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Behaviour of NO, in air-fed ozonizers 

D i e t e r  Braun, U l r i c h  Kuch ler ,  and Gerhard P i e t s c h  

Department o f  E l e c t r i c a l  Eng ineer ing ,  Aachen U n i v e r s i t y  o f  Technology, 
5 1 0 0  Aachen, Federa l  Republ ic o f  Germany 

Abst rac t  - The i n f l u e n c e  o f  humid i t y ,  gas pressure ,  power d e n s i t y ,  and 
c o o l i n g  temperature on t h e  NO fo rma t ion  have been i n v e s t i g a t e d .  The 
exper imenta l  r e s u l t s  a r e  compzred w i t h  c a l c u l a t i o n s  based on a r a t e  
equat ion  system o f  7 5  chemical  r e a c t i o n s  and a cons ide rab ly  reduced system. 
The importance o f  t h e  d i f f e r e n t  n i t r o g e n  ox ides  i n  ozon izers  i s  d iscussed.  
Whi le t h e  N 0 concen t ra t i on  does n o t  i n f l u e n c e  t h e  ozone genera t ion ,  t h e  
N205- N?12 + NO3 e q u i l i b r i u m  a f f e c t s  i t s  f o rma t ion  v i a  c a t a l y t i c  
processes. 

INTRODUCTION 

Recent ly new f i e l d s  o f  a p p l i c a t i o n  o f  ozone have been under c o n s i d e r a t i o n  where l a r g e  amounts 
a re  needed. That i s  why t h e  e f f i c i e n c y  o f  i t s  p r o d u c t i o n  becomes more and more impor tan t .  
A i r - f e d  ozon izers  have o n l y  about h a l f  t h e  e f f i c i e n c y  o f  oxygen-fed dev ices .  Th is  r e d u c t i o n  
r e s u l t s  from two e f f e c t s .  F i r s t ,  t h e  e l e c t r i c a l  energy w i t h i n  t h e  d ischarge o f  ozon ize rs  i s  
f ed  bes ides  i n  oxygen i n  n i t r o g e n ,  too ,  d i s s o c i a t i n g  and e x c i t i n g  n i t r o g e n  molecules.  
Secondly, t he  presence o f  s m a l l  amounts o f  n i t r o g e n  ox ides  reduces t h e  y i e l d  o f  ozone. 

The i n t e r a c t i o n  o f  t h e  d ischarge w i th  n i t r o g e n  cannot be avoided. But  t h e r e  i s  a chance t o  
a f f e c t  t he  n i t r o g e n  ox ides  i n  o rder  t o  improve ozone genera t ion .  

NO, FORMATION 

I n  the  gas d ischarge phase o f  t h e  ozone genera t i on  process r e a c t i v e  oxygen and n i t r o g e n  atoms 
as w e l l  as e x c i t e d  molecules a r e  produced w i t h i n  s e v e r a l  nanoseconds ( r e f .  1). These 
p a r t i c l e s  r e a c t  w i t h i n  microseconds t o  g i v e  NO, NO2, NO3, N20, N205, and 0 3 .  

I n  order  t o  desc r ibe  t h e  NO 
system i n c l u d i n g  f o u r  e lec tgon  impact processes (M: c o l l i s i o n  p a r t n e r ) :  

f o rma t ion  i n  ozon ize rs  t h e o r e t i c a l l y  we use a r a t e  equa t ion  

e + O2 - 2 0  + e (1) 
e + C3 - O 2  + O  + e ( 2 )  

e + N2 - 2 N  + e ( 3 )  

e + N2 _c N ~ *  + e 

(N2*: e l e c t r i c a l l y  e x c i t e d  molecule ( r e f .  2 ) )  
( 4 )  

and 7 5  r e a c t i o n s  between t h e  n e u t r a l  gas p a r t i c l e s .  I n  t h e  normal range o f  ope ra t i on  t h e  most 
impor tan t  o f  these r e a c t i o n s  are :  

0 + 0 2 +  M - O 3  + M 

02 0 + O3 __c 

N + 02 - N O + O  

N + 03 - NO + 02 

0 + NO2 - NO + 02 

NO + O 3  - NO2 + 02 

NO + N O 3  - 2 NO2 

NO2 + NO3 + M - N205 + M 

0 + NO3 - 02 + NO2 

2 NO3 - 2 NO2 + 0 2  
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NO3 + NO2 

NO2 + O 3  

N2* + O2 
N2* + O2 

- NO + 02 + NO2 - NO3 + 02 - N20 + 0 - N2 + 2 0  

If traces o f  water ( o r  hydro carbons) are present HN03 i s  produced a d d i t i o n a l l y :  

H20 + N205 - 2 HN03 ( 1 9 )  

The concentrat ions o f  the d i f f e r e n t  species are ca lcu lated by s o l v i n g  the r a t e  equations 
numerical ly ( r e f .  3 ) .  The r a t e  c o e f f i c i e n t s  o f  the react ions 5 t o  19 are funct ions o f  the gas 
temperature. The temperature d i s t r i b u t i o n  w i t h i n  the discharge gap i s  ca l cu la ted  so l v ing  the 
heat.conduction equation. 

F igure 1 shows a t y p i c a l  example o f  measured concentrat ions o f  0 N20, and N205 over the 
energy densi ty  P/Q compared w i t h  ca l cu la ted  concentrat ions. I n  t ? l s  case the power P has been 
taken constant, and the gas f low r a t e  Q has been changed i n  order t o  get d i f f e r e n t  energy 
densi t ies.  

As long as a l a r g e  surp lus o f  ozone molecules i s  present and a t  low gas temperatures the 
equ i l i b r i um o f  reac t i on  (12) i s  s h i f t e d  near ly  completely towards N205. I n  t h i s  case N205, 
N 0, and poss ib ly  HNO molecules are only detected. 

The N 0 and N 0 concentrat ions r i s e  l i n e a r l y  w i t h  the energy densi ty .  This i s  i n  agreement 
w i th  $he f a c t 2 t ? a t  the production r a t e  o f  n i t rogen  atoms ( reac t i on  3 )  and exc i ted molecules 
( reac t i on  4)  are independent o f  the energy densi ty  and t h a t  a l l  n i t rogen  atoms are converted 
t o  N 0 as long as ozone i s  present. 2 5  
The ozone concentrat ion passes through a maximum. I n  the r i s i n g  range o f  i t s  concentrat ion 
the product ion o f  oxygen atoms ( r e a c t i o n  1 and 1 8 )  and thereby o f  ozone i s  near ly  
p ropor t i ona l  t o  the energy densi ty .  I n  t h i s  reg ion the e f f i c i e n c y  o f  the ozonizer has i t s  
h ighest  values. - With r i s i n g  ozone concentrat ions the ozone dest roy ing processes ( react ions 
2, 6, and 8 )  become more and more important leading t o  a reduced increase o f  i t s  
concentrat ion. Besides, w i t h  r i s i n g  NO concentrat ions even the low dens i t i es  o f  n i t rogen  
oxides l i k e  NO, NO and NO3 are no t  agy longer n e g l i g i b l e  w i t h  respect t o  c a t a l y t i c  process 
chains l i k e  ( r e f .  8; 

2 3 

NO + O j  - NO2 + 02 (10) 

0 + NO2 - NO + 02 ( 9 )  

and 

NO2 + O 3  - NO3 + O2 
0 + NO3 - 02 + NO2 

2 NO3 -L 2 NO2 + 02. 

A t  higher energy d e n s i t i e s  the c a t a l y t i c  processes may destroy the ozone concentrat ion 
t o t a l l y .  

The concentrat ion o f  N20 and N205 i s  about one percent o f  t h a t  o f  ozone i n  the operat ion 
range o f  ozonizers. 

EXPERIMENTAL RESULTS 

I n  order t o  f i n d  out  NO 
humidity and pressure o r  the process gas as w e l l  as power densi ty  and coo l i ng  water 
temperature. The geometrical dimensions are unchanged. 

The x eriments are performed w i t h  a s i n g l e  tube ozonizer w i t h  a discharge area o f  about 
.1 m*.’The gap d is tance i s  1.3 min. The earthed tube i s  water cooled. The ozonizer i s  supplied 
by a 2000 cyc les per second power source. - The n i t rogen  oxide concentrat ions are measured by 
IR-spectroscopy ( r e f .  51, the ozone concentrat ion by UV-absorption techniques. 

and O 3  dependencies some operat ing condi t ions are va r ied  i .e .  

Humidity 
The humidity o f  t he  process gas was va r ied  between < 10 ppm (+ < -60’ C )  and 900 ppm H20 
( 2  -20’ C dew p o i n t ) .  Even with very dry a i r  a background o f  HNO 
r i s i n g  w i t h  energy density. A t  h i gh  moisture contents N205 i s  no2 detectable. N205 reacts  
w i t h  H20 according t o  reac t i on  ( 1 9 ) .  

has been detected l i n e a r l y  
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F i g .  1. P a r t i c l e  concen t ra t i ons  i n  an ozon ize r  
F i g .  2.  N i t rogen  ox ides  concen t ra t i ons  a t  
100 ppm H20 (1.2 ba r ,  3.8 kW/m', T c  = 10' C )  

( <  10 ppm H20, 1.2 ba r ,  
temperature T~ = 10' C) 

3.8 kW/mz, c o o l i n g  

I n  F i g .  2 the  development o f  HNO , N205, and N 0 concen t ra t i ons  i s  shown f o r  100 ppm H20. - 
As l o n g  as H20 i s  p resen t  t h e  N2d5 concen t ra t i on  is zero w h i l e  t h e  HNO component r i s e s .  When 
a l l  H 0 molecules are  conver ted  t o  HN03 t h e  N205 f r a c t i o n  inc reases .  T?e sum o f  a l l  measured 
n i t r o g e n  ox ides  (NO = 2 N 0 + HNO ) l nc reases  more than p r o p o r t i o n a l  w i th  energy d e n s i t y  
when a l l  H20 molecures a r e  decomposed. 

F u r t h e r  exper iments show t h a t  t h e  NO 
w h i l e  t h e  N20 p roduc t i on  decreases sifowly w i t h  i n c r e a s i n g  humid i t y .  

An i n t e r e s t i n g  phenomenon has been observed i n  connect ion  w i t h  t h e  humid i t y  i n f l u e n c e .  The 
H 0 molecules des t roy  t h e  N205 p a r t i c l e s  v i a  r e a c t i o n  (19) .  Th is  means t h a t  t h e r e  i s  a 
f u r t h e r  r e d u c t i o n  i n  t h e  t r a c e s  o f  NO, NO2, and NO 
l ess  impor tan t  i n  t h e  presence o f  humid i t y  (F ig .  33: 

2 .  

2 
2 5  3 

p roduc t i on  does n o t  change w i t h  r i s i n g  mo is tu re  conten t  

2 Because o f  t h i s  t h e  c a t a l y t i c  cha ins  a r e  

Pressure 
The pressure  has n e a r l y  no i n f l u e n c e  on t h e  N20 y i e l d  i n  t h e  i n v e s t i g a t e d  pressure  range from 
1.2 t o  2.5 bar w h i l e  the  N205 y i e l d  r i s e s  s l o w l y  wi th pressure .  - F i g u r e  4 shows t h e  r e l a t e d  
N 0 conten t  over t h e  ozone concen t ra t i on .  An i n t e r e s t i n g  f a c t  i s  t h a t  t h e  po ison ing  o f  t h e  
ozon izer  due t o  c a t a l y t i c  processes i s  sma l le r  a t  h ighe r  p ressures  and equa l  ozone 
concen t ra t i on .  

2 5 .  

Power density 
2 

I n  the  range o f  t h e  i n v e s t i g a t e d  power d e n s i t i e s  o f  1.5 kW/m2 t o  5 kW/m t h e  n i t r o g e n  ox ide  
concen t ra t i ons  do n o t  vary  w i t h  power d e n s i t y  a t  f i x e d  energy d e n s i t i e s .  Th is  i s  i n  agreement 
w i th  the  f a c t s  t h a t  ( i )  t h e  p roduc t i on  r a t e s  o f  n i t r o g e n  atoms and e x c i t e d  molecules remain 
cons tan t  w i t h  power d e n s i t y  and ( i i )  n e a r l y  a l l  produced n i t r o g e n  atoms a r e  f i n a l l y  o x i d i z e d  
t o  N205 r e s p e c t i v e  a f i x e d  p o r t i o n  o f  t h e  e x c i t e d  n i t r o g e n  molecu les  a r e  conver ted  t o  N20. 
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F i g .  5.  Re la ted  n i t r o g e n  pentox ide  concen t ra t i on  F i g .  6. Ozone concen t ra t i on  a t  d i f f e r e n t  c o o l i n g  
a t  d i f f e r e n t  power d e n s i t i e s  ( <  10 ppm H20, water tempera tures  ( <  10 ppm H20, 1 . 2  ba r ,  
1 .2 bar ,  T c  = 10' C) 3.8 kW/m2) 

F i g u r e  5 descr ibes  e.g. t h e  N205/03 r a t i o  over t h e  ozone concen t ra t i on .  A t  cons tan t  ozone 
concen t ra t i on  t h e  n i t r o g e n  ox ioe  con ten ts  r i s e  w i th  power d e n s i t y .  The maximum a t t a i n a b l e  
ozone c o n c e n t r a t i o n  depends d r a m a t i c a l l y  on power dens i t y .  

Cooling water temperature 
Vary ing  t h e  c o o l i n g  water temperature has a s i m i l a r  e f f e c t .  An i nc rease  o f  t h e  temperature 
does n o t  i n f l u e n c e  t h e  N 0 and N 0 genera t i on  e f f i c i e n c y  b u t  reduces t h e  ozone p roduc t i on  
(F ig .  6 ) .  There fore  t h e  6205/03 ?a? io  i s  i n c r e a s i n g  w i t h  r a i s e d  c o o l i n g  water temperature 
(F ig .  7 ) .  

DISCUSSION 

The i n f l u e n c e  o f  humid i t y  on t h e  ozone and n i t r o g e n  ox ide  fo rma t ion  i s  q u i t e  d i f f e r e n t .  The 
most obvious e f f e c t  i s  t he  v a r i a t i o n  i n  t h e  compos i t ion  o f  t he  d i f f e r e n t  n i t r o g e n  ox ide  
species.  A t  l ow H20 concen t ra t i ons  ( <  10 ppm) N O5 and N20 can be de tec ted  o n l y .  With r i s i n g  
humid i t y  N 0 i s  conver ted  and e s s e n t i a l  concengra t ions  o f  HN03 appear ( r e a c t i o n  1 9 ) .  A t  h i g h  
H20 concen f ra t i ons  ( >  300 ppm) HNO and N 0 a r e  observab le  on l y .  Whi le t h e  compos i t ion  o f  t h e  
n i t r o g e n  ox ides  v a r i e s  s t r o n g l y  wi2h mo is fu re  con ten ts  t h e  NO p r o d u c t i o n  r a t e  (NO 2 N205 
+ HNO ) remains n e a r l y  cons tan t .  Th is  e f f e c t  can be explainedXassuming t h a t  t h e  n i t r o g e n  atom 
p rodu2 t ion  v i a  t h e  e l e c t r o n  c o l l i s i o n  r e a c t i o n  ( 3 )  i s  n o t  e s s e n t i a l l y  a f f e c t e d  by h u m i d i t y .  

The N20 p roduc t i on  r a t e  on t h e  o t h e r  hand i s  reduced wi th i n c r e a s i n g  humid i t y  (about  25% a t  
800  ppm H 0 and p 1.2 b a r ) .  Because N20 i s  ma in l y  formed v i a  r e a c t i o n s  ( 4 )  and ( 1 7 )  t h i s  
means a d i m i n u t i o n  o f  e x c i t e d  n i t r o g e n  molecules a t  inc reased mo is tu re  con ten t .  

I n  the  normal range o f  o p e r a t i o n  t h e  ozone genera t i on  e f f i c i e n c y  i s  i n f l u e n c e d  by humid i t y .  
Commercial ozon ize rs  opera te  w i th  ex t remely  d ry  a i r  ( <  10 ppm H 0 ) .  Though l a r g e r  mo is tu re  
con ten ts  reduce t h e  po ison ing  e f f e c t  (F ig .  3 )  t h e  r e d u c t i o n  o f  $he ozone c o n c e n t r a t i o n  i s  
much more impor tan t  l e a d i n g  t o  a d imin ished ozone y i e l d .  

5 .  
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I n c r e a s i n g  t h e  gas pressure  l eads  t o  a h ighe r  ozone genera t i on  e f f i c i e n c y  ( F i g .  8 ) .  There a r e  
two reasons f o r  t h i s  behav iour .  The e q u i l i b r i u m  i n  r e a c t i o n  ( 1 2 )  w i l l  be s h i f t e d  towards N205 
so t h a t  t h e  t r a c e s  o f  NO2 and NO 
( r e a c t i o n s  10, 9 ,  16, 13, and 143 are  less impor tan t .  The ozone p r o d u c t i o n  v i a  t h e  t h r e e  body 
c o l l i s i o n  r e a c t i o n  ( 5 )  i s  a l s o  favoured a t  inc reased pressure .  

The N 0 y i e l d  i s  n o t  i n f l u e n c e d  by pressure  w h i l e  t h e  N O5 y i e l d  r i s e s  w i t h  p ressure .  The 
c a l c u l a t e d  NO 
( 3 )  t o  t h e  mezsured N205 va lues  r e s p e c t i v e  f i t t i n g  a reduced r e a c t i o n  equat ion  system t o  

measured N 0 va lues  ( r e f .  2 ) .  From t h i s  fo l l ows  a pressure  dependency o f  t h e  r e a c t i o n  r a t e  
cons tan t  o? r e a c t i o n  ( 3 ) .  The reason i s  n o t  y e t  understood. 

The i n f l u e n c e  o f  power d e n s i t y  on t h e  ozone and n i t r o g e n  ox ide  genera t i on  i s  shown i n  F i g .  9. 
The fo rma t ion  o f  t h e  n i t r o g e n  ox ides  i s  n o t  a f f e c t e d  by power d e n s i t y ,  however t h e  ozone 
p roduc t i on  i s  remarkable reduced. Th is  can be exp la ined  w i t h  e leva ted  temperatures i n  t h e  
process  gas a t  r i s i n g  power d e n s i t i e s .  

The r e a c t i o n  k i n e t i c s  w i th in  t h e  ozon izer  a r e  determined by temperature.  Power d e n s i t y  as 
w e l l  as c o o l i n g  water temperature i n f l u e n c e  t h e  d i s t r i b u t i o n  o f  t h e  temperature w i t h i n  t h e  
d ischarge gap. S o l v i n g  t h e  heat  conduct ion  equa t ion  a mean va lue  o f  " r e a c t i o n  temperature" Tr 
can be evaluated: 

a re  f u r t h e r  reduced and t h e  c a t a l y t i c  r e a c t i o n  cha ins  

concen t ra t i ons  i n  F i g .  8 a r e  ga ined adapzing t h e  r e a c t i o n  cons tan t  o f  equa t ion  

- - + 
Tr TC a 'el 

(Pel power d e n s i t y ;  a E cons t . ,  depending on geometry) 

I n t r o d u c i n g  t h e  r e a c t i o n  temperature T t h e  i n f l u e n c e  o f  power d e n s i t y  and c o o l i n g  water 
temperature on the  n i t r o g e n  ox ide  and $zone fo rma t ion  i s  combined. 

50 1 
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F ig .  9. Ozone and n i t r o g e n  ox ide  concen t ra t i ons  a t  
d i f f e r e n 5  power d e n s i t i e s  ( <  10 ppm H20, 
3.8 kW/m , T c  = 10' C )  
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F i g .  10. Ozone y i e l d  a t  d i f f e r e n t  ozone 
concen t ra t i ons  ( <  1 0  ppm H20, 1 . 2  b a r )  

Whi le the  n i t r o g e n  ox ide  genera t i on  e f f i c i e n c y  i s  p r a c t i c a l l y  independent o f  t h e  r e a c t i o n  
temperature t h e  ozone y i e l d  decreases w i t h  r i s i n g  r e a c t i o n  temperature due t o  a reduced ozone 
p roduc t i on  v i a  r e a c t i o n  ( 5 ) .  A d d i t i o n a l l y ,  t h e  ozone d e s t r o y i n g  c a t a l y t i c  processes 
acce le ra te  w i t h  i n c r e a s i n g  r e a c t i o n  temperature.  Both processes lower t h e  ozone y i e l d .  Th i s  
e f f e c t  i s  more d i s t i n c t  a t  h i g h  ozone concen t ra t i ons  (F ig .  10) .  

CONCLUSION 

The c a l c u l a t e d  concen t ra t i on  va lues  based on a reduced system o f  r e a c t i o n  equat ions  presented  
i n  t h i s  paper a re  i n  r a t h e r  good agreement w i t h  measured values. There fore  t h e  r e a c t i o n  
mechanisms w i t h i n  a i r - f e d  ozon izers  can be i n t e r p r e t e d  by t h i s  system. 

Remarkable concen t ra t i ons  o f  N 0, N 0 
w i t h i n  the  normal range o f  ope ra t i on  o f  ozon izers .  Vary ing  pressure ,  power d e n s i t y ,  and 
c o o l i n g  water temperature t h e r e  a r e  o n l y  weak dependencies on t h e  N 0 y i e l d .  N 0 i s  chemica l  
i n e r t  f o r  t h e  ozone genera t i ng  process and o f  less importance. 

and i n  t h e  presence o f  humid i t y  HNO a re  de tec ted  2 . 2 5  3 

2 2 
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N 0 i s  much more impor tan t .  I t  i s  i n  a chemical  e q u i l i b r i u m  w i th  lower n i t r o g e n  ox ides  and 
i n  case o f  humid i t y  w i t h  HNO . The lower  n i t r o g e n  ox ides  reduce t h e  ozone c o n c e n t r a t i o n  v i a  
f a s t  c a t a l y t i c  processes. - ?owering t h e  r e a c t i o n  temperature and r i s i n g  t h e  pressure  s h i f t  
t h e  e q u i l i b r i a  towards N205 and thereby  en la rge  t h e  ozone y i e l d .  
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