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USE OF OXYGEN ISOTOPY IN THE STUDY OF TRANSFORMATIONS OF so2 TO SULFATES IN THE ATMOSPHERE* 
Ben D. Ho l t ,  Paul  T. Cunningham, and R.  Kumar 

Chemical Engineering Div is ion  
Argonne National  Laboratory 

Argonne, I l l i n o i s ,  60439, U.S.A. 

The measurement of oxygen i s o t o p e  r a t i o s  i n  atmospheric  water and atmospheric  s u l f a t e s  
is  a  u s e f u l  a n a l y t i c a l  method f o r  s tudying  mechanisms of s u l f a t e  format ion .  A s  a  p a r t  of 
t h e  ex t ens ive  r e s e a r c h  t h a t  has  been conducted by many workers i n  r e c e n t  yea r s  on t h e  world- 
wide problem of atmospheric  s u l f a t e s  of anthropogenic o r i g i n  [1,2,6,10,18,19,26,28,29,30], 
p a r t i c u l a r l y  a s  i t  r e l a t e s  t o  a c i d  p r e c i p i t a t i o n  [3. ,20,25],  methods of oxygen i so topy  have 
been used i n  p i n p o i n t i n g  t h e  sources  of ac id  s u l f a t e s  t h a t  a r e  damaging t o  t h e  environment 
[4,23,24] ,  and i n  i n v e s t i g a t i n g  t h e  predominant mechanisms of formation of s u l f a t e s  i n  pre- 
c i p i t a t i o n  water and i n  a e r o s o l s  [ l l -141 .  Oxygen i so topy  i s  s u i t e d  t o  t h e s e  a p p l i c a t i o n s  
because t h e  180 con ten t s  of s u l f a t e s  t h a t  a r e  formed from SO2, water and ox idan t s  of known 
180 . c o n t e n t s  d i f f e r ,  depending upon t h e  mechanism by which they  a r e  formed ( e . g . ,  aqueous . 
a i r -ox ida t ion ,  aqueous H202-oxidation, s u r f a c e  ox ida t ion ,  homogeneous gas-phase o x i d a t i o n ,  
e t c . ) .  Once formed, t h e  s u l f a t e s  a r e  extremely s t a b l e  wi th  r e s p e c t  t o  i s o t o p i c  exchange 
wi th  water  i n  which they  a r e  d isso lved  (21).  

Much is known about  t h e  oxygen i so topy  of a tmospheric  water  and f a c t o r s  t h a t  i n f l u e n c e  
i t ,  such a s  geographica l  l o c a t i o n ,  season,  p l a n t  t r a n s p i r a t i o n ,  e t c .  [5 ,8 ,9 ,27 ] .  The SO2 
i n  t h e  atmosphere i s  probably i n  i s o t o p i c  equ i l i b r ium w i t h  l iqu id-phase  atmospheric  water 
because of t h e  extremely h igh  r e a c t i o n  r a t e s  i n  t h e  hydro lys i s  e q u i l i b r a t i o n ,  

Also, because of t h i s  f a s t  r e a c t i o n ,  t h e  b i s u l f i t e  i on ,  which is  t h e  predominant form of 
. S(1V) i n  p r e c i p i t a t i o n  water of pH 3-6 [ I ] ,  i s  i s o t o p i c a l l y  dominated by t h e  water  ( i n  
l a r g e  excess)  i n  which i t  i s  d i s so lved .  E s s e n t i a l l y  a l l  of t h e  i s o t o p i c  c o n t r i b u t i o n  of 
t h e  SO2 i s  l o s t  i n  t h e  e q u i l i b r a t i o n  [15] .  The 180 con ten t  of a i r  oxygen i s  e s s e n t i a l l y  
cons t an t  a t  23.5°/00 [17] .  The ''0 c o n t e n t s  of o t h e r  a tmospheric  ox idan t s  (such a s  03, 
H202 and NOx), and of f r e e  r a d i c a l s  (such a s  OH, H02, e t c . )  have no t  been determined,  so  
f a r  a s  we know. 

~ r e v i o u s  experimental  r e s u l t s  have ind ica t ed  t h a t  t h e  180/1 60 r a t i o s  i n  water  vapor ,  
p r e c i p i t a t i o n  water  and s u l f a t e  contained i n  p r e c i p i t a t i o n  water  va ry  s e a s o n a l l y  (higher  
i n  summer, lower i n  w i n t e r ) ,  wh i l e  t h e  180/1 60 r a t i o  i n  atmospheric  p a r t i c u l a t e  s u l f a t e  
appears  t o  vary  randomly wi th  season [11,12] .  These e a r l i e r  r e s u l t s  f o r  water  vapor and 
p a r t i c u l a t e  s u l f a t e  were obta ined  on 24-hour f i e l d  samples,  c o l l e c t e d  on t h r e e  consecut ive  
days i n  each month dur ing  1975 and 1976, %6 m above ground l e v e l ,  a t . t h e  Argonne meteoro- 
l o g i c a l  tower. The samples were a r b i t r a r i l y  i n t e r m i t t e n t  and t h e r e f o r e  d i d  n o t  n e c e s s a r i l y  
r e p r e s e n t  cont inuous,  temporal v a r i a t i o n s  of t h e  oxygen i s o t o p e s ,  except  dur ing  t h e  three-  
day sampling period w i t h i n  each month. 1 t . w a s  pos tu l a t ed  on t h e  b a s i s  of t h e  d a t a  ob ta ined ,  
t h a t  s i n c e  t h e  two-year -averages of 180 cun ten t  I n  p a r t i c u l a t e  s u l f a t e  and p r e c i p i t a t i o n  

. s u l f a t e  were about equal ,  bo th  were probably formed by t h e  same aqueous o x i d a t i o n  mechanism 
i n  c louds .  R e l a t i v e l y  long r e s idence  t imes and t r a n s p o r t  d i s t a n c e s  of p a r t i c u l a t e  s u l f a t e s  

"work performed under t h e  ausp ices  of t h e  U.S. Department of Energy. 



prob?b4ysprovided s u f f i c i e n t  mixing t o  obscure  t h e  seasonal  i n f luence  t h a t . w a s  observed i n  
t h &  r e l a t i v e l y  shor t - res idenced  p r e c i p i t a t i o n  s u l f a t e s .  

During 1977, s e q u e n t i a l  seven-day samples of water  vapor ,  p a r t i c u l a t e  s u l f a t e  and 
s u l f u r  d iox ide  were cont inuous ly  c o l l e c t e d  throughout t h e  fou r  seasons.  Samples of r a i n  
and snow w e r e . a l s o  c o l l e c t e d  f o r  most of t h e  p r e c i p i t a t i o n  even t s  dur ing  t h i s  per iod .  The 
r e s u l t s  ob ta ined  from t h i s  more i n t e n s i v e  sampling program a r e  now a v a i l a b l e  f o r  an a l t e r -  
n a t i v e  and p o s s i b l y  more a c c u r a t e  i n t e r p r e t a t i o n  of t h e  apparent  l a c k  of agreement between 
t h e  i s o t o p i c  q u a l i t i e s  of p r e c i p i t a t i o n  and p a r t i c u l a t e  s u l f a t e s .  The purpose of t h i s  
paper i s  t o  r e p o r t  and d i s c u s s  t h e s e  new r e s u l t s .  

Experimental 

The normal methods of sample c o l l e c t i o n  [ll-131 and a n a l y s i s  [14] have been desc r ibed .  
The sampling procedures  were s l i g h t l y  modified t o  accommodate t h e  seven-day samples i n  
1977. The hi-vol  a i r  sampler,  loaded wi th  a  c a s s e t t e  of two f i l t e r s  ( t h e  top  f i b e r - g l a s s  
f i l t e r  t o  c o l l e c t  p a r t i c u l a t e  s u l f a t e ,  and t h e  bottom f i l t e r ,  p r e t r e a t e d  w i t h  K2C03 and 

' g l y c e r o l ,  t o  c o l l e c t  SO2), was maintained a t  a  r e l a t i v e l y  low f low r a t e  of ~ 1 4  m3/hr.  The 
co ld  t r a p  used t o  sample water  vapor from t h e  atmosphere was maintained a t  Q-50°C and a n  
a i r  f low r a t e  of 0.012 tu 0.024 m3/hr. 

Resu l t s  and Discussion 

Sequen t i a l  One-Week Samples 

The i s o t o p i c  r e s u l t s  ob ta ined  from t h e  1977 cont inuous sampling program a r e  p l o t t e d  
v e r s u s  t ime i n  Fig.  1. The d a t a  a r e  g iven  i n  u n i t s  of 6180, which i s  t h e  d e v i a t i o n  i n  
p a r t s  per  thousand (O/oo) of t h e  180/160 r a t i o  of t h e  sample from t h a t  of Standard Mean 
Ocean Water (SMOW). 

Curve A i n  F ig .  1 shows t h e  temporal v a r i a t i o n  of 6180 i n  atmospheric  water vapor ,  
c o l l e c t e d  'b6  m above ground l e v e l .  Data p o i n t s  r ep re sen t ing  consecut ive  one-week samples 
a r e  connected by s o l i d  l i n e s .  Broken l i n e s  connect p o i n t s  i n t e r r u p t e d  by missing o r  i m -  
p roper ly  processed samples. Besides t he  s t r o n g  seasonal  q u a l i t y ,  i t  may be noted t h a t  t h e  
i n t e g r a t e d  weekly v a l u e  f o r  6180 was sometimes e s s e n t i a l l y  cons t an t  f o r  s e v e r a l  weeks, 
e.g . ,  August and September; occas iona l  p e r t u r b a t i o n  sp ikes  occurred ,  a s  near  t h e  end of 
October; and t h e  t r a n s i t i o n s  between winter  and t h e  o t h e r  t h r e e  seasons  of t h e  year  were 
comparat ively ab rup t .  

Curve B g i v e s  t h e  corresponding r e s u l t s  f o r  a tmospheric  water  t h a t  was sampled a s  
r a i n  and snow. The open c i r c l e  d a t a  p o i n t s  r e p r e s e n t  r a i n  and t h e  c rossed  c i r c l e  p o i n t s  
r e p r e s e n t  snow. The shape of t h e  p l o t  approximates t h a t  of water vapor ,  t h e  average l e v e l  
being about h ighe r  because of t h e  i s o t o p i c  s e p a r a t i o n  t h a t  i s  c h a r a c t e r i s t i c  of t h e  
two-phase system. The abrupt  change between win te r  and t h e  warmer seasons and t h e  s p i k e  
a t  t h e  end of October were i n  phase wi th  t h e  same f e a t u r e s  i n  t h e  water vapor  curve.  

Shown a s  Curve C a r e  t h e  6180 v a l u e s  f o r  t h e  s u l f a t e  contained i n  t h e  r a i n  (open 
c i r c l e s )  and snow (crossed  c iGc le s ) .  The seasona l  v a r i a t i o n  s t r o n g l y  i n d i c a t e s  t h e  
in f luence  of t h e  p r e c i p i t a t i o n  water on the  6180 of t h e  d i s so lved  s u l f a t e .  A s  p r ev ious ly  
observed [ l l ] ,  t h e  ampli tude of t h e  wave curve  f o r  t h e  d i s so lved  s u l f a t e  i s  roughly 314 
of t h a t  of t h e  so lven t  water ,  i n d i c a t i n g  i s o t o p i c  e q u i l i b r a t i o n  v i a  t h e  precursor  i on ,  
SO$- o r  HSO;. The t h r e e  r e s u l t s  t h a t  appear t o  be low v a l u e s  i n  t he  per iod  of June-August 
were from storms on days of southwest r e s u l t a n t  wind d i r e c t i o n .  The only  o t h e r  s torm, i n  
1977 on a  day of southwest r e s u l t a n t  wind d i r e c t i o n  was on March 4.  These four  p o i n t s  a r e  : 

des igna ted  by arrows.  A l a r g e  power p l a n t  i s  loca t ed  about 8 km southwest of our s ampl ing ,  .-.. : 

, s i t e  and l a r g e  complexes of o i l  r e f i n e r i e s  and s t o r a g e  tanks  a r e  l oca t ed  a  few km f a r t h e r  
southwest .  It is  u n c e r t a i n  wfiich, i f  any, emissions from t h e s e  i n d u s t r i a l  a r e a s  con t r ib -  
u ted  t o  t h e  apparent  summer p e r t u r b a t i o n s  i n  6 '0. 

. Curve D g i v e s  t h e  6180 f o r  p a r t i c u l a t e  s u l f a t e s  c o l l e c t e d '  cont inuous ly  through 1977.. 
I n  agreement wi th  previous  r e s u l t s  ob ta ined  from t h e  t h r e e  24-hr samples per  month i n  
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1.975-1976, a  d i s t i n c t  seasonal  v a r i a t i o n  l i k e  t h a t  i n  p r e c i p i t a t i o n  s u l f a t e  i s  n o t  r e a d i l y  
e i r i ' d~n t .  However, t h e  p o s s i b i l i t y  t h a t  t h e  p l o t  of t h e  1977 d a t a  has  a  d i s t i n g u i s h a b l e  
wave form, caused by more than  one mechanism of '  s u l f a t e  formation,  each vary ing  d i f f e r -  
e n t l y  wi th  season,  i s  d iscussed  l a t e r .  

* 

The 6180 v a l u e s  i n  Curve E were obta ined  f o r  s u l f a t e s  r e s u l t i n g  from t h e  c o l l e c t i o n  
of s u l f a t e - f r e e  SO2 on K2COg-glycerol t r e a t e d  f i l t e r s .  A seasonal  i n f l u e n c e  on t h e s e  re-  
s u l t s  i s  c l e a r l y  ev iden t ,  bu t ,  a s  d i scussed  p rev ious ly  [ l l ] ,  i t  i s  u n c e r t a i n  how much of 
t h i s  seasonal  q u a l i t y  can be a t t r i b u t e d  t o  t h e  atmospheric SO2 and how much t o  t h e  water  
.vapor t h a t  flowed through t h e  f i l t e r  dur ing  sample c o l l e c t i o n  and poss ib ly  en tered  i n t o  
oxygen-isotope e q u i l i b r a t i o n  wi th  t h e  a l k a l i n e  r eagen t  and s u l f i t e  ion .  I n  c o n s i d e r a t i o n  
of t h i s  u n c e r t a i n t y ,  i t  may be noted t h a t  s imultaneous constancy- of 6180 occurs  i n  Curves , 

A and E dur ing  t h e  month of August. Some concurren t  constancy i s  a l s o  seen  i n  Curve D.  

I n  f u r t h e r  cons ide ra t ion  of t h e  ques t ion  as t o  why.atmospheric p a r t i c u l a t e  s u l f a t e s ,  
c o l l e c t e d  on i n e r t  f i l t e r s  a t  Argonne and ' .o ther  l o c a t i o n s ,  do no t  d i s p l a y  t h e  same kind of 
d i s t i n c t  s e a s o n a l v a r i a t i o n  a s  do s u l f a t e s  found i n  p r e c i p i t a t i o n  water ,  F i g ,  2 shows 
averaged monthly d a t a  f o r  t h e  1977, cont inuous ly  sampled, p a r t i c u l a t e  s u l f a t e s ,  p l o t t e d  
toge the r  w i t h  monthly averaged i n t e r m i t t e n t  sample d a t a  f o r  1975 and 1976. A broken-l ine 
curve  i s  superimposed on t h e  experimental  p l o t  f o r  each of t h e  t h r e e  yea r s  t o  sugges t  t h a t  
.if t h e  borken-l ine curve r e p r e s e n t s  h y p o t h e t i c a l  r e s u l t s  from a  s i n g l e  mechanism of forma- 
t i o n ,  l i k e  t h a t  which is  o p e r a t i v e  i n  t h e  formation of s u l f a t e s  i n  p r e c i p i t a t i o n  water ,  
t h e  experimental  r e s u l t s  a r e  s u b s t a n t i a l l y  accounted f o r  i n  each year  dur ing  t h e  l a t e  f a l l ,  
w in t e r ,  and e a r l y  sp r ing .  Accordingly, t h e  observed experimental  r e s u l t s  f o r  l a t e  s p r i n g ,  
summer, and e a r l y  f a l l  might be a t t r i b u t a b l e  t o  t h e  predominance of an  e n t i r e l y  d i f f e r e n t  
mechanism which c h a r a c t e r i s t i c a l l y  y i e l d s  s u l f a t e  of lower 180 con ten t .  

INTERMZTTENT 
t 
I 

- - - . - - - - - - - - -  ---------- - I -- CONTINUOUS 
24-HOUR 'I-DAY -c 
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I 
I SAMPLES 
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Figure  2. Three-year temporal v a r i a t i o n  of 6180 i n  p a r t i c u l a t e  s u l f a t e s  a t  Argonne, I L .  



I: may be of s i g n i f i c a n c e  t h a t  s e v e r a l  of t h e  f l u c t u a t i o n s  of 6180 of p a r t i c u l a t e ,  
i u i d a t e  Pn Curve D ,  F ig .  1, were i n  a n t i p h a s e  wi th  corresponding f l u c t u a t i o n s  i n  average 
d a i l y  minutes  of sunshine f o r  t h e  sane  weeks i n  1977 [22 ] ,  sugges t ing  t h a t  increased  sun- 
s h i i e  corresponds t o  decreased 6180 i n  p a r t i c u l a t e  s u l f a t e .  This  f u r t h e r  sugges t s  t h a t ,  
i n ' a  12-month per iod ,  sun-induced mechanism(s) of s u l f a t e  formation should be most ef f  ec- 
t i v e  dur ing  seasons  of g r e a t e s t  i n s o l a t i o n  (which a t  t h e  Argonne s i t e  r eaches  a maximum 
dur ing  t h e  summer months). 

.; It may be p o s t u l a t e d ,  t h e r e f o r e ,  t h a t  SO2 i n  t h e  atmosphere i s  converted t o  s u l f a t e  
i n  t h e  l a t e  f a l l ,  w in t e r ,  and e a r l y  s p r i n g  predominantly by a n  aqueous o x i d a t i o n  mechanism 
t h a t  y i e l d s  s u l f a t e s  i s o t o p i c a l l y  s i m i l a r ,  i f  no t  i d e n t i c a l ,  t o  s u l f a t e s  found i n  p r e c i p i -  
t a t i o n  water :  whi le  i n  t h e  l a t e  s p r i n g ,  summer, and e a r l y  f a l l ,  SO2 i s  converted predom- . 

i n a n t l y  by a  sun-induced mechanism t h a t  y i e l d s  s u l f a t e s  more dep le t ed  i n  ''0. The pre- 
dominating summer mechanism(s) may invo lve  r e a c t i o n s  of SO2 wi th  OH r a d i c a l s  o r  o t h e r  f r e e  
r a d i c a l s ,  o r  r e a c t i c n s  wi th  photochemically produced aqueous-phase ox idan t s ,  such a s  H202. 
E i t h e r  OH r a d i c a l s  o r  H202 m i  h t  be expec'ted t o  be r i c h e r  i n  water  oxygen (6180 = -5 t o  
30°/00) than  i n  a i r  oxygen ( 6 1 ~ 0  = +23.5°/00), thus  y i e l d i n g  s u l f a t e s  of lower 6180. We have 
no t  exper imenta l ly  examined t h e  6  ''0 l e v e l  of sy l f a t e s  produced by OH-radical r e a c t i o n s  
wi th  SO2; we have repared  s u l f a t e  by aqueous H202-oxidation of SO2, f i n d i n g  i t  t o  be 
~ ~ 1 2 ~ / ~ ~  lower i n  61g0 than  s u l f a t e  prepared by aqueous a i r  ox ida t ion  I161 . (No comparison 
was made of t h e  61°0 of t h e  r eagen t  H202 used i n  t h i s  experiment wi th  t h e  6i80 of Hi02 
t h a t  might be n a t u r a l l y  produced i n  t h e  atmosphere.)  

Acknowledgments 

The a u t h o r s ' a r e  g r a t e f u l  t o  A. G. Engelkemeir and M. F .  Bouchard f o r  a n a l y t i c a l  
a s s i s t a n c e  and t o  E. L. Nie lsen  f o r  a s s i s t a n c e  i n  sample c o l l e c t i o n .  

References 

1. Bei lke ,  S.,  Gravenhorst ,  G . ,  Atmos. ~ n v i r o n .  12,  231-239 (1978). 

2. C a l v e r t ,  J. G . ,  Su, F r ,  Bottenheim, J .  W:, S t r ausz ,  0.  P., Atmos. Environ. 12, 
'197-226 (1978). . . . . 

3 .  Cogbi l l ,  C .  V . ,  Water, A i r ,  Soi l  PoZZut. 6, 407-413 (1976). 

4 .  Cor t ecc i ,  G . ,  Long ine l l i ,  A . ,  Earth, Planet. SciI Let t .  8 ,  36-40 (1970).  

5. Dongmann, G . ,  Niirnberg, H.  W . ,  F i j r s t e l ,  H . ,  Wagener, K . ,  Rad. Environ. Biophys. 11, 
. 41-52 (1974). 

6. Eggleton, A. ,  Cox, R . ,  Atmos. Enuiron. 12, 227-230 (1978). 

7 .  Eigen, M . ,  Kust in ,  K . ,  Maass, G . ,  2. Phys. Chem. '30, 130 (1961). 

8. F o r s t e l ,  El., Hiitzen, H . ,  Kernforschungsanlage ~ i i l i c h  GmbH, I n s t i t u t  f i i r  Chemie, 
I n s t i t u t  2: Biophys ika l i sche  Chemie. Report Jul-1524, 26 p . ,  J u l y  1978; t r a n s l a t e d  
from German by STS Incorpora ted  f o r  Argonne Nat iona l  Laboratory,  ANL-TRANS-1148, 
Argonne, Ill. (1978). 

9. F o r s t e l ,  H . ,  P u t r a l ,  A . ,  Sch le se r ,  G . ,  L i e t h ,  H . ,  Proceedings of a  Symposium on 
" Iso tope  Ra t io s  a s  P o l l u t a n t  Source and Behavior I n d i c a t o r s , "  Report No. IAEA-SM-191/8, 
I n t e r n a t i o n a l  ~ t a r n i c  Energy Agency, Vienna, November 18-22, 1974. 

10. Hegg, D. A . ,  Hobbs, P. V . ,  Atnos. Environ. 12, 241-253 (1978). 

11. Hol t ,  B. D . ,  Cunningham, P. T., Kumar, R . ,  Intern. J. Environ. Anal. Chem. 6,. 43-53 
(1979) . 



12,  , H t l t ,  B. D . ,  Cunningham, P. T., Engelkemeir, A.  G . ,  I n  Robinson, B.  W.  (Comp. and 
- ?Ed.)", "S tab le  I so topes  i n  t h e  Ea r th  Sciences,"  pp. 105-109, New Zealand DSIR B u l l e t i n  
;''220 (1978). 

I 
13. Ho l t ,  B. D . ,  Kumar, R. ,  Cunningham, P. T. ,  Bouchard, M . ,  Engelkemeir, A. G ; ,  Johnson, 

S. A , ,  Nielsen ,  E. L . ,  Environ. Sci .  Tech. 12, 1394-1398 (1978). 

14. Ho l t ,  B.  D. ,  Anal. Chem. 49, 1664-1667 (1977). 

15. Hol t ,  B. D . ,  Kumar, R. ,  Cunningham, P.  T.,  Proceedings of t h e  Third I n t e r n a t i o n a l  
Conference on S t a b l e  I so topes ,  Oak Brook, Ill., 1978, i n  p r e s s .  

. . . . .  

16. Hol t ,  B'. D . ,  Kumar; R. ,  Cunningham, P.  T. (paper  t o  .be submit ted f o r  p u b l i c a t i o n ) .  

17. ~ o r i b e ,  Y . ,  Sh2gehara, K. ,  Takakuwa,.Y., J. Geophys. 78, 2625-2629 (1973).  

18. Larson, T. V . ,  "Secondary Aerosol:  Product ion  Mechanisms of S u l f a t e  Compounds i n  t h e  
Atmosphere," Presented  a t  t h e  Conference on A e r o s o l s :  Anthropogenic and Natura l  
Sources and Transpor t ,  January 9-12, 1979, New York,. N.Y. 

19. Leaderer ,  B.  P. ,  Berns te in ,  D. M . ,  Daisy, J. M . ,  Kleinman, M. T.,  Kneip, T. J . ,  
Knutson, E. O . ,  Lippmann, M . ,  Lioy,  P. J . ,  Rahn, K. A . ,  S i n c l a i r ,  D . ,  Tanner, R. L., 
Wolff,  G. T.,  J. A i r  PoZZut. Control Assn. 28 ,  321-327 (1978). . . 

20. Likens,  G.  E., Chem. Eng. News, November 22, 1976, pp. 29-44. 

21. Lloyd, R. M.,  J. Geophys. ~ e s .  73, 6099-6110 (1968). 

22. Local  Cl imato logica l  Data, Nat iona l  Weather Se rv i ce  Of f i ce ,  Chicago, I l l i n o i s ,  1977. 

23. Long ine l l i ,  A. ,  B a r t e l l o n i ,  M. ,  Water, A i r ,  So i l  PoZZut. 10, 335-341 (1978).  

24. Mizutani ,  Y.  ,' R a f t e r  ,. . T. A . ,  N .  2. J. Sci .  12, 69-80 (1969).  
. .  

25. Overton, J. H. ,  Jr., Aneja, V. P . ,  Durham, J. L., Atmos. Environ. 13, 355-36'7 (1979). 

26. Penke t t ,  S.' A . ,  Jones ,  , B .  M. R. ,  B r i ce ,  K.  A . ,  Eggleton, A. E .  J . ,  Aknos. Environ. 13, 
123-127 (1979). 

27. Steward, M. K . ,  J. Geophys. Res. 80, 1133-1146 (1975). 

28. Tanner, R. L., Marlow; W. H. ,. Newman, L., ~ n v i r d n .  Sci .  Tech. 13, 75-78 (1979). 

29. Wilson, W. E . ,  A-bnos. Environ. 12, 537-547 (1978). 

30. Wolff,  G. T., J. A i r  Pollut. Control Assn. 29, 26-27 (1979). 






