance expense. 
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Electric Energy Consumpt ion 

T h e most i m p o r t a n t i tems of expense are salaries for personnel , deprec ia t i on , a n d 
electric energy for the ozonizers. T h e next most i m p o r t a n t i t e m is e lectr i ca l energy 
for the a i r compressors a n d re fr igerat ive u n i t s . A s these v a r i o u s energy consumpt ions 
are in te r re la ted , t h e y cannot rea l l y be considered separate ly . 

Influence of Moisture 

T h e o r i g i n a l design p r o v i d e d for a dew po in t of —6.5° C , or 2.2 g rams of m o i s t u r e 
per k g . of d r y a i r . H o w e v e r , d u r i n g exper imenta l runs i n 1949 i t was a p p a r e n t t h a t 
th is dew p o i n t was dangerous ly close to the m a x i m u m permiss ib le l i m i t . B y a d o p t i n g 
the two -s tep cool ing scheme descr ibed above, i t was possible to achieve dew po in ts 
of —12° to —13° C , w i t h o u t a d d i t i o n a l re f r igerat ion equ ipment . A t th i s m o i s t u r e 
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Figure 5. Effect of humidity on ozone production 

content , ozonizer o u t p u t is m u c h m o r e stable . I t was possible to m a k e exper imenta l 
runs at —18° C . dew p o i n t . F i g u r e 5 shows the influence of m o i s t u r e on ozonator 
p r o d u c t i o n . A s yet no t enough e x p e r i m e n t a l values are a v a i l a b l e to establ ish the 
o p t i m u m mois ture content , b u t i t is in tended to equ ip one c o l u m n w i t h a s i l i ca gel 
dr ier for f u r t h e r studies. 

V a l u e of A i r Recovery 

T h e a i r enter ing the co lumns contains at least 2.5 grams of ozone per k g . of d r y 
a i r ; the a i r l eav ing contains 0.5 g r a m i n w i n t e r a n d 1 g r a m i n s u m m e r . T h u s there 
is v i t a l interest i n recover ing th i s ozone. 

I t is dif f icult to show a correct balance sheet for th is opera t i on . B y recyc l ing 
the a i r , the need for a i r filters is e l i m i n a t e d . O n the other h a n d , the recovered a i r 
is a lways sa tura ted w i t h mo is ture , w h i c h w o u l d no t be the case i n most c l imates for 
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atmospher i c a i r . A l s o , for a g iven q u a n t i t y of e lec tr i ca l energy a p p l i e d , less ozone 
is generated i n the recovered ( p a r t i a l l y ozonized) a i r t h a n w o u l d be p r o d u c e d i n a i r 
free of ozone. T h e o v e r - a l l y i e l d i n the recovery is a lways l o w . 

F i g u r e 6 shows h o w ozone p r o d u c e d var ies w i t h the a m o u n t recovered. T h e 
u p p e r c u r v e is based on the opera t i on of a single b a n k of p la te ozonizers w i t h a n 
energy c o n s u m p t i o n of 35 k w . a n d n o r m a l a i r f low of 700 k g . per h o u r . I f as m u c h 
as 1 g r a m of ozone per k g . of a i r is recovered, the ozone o u t p u t is increased f r o m 

O O.I 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

OZONE RECOVERED, Ks/h 

Figure 6. Relation of ozone produced to amount recovered 

1600 grams per h o u r ( w i t h fresh a i r ) to 1800 grams per h o u r . A s power i n p u t 
remains the same, th is w o u l d m e a n a power sav ing u n i t of ozone of 1 1 % . A c t u a l l y , 
th is 1 1 % sav ing is a m a x i m u m , a n d u n d e r n o r m a l condi t ions 5 to 8 % w o u l d be m o r e 
t y p i c a l . W i t h t u b u l a r ozonizers, the values are s i m i l a r . 

I f the ozonizers are operated at h igher concentrat ions ( lower a i r flows) the sav ing 
is reduced . I f the water a n d a i r were c i r cu la ted c o u n t e r c u r r e n t l y , savings w o u l d be 
s t i l l smal l er or p r a c t i c a l l y nonexistent . 

Higher Concentrat ion 

A t h igher concentrat ions , ozone is more easi ly d isso lved i n the water ; a n d of course 
for a g i v e n water f low, less a i r need be compressed a n d d r i e d . U n f o r t u n a t e l y , as the 
concentra t i on rises, the ozonizer y i e l d drops . 

T h e compressors at S a i n t - M a u r operate at constant speed w i t h a n o u t p u t of 
700 k g . per h o u r a n d a n energy c o n s u m p t i o n of about 20 k w . E x p e r i m e n t s have been 
m a d e w i t h a single compressor e q u i p p e d w i t h a var iab le - speed d r i v e to v a r y the a i r 
f low. T h e lower curves i n F i g u r e 6 show the r e d u c t i o n i n ozone o u t p u t tit decreased 
a i r flow, power i n p u t r e m a i n i n g constant at 35 k w . 

Because of the h i g h ra t i o of compress ion energy to ozone generat ion energy 
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GUINVARC'H-STERILIZATION OF WATER IN PARIS 427 

(20 k w . / 3 5 k w . = 0.57 m i n i m u m ) use of ozonators of a m o r e m o d e r n design, capable 
of efficient p r o d u c t i o n of ozone at 10 grams per k g . of d r y a i r , w o u l d resul t i n 
apprec iab le op er a t ing economies. O v e r - a l l energy c o n s u m p t i o n for the p l a n t w o u l d 
be reduced b y about one t h i r d . 

Reduction in Co lumn Height 

Because a r e d u c t i o n i n c o l u m n height w o u l d reduce compress ion energy, assays of 
the w a t e r at % a n d % c o l u m n heights have been made . A l t h o u g h these tests are 
not complete or conc lus ive , there is l i t t l e i n d i c a t i o n t h a t c o l u m n height can be safely 
reduced . 

Stabil ity of Ozon izer Opera t ion 

T h e most di f f icult p r o b l e m encountered was the i n s t a b i l i t y of opera t i on of the 
t u b u l a r ozonators . T h e power a b s o r p t i o n of each b a t t e r y changed cont inuous ly a n d 
i r r e g u l a r l y . M a t t e r s were even worse w h e n the soft glass tubes were rep laced w i t h 
boros i l i cate glass. A s i m i l a r phenomenon , a l t h o u g h m i l d e r , was observed w i t h the 
p la te machines . 

T h i s c ond i t i on of i n s t a b i l i t y comes f r o m the fact t h a t the ozonator c i r c u i t combines 
a capac i ta t ive ozonizer l o a d w i t h react ive components i n the t r a n s f o r m e r , s e l f - induc t i on 
co i l , a n d a l t e r n a t o r ; th i s results i n a resonat ing c i r c u i t . T o overcome th i s d i f f i cu l ty , 
the se l f - inductance was increased. W i t h th is added impedance a n d w i t h ozonator 
vo l tage increased f r o m 8000 to 10,000 vo l t s , i t was possible to achieve stable opera t i on . 

H o w e v e r , o p e r a t i o n at l o w power i n p u t s was s t i l l unstab le . R a t h e r t h a n p r o v i d i n g 
the v a r i a b l e inductance necessary to cope w i t h th i s c ond i t i on , i t was dec ided to operate 
o n l y i n the range of 18 t o 36 k w . , w h i c h is stable . 

E x p e r i m e n t s w i t h t h o r o u g h d r y i n g have shown t h a t the s t a b i l i t y is i m p r o v e d at 
l ower power i n p u t s w i t h dr i e r a i r . 

T h e die lectr ic propert ies of the glass v a r y f r o m s h i p m e n t to s h i p m e n t a n d also 
change i n a c t u a l use, thus a g g r a v a t i n g the p r o b l e m of s t a b i l i z i n g the ozonizer opera t i on . 

Energy Consumpt ion 

I t is c u s t o m a r y to express e lec tr i ca l energy c o n s u m p t i o n i n te rms of grams of ozone 
p r o d u c e d . I n the case of S a i n t - M a u r , th is is di f f icult because of the closed c i r c u i t a r 
rangement . I t is m o r e m e a n i n g f u l to use the q u a n t i t y of energy needed to m a k e a v a i l 
able to the water 1 g r a m of ozone—this is the figure of interest to a designer. 

T h e results a t S a i n t - M a u r differ g rea t ly w i t h the t w o types of ozonizers . A t 
m a x i m u m power , 35 k w . a t the h igh -vo l tage i n p u t t e rmina l s of the ozonizer , the p late 
m a c h i n e consumes 19 w a t t - h o u r s per g r a m of ozone w i t h a i r recovery , 22 w a t t - h o u r s 
w i t h o u t a i r r e c o v e r y ; a t 2 0 - k w . i n p u t , 15 a n d 20 w a t t - h o u r s , respect ive ly . I n b o t h 
cases a i r f low is 700 k g . per h o u r . 

W i t h the t u b u l a r ozonators ( F i g u r e 7) y ie lds are h igher . T h e y produce the 
same a m o u n t of ozone at 25 k w . t h a t the p late types produce at 35 k w . I n b o t h cases 
s u b s t a n t i a l losses i n the f requency changer m u s t be added . I t is d o u b t f u l t h a t the 
r e d u c t i o n i n the size of e q u i p m e n t r esu l t ing f r o m the use of 500 cycles is w o r t h w h i l e . 

W i t h the ozonizers r u n at f u l l power , the compressors require 12 w a t t - h o u r s per 
g r a m of ozone a n d the a i r condit ioners 6 to 8 w a t t - h o u r s . 

O n a n o v e r - a l l basis the average, c o m p u t e d f r o m the m a i n w a t t m e t e r of the p l a n t 
a n d i n c l u d i n g a l l losses, is 39 w a t t - h o u r s per g r a m of ozone ava i lab le for w a t e r t r e a t 
m e n t (equiva lent to 17.7 k w . - h r . per p o u n d of ozone) . 

F o r the y e a r 1955, 89,000,000 cubic meters of w a t e r were t r ea ted a n d 3,800,000 
k w . - h r . of e lec tr i ca l energy were used , or 43 w a t t - h o u r s per cubic meter . T h u s 
average ozone dosage was 1.1 p . p . m . 
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Figure 7. Production of ozone in tubular ozonator 
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Over -a l l Costs 

F o r 1955, expendi tures ( in francs) were as fo l l ows : 

E le c t r i c energy, 5.8 francs per kw.-hour 
Salaries and wages 
Maintenance 
Deprec iat ion (30-year basis) 

22,000,000 
18,000,000 
5,000,000 

50-60,000,000 

T h e t r ea tment costs therefore were 1.1 to 1.2 francs per cubic meter . 
I f the same p l a n t were to be b u i l t t oday , savings i n cost cou ld be made . I t is 

perhaps possible to foresee costs reduced to 25 w a t t - h o u r s per g r a m of ozone, a va lue 
a c t u a l l y reached i n P h i l a d e l p h i a i n 1949 for a p l a n t of the same size as the P a r i s p l a n t . 

Discussion 

I n the o p i n i o n of U n i t e d States scientists , the ozonizat ion of c i t y waters m a y be 
l ooked u p o n as a spec ia l k i n d of a t r ea tment , reserved for h i g h l y p o l l u t e d waters c on 
t a i n i n g a great deal of i n d u s t r i a l waste , caus ing obnoxious tastes a n d odors w h i c h o ther 
wise cannot be h a n d l e d . B u t i t m a y also be sa id t h a t ozon izat ion is the idea l technica l 
t r e a t m e n t , t h a t i t is economic , a n d t h a t i t can e l iminate c h l o r i n a t i o n complete ly . T h i s 
is sometimes h e a r d i n F r a n c e . 

Ozone is effective against c e r t a i n unpleasant tastes, b u t there is a l i m i t to th is 
efficiency, as was s h o w n i n the exper iments . T h e U . S. l i t e ra ture corroborates t h i s — f o r 
instance , reports f r o m W h i t i n g , I n d . , show t h a t m u c h larger dosages t h a n at S a i n t - M a u r 
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are no t f u l l y effective. I t has not been demonstra ted t h a t ozone is a panacea for a l l 
unpleasant tastes. T h e author ' s tests showed i t to be more effective against phenols 
t h a n against coke p l a n t effluent. A s far as is k n o w n , there is l i t t l e i n the l i t e r a t u r e 
to ind i cate the effect of ozone t reatment on ear thy , m o l d y , a n d m u s t y types of tastes ; 
H a n n (4) gives some d a t a i n terms of odor index , as is the U . S. cus tom. 

C e r t a i n F r e n c h hygienists r e c o m m e n d ozone for a l l waters , even those w i t h l i t t l e 
p o l l u t i o n . T h e i r p r i n c i p a l reason is t h a t chlor ine m i g h t be h a r m f u l to the h e a l t h . T h i s 
is a feeble argument , l a c k i n g scientif ic proof . N o r is i t sufficient to say t h a t ozone is 
s i m p l e r a n d safer to use t h a n chlor ine a n d not m u c h more expensive. Ozone is no t 
s imple to use a n d the p l a n t m u s t be superv ised b y experts . S t a n d - b y c h l o r i n a t i o n 
equ ipment m u s t be ava i lab le i n case of power fa i lure . 

O n l y the fu ture can determine whether ozone is the best means of c o m b a t i n g 
offensive odors. One l i k e l y c ompet i t o r is ch lor ine d iox ide , w h i c h is be ing used 
e x p e r i m e n t a l l y at the I v r y p l a n t at P a r i s . I t is as expensive as ozone, b u t easier to 
a p p l y . A l t h o u g h this p l a n t has been r u n n i n g e x p e r i m e n t a l l y for a year , the a u t h o r is 
not ye t conv inced of its mer i t s a n d is i n c l i n e d to give ozone the edge. 
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Ozone Production and Costs 

E. L. BEAN 

Treatment Section, Philadelphia Water Department, Philadelphia, Pa. 

The Philadelphia ozonation plant has some unusual 
design features. Because it was a pioneering project, 
some changes later proved necessary; satisfactory 
modifications were found. Equipment to produce 
completely dust-free and thoroughly dried air proved 
its value. Guaranteed capacities of ozone gener
ation and efficiencies have been exceeded. With 
long operation there has been no appreciable change 
in either. Maintenance has been greatly below that 
forecast, and constant attendance has proved un
necessary. Operational costs are not inconsistent 
with costs for other oxidation processes used in water 
treatment. Overhead costs for this plant are not 
comparable with those for a plant built at present. 
Reduction of tastes and odors and removal of manga
nese have been appreciable, and good bacterial and 
coliform organism kills have resulted. 

Philadelphia's ozonat ion p l a n t , p laced i n service i n ear ly 1949, is located at the B e l 
m o n t W a t e r T r e a t m e n t P l a n t ; t r e a t i n g water p u m p e d f r o m the S c h u y l k i l l R i v e r . 
Ozone-generat ing c a p a c i t y of the p l a n t is 1250 pounds per d a y . A t the t i m e of i n s t a l l a 
t i o n th i s was the largest i n the w o r l d a n d 16 t imes larger t h a n a n y other p l a n t t r e a t i n g 
w a t e r i n A m e r i c a . I t s ozone-generat ing u n i t s were of a t y p e p r e v i o u s l y used o n l y i n 
one v e r y s m a l l p l a n t . T h e pro jec t was , therefore , someth ing of a p ioneer ing deve lop 
m e n t . 

T h e S c h u y l k i l l , over 125 mi les l ong , has i n recent years been c leaned, b y dredg ing 
f r o m i t s source t o the F a i r m o u n t D a m , w h i c h forms the poo l as source of B e l m o n t ' s 
water , a n d p o l l u t i o n has been m i n i m i z e d . I n the fort ies , however , the condi t ions were 
v e r y dif ferent. T h e S c h u y l k i l l , w h i c h has i ts sources i n the coa l m i n i n g areas, received 
a great a m o u n t of coa l c u l m , also açid m i n e drainage , t h e n passed t h r o u g h a l imestone 
reg ion where the a c i d reacted w i t h l imestone . I t t h e n passed t h r o u g h a h i g h l y i n 
d u s t r i a l i z e d area , where b o t h i n d u s t r i a l a n d domest ic wastes were rece ived, large ly 
u n t r e a t e d — t h e f o rmer f r o m some 40 different industr ies , the l a t t e r f r o m severa l c o m 
m u n i t i e s of considerable size. 

F o r a source of p u b l i c s u p p l y , the B e l m o n t r a w water was, i n the fort ies , u n u s u a l l y 
p o l l u t e d bacter io log i ca l ly , a n d b y a v a r i e t y of organic wastes w h i c h caused tastes a n d 
odors. M a n g a n e s e content sometimes exceeded 5 p . p . m . T h e water conta ined a great 
a m o u n t of coa l c u l m a n d some c l a y s ; the t u r b i d i t i e s ranged , i n y e a r l y averages, u p to 
1200 p .p .m. , w i t h readings sometimes reaching 3000 p . p . m . 

A t the B e l m o n t p l a n t , a 35,000,000-gallon b a s i n p r o v i d e d a c t u a l detentions a p 
p r o x i m a t i n g 16 hours at the rate of 36,000,000 gallons per d a y . A i d e d b y a l u m a p -

430 
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p l i c a t i o n at t imes of h i g h t u r b i d i t i e s , the sett led t u r b i d i t y was u s u a l l y between 10 a n d 
30. T h i s water was t h e n t rea ted w i t h ch lor ine , w i t h a l u m a n d limé to flocculate, a n d 
w i t h c a r b o n for taste a n d odor r e m o v a l . I t was passed t h r o u g h baffled m i x i n g basins , 
2 -hour se t t l ing basins , a n d r a p i d s a n d f i l ters , f o l lowed b y p o s t c h l o r i n a t i o n . 

M a n g a n e s e passed t h r o u g h the r a p i d sand filters; therefore , ozonat ion c o u l d no t 
be a p p l i e d to f i l tered w a t e r w i t h o u t l o a d i n g the d i s t r i b u t i o n sys tem w i t h m i n e r a l i z e d 
manganese. P o i n t of ozonat ion was chosen as the preset t led w a t e r before a p p l i c a t i o n 
of the chemicals . 

P i l o t p l a n t tests h a d p r e v i o u s l y been r u n w i t h a 2 -ga l l on -per -minute a n d a 1,000,-
000 -ga l l on -per -day u n i t . These i n d i c a t e d the effectiveness of ozonat ion , a n d t h a t the 
m a x i m u m a p p l i c a t i o n r e q u i r e d w o u l d be less t h a n 4 p . p . m . T h i s was adopted as the 
design c a p a c i t y , a n d the p l a n t was b u i l t to produce the 4 p . p . m . dosage o n a flow of 
36,000,000 gal lons per d a y , w i t h t w o generators out of service (3). 

Description of Plant 

A t m o s p h e r i c a i r is c leaned b y passage t h r o u g h electrostat ic f i l ters , compressed to 
about 10 p . s i . g . b y five 400-cu . foot per m i n u t e r o t a r y b lowers , cooled b y water coi ls , 
f o l lowed b y re f r igerated coils, to u n d e r 50° F . , t h e r e b y d r y i n g to u n d e r 50 grains of 
mo i s ture per p o u n d of d r y a i r , a n d passed t h r o u g h one of f our c rushed a l u m i n u m 
dryers to produce dew po ints be low — 60° F . , equa l to a m o i s t u r e content of less t h a n 
1 g r a i n per p o u n d of d r y a i r . 

Ozone is generated b y 50 generators m a n u f a c t u r e d b y the W e l s b a c h C o r p . , each 
guaranteed to produce 25 pounds of ozone per 24 hours . T h e generator shells are 

O Z O N E R E S I D U A L , P.P.M* 

76 

Figure 1. Coliform kill by ozone 

Points plotted are averages of monthly average 
kills at various ozone residuals, 1950 to 1955 

water -coo led a n d of a l l stainless s tee l ; each generator ut i l izes 85 boros i l i cate glass tube 
electrodes, 3 inches i n d iameter , coated on the ins ide w i t h g r a p h i t e for c u r r e n t d i s 
t r i b u t i o n , pro tec ted b y B i t u m a s t i c enamel . C u r r e n t is s tepped u p to 15,000 vo l t s for 
generat ion . 
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OZONE RESIDUAL, R P . M * 
Ο .10 .20 .30 .40 .50 

ΙΟΟι 1 1 1 1 1 

80 

Figure 2. Bacterial kill by ozone 

Points plotted are average kill shown by 9 0 % 
of all individual tests (37° count, 24 hours, on 
agar) for various ozone residuals, 1950 to 
1955 * (?) 

Ozonized air is conducted underground to three contact chambers, where it is 
diffused into the water at a depth of 18% feet. Water enters the top of these 25-foot 
square chambers on one side, and passes downward and across the chambers. A t 

Figure 3. Schematic layout of ozonation plant 
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Feeder from local utility 
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Figure 4. Electrical wiring diagram 

maximum flow the theoretical contact is 10 minutes, 
plates, later replaced by porous tubes. 

Diffusion was originally by porous 

Cap i ta l Costs 

Cost of construction of this plant (engineering, inspection, and other expenses 
figured at 20% of the contract costs) totals $1,000,000, divided as follows: equipment, 
70%; electric service, main supply transformers, switch gear, etc., 4%; housing struc
ture, 10%; contact or diffuser tanks, 16%. 

Figure 5. Refrigerative dryers and air blowers 
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Figure 6. Refrigerative dryers 

Difficulties Encountered 

Refrigerative Dryers. In designing the plant, ample air was provided to operate 
down to 0.5% ozone concentration, if this proved most efficient. This was not the case, 
and not long after the plant was placed in operation, the river was cleaned to the 
extent of reducing ozone requirements. With the resultant low air demand, refrigera
tive coils froze and the compressor units required frequent service. As emergency 
correction the water supply to the water cooling section was shut off, throwing the 

Figure 7. Adsorptive dryers 
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Figure 8. Ozone generating equipment and control panel 

whole coo l ing l o a d to the re f r igerat ive sect ion. P r o p o r t i o n i n g va lves have since been 
ins ta l l ed to c o n t r o l the re f r igerat ion p r o p o r t i o n a l l y to the l oad ing . 

Adsorptive Dryers. I t q u i c k l y developed t h a t the adsorp t i ve d ryers were n o t 
being p r o p e r l y d r i e d . A f t e r d r y i n g , ins tead of —60° F . the dew p o i n t m i g h t r u n o n l y 
to —20° F . , a n d t h e n o n l y for a short t i m e . R e d d i s h b r o w n deposits s t a r t e d t o f o r m 
i n the generator tubes . 

T h e adsorpt ive un i t s are d r i e d b y passage of ho t a i r d o w n w a r d t h r o u g h the 
a l u m i n a bed , the m o i s t u r e p i c k e d u p t h e n be ing d r o p p e d out i n a s t a n d a r d c o m m e r c i a l 

Figure 9. Ozone generator header and tubes 
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u n i t , consist ing of a c h a m b e r conta in ing coils t h r o u g h w h i c h cool ing water is c i r cu la ted . 
T h e condensed m o i s t u r e is l e d off t h r o u g h a t r a p p e d opening to d r a i n . 

T h e floor of the chamber was c o n t i n u a l l y flooded. T h i s was corrected complete ly 
b y re locat ion a n d ad jus tment of the d r a i n t r a p . 

Electrical Leads. I n the o r i g i n a l i n s t a l l a t i o n N o . 14 neon s ign cable was ins ta l l ed 
t h r o u g h Và-inch c o n d u i t f r o m the t rans formers to the electrodes of generator u n i t s . 
These cables, f u l l y i n s u l a t e d for 15,000 vo l t s to g r o u n d , b u r n e d off f r equent ly at the 
end of i n s u l a t i o n nearest the generator electrode. M a n y different types of insu la ted 
cable were tested w i t h the same resul t . T h e cause was never sa t i s fac tor i ly d e t e r m i n e d ; 
however , i t was f o u n d t h a t bare w i re of a larger size gave no such d i f f i cu l ty , a n d th is 
was ins ta l l ed o n a l l u n i t s , pass ing t h r o u g h a glass tube as i n s u l a t o r t h r o u g h the roof 
on ly . M e t a l g u a r d cages were p r o v i d e d be low the roof. 

Reactor H u m . R e a c t o r s , ins ta l l ed to correct the power factor , p r o d u c e d a 
v a r i e t y of tones a n d pi tches w h i c h were v e r y d i s t u r b i n g a n d sometimes v e r y l o u d . A l l 
reactors were r e t u r n e d to the m a n u f a c t u r e r , who i m p r e g n a t e d t h e m free of charge, 
a lmost comple te ly e l i m i n a t i n g sound . 

Figure 10. Transformers 

Transformers. T h r e e of the 460- to 15,000-volt t rans formers shorted a n d b u r n e d 
out i n the f irst y e a r a n d a ha l f of operat i on . T h e m a n u f a c t u r e r s conc luded t h a t the 
b u i l t - i n impedance of 2 % was not enough. T h e y re commended the a d d i t i o n of 180 
ohms ' resistance on the h i g h vo l tage side, to equa l t o t a l impedance of 4 % . T h i s was 
done a n d o n l y one t r a n s f o r m e r has fa i l ed i n the past 6 years . 

Valves. Cons iderab le d i f f i cu l ty was exper ienced w i t h l e a k i n g va lves o n the 
ozone lines near the generators . D i f f e rent types of pack ings were tested u n t i l a sat i s 
f a c t o r y m a t e r i a l a n d shape solved the d i f f i cu l ty . T e f l o n v a l v e seats a n d pack ings have 
since been used. 

Generators. W h e n p laced i n service, t w o u n i t s developed leaks at the header tube 
connect ions w h i c h h a d not appeared under test. These were welded i n place . One 
tube developed a p inho le leak. T h i s was cut out a n d rep laced b y a new tube . 

Elevation Control . E l e v a t i o n was contro l l ed i n the di f fusion chambers b y a 42 -
i n c h b u t t e r f l y v a l v e , e lec tr i ca l ly operated . T h e v a l v e design i n c l u d e d a ra ised seat for 
the b u t t e r f l y . T h i s v a l v e , at t imes , opened to a c e r t a i n p o i n t , t h e n fluttered w i t h such 
force as to break the d r i v i n g l inkage . E v e n t u a l l y the v a l v e was removed f r o m the 
l i n e , the ra ised seat m a c h i n e d out , a new b u t t e r f l y ins ta l l ed , a n d heavier d r i v i n g 
m e c h a n i s m p r o v i d e d . 

Ozone Diffusion. I n the o r i g i n a l i n s t a l l a t i o n , the stainless steel p i p i n g fed the 
ozonated a i r i n t o a 5 - inch-wide d i s t r i b u t i o n channe l , f o r m e d i n t o the concrete floor of 
each t a n k , a n d covered w i t h nonporous concrete slabs. O z o n a t e d a i r was d i s t r i b u t e d 
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o u t w a r d t h r o u g h c i r c u l a r openings i n the wal ls of th is channe l in to a shal low chamber , 
beneath porous plates . I t passed u p w a r d t h r o u g h the 1-inch porous plates to diffuse 
t h r o u g h o u t the Ιδ 1 /^ feet of water above. T h e inside of the channe l a n d the ent ire 
t a n k b o t t o m u n d e r the plates was coated w i t h B i t u m a s t i c to a v o i d a t t a c k b y ozone. 
J o i n t s between the plates were p o u r e d w i t h hot B i t u m a s t i c . A l l m e t a l s u p p o r t un i t s 
were of stainless steel. 

Figure Π . Contact chambers 

I t p r o v e d imposs ib le to keep jo ints between the plates sealed, a p p a r e n t l y because 
of shr inkage of the B i t u m a s t i c s . Tests on one d a y ind i ca ted t h a t as m u c h as 2 0 % 
of the ozone a p p l i e d to one t a n k was escaping to the atmosphere . T h e ozone was 
decomposing the concrete of the d i s t r i b u t i o n channe l i n spite of the coatings a p p l i e d . 

Rep lacements of these bo t toms b y porous stainless steel diffuser tubes was p r o 
posed, b u t the m a n u f a c t u r e r s , a fter some t r i a l s , s ta ted they c o u l d not f u r n i s h the u n i 
f o r m i t y , between dif ferent tubes, w h i c h was considered necessary. 

F i n a l l y porous tubes of fused a l u m i n a were ins ta l l ed , 72 per t a n k , 3 - inch d iameter , 
3 6 - i n c h l eng th , % - i n c h thickness , w i t h a i r p e r m e a b i l i t y of 25 cu . feet per m i n u t e per sq . 
foot, at 2 - inch head . A l l p ipes , bo l ts , etc., were of stainless steel. Tests f o l l ow ing 
i n s t a l l a t i o n of these tubes i n d i c a t e d t h a t 90 to 9 5 % of the ozone was be ing used i n the 
react ions . 

Atmospheric Pollution. Because of the d i f f i cu l ty of keep ing diffuser plates sealed, 
a n d the resu l tant ozone waste to the atmosphere , grass a n d s h r u b b e r y n e a r b y were 
destroyed, a n d , on d a m p days , or when the w i n d shi f ted to c a r r y f r o m the p l a n t t o w a r d 
the ne ighbor ing houses just across the street , the neighbors c o m p l a i n e d , jus t i f iab ly . 

L i g h t - w e i g h t covers of protec ted , corrugated , ga lvan i zed steel were p laced over 
the t a n k s , w i t h suc t i on l ines to a b lower d ischarg ing u p w a r d t h r o u g h a stack, to the 
atmosphere . A l o n g one edge of each cover a n opening was left , about 1 i n c h wide , 
whi le the suct ion was f r o m the opposite side of the t a n k . T h e b lower d e l i v e r y was 
10,000 cu . feet per m i n u t e , whi le ozonated a i r v o l u m e is less t h a n 1000; therefore, 
discharge f r o m the diffuser tanks is d i l u t e d more t h a n t en t imes before reaching the 
atmosphere . 

These covers a n d b lower were ins ta l l ed before the dif fusion t a n k bot toms were 
changed, a n d p r o v e d insufficient at that t i m e , b u t since the change to porous tubes no 
difficulties have been experienced. 

Opera t ion 

T h e contract for ozonat ion equ ipment p laced u p o n the contrac tor respons ib i l i ty 
for opera t ing the ozone-generating p l a n t for 90 days , d u r i n g w h i c h t im e he was to 
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t r a i n personnel , e m p l o y e d b y the c i t y , i n b o t h opera t i on a n d maintenance of the p l a n t . 
T h e c i ty ' s g roup of four sh i f t m e n operated the p l a n t exc lus ive ly f o r about 4 

years , one m a n be ing i n the b u i l d i n g a t a l l t imes . Since t h a t t i m e these operators , 
o r i g i n a l l y f i l ter p l a n t operators , have been assigned to operate the s low sand f i l ters a n d 
pos t t rea tment , as w e l l as ozonat ion . Read ings are recorded each 3 hours o n a l l o p e r a 
t ions . T h e operators are out of the ozone p l a n t f r o m 1 to 2 hours out of each 3. 
T h e r e appears to be no reason to change th i s arrangement . 

A m e c h a n i c a l engineer was assigned respons ib i l i t y for opera t i on a n d maintenance 
of th i s p l a n t , as his f irst r espons ib i l i t y . A m a j o r p a r t of his t i m e was devoted t o 
inspect ions , or m e c h a n i c a l w o r k a t other locat ions , a n d for the past 3 years he has 
devoted v e r y l i t t l e t i m e to th i s p l a n t . 

D a t a on opera t i on of the p l a n t are g i v e n i n T a b l e I , f o r the years 1950 to 1955. 

Table I. Belmont Ozonation Plant Operation Data, 1950 to 1955 

Av. 
1950 1951 1952 1953 1954 1955 1950-55 

Os produced, lb./day 
% capacity 

541 
43 

476 
38 

301 
24 

398 
32 

469 
37 

377 
30 

427 
34 

Max. monthly av. 
% capacity 

687 
55 

637 
51 

354 
28 

707 
57 

788 
63 

524 
42 

Min. monthly av. 
% capacity 

344 
27 

346 
24 

219 
18 

234 
19 

273 
22 

255 
20 

Max. day production 
% capacity 

902 
72 

822 
66 

436 
34 

800 
64 

869 
69 

618 
49 

Min. day production 
% capacity 

120 
10 

81 
6 

65 
5 

77 
6 

130 
10 

91 
7 

Total production 193,085 172,892 34,601 140,696 171,877 123,606 139,459 

Days operated 357 363 115 354 363 328 313 

Total water treated, mg. 
Os, lb./mg. 
Os applied, p.p.m. 

12,264 
15.7 
1.89 

11,882 
14.7 
1.76 

2,856 
12.1 
1.45 

12,097 
11.6 
1.39 

12,436 
13.8 
1.65 

11,886 
10.4 
1.25 

10,570 
13.2 
1.58 

Os, lb./gen. unit/ 24 hours 27.1 23.5 25.9 24.6 25.6 24.8 25.3 

Total kw.-hr. (all uses) 
Av. cost per kw.-hr, $ 

2,430,813 
0.01021 

2,309,043 
0.01016 

411,700 
0.0126 

1,570,900 
? 

1,738,500 
? 

1,296,500 
0.0133 

1,626,243 
? 

Os, kw.-hr./lb. 
Kw.-hr./mg. treated 

12.6 
198 

13.4 
194 

11.9 
144 

11.1 
130 

10.1 
140 

10.5 
109 

11.6 
154 

Cooling water, mg./d operated 
Total mg. 

Gal./lb. Os 
Cost at $9.00 /mg. 

0.985 
342.00 

1774 
$3038 

0.923 
335.51 

1933 
$3019 

0.633 
72.95 
2093 
$657 

0.806 
285.24 

2027 
$2567 

0.923 
335.28 

1950 
$3017 

0.837 
274.82 

2223 
$2475 

0.851 
274.30 

1965 
$2469 

Air use, million cu. ft. 
C.f .m. per gen. unit, av. 

? 
? 

336.900 
31.8 31.2 

192.926 
23.2 

275.418 
28.6 

223.611 
31.1 

? 
? 

T h e p l a n t was operated o n l y 8 5 % of the t i m e , t r e a t i n g a n average of 10,570,000,000 
gallons per year . R a t e of generat ion averaged o n l y 3 4 % of c a p a c i t y . C o o l i n g w a t e r 
use averaged 851,000 gallons per d a y , or 1956 gallons for each p o u n d of ozone p r o -
l u c e d . E l e c t r i c c u r r e n t use averaged 154 k w . - h r . for each m i l l i o n gal lons of w a t e r 
t reated . 

Main tenance 

M a i n t e n a n c e has been b y regular mechanics e m p l o y e d o n the f i l ter p l a n t , o r b y 
mechanics a n d electr ic ians e m p l o y e d i n the p u m p i n g s t a t i on d i v i s i o n . T h r e e exceptions 
have been a c o n t i n u i n g contrac t for serv i c ing of the re f r igerat i on e q u i p m e n t b y m a n u 
fac turers ' representat ives , the w o r k of the m e c h a n i c a l engineer m e n t i o n e d u n d e r 
opera t i on , a n d m a n u f a c t u r e r s ' s e rv i c ing of the dew p o i n t recorder , w h i c h has been 
r e q u i r e d o n several occasions. 

N e a r l y a l l of the diff iculties encountered were t a k e n care of b y the cont rac to r f o r 
the e q u i p m e n t , u n d e r the cont rac t . 

A p p r o x i m a t e l y t w o dozen leaks have deve loped i n the generator tube connect ions 
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to headers, w h i c h have been welded i n place. O n l y one hole t h r o u g h a tube has been 
recorded, about 2 inches f r o m one end . I t was welded a n d t h e n g r o u n d smooth . 

G lass electrode tube fai lures have been few, even i n c l u d i n g the leaks , w h i c h a l low 
the generator to f i l l p a r t i a l l y w i t h water , a n d destroy one or more tubes. U n d e r the 
or ig ina l contract , the contrac tor s u p p l i e d 5 % e x t r a electrode tubes. N o more t h a n 
one ha l f of these have been a c t u a l l y r equ i red thus f a r . 

A t the t ime of i n s t a l l a t i o n , o n the basis of i n f o r m a t i o n f r o m other ozone p lants , i t 
was es t imated t h a t the stainless steel tube surfaces w o u l d have to be cleaned every 6 
months . O n l y 20 of the 50 uni ts have ever been c leaned. Those unc leaned are not 
i n b a d cond i t i on . T h i s is the finest evidence of the efficacy of the complete a i r c leaning 
a n d d r y i n g . 

Efficiencies 

Production. Tests on the equ ipment , w h e n first ins ta l l ed , showed t h a t generat ion 
of ozone w o u l d exceed the 25 pounds per u n i t per 24 hours , necessary to meet the spec i 
fications, w h e n a i r flow was such as to produce concentrat ions i n the range of 0.33 to 
1.11%. Tests above th is range were not made . T h e best p r o d u c t i o n (28.0 to 28.4 
pounds) was shown at a r o u n d 0 . 9 % a n d there were evidences of some r e d u c t i o n at 
higher concentrat ions . A t 0 . 6 5 % or less, p r o d u c t i o n b a r e l y m e t the speci f icat ion. 

P r o d u c t i o n throughout the t o t a l p e r i o d of opera t i on has averaged 25.3 pounds per 
u n i t per 24 hours . 

I n the o r i g i n a l tests p r o d u c t i o n at 0 . 6 7 % concentrat i on was 26.3 pounds per u n i t . 
I n 1954, a 4 -day check test, under s i m i l a r condit ions , operat ing 12 generators, h a v i n g 
a n average of 11,160 hours of operat i on , p roduced 26.1 pounds per u n i t per d a y . T h i s 
was less t h a n 1% change, w i t h generators w h i c h h a d operated , w i t h o u t c leaning , equa l 
to 16 m o n t h s ' cont inuous service. 

Current Use. A v e r a g e use of electric cur rent for a l l purposes has been 11.6 k w . - h r . 
per p o u n d of ozone generated. F r o m the s tandpo in t of p r a c t i c a l operat ions th is is the 
on ly figure w h i c h is of v a l u e ; therefore, c i r cu i ts were not metered to b reak d o w n the 
use. H o w e v e r , a n es t imated b r e a k d o w n indicates the fo l l owing a p p r o x i m a t e current 
uses ( k i l o w a t t - h o u r s per p o u n d of ozone) : 

Air blowers 2.0 
Refrigerative and absorptive dryers 1.0 
Lights, fans and heaters, recording equipment, miscellaneous 0.25 
Blower at diffusion tanks for waste dilution and discharge 0.25 
Generator units (remainder) 8.1 

Total use 11.6 

Costs 

C o m p l e t e opera t i ona l costs are ava i lab le on ly for the years 1950, 1951, a n d 1955 
( T a b l e I I ) . O p e r a t i o n a l l abor a n d expense are i n d i c a t e d as 2 1 . 2 % , maintenance 8 . 9 % , 
electric c u r r e n t 5 9 . 3 % , heat ing 2 . 8 % , cool ing water 7 .8%. T o t a l opera t i ona l costs 
averaged $3.03 per m i l l i o n gallons of water t reated , a n d $0.23 per p o u n d of ozone p r o 
duced . T h i s p l a n t was operated o n l y 98, 99, a n d 9 0 % of the t i m e i n the three years , 
a n d at o n l y 43, 38, a n d 3 0 % of c a p a c i t y ; therefore fixed i tems of expense great ly affect 
costs per u n i t p r o d u c e d or t reated . 

I n each of the three years overhead costs on the p l a n t a m o u n t e d to about $5.00 
per m i l l i o n gal lons. H o w e v e r , i n 1950, overhead costs per p o u n d of ozone generated 
were 31 cents, a n d i n 1955 they were 48 cents due to reduc t i on i n a p p l i c a t i o n f r o m 
1.89 to 1.25 p .p .m. , w i t h consequent reduced p r o d u c t i o n . 

C o m b i n e d operat i ona l a n d overhead costs have a m o u n t e d to $8.03 per m i l l i o n g a l 
lons. T h e $3.03 per m i l l i o n gallons operat i ona l cost t o t a l is not inconsistent w i t h the 
cost of other methods used for o x i d a t i o n i n water t r e a t m e n t . O v e r h e a d such as w i t h 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
05

7

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



440 ADVANCES IN CHEMISTRY SERIES 

Table II. Costs of Belmont Ozonation Plant in 1950, 1951, and 1955 

% of 
Operation 

1950 1951 1955 Av. Costs 
Operation 

Labor 
Expense 

$ 6,366.93 
1,626.46 

$ 5,939.05) 
2,010.27 J $ 7,508.54 $ 7,817.08 21.2 

Maintenance 
Labor 
Expense 

1,800.00» 
301.95 

3,154.00) 
1,274.68} 3,346,46 3,292.36 8.9 

Elec. current cost 24,741.25 23,447.55 17,307.45 21,832.08 59.3 
Heating 1,039.80 1,100.00» 893.28 1,011.03 2.8 
Cooling water 3,038.00 3,019.00 2,475.00 2,844.00 7.8 

Total absolute costs 38,914.39 39,944.55 31,530.73 36,796.55 100.0 
Per mg. treated 3.17 3.30 2.56 3.03 
Per lb. O3 produced 0.20 0.23 0.26 0.23 

Overhead 
Interest on $1 million 
at 2% $20,000 $20,000 $20,000 

Depreciation on $1 
million at 4% 40,000 40,000 40,000 
Total 60,000 60,000 60,000 
Per mg. treated 4.90 5.05 5.05 5.00 

Per lb. Os produced 0.31 0.35 0.48 0.38 

Grand totals 
Per mg. treated $ 8.07 8.41 7.61 8.03 
Per lb. Os produced 0.51 0.58 0.74 0.61 

a Estimated. 

th is p l a n t is no t c o m m o n l y i n v o l v e d w i t h other methods i n general use, t h o u g h such 
need m a y be r e a d i l y conceived where large contact basins are no t a l r e a d y ava i lab le . 

T h i s complete p l a n t , operated a t 8 0 % of c a p a c i t y , p r o d u c i n g 1000 pounds of ozone 
per d a y , deprec iated over 25 years , w o u l d c a r r y overhead equa l to 16 cents per p o u n d 
p r o d u c e d , a n d opera t i ona l costs w o u l d be somewhat m o r e t h a n th i s a m o u n t , or a t o t a l 
of about 35 cents p e r p o u n d . H o w e v e r , m o d e r n technology , less t h a n 10 years after 
design of th i s p l a n t , a l r e a d y assures n e w p l a n t s i n w h i c h costs w i l l be, perhaps , no 
more t h a n hal f . 

Dosage Control 

A m o u n t of ozone a p p l i c a t i o n is contro l l ed b y the n u m b e r of generators p laced i n 
opera t i on . T h e a m o u n t of ozone be ing generated is de termined f r o m the cubic feet per 
m i n u t e passing t h r o u g h the p l a n t a n d a n i odometr i c t i t r a t i o n of 1 c u . foot of the 
ozonated a i r passing to the contact t a n k s . 

T h e a m o u n t of dosage specif ied is o r d i n a r i l y de termined f r o m the res idua l i n the 
ozonated water l e a v i n g the contact t a n k s . Res idua l s are de termined b y the s t a n d a r d 
o - to l id ine arsenite test {1), as specif ied for free res idua l ch lor ine . Tes ts are m a d e on the 
site, i m m e d i a t e l y o n s a m p l i n g , not a f ter de lay due to r e t u r n to the l a b o r a t o r y . T h i s is 
v e r y i m p o r t a n t because of the r a p i d change i n res idua l . 

T h e m e t h o d of c o n t r o l c o u l d be based o n manganese r e m o v a l , as res idua l of 0.1 
p . p . m . removes 8 0 % a n d produces b a c t e r i a l a n d c o l i f o r m k i l l of 95 to 9 7 % . I f m a n 
ganese r e m o v a l is over 8 0 % , therefore , good k i l l of o rgan i sm is assured. One f a u l t of th is 
m e t h o d is t h a t i t fai ls to show i f the dosage is m o r e t h a n needed, as manganese r e 
m o v a l does not a p p r e c i a b l y increase w i t h h igher res iduals . 

Effects of Ozonat ion 

Tastes and O d o r s . D u r i n g the ear ly years of operat i on , considerable t rade 
wastes were rece ived ; more recent ly this has not been t r u e . O z o n a t i o n p r o v e d 
effective o n r e m o v a l of mater ia l s caus ing taste a n d odor, p a r t i c u l a r l y the phenol ics . I n 
the first year of opera t i on i t p r o d u c e d a 7 0 % r e d u c t i o n i n the co ld odors. I n 1951 the 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
05

7

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



BEAN-PRODUCTION AND COSTS 441 

average r e d u c t i o n was 5 5 % ; the odor intensit ies were measured b y the s t a n d a r d 
thresho ld m e t h o d (2). W i t h r e d u c i n g i n t e n s i t y of odors i n the r i v e r water , the percent 
ages were recorded as 4 7 % i n 1952 a n d 4 5 % i n 1953. Since 1953 thresholds of odors 
i n the r a w water have been too l o w to w a r r a n t percentage compar isons . 

O n m u s t y organic odors a n d tastes of n a t u r a l o r i g i n , as f r o m leaves a n d weeds, 
ozonat ion has not p r o v e d ent i re ly effective, t h o u g h i t has definite effects. I n 8 m o n t h s 
of 1951 a n d 1952 r a w water character is t i cs were v e r y s i m i l a r . W i t h ozonat ion f u n c 
t i o n i n g i n 1951 o n l y 2 0 % of the p l a n t effluent samples were d e t e r m i n e d as h a v i n g 
m u s t y odors, whi le i n 1952 w i t h o u t ozonat ion , i n spite of other t rea tments used, m u s t y 
odors were present i n 2 8 % of the samples . 

D i s i n f e c t i o n . K i l l of c o l i f o r m organisms, a n d of bac te r ia w h i c h grow at 37° C , 
on agar is s h o w n i n T a b l e I I I , b y y e a r l y averages. These ind i cate p r a c t i c a l l y i d e n t i c a l 

Table 111. Average Yearly Kill of Bacteria ( 9 0 % of Tests) 

Percentage Kill 

Ozone Residual, Coliform organisms Bacteriab 

P.P.M.» 
1950 0.20 97.7) 97.6) 
1951 0.16 97.8} 97.7 98.9} 98.2 
1952 0.20 97.5) 98.0} 

1953 0.08 96.5) Q , Q 95.5) 
1954 0.08 92.1 J y 4 ' d 93.8} 94.6 

1955 0.06 90.5 90.7 90.7 
1956 (Jan.-Sept.) 0.033 78.7 78.5 

a Determined by standard o-tolidine-arsenite method for free residual chlorine (/). 
b Determined by counts on agar, at 37° C. for 24 hours. 

percentages for the t w o classes, a n d k i l l s def inite ly p r o p o r t i o n e d to the ozone res iduals . 
T h e k i l l s were a p p r o x i m a t e l y 9 0 . 5 % for average ozone res idual of 0.06 p .p .m. , 9 4 . 5 % 
for 0.08 p .p .m. , a n d 98% 0 for 0.16 a n d 0.20 p . p . m . 

I n F i g u r e 1 is shown the percentage k i l l of c o l i f o rm organisms against var i ous 
res iduals . E a c h p o i n t p l o t t e d represents the average of a l l m o n t h l y k i l l s w h e n the ozone 
res idua l averaged as ind i ca ted . K i l l s are 9 5 % w i t h less t h a n 0.1 p . p . m . res idua l a n d 
9 9 % w i t h 0.2 p . p . m . a n d over . 

F i g u r e 2 shows the k i l l of 37° bac ter ia at the v a r i o u s ozone res iduals . T h e po in ts 
p l o t t e d were de te rmined b y averag ing the k i l l s h o w n b y 9 0 % of a l l bac te r ia tests, 
corre lated w i t h the v a r i o u s residuals , t h r o u g h o u t the 6 years 1950 to 1955. K i l l s of 
bet ter t h a n 9 5 % are i n d i c a t e d for residuals of 0.1 p . p . m . a n d u p w a r d . 

M a n g a n e s e R e m o v a l . I n 1950, 1951, a n d 4 m o n t h s of 1952, w i t h 0.32, 0.46, a n d 
0.30 p . p . m . of manganese i n the water before ozonat ion , a n d w i t h ozone res iduals of 
0.20, 0.16, a n d 0.20 p .p .m. , the r e m o v a l of manganese was, respect ive ly , 78.2, 82.5, a n d 
8 0 . 0 % . T h e r e m o v a l w i t h o u t ozonat ion i n 8 m o n t h s of 1952 was 4 2 . 8 % . These figures 
represent the result of ozonat ion or no ozonat ion , l i m e a n d a l u m a p p l i c a t i o n , m i x i n g , 
se t t l ing , a n d passage t h r o u g h r a p i d sand f i l ters. 

B a s e d o n m o n t h l y averages, i t appears t h a t i n th is p e r i o d , removals w i t h 0.10 
p . p . m . of ozone res idua l were just as great as w i t h residuals u p to 0.25 p . p . m . 

Since 1952, a p p l i c a t i o n of ch lor ine before f i l t r a t i o n , to reduce the postdosage 
requ i red to produce free res idual i n d i s t r i b u t i o n , has m a d e r e m o v a l figures n o n c o m p a r -
able . 

A i r bubbles , a t t a c h i n g to ox id i zed manganese par t i c l es , have caused flotation o n 
flumes a n d se t t l ing basins , r e q u i r i n g i n s t a l l a t i o n of w a t e r sprays to stop surface ac 
c u m u l a t i o n s . 
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Development of European Ozonation 
Techniques 

PAUL FRISON 

Trailigaz, Paris, France 

The historical development of European ozonators 
and ozone production are reviewed. The Otto, van 
der Made, and Siemens processes for generating 
ozone are described. Recent improvements and in
novations are indicated. Two distinct operations are 
considered: conditioning of the air to be submitted to 
the electric discharge, and contact between the ozone 
and the water. 

U u r i n g the first 20 years of th is c e n t u r y — t h a t is , f r o m the b i r t h of the first i n d u s t r i a l 
ozonators—considerable interest was focused o n ozone u t i l i z a t i o n . N u m e r o u s a n d d i 
versi f ied app l i ca t i ons appeared . N e a r l y a l l of t h e m l e d to fa i lure a n d d i s a p p o i n t m e n t , 
w h i c h is no t s u r p r i s i n g , cons ider ing t h a t i n d u s t r i a l ozone p r o d u c t i o n appeared too 
e a r l y i n a w o r l d w h i c h at t h a t t i m e was underdeve loped technolog ica l ly . I n E u r o p e 
ozone was, a n d s t i l l i s , used m e r e l y for the s t e r i l i za t i on of d r i n k i n g water . 

C o n s i d e r e d f r o m th i s aspect, ozon izat ion comprises three d i s t inc t operat i ons : (1) 
ozone p r o d u c t i o n i n itsel f , (2) c ond i t i on ing of the a i r to be s u b m i t t e d to the electric 
discharge, a n d (3) contact between ozone a n d water . 

Ozone Generators 

A l l i n d u s t r i a l ozone generators are based u p o n the p r i n c i p l e of the electric d i s 
charge t h r o u g h dielectr ics w h i c h act as s tab i l i z ing resistances, c ounterac t ing a n y i n 
crease or l o ca l i za t i on of the dens i ty of the h i g h tens ion discharge. T h e essential pres 
ence of such dielectrics establishes e lec tr i ca l condit ions under w h i c h the discharge 
takes place , at the same t i m e i n t r o d u c i n g a n e lec tr i ca l c a p a c i t y effect a n d a l ead ing 
power fac tor of 0.4 to 0.6. 

F r o m the e lectr i ca l p o i n t of v i ew , therefore, the ozonator appears as a condenser 
w h i c h al lows a ra ther s ignif icant a m o u n t of energy to pass t h r o u g h . A c c o r d i n g l y , the 
a l t e r n a t i n g e lectr i ca l s tra ins a p p l i e d to the molecu lar s tructures of the dielectr ics p r o 
duce heat t h r o u g h a d i ss ipat ion of energy, a n d the dielectrics have to be cooled b y c o n 
d u c t i o n or convect ion . 

I n other respects, the electrodes themselves are subject to heat ing . T h i s results 
i n F o u c a u l t ' s currents , i n a n electronic emission on the act ive surface of the electrodes, 
a n d finally i n a secondary heat ing t h r o u g h convect ion , c onduc t i on , a n d r a d i a t i o n , due 
to the i m m e d i a t e v i c i n i t y of the dielectr ics a n d the discharge itself . There fore , the 
electrodes cannot be t h e r m a l l y insu la ted f r o m the system, a n d cool ing m u s t be p r o v i d e d . 

F o r ozonator electrodes a n d dielectr ics , one of the four arrangements s h o w n i n 
F i g u r e 1 can be adopted , i n w h i c h the discharge takes place e i ther between t w o dielec-
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ARRANGEMENT A 

H 

ARRANGEMENT Β 

LA, 
J Y Y Y Y m . 

v, 

ARRANGEMENT C 

J M U L , 

Η 

E 3 

V 2 V, 

6R0UN 

Γ 

ARRANGEMENT D 

L J 

Figure 1. Arrangement for ozonator dis
charge 

E. Electrode 
V. Glass dielectric 
T. Transformer 

tries or between a die lectr ic a n d a bare electrode. W i t h a n y of these arrangements , 
one of h i g h tension poles can be grounded . 

T w o dielectrics (arrangement A or C) are se ldom used i n a c t u a l prac t i ce . F o r 
equa l discharge dens i ty , a n a p p l i e d tens ion h igher t h a n t h a t corresponding to a single 
d ie lectr ic assembly is necessary. There fore , the energy of the discharge w i t h two d i 
electrics can on ly be less t h a n t h a t of the single die lectr ic assembly . T h e double 
die lectr ic (arrangement A), the o n l y one a p p l i e d i n d u s t r i a l l y w i t h success, p r o v i d e d a n 
obvious interest for a n era w h e n stainless steels were u n k n o w n , because these dielectrics 
pro tec ted the electrodes f r o m corros ion due to h i g h tens ion discharge i n the a i r . 

Of the two assemblies possible w i t h one die lectr ic , a rrangement D has been rejected 
i n d u s t r i a l l y because of the p r a c t i c a l i m p o s s i b i l i t y of coo l ing the die lectr ic . A r r a n g e 
m e n t Β is the basis of the most in teres t ing of the accompl i shments i n the m a t t e r of 
ozone p r o d u c t i o n . 

I n E u r o p e f r o m 1907 to 1930, three ozone generat ing processes were successful ly 
s u b m i t t e d to the test of i n d u s t r i a l a p p l i c a t i o n s : the O t t o , the V a n der M a d e , a n d 
Siemens processes. Since 1930, there has been a tendency t o w a r d i m p r o v i n g the p r o 
d u c t i o n equ ipment of these processes w i t h a v i e w to reduc ing i t s size a n d e l i m i n a t i n g 
c e r t a i n p r o d u c t i o n d r a w b a c k s , s u c h as the too frequent breakage of d ie lectr ics . 

O t t o O z o n a t o r s . Be fore 1930, O t t o ozonators , b u i l t a n d p u t i n t o use i n numerous 
m u n i c i p a l water t r e a t m e n t p l a n t s , were of the flat electrode t y p e w i t h t w o dielectr ics , 
assembled as i n arrangement A, F i g u r e 1, a n d s u p p l i e d w i t h 500-cycle c u r r e n t . 

A n ozonator compr i sed a ce r ta in n u m b e r of i n d i v i d u a l l y p r o d u c i n g un i t s g rouped 
i n a n insu la ted enclosure, g lazed o n the f ront a n d rear surfaces. T h e t w o outer elec
trodes were ho l l ow plates at g r o u n d p o t e n t i a l , cooled b y c i r c u l a t i n g water t h r o u g h 
t h e m . T h e h i g h tens ion p late was water -coo led b y the use of t w o water fa l l s w h i c h 
i so lated the h i g h tens ion f r o m g r o u n d . F i g u r e 2 shows such a n ozonator w i t h five 
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Figure 2. Otto ozonator, flat-electrode type, with five ozonator elements 

High tension electrode cooled with water 

ozonator elements. One of the w a t e r f a l l devices can be seen at the t o p of the p h o t o 
g r a p h . 

I n 1930 cer ta in s t r u c t u r a l modi f i cat ions appeared , w h i c h h a d l i t t l e effect o n p r o 
d u c t i o n efficiency. I n general , they rendered the ozonators less b u l k y a n d cheaper to 
construct . T h e ozone -produc ing elements were grouped i n the m a n n e r of a f i l ter press 
a n d were ca l led ozonator b locks . E a c h b lock conta ined one to six elements. T h e 
plates , o r i g i n a l l y of cast i r o n , were now of A l p a x , a n a l l oy of a l u m i n u m a n d s i l i con . 
B a t t e r i e s of four b locks ar ranged as s h o w n i n F i g u r e 3 p r o v i d e d greater p r o d u c t i o n 
c a p a c i t y i n less space. T h e cool ing arrangements r emained s u b s t a n t i a l l y the same. 

I n 1938, to e l iminate the handicaps of cool ing the h i g h tens ion electrode w i t h 
water , t r a n s f o r m e r o i l was used for coo l ing . I t was c i r c u l a t e d i n a closed c i r c u i t , w h i c h 
i n c l u d e d a p u m p a n d a water -coo led heat exchanger, a n d was conducted to a n d f r o m 
the h i g h tens ion electrodes b y means of l ong boros i l i cate glass tubes . A l t h o u g h th is 
arrangement e l i m i n a t e d e lec tr i ca l losses caused b y the water fa l ls , the i m p r o v e m e n t was 
p a r t i a l l y offset b y the e lectr i ca l c o n s u m p t i o n of the c i r c u l a t i n g p u m p . F i g u r e 4 shows 
a n ozonator of th is t y p e . 

A t the end of W o r l d W a r I I , the use of 500-cycle c u r r e n t for s u p p l y i n g O t t o 
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Figure 3. Otto ozonator with ozone-producing elements grouped in batteries of four 
blocks 

High tension electrode cooled with water 

ozonators practically disappeared. Thenceforth they were designed to function at the 
normal distribution frequency of 50 cycles. 

About 1948, hollow plates of stamped and welded steel were introduced. While 
these reduced costs, it was difficult to achieve completely flat and parallel faces and 
plates which would not become deformed. These problems have not yet been solved 
satisfactorily, and this innovation cannot be considered successful because of more 
frequent dielectric breakage. 

In 1954, oil cooling was abandoned, largely because of the difficulty of keeping the 
circuits leak-tight. A block model ozonator was developed wherein the high tension 

Figure 4. Otto ozonator 

High tension electrode cooled with in
sulating oil 
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electrode was cooled o n l y b y r a d i a t i o n a n d convect ion of a i r w i t h i n the ozonator cage. 
T h e l ow tens ion electrodes remained water -coo led . 

T h e f ina l deve lopment has been the a d o p t i o n i n this latest design of a r range 
m e n t Β ( F i g u r e 1 ) , w h e r e b y there is o n l y one die lectr ic per discharge. A l s o , the d i 
electrics are t h i n n e r (2.6 m m . instead of 2.5 to 3.5 m m . ) , a n d tolerances are closer. 
E n e r g y y ie lds of 18 w a t t - h o u r s per g r a m of ozone are a t t a i n e d ( concentrat ion not 
speci f ied) . E v e n this design has weaknesses: T h e h i g h tens ion p late of A l p a x is cor 
roded b y the ac t ion of the d ischarge ; the l o w tension steel plates are prone to cool ing 
water corros ion , a n d the i r l a c k of flatness increases die lectr ic fa i lure . 

V a n der Made Ozonators. D e r i v e d f r o m the o r ig ina l Siemens ozonator , the v a n 
der M a d e differs o n l y i n the ingenious m e t h o d of r i g i d l y center ing the h i g h tens ion 
electrodes. These t u b u l a r ozonators , designed as i n arrangement B, F i g u r e 1, have 
undergone o n l y m i n o r modi f i cat ions since the i r i n t r o d u c t i o n . A h o r i z o n t a l glass 
die lectr ic is s u r r o u n d e d b y cool ing water , w h i c h serves as the grounded electrode. T h e 
h i g h tens ion electrode is spaced concentr i ca l ly w i t h i n the glass tube , l e a v i n g an 
a n n u l a r discharge space. 

T h e more recent models are d is t inguished f r o m the older models ( p r i o r to 1930) b y 
a centra l electrode of stainless steel ins tead of a l u m i n u m , dielectr ics of boros i l i cate 
glass instead of o r d i n a r y glass, a n i m p r o v e d m e t h o d of f ix ing the die lectr ic tubes in to 
the end plates , a n d a change i n the exter ior shape of the housings for the u n i t s . 

Siemens Ozonators. T h e Siemens ozonator , one of the f irst ozone generators 
capable of successful i n d u s t r i a l a p p l i c a t i o n , has undergone no techn i ca l modi f i cat ions 
since about 1933. I t is supp l i ed b y a 10,000-cycle cur rent . C u r i o u s l y , the generator 
is v e r y s i m i l a r to the venerable B e r t h e l o t ozonator . T h e basic generat ing cel l is of 
s e m i c r y s t a l glass of spec ia l c ompos i t i on . I t is of t u b u l a r design w i t h two concentr ic 
glass dielectrics assembled accord ing to arrangement A, F i g u r e 1. T h e outer glass tube 
is s u p p o r t e d v e r t i c a l l y i n a t a n k t h r o u g h w h i c h water c i rculates . T h e water p lays at 
the same t i m e the p a r t of a grounded electrode a n d a means of cool ing. T h e h i g h t e n 
sion electrode is l ikewise of water , w h i c h is c i r cu la ted t h r o u g h the inner glass tube . A 
n u m b e r of such cells are arranged i n p a r a l l e l . 

T h e cool ing of the h i g h tension electrodes is b y a means s i m i l a r to t h a t of the first 
O t t o ozonators , except t h a t the break i n the h i g h tens ion c i r cu i t is accompl i shed b y a 
r a i n of droplets in to i n s u l a t i n g o i l ins tead of a f a l l t h r o u g h a i r . 

T h i s ozonator , despite the qual i t ies i t d i s p l a y e d at the t i m e of i t s i n t r o d u c t i o n , has 
not been v e r y successful. E x p e n s i v e because of the use of the 50 - to 10,000-cycle c o n 
ver te r set, i t seems fragi le a n d dif f icult to operate . 

Ozono Ozonators. These generators , developed b y the engineer N i c c o l i about 
1936 for the Ozono C o . of M i l a n , are der ived f r o m the O t t o p la te b l o ck -ozonator . 
T h e y differ i n details as we l l as the fo l l owing p o i n t s : T h e cool ing plates are c i r c u l a r 
a n d made of t h i n steel (0.5 m m . ) b y s t a m p i n g t w o hal f - she l ls , u n i t e d b y c r i m p i n g , a n d 
made t i g h t b y so lder ing . T h e dielectr ics are of m i c a n i t e a n d are spaced b y r a d i a l 
s t r ips . T h e r e are spec ia l check-plates , ensur ing a reasonable t i g h t e n i n g of the elements 
c o n s t i t u t i n g a b lock , a n d the m e t h o d of suspending the plates a u t o m a t i c a l l y ensures 
the i r center ing . T h e ozonator is i n the f o r m of a desk. 

A c i r c u l a t i o n of i n s u l a t i n g o i l operat ing b y means of a t h e r m o s i p h o n ensures the 
cool ing of the electrodes w i t h o i l , w h i c h i n t u r n is cooled b y water . T h e ozonators 
operate o n 50-cycle cur rent . T h e un i t s are we l l constructed . I t is regrettable t h a t 
t h e y have been s u p p l i e d w i t h a i r d r i e d b y c a l c i u m chlor ide , w h i c h reduced t h e i r 
p r o d u c t i o n efficiency. T h e specific energy y ie lds for these ozonators have never been 
made p u b l i c . 

Condit ion ing of A i r before Discharge 

In Germany. P r i o r to 1933, a l l i n d u s t r i a l ozonators were s u p p l i e d w i t h a i r d r i e d 
b y c a l c i u m chlor ide . I t was the Siemens C o . w h i c h f irst used s i l i ca gel . T h e d r y e r de -
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448 ADVANCES IN CHEMISTRY SERIES 

s igned b y th is c o m p a n y was a cont inuous -opera t i on t y p e w i t h t w o a d s o r p t i o n cells 
r e a c t i v a t e d i n closed c i r c u i t . T h e chang ing over of the a i r s treams a t the t i m e of 
r e a c t i v a t i o n was ensured b y a so lenoid v a l v e , i tsel f regulated b y a t i m e r w i t h a d 
justab le e lec tr i ca l contacts . 

In France. I n 1938, the first s i l i ca gel d r y e r a p p l i e d to the O t t o process was p u t 
i n opera t i on . Since t h e n , th i s m e t h o d of d r y i n g has n o r m a l l y been used i n a l l O t t o 
ozonat i on p lants , except the S a i n t - M a u r p l a n t , w h i c h alone uses cool ing. 

A f t e r 1952, O t t o ozonat i on e q u i p m e n t used t w o stages of d r y i n g to c o n d i t i o n the 
a i r : T h e first stage ensures the coo l ing of the a i r d o w n to + 5 ° C . b y means of a 
heat exchanger i m m e r s e d i n a b r i n e b a t h c o n t a i n i n g also the e v a p o r a t o r of the re f r iger 
a t o r ; the second stage ensures the final d r y i n g b y passing the a i r t h r o u g h s i l i ca gel . 

Ozone p l a n t s establ ished accord ing to the v a n der M a d e processes use c a l c i u m 
chlor ide as a d e h y d r a t i o n agent. O n l y recent ly has s i l i ca gel d r y i n g been adopted . 

In Switzerland. T h e v e r y fine ozone s t e r i l i za t i on p l a n t b u i l t a t B e r n e inc ludes a 
n o v e l a i r - d r y i n g i n s t a l l a t i o n designed b y the C a r b a C o . , B e r n e . 

A f t e r pass ing t h r o u g h a dust f i l ter , the a i r is compressed to 5 k g . per sq . c m . (71 
p.s . i . ) , cooled i n a c i r c u l a t i n g w a t e r heat exchanger, t h e n cooled d o w n to —30° to 
—40° C . i n a n exchanger served b y a re f r igerator before e x p a n d i n g to opera t in g 
pressure . U n d e r these condi t ions , the dryness a t t a i n e d is about 30 m g . of w a t e r per 
k g . of d r y a i r (dew p o i n t , —60° F . ) . 

T h i s c omple te ly a u t o m a t i c i n s t a l l a t i o n operates w e l l , b u t seems m u c h too expensive 
to r u n . T h e specific e lec tr i ca l c o n s u m p t i o n is 210 w a t t - h o u r s per cubic meter of a i r , 
w h i c h br ings the c o n s u m p t i o n for the ozonated a i r a t a concentra t i on of 10 grams per 
cubic meter , to 21 w a t t - h o u r s per g r a m of ozone. T h i s e lec tr i ca l c o n s u m p t i o n is m u c h 
h igher t h a n t h a t necessary for the p r o d u c t i o n of ozone itsel f , a n d five t o s ix t imes 
h igher t h a n t h a t r e q u i r e d for a d r y i n g sys tem u s i n g a c t i v a t e d a l u m i n a or s i l i ca gel . 

In Italy. T h e a i r - d r y i n g m e t h o d used i n most ins ta l la t i ons of the O z o n o - N i c c o l i 
t y p e was a b s o r p t i o n b y c a l c i u m ch lor ide . T h e use of porous adsorbents d i d no t appear 
u n t i l a r o u n d 1938. 

Br ing ing O z o n e a n d Water into Contact 

A f t e r the ozone is p r o d u c e d , i t m u s t be m a d e to ac t u p o n the w a t e r . T h i s 
p r o b l e m , w h i c h is a m a t t e r of b r i n g i n g large vo lumes of gases a n d l i q u i d s i n t o adequate 
a n d cont inuous contact , has been a p p r o a c h e d i n a v a r i e t y of w a y s . T w o methods were 
i n t r o d u c e d about 1930. One was developed b y O t t o , the other b y V a n der M a d e . 

Figure 5. Water pump and deep tower 
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A c c o r d i n g to the O t t o m e t h o d ( F i g u r e 5 ) , the ozonated a i r is a s p i r a t e d b y a sort 
of w a t e r p u m p ca l led a n émulseur. T h e resu l t ing emuls ion is c a r r i e d a long a t i n 
creasing pressure t h r o u g h a v e r t i c a l tube , l'appendice de dissolution, t o the b o t t o m of a 
deep tower , the colonne de self-contact, where i t rises aga in , freeing m y r i a d s of fine 
bubbles w h i c h p r o l o n g a n d i m p r o v e the contact between w a t e r a n d gas. T h e d isso lv ing 
a p p e n d i x , i m m e r s e d for i t s ent ire l e n g t h , releases the emuls ion a t the base of the self -
contact c o l u m n b y means of a di f fusing b e l l , w h i c h i m p a r t s a c i r c u l a r m o v e m e n t t o 
the w a t e r enter ing the c o l u m n . T h e c o l u m n is c y l i n d r i c a l or p r i s m a t i c , m a d e of r e 
in forced concrete, w i t h a d e p t h of 5 meters (16 feet ) . T h e w a t e r leaves the c o l u m n 
over a f w e i r at the t o p a n d passes t h r o u g h a series of cascades ca l led a desaturator , 
w h i c h removes a n y disso lved ozone. 

T h i s desaturat i on has been i n c o r p o r a t e d to c o n f o r m to the " R e c o m m a n d a t i o n s d u 
C o n s e i l Supérieur d 'Hygiène P u b l i q u e de F r a n c e de 1924," w h i c h s t ipu la te t h a t after 
t r e a t m e n t the w a t e r m u s t c o n t a i n no substance fore ign t o i t s o r i g i n a l c ompos i t i on . 
H o w e v e r , t o d a y there is a tendency t o w a r d e l i m i n a t i o n of f ina l d e s a t u r a t i o n i n order 
to m a i n t a i n the ozone i n contact w i t h the w a t e r as l o n g as possible . 

T h e a p p a r a t u s u t i l i z e d i n the V a n der M a d e sys tem is a c o l u m n of s u i t a b l y p r o 
tec ted steel i n s m a l l ins ta l la t i ons , re in forced concrete i n large ones. T h e c o l u m n is 
d i v i d e d in to sections of h o r i z o n t a l per f o ra ted ce l lu lo id plates w i t h 0 . 7 - m m . holes. B o t h 
the w a t e r a n d a i r enter a t the b o t t o m a n d pass u p w a r d t h r o u g h several of these 
p lates . T h i s m e t h o d prov ides good m i x i n g a n d al lows u t i l i z a t i o n of l o w concentrat ions 
of ozone. A n o t h e r n o v e l character i s t i c of th is process is the recovery of excess ozone 
a t the t o p of the c o l u m n a n d i ts recycle t h r o u g h dr i e r , ozonator , a n d p i s t o n - t y p e 
compressor . B y use of a v a r i a b l e speed compressor , the q u a n t i t y of ozone in jec ted can 
be v a r i e d i n accordance w i t h the q u a l i t y of the water . 

Because of a n u m b e r of prob lems—e.g . , weakness of the per f o ra ted plates , too l o w 
a n ozone concentra t i on , too large a v o l u m e of a i r , a n d cost ly ma intenance of the 
compressor a n d other e q u i p m e n t because of corros ive a c t i o n of ozone—this m e t h o d 
has been modi f i ed i n l a t e r ins ta l la t i ons . T h e per f o ra ted plates have been e l i m i n a t e d , 
a n d the a i r is diffused t h r o u g h p las t i c diffusers. Stainless steel r o t a r y , l i q u i d r i n g 
compressors are used. I n some cases, even the O t t o m e t h o d of émulseur s a n d self-
contact co lumns is e m p l o y e d . 

Contact Processes Since 1930 

Chlorator Process. T h i s process uses a s m a l l contact c o l u m n a n d in jector , whereby 
a p o r t i o n of the w a t e r is t reated to dissolve a r e l a t i v e l y large a m o u n t of ozone. T h i s 
p o r t i o n is t h e n added to the m a i n water s t r e a m . T h e success of the m e t h o d requires 
a h i g h concentra t i on of ozone (10 to 20 grams per cubic meter ) a n d a stat ic pressure 
of 0.6 to 2.0 k g . per sq . c m . A n y w h e r e f r o m one h a l f to one s i x t h of the t o t a l w a t e r 
m a y be r e q u i r e d i n the ozonized s t r e a m . 

Torricell i Process. T h i s m i x i n g m e t h o d was developed b y A l f r e d T o r r i c e l l i of 
B e r n e . I t s advantages are the a b i l i t y to dissolve m o r e ozone i n the w a t e r t h r o u g h 
h igher pressures a n d i m p r o v e d contact , a n d to a t t a i n v i r t u a l l y complete a b s o r p t i o n 
of the ozone i n the water . 

T h e Kerag Process. T h i s sys tem uses a h igh-speed ag i ta to r of stainless steel , 
w h i c h r a p i d l y mixes the ozonized a i r a n d w a t e r i n t i m a t e l y . A f t e r m i x i n g , the w a t e r -
ozone passes i n t o a contact bas in . 

These three systems have been i n t r o d u c e d o n l y recent ly , a n d t h e y are c o m p a r e d 
i n a p a p e r b y T o r r i c e l l i (1). 
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Fifty Years of Ozonation at Nice 

HENRI LEBOUT 

Municipal Water Control Laboratory, Nice, France 

Since 1906 the water of Nice, France, has been steri
lized by ozone. Operating data are given for two 
treating plants. Water sterilized by ozone does not 
have an unpleasant taste. Mineral substances are 
not generally modified by the process, and no foreign 
substances are introduced. A clear water containing 
ozone in solution which persists from 3 to 10 minutes, 
according to the temperature of the treated water, is 
sterile from a practical standpoint. 

I n 1904 the c i t y of N i c e , a u t h o r i z e d b y the F r e n c h H i g h e r C o u n c i l of P u b l i c H y g i e n e , 
adopted ozone, a n d 2 years la ter the s te r i l i za t i on of water b y ozone was p u t i n prac t i ce 
o n a n i n d u s t r i a l scale for the f irst t i m e i n F r a n c e . Since t h e n , numerous towns have 
fo l lowed the example of N i c e . 

I n 50 years , the p o p u l a t i o n of N i c e has increased f r o m 150,000 to 250,000 i n 
h a b i t a n t s ; the n u m b e r of water w o r k s has increased f r o m one to f o u r ; the q u a n t i t y 
of water s ter i l i zed d a i l y b y ozone has increased f r o m just over 5,000,000 to a lmost 
20,000,000 gal lons. H o w e v e r , the process of s t e r i l i za t i on remains the same because i t 
has a lways p r o d u c e d good results . 

Sources of Water 

One q u a r t e r of the water comes f r o m the Sa inte Thécle spr ings a n d the r e m a i n i n g 
f r o m the Vésubie R i v e r . T h e spr ings of Ste . Thécle emerge f r o m l imestone fissures i n 
the m i d s t of c u l t i v a t e d l a n d . T h e water is f r equent ly p o l l u t e d , especial ly d u r i n g 
periods of r a i n a n d i r r i g a t i o n ; i t is b r o u g h t b y a stone aqueduct to the B o n - V o y a g e 
p l a n t where i t is filtered a n d s ter i l i zed . 

T h e Vésubie is a t o r r e n t i a l r i v e r . A water i n t a k e has been ins ta l l ed a t the e l eva 
t i o n of S a i n t - J e a n L a Rivière about 20 miles f r o m N i c e . T h e b a n k s of the u p p e r a n d 
m i d d l e Vésubie are p o p u l a t e d w i t h s u m m e r resorts, a n d the w a t e r is o ften t u r b i d . T h e 
water is s tored i n five uncovered m a s o n r y reservoirs h a v i n g a t o t a l capaci ty , of over 
21,000,000 gal lons. I t is filtered a n d s ter i l i zed at the R i m i e z p l a n t as needed. 

O n a r r i v a l at N i c e , the water f r o m Ste . Thécle a n d L a Vésubie is o f ten opalescent, 
t u r b i d , or even m u d d y , a n d a lways contains pathogenic b a c t e r i a a n d v a r i o u s s a p r o 
p h y t i c germs. B e f o r e d e l i v e r y for u t i l i z a t i o n , i t is filtered a n d ozonated . 

Properties of Water Steril ized by Ozone 

O r g a n o l e p t i c C h a r a c t e r i s t i c s . V i e w e d i n d e p t h , the filtered water often looks g r a y . 
A f t e r ozonat ion , the w a t e r appears b lue , l i k e the w a t e r f r o m glaciers . 

D u r i n g floods, the water of the Vésubie often tastes a n d smells e a r t h y , b u t a f ter 
450 
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LEBOUT-OZONATION AT NICE 451 
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B.COLI A F T E R FILTRATION (PER LITER) 

B.COLI AFTER OZONATION 

SHUT-DOWNS: CANAL FROM THE VESUBIE - APRIL 2 6 , OCTOBER 18 

Figure 1. Operating data for Bon-Voyage plant 

ozonat ion i t is odorless a n d tasteless. U n l i k e ch lor ine or chlor ine produc ts , ozone never 
generates unpleasant tastes. 

C h e m i c a l C o m p o s i t i o n . Ozone o f ten adds oxygen to the t rea ted water t h r o u g h 
aerat ion a c c o m p a n y i n g the p u r i f i c a t i o n process. Because of the c h l o r o p h y l l i a n ac t i on 
of sand- f i l ter algae, the water c a n become supersaturated w i t h oxygen. T h i s p h e 
n o m e n o n expla ins the oxygen r e d u c t i o n sometimes observed after ozonat ion . T h u s 
ozonat ion p l a y s the p a r t of a regulator of the oxygen content of the water . 

T h e a c t i o n of ozone a p p r e c i a b l y reduces not o n l y the p r o p o r t i o n of free a m m o n i a 
i n the water , b u t also the p r o p o r t i o n of a l b u m i n o i d a m m o n i a a n d organic substances. 
M i n e r a l substances are i n general no t modi f i ed b y the ozonat ion process. H o w e v e r , 

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
1 ι » 1 1 1 1 1 1 1 1 1 1 

OPALESCENT^ mm. 
{"PRESENCE -
[ABSENCE -
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APPEARANCE OF FILTERED WATER 

APPEARANCE OF OZONATED WATER 

TEMPERATURE OF OZONATED WATER 

B. PUTRID A F T E R OZONATION 

B.COLI AFTER OZONATION 

SHUT-DOWNS: CANAL FROM THE VESUBIE - APRIL 26, OCTOBER 18 

NO. I SECONDARY CHANNEL-APRIL 26, MAY 4, OCTOBER 18 a 25 

NO.2 SECONDARY CHANNEL-APRIL 26, MAY 4, OCTOBER 18 β 25 

Figure 2 . Operating data for Rimiez plant 
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c a l c i u m carbonate is sometimes l i g h t l y p r e c i p i t a t e d a n d reduced i r o n , i f present , is 
ox id i zed t o the inso luble h y d r o x i d e . 

O z o n a t i o n of water introduces no fore ign substances. O n the c o n t r a r y , because of 
the not iceable r e d u c t i o n i n organic substances, the ozonated water is less conduc ive to 
the deve lopment of fore ign b a c t e r i a . 

B a c t e r i o l o g i c a l E x a m i n a t i o n s . A clear w a t e r c o n t a i n i n g ozone i n so lu t i on w h i c h 
persists f r o m 3 to 10 m i n u t e s , accord ing to the t e m p e r a t u r e of the t rea ted water , is 
steri le f r o m a p r a c t i c a l s t a n d p o i n t . S a m p l i n g a n d bacter io log ica l examinat ions are 
c a r r i e d out accord ing to the technique a n d methods of the M o n t s o u r i s L a b o r a t o r y . 
E x a m i n a t i o n s are m a d e for E. coli, Enterococcus, a n d CI. perfringens, a n d a count is 
m a d e on ge lat in . 

I n 1955 1770 samples of N i c e ozonated w a t e r were examined . N o n e revealed the 
presence of pathogenic bac te r ia . O z o n a t e d water is o f ten s t e r i l e — t h a t is , d e v o i d of a l l 
germs. T h e u s u a l n u m b e r of harmless bac ter ia a n d s p o r u l a t i n g germs var ies f r o m 5 to 
15 p e r m l . 

F i g u r e s 1 a n d 2 g ive operat ing d a t a for the B o n - V o y a g e a n d R i m i e z p l a n t s w h i c h 
use w a t e r f r o m the Vésubie R i v e r . A s can be seen, the t rea t ed water f r o m the two 
ozone p l a n t s is excel lent f r o m a l l po in ts of v i e w . 

RECEIVED for review June 19, 1957. Accepted June 19, 1957. 
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Drinking Water Purification 

ALFRED TORRICELLI 

Falkenplatz 7 
Berne, Switzerland 

A comparison of conventional means of mixing ozone 
with water for disinfection with two recently de
veloped methods shows that the newer methods per
mit more effective utilization of ozone. Operating 
experiences with pilot plants utilizing these systems 
are described. With the new methods ozone dosage 
requirements can be reduced by as much as one 
half, while maintaining full bactericidal efficiency. 

France, the b i r t h p l a c e of ozone w a t e r t r e a t m e n t , is the o n l y c o u n t r y i n E u r o p e 
to r e m a i n f a i t h f u l t h r o u g h ha l f a c e n t u r y to the idea of us ing ozone t o p u r i f y d r i n k 
i n g water . 

T h e foremost author i t i es on hygiene i n t h a t c o u n t r y , a m o n g w h o m were the late 
Professors R o u x a n d C a l m e t t e of the P a s t e u r I n s t i t u t e , have never ceased to consider 
the t r e a t m e n t of water w i t h ozone to be the best d i s in fec t ing process k n o w n . I t 
does no t a d d to the w a t e r a n y in jur i ous fore ign substance. M o r e o v e r , ozone never 
generates unpleasant tastes, as ch lor ine a n d i ts der ivat ives d o ; on the c o n t r a r y , i t 
c a n destroy most unpleasant tastes a n d odors. C o l o r due to organic decompos i t ion 
produc ts i n water can also be removed . 

Ozone water p u r i f i c a t i o n p lants constructed i n F r a n c e about the beg inn ing of 
the c e n t u r y are s t i l l i n operat i on . Those who manage t h e m seem aware t h a t ozone 
is a n idea l w a y to p u r i f y d r i n k i n g water a n d t h a t there is n o t h i n g at present a v a i l 
able w h i c h can replace i t . 

U n f o r t u n a t e l y , i n the t r e a t m e n t of d r i n k i n g water the rea l quest ion of the w h o l e -
someness of the w a t e r s u p p l y i n a l l i t s aspects has been too o f ten neglected, w i t h 
emphasis o n l y on the p r o b l e m of the des t ruc t i on of pathogenic b a c t e r i a . T h o u g h 
doubtless the most i m p o r t a n t , th is is no t the o n l y quest ion w h i c h s h o u l d be t a k e n i n t o 
cons iderat ion . T h e a i m of the hyg ien is t shou ld be to assure the c o m m u n i t y water 
w h i c h is n o t o n l y safe, b u t also agreeable to d r i n k . A t present , ozone best meets 
these requirements . 

U p to n o w , ozonat ion of d r i n k i n g w a t e r has been considered too di f f icult , espe
c i a l l y i n c o m p a r i s o n w i t h c h l o r i n a t i o n . T h e o u t l a y for the r e l a t i v e l y expensive 
ins ta l la t i ons a n d the h i g h costs of opera t i on were object ionable . I n m o s t cases the 
p l a n t s have seemed unpro f i tab le . I t appears , moreover , t h a t a l l the E u r o p e a n 
ozonat ion p l a n t s s t i l l e m p l o y w a t e r - t r e a t m e n t processes w h i c h do not p e r m i t p r o p e r 
u t i l i z a t i o n of a l l the ozone p r o d u c e d b y the ozonators . P e r h a p s 4 0 % of the ozone is 
lost because of the d i f f i cu l ty of d i sso lv ing the gas i n the w a t e r w i t h the ava i lab le 
means . O n the other h a n d , there is no doubt of the a c t u a l efficacy of the ozone w a t e r 
t r e a t m e n t i n the F r e n c h p lants i n operat i on . 

453 
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454 ADVANCES IN CHEMISTRY SERIES 

T h e a u t h o r has been occupied w i t h the p r o b l e m of the best u t i l i z a t i o n of ozone 
for the purpose of reduc ing the c o n s u m p t i o n of the gas to a m i n i m u m whi le e n 
deavor ing to o b t a i n m a x i m u m b a c t e r i c i d a l a c t i on . A s a result of th is research, a new 
w a t e r t r e a t m e n t process fu l f i l l ing the desired object ive was i n t r o d u c e d for the first 
t ime at B e r n e i n 1951. 

A t present i n E u r o p e , water is t reated w i t h ozone accord ing to the o l d O t t o 
process or the V a n der M a d e process. A s far as is k n o w n , other processes have no t 
become establ ished. These t w o are the o r i g i n a l systems proposed b y those who 
i n t r o d u c e d ozone i n t o F r a n c e . 

RAW WATER INLET 

I 
EMULSEUR 

ASPIRATED 
OZONE INLET" 

T77 

DESATURATOR 

v ; ; ν / / 

STERILIZED 
, m ~ — W A T E R 
W / / ////*. OUTLET 

-SELF-CONTACT 
COLUMN 

TUBE FOR DISSOLVING 
UNDER PRESSURE 

V 

Figure 1. Schematic section of Otto apparatus for ozonat-
ing water 

F i g u r e 1 is a schematic sect ion of the O t t o s te r i l i za t i on a p p a r a t u s , the most c o m 
m o n l y u t i l i z e d . I t is used general ly i n c o m b i n a t i o n w i t h O t t o p late ozonators . T h e 
water t o be t rea ted comes under pressure to the émuiseur, a sort of water jet p u m p . 
T h e v a c u u m produced b y the water is sufficient to suck i n the ozonated a i r f r o m the 
ozonator , a n d the m i x t u r e of the t w o fluids is c a r r i e d to the b o t t o m of the sel f -contact 
c o l u m n , w h i c h is a tower 5 meters (16 feet 4 inches) i n d e p t h . T h e water fal ls freely 
f r o m a weir at the t o p of the tower , where most of the gas escapes. 

T h e re tent ion t i m e i n the tower is 8 to 10 minutes . F o r each cubic meter of water 
to be t reated , 300 to 600 l i ters of ozonated a i r at a concentrat i on of 2 to 3 m g . per l i t e r 
are r e q u i r e d (a dosage of 0.6 to 1.8 p .p .m . ) . T h e d is in fect ion is excellent as l ong as 
excess ozone is i n t r o d u c e d in to the émuiseur. Loss of ozone w h i c h cannot be dissolved 
i n the water is considerable . 

T h i s m e t h o d of water t r e a t m e n t is no t economical w h e n e lec t r i c i ty m u s t be 
purchased . I t is suitable for m o u n t a i n d i s t r i c t s where the w a t e r arr ives n a t u r a l l y 
u n d e r pressure a t the place where i t is to be t reated . T h e n the cost of e l e c t r i c i ty to 
operate a p u m p for the émuiseur is avo ided , a n d excess water pressure also can be 
used to generate the e lec t r i c i ty necessary for the ozonat ion . B u t such favorab le 
condi t ions are rare , espec ia l ly for large centers of p o p u l a t i o n . 

F i g u r e 2 is a schematic sect ion of the s ter i l i za t i on a p p a r a t u s general ly u t i l i z e d w i t h 
V a n der M a d e ozonators . I t is a s imple ozonat ion tower i n w h i c h the water to be 
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TORRICELLI—DRINKING WATER PURIFICATION 455 

DESATURATOR 

RAW WATER 
INLET ~ 

Figure 2 . 

O - O Q o CL o 

STERILIZED 
Ζ — ^ WATER 

OUTLET 

-OZONATING TOWER 

.COMPRESSED OZONE 
1 INLET 

GAS DIFFUSERS 

Schematic section of Van der Made apparatus for 
ozonating water 

t reated enters at the b o t t o m a n d leaves at the t o p . T h e ozonated a i r is in jec ted at 
the b o t t o m t h r o u g h porous diffusers, w i t h the a i d of a compressor p laced between the 
ozonator a n d the ozonat ion tower . T h e ozone dosages a p p r o x i m a t e those of the O t t o 
process a n d the losses are l ikewise considerable . 

I n these t w o processes the ozonat ion condit ions are such t h a t efforts to dissolve 
the ozone i n the w a t e r at a h i g h rate encounter great dif f iculties. T h e ozone content 
of the w a t e r reaches i t s m a x i m u m at the b o t t o m of the tower , a n d the ra t i o t h e n 
d iminishes as the ozonated a i r , m e a n w h i l e los ing i ts ozone, sweeps the water t o w a r d 
the exit at the t o p of the tower . 

A t t e m p t s have been made to i m p r o v e the V a n der M a d e process b y recover ing 
the ozone w h i c h escapes f r o m the t o p of the ozonat ion tower b y passing i t t h r o u g h 
a d r y e r a n d recyc l ing i t t h r o u g h the ozonator . T h i s scheme has produced results 
of dubious va lue a n d a p p a r e n t l y is se ldom used, b u t i t is a n i n d i c a t i o n of the 
i m p o r t a n c e a t tached to l i m i t i n g the ozone losses, w h i c h are of i m p o r t a n t economic 
consequence. 

Since 1947 a n effort has been m a d e to s t imula te interest i n S w i t z e r l a n d i n favor 
of us ing ozone to t rea t d r i n k i n g water . D u r i n g th is p e r i o d several s m a l l ins ta l la t i ons 
for ozonat ing w a t e r have appeared i n S w i t z e r l a n d . M o s t of these were soon 
abandoned because of defects a n d general ineff iciency. U n f o r t u n a t e l y , i l l - c once ived 
efforts such as these have created indec is ion a n d hes i tat ion a m o n g those who m i g h t 
have been i n c l i n e d to a d o p t ozone. 

Processes Demonstrated at Berne 

I n 1951 the p r o p e r t r e a t m e n t of water w i t h ozone was u n k n o w n i n S w i t z e r l a n d . 
Officials of the B e r n e W a t e r B u r e a u accepted the proposa l to construct near the 
Kônizberg reservo ir a p i l o t p l a n t e q u i p p e d w i t h a W e l s b a c h C - 4 ozonator to s u p p l y 
ozone to the t w o w a t e r t r e a t m e n t systems b y w h i c h the water was to be comple te ly 
a n d economica l ly pur i f i ed . 

T h e t w o water t r e a t m e n t processes i n c l u d e d one used i n the U n i t e d States b y 
W e l s b a c h C o r p . , P h i l a d e l p h i a , P a . , a n d a new process of the author ' s i n v e n t i o n , w h i c h 

 P
ub

lic
at

io
n 

D
at

e:
 J

an
ua

ry
 1

, 1
95

9 
| d

oi
: 1

0.
10

21
/b

a-
19

59
-0

02
1.

ch
06

0

In OZONE CHEMISTRY AND TECHNOLOGY; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1959. 



456 ADVANCES IN CHEMISTRY SERIES 

was be ing t r i e d for the f irst t i m e . T h e l a t t e r i n v o l v e d the use of W e l s b a c h ozonators , 
w h i c h h a d been f o u n d sui table for th i s a p p l i c a t i o n . 

E a c h of the t w o ozonat i on a p p l i c a t i o n systems was cons t ruc ted of concrete a n d 
designed to t reat 25 cub ic meters (6600 gal lons) of w a t e r per hour . T h e y were 
served a l t e r n a t e l y b y the single ozone-generat ing p l a n t w h i c h r a n cont inuous ly d a y 
a n d n i g h t for n e a r l y 8 m o n t h s beg inn ing October 1951, to the complete sat i s fact ion of 
the B e r n e W a t e r B u r e a u as w e l l as ourselves. 

T h e f irst sys tem, a p p l y i n g the process used b y W e l s b a c h C o r p . a t the P h i l a 
de lph ia p l a n t , is designated the W e l s b a c h sys tem ( W ) . I t p e r m i t s ozonat i on of 
w a t e r u n d e r condi t ions m u c h super ior to the k n o w n E u r o p e a n processes. 

T h e s y s t e m is dep i c ted s chemat i ca l l y i n F i g u r e 3. F o r a n h o u r l y w a t e r f low of 
25 cubic meters , a re in forced concrete tower of 90 - cm. ins ide d iameter is used . T h e 

GAS INTO THE WATER 

Figure 3 . Schematic section of Welsbach apparatus 
for ozonating water 

t ower is open at the t o p , a n d the w a t e r t o be t rea ted moves s l o w l y f r o m t o p to b o t t o m , 
just the opposite of the F r e n c h systems where the w a t e r moves c o n c u r r e n t l y w i t h the 
bubbles of ozone. T h e d e p t h of the water i n the ozonat ion t ower is 5 meters . T h e 
average contact t i m e of the water a n d gas i n the tower is about 8 m i n u t e s . T h e ozo
n a t e d gas, i n the f o r m of fine bubbles , is in jec ted u n d e r pressure t h r o u g h a porous gas 
diffuser i n t o the b o t t o m of the tower , a n d the bubbles of ozonated a i r rise c ounter -
c u r r e n t to the flow of w a t e r . 

T h e ozonated w a t e r leaves the tower at the b o t t o m ; a channe l br ings i t t o the 
leve l of the i n t a k e so as to m a i n t a i n a constant l eve l of w a t e r i n the tower . A ce r ta in 
n u m b e r of va lves for t a k i n g water samples are ar ranged at the p r i n c i p a l po ints of the 
system, so as to enable one to fo l low the changes w h i c h occur i n the water d u r i n g t r e a t 
m e n t . These w a t e r - s a m p l i n g po ints correspond to var i ous accurate ly de termined 
water -ozone contact t imes . 

T h e second sys tem for water t r e a t m e n t , shown schemat i ca l ly i n F i g u r e 4, depicts 
the a p p l i c a t i o n of the new process, ca l led the T o r r i c e l l i ( T ) process. 

T h e i n s t a l l a t i o n is charac ter i zed b y a n ozonat ion chamber h y d r a u l i c a l l y closed b y 
the pressure of the water to be t reated , w h i c h flows t h r o u g h i t . F o r these d e m o n s t r a 
t ions , the ozonat ion chamber was conta ined i n a re inforced concrete c y l i n d e r 125 c m . i n 
inside d iameter a n d 230 c m . i n inside height . I t was c o m p a r t m e n t e d as i n d i c a t e d i n 
F i g u r e 4. 

T h e water enters the ozonat ion chamber b y a v e r t i c a l descending channe l 35 c m . 
i n d iameter a n d leaves b y a n ascending channe l . I t moves t h r o u g h the sys tem under 
its o w n head , accord ing to the p r i n c i p l e of c o m m u n i c a t i n g vessels. T h e loss of pressure 
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RESIDUAL 
t AIR 

RAW WATER T — j j J a J 
INLET ^=^1 

CHANNEL FOR RECOVERING 
OZONE FROM THE OZONAT
ION CHAMBER FOR PRE-
OZONATION 

COMPARTMENT FOR 
DISSOLVING OZONE-

OZONE UNDER / I 
PRESSURE 

— . P U R E WATER 
ζΞΓ OUTLET 

*§-OUTLET CHANNEL FOR 
THE WATER β PRESSURE 
REGULATOR FOR OZONAT
ION CHAMBER 

/-INJECTION OF GAS w 
À<r» * V i Ή Ϊ Λ Λ L A Y E R 0 F RESIDUAL 

r - * 3 g f | OZONE UNDER PRESSURE 

I 
COMPARTMENT FOR 
WATER SEPARATED 
FROM THE GAS 

COMPARTMENTED OZONE 
CHAMBER UNDER HYDRAULIC 
PRESSURE 

Figure 4. Schematic section of Torricelli apparatus for ozonat-
ing water 

Ozone chamber with two contiguous compartments at same level 

i n the sys tem is ins igni f i cant . T h e difference of l e v e l between the b o t t o m of the ozona 
t i o n c h a m b e r a n d the p o i n t at w h i c h the w a t e r leaves the a p p a r a t u s was, f or these 
tests, 9.5 meters . 

T h e ozonat ion c h a m b e r inc ludes , besides the baffles or p a r t i t i o n s necessary t o 
d i rec t the flow of water a n d to h i n d e r the escape of the gas t h r o u g h the in le t a n d out le t 
channels , t w o m a i n c o m p a r t m e n t s , A a n d B. T h e first serves to dissolve the ozone i n 
the w a t e r ; ozone enters t h r o u g h in jectors or porous gas diffusers p laced at the b o t t o m , 
u n d e r a l a y e r of w a t e r w h i c h need n o t be m o r e t h a n 2 meters . T h e water c irculates 
f r o m t o p to b o t t o m , v e r t i c a l l y or ob l ique ly , so t h a t the h y d r a u l i c pressure increases u p 
to the p o i n t at w h i c h the water passes near the in jectors or the diffusers. A t B e r n e 
porous ceramic diffusers were used to i n t r o d u c e the gas i n t o the w a t e r . 

T h e w a t e r s a t u r a t e d w i t h ozone leaves c o m p a r t m e n t A a t the b o t t o m where the 
ozone is d isso lved , a n d moves s l o w l y t h r o u g h c o m p a r t m e n t B. I n c o m p a r t m e n t By be 
cause of the absence of turbu lence , the ozone tends to r e m a i n i n so lu t i on a t i t s m a x i 
m u m r a t i o , a n d decomposes s l owly unless the ozone d e m a n d of the w a t e r is so h i g h t h a t 
ox id izab le substances s t i l l are present . 

T h e und isso lved gas, w h i c h conta ins a s m a l l a m o u n t of ozone, accumulates u n d e r 
pressure a t the t o p of the ozonat ion chamber . T h i s gas is exhausted t h r o u g h a p i p e 
w h i c h leads to the channe l where the r a w water enters. T h e res idua l ozone is thus r e 
covered f o r the purpose of p r e o z o n a t i n g the w a t e r . I n a p e r m a n e n t i n s t a l l a t i o n the 
out f low of the gas u n d e r pressure f r o m the ozonat ion c h a m b e r is regulated b y a c o n 
t r o l a c t i v a t e d b y the l e v e l of the w a t e r i n th is chamber . T h e undisso lved gas finally 
escapes at the t o p of the w a t e r entrance channe l , the bubbles of gas m o v i n g counter -
c u r r e n t t o the flow of water . T h e v e l o c i t y of the w a t e r i n the preozonat i on channe l is 
n o t sufficient to c a r r y the bubbles of gas t owards the ozonat ion chamber . 

T h e t i m e for the w a t e r to m o v e t h r o u g h the t w o c o m p a r t m e n t s , A a n d B, of the 
ozonat ion chamber is n o r m a l l y 5 m i n u t e s , or 2.5 minutes per c o m p a r t m e n t . T h i s is 
l o n g enough w h e n the water t r e a t m e n t a ims m a i n l y a t d i s i n f e c t i o n ; i t prov ides a 
m a r g i n of sa fe ty sufficient to ensure the complete des t ruc t i on of the pathogenic b a c 
t e r i a w h i c h m a y be f o u n d i n the most p o l l u t e d of the Swiss w a t e r suppl ies . 

T h e average speed a t w h i c h the w a t e r moves t h r o u g h the ozonat ion c h a m b e r is 80 
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c m . p e r m i n u t e . I n the entrance channe l l ead ing to the ozonat ion chamber the rate is 
five t imes greater . 

P r a c t i c a l considerat ions require the h y d r a u l i c pressure i n the ozonat ion chamber to 
be h e l d between 7 a n d 10 meters of water . U n d e r these condi t ions of average pressure 
the sys tem can w o r k to best advantage . F o r the tests a pressure of 9.5 meters was 
used. 

Results of Berne Pilot Plant 

T h e p i l o t p l a n t ins ta l l ed at the C i t y of Berne ' s Kônizberg reservoir commenced 
opera t i on i n the a u t u m n of 1951. I t operated a l t e rnate ly w i t h the two w a t e r - t r e a t 
m e n t systems construc ted for the tests. D u r i n g th is per i od more t h a n 130 tests were 
c a r r i e d out w i t h the co l l abora t i on of the l a b o r a t o r y personnel of the B e r n e W a t e r 
B u r e a u . E x c e l l e n t d is in fec t ion results were ob ta ined . 

T h e results of d i s in fec t ion i n the W e l s b a c h tower were comple te ly sa t i s fac tory . 
D e s p i t e the inev i tab le losses of ozone f r o m the t o p of the open tower , w h i c h were i n 
a n y case cons iderab ly smal ler t h a n i n the E u r o p e a n processes c u r r e n t l y u t i l i z e d , the 
efficiency c a n be considered good w h e n this process is c ombined w i t h the use of 
W e l s b a c h ozonators . These de l iver the ozonated gas d i r e c t l y at the desired ozone 
concentra t i on a n d at the pressure necessary for in jec t i on . 

T h e results of d i s in fec t ion w i t h the T o r r i c e l l i sys tem were s u r p r i s i n g because 
t h e y easi ly exceeded the most op t imis t i c expectat ions . A speedy d is in fect ion was 
possible w i t h a s m a l l ozone dosage. T h e ozone dissolved i n the water at a h i g h rate 
because of the recovery system adopted to a v o i d ozone losses. 

T h e results of the great n u m b e r of bacter io log ica l tests car r i ed out cannot be 
condensed in to unders tandab le tables because the tests differed too m u c h one f r o m 
another . I n most cases t h e y are not r ead i l y comparab le because the condi t ions of 
opera t i on were often i n t e n t i o n a l l y modi f i ed . A c c o r d i n g l y , i t is necessary to consider 
each bacter io log i ca l test separate ly on the basis of the condi t ions w h i c h preva i l ed 
d u r i n g the operat i on . 

A t the end of the p i l o t p l a n t t r i a l p e r i o d a series of f our tests was c a r r i e d out 
u n d e r c omparab le condi t ions . B y p r o v i d i n g a c o m p a r i s o n between the t w o d is infec 
t i o n systems e m p l o y e d , these tests show the character is t i cs of each. 

These final tests, to w h i c h great i m p o r t a n c e was a t tached , were u n d e r t a k e n i n 
J u n e 1952 u n d e r stable condit ions of w a t e r q u a l i t y a n d t e m p e r a t u r e , n a t u r a l a n d 
a r t i f i c i a l degrees of in fec t i on , a n d a l ternate ozone dosages used for d is in fec t ion . 

Ο I 2 3 4 5 6 7 8 9 ΙΟ II 12 
M I N U T E S 

Figure 5. Destruction of β. coi'i in strongly polluted waters by 
Welsbach and Torricelli processes with Welsbach ozonator 

Effective quantities of ozone dissolved in water during disinfection, injecting 
0.25 and 0.50 gram of O 3 respectively, per cubic meter of water 

D i — D 4 . Limit at which end of destruction of B. co// has been verified in 
strongly infected water (7,000,000 B. co/i per 100 ml. of water) 
Welsbach (W) and Torricelli (T) processes with Welsbach ozonator 
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TORRICELLI—DRINKING WATER PURIFICATION 459 

T o fo l low m o r e easi ly the process of des t roy ing the germs w i t h ozone, a c o n 
ta iner of water was ins ta l l ed w h i c h h a d been a r t i f i c i a l l y s t rong ly p o l l u t e d w i t h 
B. coli. B y th is means i t was possible to in t roduce a k n o w n q u a n t i t y of b a c t e r i a in to 
the water . F i g u r e s 5 a n d 6 show the results ob ta ined . 

PROCESS 

OZONE INJECTED . 
PER mî WATER) ' 

W 

0.25 
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0.25 

7,000,000 7,000,000 

tr κ 
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£ tr 
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15-50 Γ 

D E E D " 
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7,000,000 
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0.50 

51 
IL β) 
Ο φ 
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ι : 
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Figure 6. Destruction of Β. co/i in water artificially very 
strongly polluted 

P. Pressure during destruction of bacteria, p.s.i. 
* Final test on at least 2 samples of 100 ml. of water 

Cubic meter = 264 gallons 

F o r these tests the ozone dosages in jected i n t o the water were i n one case 0.25, 
a n d i n the other 0.50 g r a m per cubic meter of water , for each sys tem. T h e preced ing 
tests h a d demonst ra ted t h a t these doses sufficed t o give good d i s in fec t i on . T h e 
concentra t i on of ozone i n the ozonated a i r was 10 grams per s t a n d a r d cubic meter . 

B y means of s a m p l i n g va lves p laced a long the course of the w a t e r t h r o u g h each 
i n s t a l l a t i o n , i t was possible to determine at the same t i m e the ozone content of the 
w a t e r a n d the rate of des t ruc t i on of the B. coli at short , regular i n t e r v a l s . These 
comparab le tests p r o v i d e d interes t ing conclusions on the efficiency of the two 
processes. 

C l e a r , u n a l t e r e d w e l l water was used for the four tests. T h e absence of i r o n 
a n d manganese, as w e l l as a degree of o x i d i z a b i l i t y not exceeding 5 m g . of permanganate 
p e r l i t e r , classif ied i t a m o n g waters respond ing to t r e a t m e n t w i t h s m a l l quant i t i es of 
ozone. T h e t e m p e r a t u r e of the water was 11° C . A t th is t e m p e r a t u r e , the co
efficient of d i s t r i b u t i o n of the ozone between the gaseous a n d aqueous phases is 0.37. 

Coefficient of distribution (D) = 
mg. of ozone per liter of water 

mg. of ozone per liter of gas 

for equ iva lent pressures a n d temperatures i n the t w o phases. 
B y ra i s ing the concentra t i on of ozone i n the ozonated gas a n d reduc ing the 

v o l u m e of gas w i t h respect to t h a t of the w a t e r to be t rea ted , the p r o p o r t i o n of 
disso lved ozone can be increased. W e l s b a c h ozonators l e n d themselves especial ly w e l l 
t o th i s opera t i on because t h e y de l iver d i r e c t l y u n d e r pressure a n ozonated gas at the 
highest p r a c t i c a l ozone concentrat i on . F i g u r e 5 gives the bacter io log i ca l results for 
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the f our tests. T h e speed of the b a c t e r i c i d a l a c t i on i n the T o r r i c e l l i process is 
astonish ing despite a great r e d u c t i o n i n ozone dosage. I t was possible t o destroy 
70,000 B. coli per m l . of w a t e r twice as q u i c k l y a n d w i t h ha l f as m u c h ozone i n the 
T o r r i c e l l i o zonat ion chamber as i n the W e l s b a c h ozonat ion tower . F o r complete 
des t ruc t i on , 3.5 m i n u t e s a n d 0.25 g r a m of ozone in jec ted per cubic meter of water were 
sufficient. 

T o u n d e r s t a n d these results i t is necessary to refer also to F i g u r e 6, w h i c h indicates 
the v a r i a t i o n s i n ozone content of the water for the same tests f r o m beg inn ing to end 
of the opera t i on . 

F i g u r e s 5 a n d 6, moreover , c o n f i r m w h a t the l a b o r a t o r y exper iments h a d a l r e a d y 
d e m o n s t r a t e d : D e s t r u c t i o n of B. coli c a n be accompl i shed i n w a t e r w h i c h contains o n l y 
0.15 m g . of ozone p e r l i t e r . A t th is ra t i o 8 to 10 minutes is a lways sufficient f o r 
des t ruc t i on . 

W i t h regard to the a m o u n t of ozone in jec ted in to the ozonat ion chamber , the 
ozone content of the w a t e r is h i g h d u r i n g the first 3 minutes i n the T o r r i c e l l i o zonat ion 
c h a m b e r . T h i s can be exp la ined b y assuming t h a t the ozone d e m a n d of the w a t e r for 
o x i d a t i o n of r e a d i l y ox id izab le substances has been general ly satisf ied d u r i n g p r e o z o n a -
t i o n — t h a t i s , before the w a t e r arr ives i n the ozonat ion chamber p r o p e r . A s regards the 
q u a n t i t y of ozone in jec ted , the ra t i o of d isso lved ozone is espec ia l ly h i g h i n the t r e a t 
m e n t of B e r n e w a t e r because th i s w a t e r is r e l a t i v e l y free of r e a d i l y ox id izab le s u b 
stances. 

T h e q u a n t i t y of ozone necessary for d is in fec t ion of a w a t e r s u p p l y depends o n 
the q u a l i t y of the water , i n p a r t i c u l a r i ts content of substances r e a d i l y ox id i zed b y 
ozone. A s a ru le th i s q u a n t i t y s h o u l d be establ ished b y p r e l i m i n a r y tests, d u r i n g 
w h i c h i t is ensured t h a t for the few m i n u t e s necessary to complete des t ruc t i on , the 
ozone content of the w a t e r goes no lower t h a n 0.2 m g . per l i t e r . 

7,000,000 

— PREOZONATION OF THE WATER-
( MIN.-SEC.) 4-12" θ'-3θϊ 

WATER INTAKE PIPING 
(6336 GALS./HR.) 

o o ω 
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— OZONATION OF THE WATER-
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> / 0 0 0 k ! 
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Figure 7. Rate of destruction of β. coli in Torricelli apparatus with 0.25 gram of 
ozone injected per cubic meter of water under head of 10 meters 

Kônizberg pilot plant at Berne, June 1952 
Sampling valves 
Intervals of time 
Ozone content of water, mg. per liter 
Bacteriological test on at least 2 X 100 ml. of water 

H. 
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TORRICELLI—DRINKING WATER PURIFICATION 461 

T h e preozonat i on of the water b y means of excess ozone f r o m the ozonat ion c h a m 
ber has been i n t r o d u c e d chief ly to u t i l i z e a l l the ozone in jec ted i n t o the ozonat ion c h a m 
ber water . I n e l i m i n a t i n g ozone losses, the first concern was to reduce the o p e r a t i n g 
a n d i n s t a l l a t i o n costs a p p r e c i a b l y . B u t i t was also desired to see i f , b y sa t i s f y ing p a r t 
of the ozone d e m a n d of the water before the a c t u a l d is in fec t ion opera t i on b y means 
of the recovered ozone, i t w o u l d be possible to o b t a i n a subsequent ly m o r e p o w e r f u l 
b a c t e r i c i d a l a c t i on w i t h smal ler ozone dosages. T h e object has been a t t a i n e d . 

W h i l e the purpose of the preozonat i on before the water enters the ozonat ion 
chamber is not to destroy the bac te r ia , i t was nevertheless in teres t ing to consider the 
possible b a c t e r i c i d a l effect i n i t i a t e d d u r i n g preozonat i on . F i g u r e 7 shows t h a t the 
res idua l ozone f r o m the ozonat ion chamber , w h e n the ozone dosage is o n l y 0.25 g r a m 
per cubic meter of water , has no b a c t e r i c i d a l effect whatever . 

Figure 8. Rate of destruction of B. coli in the Torricelli apparatus with 0.50 gram of 
ozone injected per cubic meter of water under a head of 10 meters 

Kônizberg pilot plant at Berne, June 1952 
H. Sampling values 
T. Intervals of time 

O. Ozone content of water, mg. per liter 
* Bacteriological test on at least 2 X 100 ml. of water 

O n the other h a n d , F i g u r e 8 shows a percept ib le b a c t e r i c i d a l effect i n the p r e -
ozonated w a t e r w h e n 0.5 g r a m of ozone p e r cub i c m e t e r of w a t e r has been in jec ted 
i n t o the ozonat ion c h a m b e r . M o r e t h a n 9 9 . 9 % of the B. coli has been des troyed b y 
the res idua l ozone before enter ing the ozonat ion chamber . 

T h e results demonstrate r e m a r k a b l e progress i n the field of ozone t r e a t m e n t of 
d r i n k i n g w a t e r . T h e y show t h a t smal ler dosages a n d shor ter re tent i on t imes are 
possible , a l l o w i n g s u b s t a n t i a l r e d u c t i o n i n costs. 

Processes Currently Used in Berne Plant 

T h e e x t r a o r d i n a r i l y favorab le results ob ta ined w i t h the p i l o t p l a n t descr ibed above 
h a v e n o t p r e v e n t e d the B e r n e W a t e r B u r e a u f r o m a d o p t i n g , a f ter a l ong w a i t , w a t e r 
t r e a t m e n t systems of i t s o w n design. D e s p i t e the r e c o m m e n d a t i o n not to m o d i f y thf» 
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new T o r r i c e l l i process, w h i c h h a d aroused percept ib le interest , the b u r e a u c o m b i n e d 
the process, us ing the ozonat ion chamber u n d e r h y d r a u l i c pressure w i t h some special 
systems for i n t r o d u c i n g the ozonated a i r in to the water . Y e t , whi le conserv ing the 
p r i n c i p l e of the pressure chamber of the process, t h e y d i d not use the res idua l ozone 
f r o m the ozonat ion chamber . 

T h e ful l -scale B e r n e ozonat ion p l a n t has been operat ing since the s p r i n g of 1955. 
C o n s t r u c t e d to t rea t a m a x i m u m of 1000 cubic meters (264,000 gallons) of water per 
h o u r , i t is d i v i d e d i n t o t w o ins ta l la t i ons able to f u n c t i o n independent ly . T h e capac i ty 
of each is 500 cubic meters of water per h o u r . 

One of the ins ta l la t ions is f ed f r o m W e l s b a c h ozonators , the other f r o m V a n de 
M a d e ozonators . E a c h i n s t a l l a t i o n has a c o m p a r t m e n t e d ozonat ion chamber closed 
h y d r a u l i c a l l y u n d e r a pressure of about 7 meters of water . B u t the system for exhaust 
i n g res idua l gas f r o m the chamber u n d e r pressure is changed, so t h a t i t no longer serves 
i ts o r i g i n a l purpose . 

T h e t w o systems for d is in fect ing water are dep ic ted s chemat i ca l ly i n F i g u r e s 9 
a n d 10. I n the f irst sys tem (I ) the ozonated gas is in jected at the b o t t o m of the first 

FILTERED_ 
RAW WATER 

GREATER PART τ-,-Ι 
OF WATER FOR 
T R E A T M E N T 

- WATER PRESSURE FOR THE INJECTOR = 
1.2 K 3 / c m 2 (17 PSI) 

OZONATED AIR FROM OZONATOR 

0 .57g /m 3 WATER(=100%) 

T s ASPIRATOR FOR OZONATED 
AIR 

C=CHLORATOR MIXING CYLINDER 
WITH B A F F L E S 

Ρ = W A T E R PRESSURE PUMP 
R= EVACUATION OF RESIDUAL 

GAS 
α R 

WASTE 0Z0NE=l6%r 

(4/5 TO 9/10) 

3 

PIPING FOR INJECTION OF OZONATED' 
AIR WITH 1/5 TO l/IO OF TOTAL WATER 

X PU RE_ WATER 
TANK 

r*-WATER E F F L U E N T PIPING 

DISSOLVED OZONE = 52.6 % 
OF QUANTITY INTRODUCED 

TWO COMPARTMENT OZONATION 
CHAMBER UNDER PRESSURE 

Figure 9. Berne ozonation plant treatment apparatus, Installation I 

To disinfect 500 cubic meters of water per hour (132,000 gallons) 
Ozone generation by Welsbach ozonators (max. 320 grams of O3 per hr.) 
Water treatment system. Chlorator combined with ozonation chamber under hydraulic pressure 

(Torricelli process modified by Scheller) 
Normal ozone dosage per cubic meter of water, 0.4 gram 
Ozone concentration in air. 10 grams per cubic meter 
Retention time of water in ozonation chamber, about 10 minutes 

c o m p a r t m e n t of the ozonat ion chamber b y means of C h l o r a t o r émuiseur in jectors ac 
t i v a t e d b y water under pressure. F o r this in jec t i on of gas, one s i x t h to one f o u r t h of 
the t o t a l q u a n t i t y of water to be t reated is used. T h e gas thus i n t r o d u c e d in to the 
ozonat ion chamber i m m e d i a t e l y mixes at one end of the chamber w i t h the r e m a i n i n g 
r a w w a t e r w h i c h arr ives t h r o u g h a descending v e r t i c a l channe l . T h e undisso lved gas 
h e l d u n d e r pressure at the t op of the ozonat ion chamber is not used to preozonate the 
water ; i t is s i m p l y evacuated t h r o u g h a p ipe w h i c h discharges in to the ascending c h a n 
n e l t h r o u g h w h i c h the water leaves the ozonat ion chamber . T h e advantages of the 
T o r r i c e l l i process are consequent ly a p p r e c i a b l y r e d u c e d ; the res idual ozone f r o m the 
ozonat ion chamber cannot c ont r ibute to ra i s ing the rat io of d isso lved ozone i n the 
w a t e r of the ozonat ion chamber , w h i c h is one of the objects of preozonat ion . 

I n the second sys tem ( I I ) there is a c o m p a r t m e n t e d ozonat ion chamber closed h y 
d r a u l i c a l l y u n d e r pressure. B u t here the ozonated a i r does not come in to contact w i t h 
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OZONATED AIR FROM OZONATOR(UNDER PRESSURE) 

• 

0.57^/m s WATER (100 °/<Jj 

FILTERED 
RAW WATER —1 " 

A.20' 

OZONE LOSS = 27. 5 % 

KERAG ROTOR 

EVACUATION OF GAS-Λ 
(OPERATION NOT VER IF I ED^ R 

-TWO COMPARTMENT OZONATION CHAMBER 
UNDER PRESSURE 

k DISSOLVED OZONE = 49 % OF 
QUANTITY INTRODUCED 

Figure 10. Berne ozonation plant treatment apparatus, Installation II 

To disinfect 500 cubic meters of water per hour 
Ozone generation by Van der Made (Degremont) ozonators (max. 570 grams of O 3 per hr.) 
Water treatment system. Kerag combined with ozonation chamber under hydraulic pressure (Schel-

ler combination) 
Normal ozone dosage per cubic meter of water, 0.5 gram 
Ozone concentration in air. 10 grams per cubic meter 
Retention time of water in ozonation chamber, about 10 minutes 

the water i n the b o t t o m of the chamber . I t is f o r c i b l y m i x e d at the t o p of the i n s t a l 
l a t i o n w i t h the water to be t reated , a l t h o u g h this is not ye t u n d e r pressure. A f t e r th is 
intensive m i x i n g w i t h a K e r a g m i x e r , the w a t e r descends in to the chamber , w h i c h is 
closed h y d r a u l i c a l l y u n d e r pressure, w i t h o u t c a r r y i n g a long the undisso lved gas. T h i s 
b o d y of gas, w i t h the ozone i t contains , escapes freely t h r o u g h a n aerat i on c h i m n e y . 
I t is a net loss. T h e ozonat ion chamber under pressure is useless f o r d i sso lv ing the 
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Figure 11. Ozone utilization in processes tested and now in use at Berne 
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ozone, as the bubbles of gas do not a r r i v e there , c o n t r a r y to the hopes of i t s bu i lders . 
I t s f u n c t i o n remains l i m i t e d to r e t a r d i n g the s t r i p p i n g of the ozone f r o m the w a t e r whi le 
i t passes t h r o u g h the chamber . 

F r o m i n f o r m a t i o n {1) p u b l i s h e d b y the d i rec tor of the B e r n e W a t e r B u r e a u , the 
d a t a i n F i g u r e 11 were c o m p i l e d to show ozone u t i l i z a t i o n for the different water 
t r e a t m e n t processes descr ibed here. T h i s m e t h o d of cons ider ing the establ ished results 
a l lows a compar i son of the respect ive processes. T h e great differences a m o n g these 
methods i n the u t i l i z a t i o n of ozone give a bet ter u n d e r s t a n d i n g of w h y the ozone 
dosages differ no t i ceab ly f r o m one process to the other , whi l e f ina l ly resu l t ing i n the 
same b a c t e r i c i d a l effect. 

T h e t w o processes demonstrated i n the B e r n e p i l o t p l a n t are, at equa l b a c t e r i c i d a l 
efficiency, more reasonable a n d economica l t h a n the processes w h i c h have been s u b s t i 
t u t e d for t h e m . W i t h the m o r e advantageous T o r r i c e l l i processes i t is possible to 
realize a n a p p r o p r i a t e economy, as 0.25 g r a m of ozone per cubic meter of water can 
be considered the n o r m a l average dosage necessary for complete p u r i f i c a t i o n of wel l 
water s u p p l y i n g the Kônizberg reservo ir . T h e B e r n e W a t e r B u r e a u concedes t h a t a n 
average ozone dosage of 0.5 g r a m per cubic meter of water is necessary w i t h i t s two 
processes. 

T h e schedule c o m p i l e d b y Schel ler shows t h a t the rat io of u t i l i z a t i o n of ozone is 
poor w i t h the K e r a g process. A good p a r t of the ozone i n t r o d u c e d in to the water 
( 2 7 . 5 % w h e n the dosage is 0.57 g r a m per cubic meter of water ) escapes i m m e d i a t e l y . 

T h e figures are bet ter for the C h l o r a t o r process. H o w e v e r , the passing of the 
res idua l ozone f r o m the ozonat ion chamber i n t o the water effluent channe l is t a n t a 
m o u n t to complete loss of th is ozone, w h i c h c o u l d advantageous ly be used u p w i t h o u t 
cost. T h e ozone loss is 1 6 % . 

I n the W e l s b a c h a n d T o r r i c e l l i processes the ozone losses are 9.6 a n d 0 .06%, 
respect ive ly , for the n o r m a l dosages w h i c h shou ld be e m p l o y e d i n pract i ce . 

I n a d d i t i o n to lower efficiencies, whose influence on o p e r a t i n g costs is apprec iable 
enough, the K e r a g a n d C h l o r a t o r processes also have other d isadvantages . T h e 
systems i n t r o d u c e d i n t o the B e r n e p l a n t for d isso lv ing ozone i n the water appear u n 
necessari ly c ompl i ca ted a n d expensive to operate . T o operate the water p u m p s neces
s a r y for the C h l o r a t o r sys tem, the e lectr i ca l c o n s u m p t i o n is 27 k w . - h o u r s per k g . of 
ozone i n j e c t e d ; to operate the K e r a g m i x e r , 13 k w . - h o u r s per k g . are requ i red . T h e 
other t w o processes e l iminate these useless costs comple te ly . 

Table I. Electrical Consumption in Kilowatt-Hours to Produce 1 Kg. of Ozone 
and Inject It into Water 

Pilot Plant Demonstrations 
Present Berne Installation0 at Berne 

Chlorator Kerag with Welsbach Torricelli 
with Welsbach Van der Made with Welsbach with Welsbach 

ozonators ozonators ozonators ozonators 
Drying and compressing air 

(100 cubic meters of air 
per kg. of ozone) 21 21 14.3 15.4 

Ozonator 17 28 18 18 
Injection into water 27 13 0 0 

Total 65 62 32.3 33.4 

•From Scheller (ί). 

T a b l e I compares opera t ing costs of the v a r i o u s systems. N e x t , i t be ing u n d e r 
stood t h a t the in jec ted ozone dosages v a r y accord ing to the process, T a b l e I I gives the 
a c t u a l e lec tr i ca l c o n s u m p t i o n for t r e a t i n g 1000 cubic meters of water . 

A c o m p a r i s o n of the costs of ozonat ing water i n the B e r n e p l a n t w i t h w h a t they 
m i g h t have been i f the proposed processes h a d been adopted w i t h o u t mod i f i ca t i on , 
leaves one bewi ldered . T h e fact t h a t the B e r n e W a t e r B u r e a u has not adopted one 
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Table II. Electrical Consumption to Disinfect 
1000 Cubic Meters of Water at Berne 

Normal Ozone Dosage. 

Systems 
Gram per Cubic 
Meter of Water 

Kilowatt-
Hours 

With Chlorator émuiseur 
With Kerag mixer 
Welsbach 
Torricelli 

0.4 
0.4 
0.4 
0.25 

26 
31 
13 
8.35 

of the processes proposed at Kônizberg i n 1952 is astonish ing . A p laus ib le e x p l a n a t i o n 
seems to be t h a t they expected to achieve the same result b y other means . 

O b v i o u s l y , h a d t h e y adopted the s i m p l e r process recommended b y W e l s b a c h , the 
operat ing costs w o u l d be less t h a n ha l f of the a c t u a l costs i n i n s t a l l a t i o n I , w h i c h a c 
t u a l l y ut i l i zes the m o r e economica l W e l s b a c h ozonators . A n d i f t h e y a d o p t e d the 
new process, w i t h W e l s b a c h ozonators , the operat ing costs w o u l d be reduced to less 
t h a n a t h i r d . I n other words , the B e r n e p l a n t cannot be c i t ed as a sensible a n d 
economica l example of water t r e a t m e n t . 

B e r n e does have a v e r y fine ozonat ion p l a n t , i n w h i c h the w a t e r can be t rea t ed 
effectively. O n the other h a n d , m a n y interested v i s i t o rs get the impress i on t h a t ozone 
p u r i f i c a t i o n of water is v e r y expensive, w h i c h is no t t r u e . 

Situation in G e r m a n y 

T h e tests a n d demonstrat ions c a r r i e d out i n S w i t z e r l a n d have no t ye t l e d to the 
i n s t a l l a t i o n of large w a t e r t r e a t m e n t p lants i n th i s c o u n t r y . O n the other h a n d , these 
tests have aroused interest i n G e r m a n y , where the s i t u a t i o n grows m o r e c r i t i c a l d a y b y 
d a y i n the m a t t e r of s u p p l y i n g water to most large cit ies. T h e a u t h o r a n d his asso
ciates were asked to i n s t a l l a s m a l l p i l o t p l a n t a t Dusse ldor f e a r l y i n 1955 to t rea t 
the w a t e r s u p p l y , w h i c h is p u m p e d f r o m wells a long the R h i n e . 

P a r a l l e l tests car r i ed out w i t h ozone a n d a c t i v a t e d carbon q u i c k l y demonst ra ted 
the undeniab le s u p e r i o r i t y of ozone f r o m a l l po ints of v i e w . I t was possible to t r a n s 
f o r m th is p o l l u t e d R h i n e water i n t o excel lent, c rys ta l - c l ear d r i n k i n g water b y means of 
r e l a t i v e l y s m a l l ozone dosages (0.7 to 1.0 g r a m per cub ic meter of w a t e r ) . A series of 
p r o m i s i n g tests has been u n d e r t a k e n w i t h th is p i l o t p l a n t at L u d w i g s h a v e n a m R h e i n , 
K r e f e l d , D u i s b e r g , a n d elsewhere. 

T h e c i t y of Dusse ldor f is at present cons t ruc t ing (before finally dec id ing u p o n a 
ful l -scale ozonat ion p l a n t ) p r e l i m i n a r y i n s t a l l a t i o n to t rea t 400 cubic meters of water 
per h o u r . 

A t S i p p l i n g e n , on the G e r m a n shore of the L a k e of Constance , where t h e y are 
m a k i n g ready to p u m p 10,000 cubic meters of w a t e r per h o u r for the c i t y of S t u t t 
gar t 130 k m . to the n o r t h , a second s m a l l p i l o t p l a n t has just been i n s t a l l e d t o p u r i f y 
the water w i t h the new process recommended for B e r n e . T h e r e is n o t h i n g to repor t 
on these tests yet . 

I n E u r o p e , w i t h the except ion of F r a n c e a n d B e l g i u m , where a ce r ta in a m o u n t of 
experience has a l r e a d y been acqu i red i n th is field, a n arduous p e r i o d of s truggle is 
s t i l l i n process to pub l i c i ze the advantages of ozone i n the t r e a t m e n t of water suppl ies . 
T h e next few years w i l l be decisive, a n d i t seems possible t h a t ozone has the greatest 
chances of t a k i n g root i n G e r m a n y . 
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